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This thesis includes three studies on related aspects of structure and function 

control for drug delivery block copolymer nanoparticles manufactured in segmented gas-

liquid microfluidic reactors. First, the self-assembly of a series of photoresponsive 

poly(o-nitrobenzyl acrylate)-b-polydimethylacrylamide copolymers is conducted in the 

gas-liquid segmented microfluidic reactor at various flow rates. The resulting 

morphologies are found to be flow-variable and distinct from nanoparticles prepared off-

chip by dropwise water addition. Photocleaving of the nanoparticles formed at different 

flow rates reveal flow-variable photodissociation kinetics. Next, we conduct a direct 

comparison between a commercially-available single-phase microfluidic mixer and the 

two-phase, gas-liquid segmented microfluidic reactor used in our group, with respect to 

nanoparticle formation from a typical block copolymer identified for drug delivery 

applications, polycaprolactone-b-poly(ethylene oxide). The two-phase chip yields 

morphologies and core crystallinities that vary with flow rate; however, the same 

parameters are found to be flow-independent using the single-phase mixer. This study 

provides the first direct evidence that flow-variable structure control is a unique feature 

of the two-phase chip design. Finally, we investigate structure and function control for 

paclitaxel (PAX)-loaded nanoparticles prepared from a series of poly(6-methyl 

caprolactone-co-ε-caprolactone)-block-poly(ethylene oxide) copolymers with variable 6-

methyl caprolactone (MCL) content. For all MCL-containing copolymers, off-chip 

preparations form nanoparticles with no measurable crystallinity, although PAX loading 

levels are higher and release rates are slower compared to the copolymer without MCL. 

Both off-chip and on-chip preparations yield amorphous spheres of similar size from 

MCL-containing copolymers, although on-chip nanoparticles showed slower release rates, 

attributed to more homogeneous PAX distribution due to faster mixing. 
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Chapter 1.  

General Introduction 

1.1. General Introduction to Polymers 

1.1.1. What is Polymer? 

Polymers are long-chain molecules of very high molecular weight, composed of 

many repeated monomers linked by covalent bonds.
1
 When monomers form a polymer, 

they are called repeat units. Polymer structural formulas are typically written as the 

chemical structure of the monomer in brackets with the number of average number of 

repeat unit in subscripts. For example, a polyethylene chain sample made up of chains 

with an average of 100 repeat units can be written: 

  or     (1-1) 

The number of repeat units is called the degree of polymerization. 

Polymers can be categorized according to their chain architecture into linear 

polymers, branched polymers and network polymers.
2
 As shown in Figure 1-1A, in a 

linear polymer each repeat unit possesses two linkages with other repeat units to form a 

linear chain. When a small number of repeat units possess linkages to three or more 

repeat units, a branched polymer is formed (Figure 1-1B). Branched polymers may have 

side chains made up of repeat units that are either the same or different from the repeat 

units on the backbone. In network polymers (Figure 1-1C), the degree of branching is 

high enough such that chains are interconnected to form a three-dimensional structures. 

These materials are usually very tough. 



 

 

2 

 

Figure 1-1. Linear (A), branched (B) and network polymers (C). 

Polymers can also be divided into different types according to the arrangement of 

monomers.
3
 Polymers containing two or more types of monomers are called copolymers. 

Statistical copolymers are those in which the distribution of the monomers is statistical in 

nature, according to the relative reactivities of those monomers. Statistical copolymers 

consisting of monomers with identical reactivities are called random copolymers (Figure 

1-2A). Alternating copolymers (Figure 1-2B), as the name suggests, have two types of 

monomers distributed in alternating sequence. Block copolymers (Figure 1-2C) consist of 

blocks of each type of monomer. Finally, in graft copolymers (Figure 1-2D), side chains 

of one type of monomer are attached, or grafted, to a backbone of another type of 

monomer. 



 

 

3 

 

Figure 1-2. Statistical/random (A), alternating (B), block (C) and graft copolymers (D). 

1.1.2. Molecular Weight of Polymers 

The same polymer type of different molecular weights has different chemical and 

physical properties. Therefore, determination of the molecular weight is important. 

Unlike small molecules, polymers don’t have an exact molecular weight, but rather a 

distribution of molecular weights. There are two major types of molecular weight 

averages that are usually used: the number-average molecular weight, Mn, and the 

weight-average molecular weight, Mw. They are defined as: 

𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
   (1-2) 

𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖

2
𝑖

∑ 𝑁𝑖𝑀𝑖𝑖
  (1-3) 

For monomodal distributions, Mn is the smaller than Mw (Figure 1-3).  
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Figure 1-3. Molecular weight distribution of a typical single-peaked polymer sample.
4
 

A broader distribution of chain molecular weights is described as a more 

polydisperse polymer sample. Polydispersity is characterized by the polydispersity index 

(PDI) (Equation 1-4). A monodisperse sample has PDI = 1. High PDI (> 2) corresponds 

to a broad distribution. 

PDI =
𝑀𝑤

𝑀𝑛
 (1-4) 

Mean polymer molecular weight can be measured using a wide range of techniques, 

including static light scattering (SLS), gel permeation chromatography (GPC), and mass 

spectrometry (MS). 

1.1.3. Glass Transition 

A characteristic thermal transition of polymers is the glass transition. Unlike 

polymer crystallization, which is a first-order transition, the glass transition is a second-

order transition leading to a peak in the heat capacity with respect to temperature.
1
 Below 

the glass transition temperature (Tg), chains are kinetically locked with no thermal 



 

 

5 

rotational or conformational mobility, making the polymer solid and glassy 

macroscopically (glassy state in Figure 1-4). At the glass transition temperature, the 

polymer starts to soften and becomes rubbery (rubbery plateau in Figure 1-4). If the 

temperature further increases, the polymer will flow like a viscous liquid (liquid flow in 

Figure 1-4). The Tg can be measured by differential thermal analysis (DTA) and 

differential scanning calorimetry (DSC). 

 

Figure 1-4. Young's modulus of a typical polymer material versus temperature.
5
 

1.1.4. Amorphous and Semicrystalline Polymers 

Amorphous polymers don’t contain any crystalline regions (Figure 1-5A). 

Polymers with crystalline regions exhibit X-ray diffraction patterns, but they are 

generally only semicrystalline, possessing a fair amount of amorphous materials (Figure 

1-5). 
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Figure 1-5. Amorphous (A) and semicrystalline polymers (B). 

Below the glass transition temperature, amorphous polymers are glassy. Above the 

glass transition temperature, crosslinked amorphous polymers are rubbery, while non-

crosslinked ones are viscoeleastic that exhibit both viscous and elastic characteristics. 

Crystallization is a first-order transition leading to softening below the melting 

temperature (Tm).
1 

Unlike small molecules, polymer chains tend to entangle that restricts 

packing of chains to form crystallites. Therefore, we characterize them as semicrystalline, 

meaning amorphous regions still exist in semicrystalline polymers below Tm. Whether a 

polymer is semicrystalline or amorphous depends on its structure and intermolecular 

forces. If it has ordered structure and strong intermolecular force, it is more likely to be 

semicrystalline. For semicrystalline polymers, Tm is always higher than Tg, as chains 

can’t move to form crystallites below the Tg. Crystallites scatter light, thus 

semicrystalline polymers are usually non-transparent. The percentage of crystallinity of a 

polymer is defined as: 

% Crystallinity =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑟𝑒𝑔𝑖𝑜𝑛

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
× 100%  (1-5) 

crystalline regions 
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Percent crystallinity can be measure by DSC and XRD. XRD is used for this thesis. 

The detailed calculation will be discussed later in the experimental. 

1.2. Block Copolymer Micelles 

1.2.1. Formation of Block Copolymer Micelles 

Block copolymers in solution undergo micellization (Figure 1-6) in a selected 

solvent, which is able to dissolve one block but not another, under specific conditions. 

The core of micelles is formed by the insoluble blocks, while the corona contains soluble 

blocks. If the corona-forming block is much longer than the core-forming block, the 

result is called a star micelle. If instead the corona-forming block is much shorter than the 

core-forming block, the result is called a crew-cut micelle. At fixed temperature and 

solvent conditions, micellization occurs on increasing the copolymer concentration above 

the critical micelle concentration (cmc).
6
 At fixed temperature and initial copolymer 

concentration, micellization occurs on increasing the water content above the critical 

water content (cwc). Block copolymer are referred to as nanoparticles in this thesis. 

 

Figure 1-6. Micellization of block copolymer.
7
 

1.2.2. Thermodynamics of Micellization 

Micellization, as a spontaneous process, is a process driven by minimization of the 

Gibbs free energy (G) of the system. At constant temperature: 
8
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∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (1-6) 

For nanoparticles in equilibrium just above the cmc:
9, 10

 

∆𝐺 ≈ R𝑇ln(cmc) (1-7) 

∆𝐻 = R(
𝜕ln (𝑐𝑚𝑐)

𝜕
1

𝑇

) (1-8) 

Price and coworkers calculated ΔG, ΔH and –TΔS of micellization of polystyrene-

b-polyisoprene (PS-b-PI).
11

 They prepared micelles by direct dissolution in n-hexadecane. 

The determined ΔG, ΔH and ΔS were all negative. Therefore it was an enthalpy-driven 

process. The negative enthalpy was from the large exothermic interchange energy when 

favourable PI-PI and solvent-solvent interactions replaced unfavourable PI-solvent 

interactions.  

Alexandridis and coworkers calculated ΔG, ΔH and ΔS of micellization of PEO-b-

PPO(polypropylene oxide)-b-PEO of different molecular weights by direct dissolution in 

water.
10

 Unlike micellization in organic solvent, all changes in enthalpy and entropy were 

positive, indicating that micellization was an entropy-driven process. The increased 

entropy was from hydrophobic effect. The Gibbs free energy of micellization became 

more negative as the molecular weight increased or the percentage of hydrophobic block 

(PPO) increased, meaning that micelles were more readily formed. The enthalpy and 

entropy of micellization both became more positive as the molecular weight increased or 

as the percentage of PPO increased.  

Shen and coworkers analyzed the thermodynamics of PS-b-PAA micelle formation 

in DMF by dropwise addition of water. All standard enthalpies, entropies and free 

energies of micellization in this system are negative in the water content range from 4.3 

wt % to 5.0 wt %; therefore, micellization is driven by enthalpy in this case. However, an 
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increase in water content, a decrease in the PAA block length, or an increase in the PS 

block length lead to a decrease in the magnitude of the negative enthalpy and entropy of 

micellization values. When water content increased to 7.5 wt %, the standard entropy of 

micellization became positive while the standard enthalpy of micellization remained 

negative but small. However, after 15 wt % water content, the standard enthalpy of 

micellization became positive, making the increase in entropy the only driving force.
12

 

In conclusion, for micelle formation in water-solvent mixture, whether the driving 

force is enthalpy or entropy depends on the solvent condition, water content, copolymer 

composition, chemistry of the copolymers and other factors. Entropy decreases upon 

micellization for various reasons: more stretched chains in the core, more stretched 

chains in the corona due to repulsion, and localization of chains to form order structures. 

Entropy increases upon micellization mainly because of the hydrophobic effect;
13

 when 

water comes into contact with the hydrophobic chain, to avoid interaction with it, water 

molecules utilize hydrogen bonding to form a shell around it. Upon formation of micelles, 

water molecules become “free”, resulting in a significant increase in entropy. Enthalpy 

decreases upon micellization when the unfavourable hydrophobic interaction is replaced 

by favourable water-water interactions and segment-segment interactions of hydrophobic 

chains. Enthalpy increases upon micellization for two reasons, one is the destruction of 

hydrogen bonding upon micellization, and the other is the electrostatic repulsion of 

charged corona chains. According to Equation 1-6, the sign and magnitude of the entropy 

and enthalpy of micellization together, along with the temperature, determine whether 

micellization will occur. 
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1.2.3. Multiple Morphologies of Block Copolymer Nanoparticles 

Block copolymers can form nanoparticles of multiple morphologies (Figure 1-7). 

From lower to higher curvature of structures, there are: spheres, rods/cylinders, cylinder 

network, vesicles, lamellae and large compound micelles. Nanoparticle morphology is 

controlled by three components of the free energy: (1) core-forming chain stretching, (2) 

interfacial energy and (3) interactions among corona-forming chains.
14, 15
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Figure 1-7. Multiple morphologies of PS-b-PAA. A. spheres. B. rods. C. bicontinuous 

rods. D. lamellae. E. lamellae (Platelets). F. vesicles. G. hexagonally packed hollow 

hoops. H. large compound micelles. I. internal structure of a large compound micelle.
16

 

Eisenberg and coworkers has investigated various bottom-up control strategies of 

PS-b-PAA nanoparticle morphology.
17

 Bottom-up control refers to chemical control by 
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changing copolymer composition, concentration, solvent condition, water content, pH 

and so on, while top-down control refers to external control such as shear, light, 

temperature, magnetic field and electric field. In Figure 1-8, by increasing polymer 

concentration and keeping water content constant, morphology changed from 

monodispersed spheres to mixture of spheres and short rods, and then to long cylinders. 

Since polymer molecular weight and composition were also constant, increasing polymer 

concentration increases aggregation number, thus PS chains in the core become more 

crowded and stretched. The tendency to lower chain stretching pushes curvature to lower. 

Therefore, lower curvature structures were formed. 

 

Figure 1-8. Aggregates of PS190-b-PAA20 in a 94.5/5.5 (w/w) DMF/water mixture to 

different final copolymer concentration (A) 1.0, (B) 2.0, (C) 2.5, (D) 3.0, (E) 3.5 wt %.
17
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The effect of water content was also reported in the same study (Table 1-1). From 

left to right, as water content increases, morphology changes from higher-curvature to 

lower-curvature structure for all polymer concentrations in the range of this study. At a 

fixed polymer concentration, the aggregation number increases as water content 

increases,
17

 thus nanoparticles of  lower-curvature morphology were formed to reduce PS 

chain stretching. 

Table 1-1. Morphologies
a
 of PS190-b-PAA20 at different polymer concentration and 

water content.
17

 

polymer 

concentration 

(wt %) 

water content in DMF (wt %) 

5.5 6.5 7.5 8.5 9.5 

0.5  S R, S R, S  

1.0 S S LR LR B 

1.5 S S, R LR, XR XR, B  

2.0 S R, S    

2.5 S, R LR B   

3.0 R, S     

3.5 LR B, XR B B  

(a) S, spheres; R, rods; LR, long rods; XR, interconnected rods; B, bilayer (vesicles, 

lamellae, LCM). If two morphologies are listed, the major one is given first. 

Block copolymer composition also has an effect on the morphology. In Figure 1-9, 

by decreasing PAA block length while keeping PS block length constant, morphology of 

PS-b-PAA aggregates changed from spheres to rods, to vesicles and finally to LCMs. It 

has been observed that PS chain stretching in the core increases as the PAA block length 

decreases,
18

 which makes the entropy of micellization more negative. At some point, the 

morphology changes to lower-curvature to reduce chain stretching and the entropy 
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penalty. The effect of PS block length was also investigated empirically and a scaling law 

was used to show the relationship between spheres’ core dimension and block lengths:
19

  

𝑅𝑐𝑜𝑟𝑒  ∝  𝑁𝑃𝑆
0.4𝑁𝑃𝐴𝐴

−0.15 (1-9) 

 

Figure 1-9. Morphologies of "crew-cut" aggregates from PS200-b-PAA21 (A), PS200-b-

PAA15 (B), PS200-b-PAA8 (C), PS200-b-PAA4 (D).
18

  

Different types of additives have different effects on nanoparticle morphology of 

PS-b-PAA. PAA is an acid with a pKa of 4.2. Addition of salt induces electrostatic 

screening among corona-forming block (polyelectrolytes). As charge along the corona 

chain decreases, the reduced repulsion between negatively charged coronal chains 

favours the formation of lower-curvature structures (Figure 1-10). Acid has similar effect 

but with a different mechanism (Figure 1-11). Protonation of corona-forming chain will 
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decrease their negative charge and inter-chain repulsion will decrease. However, addition 

of base enhances the charge density of coronal chains, pushing curvature to become 

higher (Figure 1-12). 

 

Figure 1-10. Aggregates from PS410-b-PAA25 without any additive (A) and with added 

NaCl to different final concentrations: (B) 1.1 mM; (C) 2.1 mM; (D) 3.2 mM; (E) 4.3 

mM; (F) 5.3 mM.
20
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Figure 1-11. Aggregates of PS410-b-PAA25 formed with various HCl concentrations: (A) 

190 μM, (B) 210 μM, (C) 240 μM, and (D) 270 μM.
21

 

 

Figure 1-12. Aggregates from PS410-b-PAA13 without any additive (A) and with 28 μM 

NaOH (B).
20

 

Addition of homopolymer and micellization in different solvents were also studies 

for PS-b-PAA system.
19

 Hydrophobic homopolymer can fill the core of nanoparticles, 

increasing the degree of stretching of the PS block and reducing the PAA content, thus 

low-curvature structures are formed. Changing solvents changes polymer-solvent 

interaction and coil volume in the core. Therefore, various morphologies were formed.
22
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1.2.4. Drug Delivery Using Block Copolymer Nanoparticles 

Drug delivery is a process to formulate, and transport a pharmaceutical compound 

in the body as needed to safely achieve its desired therapeutic effect. An ideal drug 

delivery vehicle must be non-toxic, biocompatible, non-immunogenic, and 

biodegradable.
23

 Drug delivery vehicles include polymeric micelles
24-27

 and dendrimers
28, 

29
, liposomes

30-32
, viruses

33, 34
, inorganic nanoparticles

35-38
 and so on. Block copolymer 

nanoparticles have been studied extensively as potential drug delivery vehicles because 

they (1) can be biocompatible and biodegradable, (2) are of tunable size and morphology, 

(3) are able to load hydrophilic or hydrophobic drugs in the core or shell, (4) can be self-

modified to target specific cells or acceptors, (5) can be stimuli-responsive to control 

release of cargo. 

Polycaprolactone (PCL), for example, is a widely-investigated hydrophobic 

polymer for drug delivery applications. It is very hydrophobic, so it could encapsulate 

hydrophobic drugs in the core in aqueous solution. There is extensive research in the 

encapsulation of paclitaxel
39-43

, curcumin
44-47

, SN-38
48

 and other hydrophobic drugs, as 

well as some hydrophilic drugs
49-52

, such as doxorubicin and 5-fluoroucacil. A common 

block copolymer of PCL and polyethylene oxide, PCL-b-PEO’s chemical structure is: 

 (1-10) 

PEO is a biocompatible polymer. It can minimize cell and blood interaction and 

protein adsorption.
53

 Repeat units in PCL are connected by ester bonds, which can be 

hydrolyzed, making it a biodegradable material. As Figure 1-13 shows, PCL-b-PEO can 
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degrade in hours in acidic environment. Studies were done to demonstrate the 

biocompatibility of PCL-b-PEO.
54

 

 

Figure 1-13. GPC trace of hydrolysis of PCL62-b-PEO45 in HCl (pH =  1) at 25 °C.
55

 

1.3. Microfluidics 

1.3.1. General Concepts 

Microfluidics describes the manipulation of small volumes (10
-9

 to 10
-18

 litres) of 

fluid in micron-scale channels.
56

 Mechanism of fluid, heat and mass transfer in such 

small length scales is different from that on the macroscale. Since channels are in the 

order of micrometer the Reynolds number (Re) is small and the flow is laminar.
57

 

Reynolds number is defined as: 

𝑅𝑒 =  
𝜌𝑣𝑑

𝜇
 (1-11) 

In Equation 1-11, ρ is density of the fluid, v is velocity of the fluid, d is the 

diameter of the channel, and μ is dynamic viscosity of the fluid. When Re > 4000, flow is 

characterized as turbulent flow. The flow pattern is chaotic, with enhanced heat and mass 

transfer. When Re < 2300, the flow type is usually laminar. In laminar flow, viscosity 
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plays a much more important role than inertia. The absence of inertia in makes the flow 

instantaneous.
58

 Therefore, fluid moves in layers, and heat and mass transfer depends 

mainly on diffusion. In microfluidics, less volume of reagents is consumed and shorter 

processing time is required, which is an advantage for synthesis. In a pressure-driven 

laminar flow, the pressure gradient generates Poiseuille flow (Figure 1-14), which is 

characterized by a parabolic velocity profile over the cross section of the channel.
59

 The 

center has maximum velocity and the wall has zero velocity. 

 

Figure 1-14. Velocity profile in a Poiseuille flow.
60

  

Over the last decade, microfluidics has attracted lots of research interest.
61-65

 The 

development of soft lithography technology by Whitesides and coworkers,
66

 and the 

progress in controlling experimental parameters such as temperature and flow rates,
57, 67

 

makes microfluidic a very convenient tool for various applications. Microfluidics has 

applications in biochemistry and analytical chemistry.
68, 69

 Nanoparticles fabrication 

using microfluidics is also a significant area. Recent progress includes synthesis of lipid, 

polymer and metal nanoparticles for drug delivery applications in microfluidic reactors.
70-

74
 In 2013, the microfluidics market was valued at $1.6 billion.

75
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1.3.2. Gas-Liquid Segmented Microfluidic Reactor 

In a typical laminar flow, the fluid flows in layers, thus mass transfer is very slow, 

resulting in slow mixing. Fast mixing is preferred in chemical and nanoparticle synthesis. 

Therefore, scientists have worked on increasing mixing in microfluidic reactors. There 

are generally two ways to solve this problem. One is to design patterned channels, and 

the other is to use two immiscible phases in reactors. 

Stroock et al. has investigated the prediction of flow that has low Re in a closed 

rectangular channel with a grooved floor (Figure 1-15).
76, 77

 They explained that those 

patterns can induce formation of parallel counter-rotating helices, swapping of flow lines 

near them,
76

 and generating chaotic flow.
77

  The chaotic flow increases mixing rate 

dramatically. 

 

Figure 1-15. Schematic of a microchannel with square grooves on the floor. Helical 

streamline is indicated with a ribbon.
76

 

Microfluidic mixers with similar design, which have staggered herringbone pattern 

on the bottom, were used for lipid nanoparticles synthesis for drug of siRNA delivery. 
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It’s been demonstrated that the microfluidic mixer offers bottom-up control of size by 

changing flow ratios of two streams top-down control by changing flow rates.
78-80

 

The incorporation of two fluid phases into microfluidic channels was studied by 

several groups over the last decade.
81-88

  There are two types, immiscible liquid-liquid 

and gas-liquid (Figure 1-16). In liquid-liquid segmented reactors, the liquid that has 

higher interfacial tension with the channel wall forms droplets and the other is the carrier 

fluid. In gas-liquid segmented reactors, gas bubbles are the “droplets” and liquid is the 

carrier fluid. 

This thesis focuses on the second type, gas-liquid segmented reactor. The 

recirculation of gas bubbles induces the formation of rotating vortices in each phase 

(Figure 1-16B). The rotation of liquid increases mixing greatly. 

 

Figure 1-16. Two types of two-phase systems, (A) liquid-liquid, and (B) gas-liquid.
81

 

On the gas-liquid segment microfluidic reactor, our group has demonstrated 

structural and functional control of PS-b-PAA and PCL-b-PEO nanoparticles. For PS-b-
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PAA, various morphologies were synthesized at different flow rates, demonstrating top-

down control of nanoparticle structure on this reactor.
89, 90

 Computational study was done 

to calculate the on-chip shear rate and it was found that the maximum shear rate (10
4
-10

5
 

s
-1

) exists at the corners of gas-liquid interfaces, which is significantly higher than the 

shear rate generated by a stir bar in off-chip preparations.
91

 Shear-induced coalescence at 

low flow rate and shear-induced break-up at high flow rate was a proposed explanation of 

the morphological changes that were observed.
92

 For PCL-b-PEO, extensive study on the 

relationship of morphology and flow rate was done and we discovered that on-chip shear 

has an effect on crystallinity of the PCL core of the nanoparticles.
93

 Furthermore, a 

hydrophobic anticancer drug, paclitaxel, was loaded in the nanoparticles and improved 

loading efficiency and slower release were achieved by on-chip preparation.
93

   

1.3.3. Microfabrication 

At first microfluidic devices were made by silicon or glass. However, silicon is 

expensive, and the fabrication of glass chips is rather complicated and time consuming. 

In contrast, soft polymer materials are cheap and easily processed. Polydimethylsiloxane 

(PDMS) is transparent under UV, allowing for detection in situ.
94

 Soft lithography was 

developed in 90s and has become the major method for microfluidic device fabrication 

nowadays. 

Microfabrication is the process in which gas-liquid segmented microfluidic reactors 

used in these studies are fabricated. It consists of two main steps, rapid prototyping and 

replica molding.
95, 96

 A photomask (Figure 1-17A) was used in the process to make a 

master chip (Figure 1-17B) using photolithography, and then the master chip was used to 

form a negative replica, the PDMS chip that was used in this thesis (Figure 1-17C). A 
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photomask is printed in a way that where the channels should be is transparent and the 

background is black in order to block UV light. On a master chip, the channels are raised, 

while on a PDMS chip the channels are concave. The general process will be discussed as 

below, but details are also included in experimental in Chapter 2. 

 

Figure 1-17. Photos of a photomask (A), a master chip (B) and a PDMS chip (C) that 

was used. 

The process of rapid prototyping is shown in Figure 1-18. First, a silicon wafer was 

cleaned and spin-coated with SU-8. SU-8 is a light-sensitive material acting as a 

photoresist here. It is cured upon UV irradiation. The spin-coating speed can be 

controlled to form SU-8 film of certain thickness. In our group a 150 μm-thick film was 

used. After the wafer is baked to remove solvent, a photomask is placed on the wafer and 

UV is shone vertically. Following the bake, the wafer is submerged in SU-8 developer 

which washes away uncured SU-8. In this way, a master chip with pattern of certain 

height is obtained. A master chip can be used many times for the following step, replica 

molding, until it is worn out. The cured SU-8 can be washed away using Piranha solution, 

so the wafer can be used again for spin-coating. However, new wafers are preferred since 

they have flatter surfaces so the channel height can be better controlled. 
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Figure 1-18. Process of rapid prototyping. 

Figure 1-19 shows the process of replica molding. PDMS and curing agent is mixed 

and degassed in vacuum oven, and then the mixture is poured onto a clean master chip in 

a plastic petri dish, which will be degassed further and cured on a hot plate. After a 

harden PDMS is formed, it is then carefully cut and peeled out. This forms a negative 

replica of the master chip used. A substrate which is a thin film of PDMS on a glass slide 

is made in a same way, except that the mixture is spin-coated onto the glass slide prior to 

heating. The PDMS chip (channel facing down) is bonded to the substrate (PDMS side 

up) in a plasma oven. The oxygen plasma oxidizes the surface methyl groups on PDMS 

to form silanol groups.
97, 98

 Oxidized PDMS can be bonded irreversibly to a variety of 

materials, including itself. We used PDMS here to make sure channels are made of the 

same materials so that interactions with channel walls at all directions are the same. 
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Figure 1-19. Process of replica molding. 

1.4. Outline of Thesis 

This thesis focuses on the effect of microfluidics on nanoparticles size, morphology, 

crystallinity, photo response, drug loading and release. The main goal of the thesis is to 

get better knowledge of the capability of gas-liquid segmented microfluidic reactors for 

structural and functional control of polymer colloids, and to better understand these 

effects, in order to apply this microfluidic platform to applications in drug delivery. 

Chapter 2 investigates the on-chip self-assembly of a series of photoresponsive 

copolymers with o-nitrobenzyl sidegroups. These copolymers turn hydrophilic from 

amphiphilic upon UV irradiation. Unique morphologies were obtained on-chip and faster 

photo-induced decay was demonstrated.  

In Chapter 3, the gas-liquid segmented reactor is compared with a commercially 

available single-phase microfluidic mixer discussed previously. PCL-b-PEO with 

different PCL block lengths was used for this study. Overall, two-phase microfluidic 

reactor offers flow-variable control of morphology and core crystallinity due to high 

shear rate, while the effect of flow on morphology and crystallinity in the single-phase 

reactor are not significant.  
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Chapter 4 focuses on the self-assembly of P(MCL-co-CL)-b-PEO nanoparticles 

with different MCL content. The effect on crystallinity, size, morphology, loading level 

and release rate is discussed. All MCL-containing copolymers have a tendency to form 

small, monodispersed spheres with higher loading and slower release. On-chip self-

assembly and drug loading behaviour of the copolymers were also studied, i.e. a 

combination of bottom-up and top-down control. A slower release with neither 

morphological nor crystallinity effect is demonstrated, and is attributed to better mixing 

on-chip. 

Finally, Chapter 5 discusses general conclusions arising from the thesis work, 

including recommendations for future work. 
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Chapter 2.  

Microfluidic Synthesis of Photoresponsive Spool-Like Block 

Copolymer Nanoparticles: Flow-Directed Formation and Light-

Triggered Disruption 

Reproduced with permission from Reference 1. Copyright 2015 American 

Chemical Society. 

2.1. Introduction 

Amphiphilic block copolymers self-assemble in selective solvents into micellar 

nanoparticles of various morphologies with a range of diverse applications, from 

sensors,
2
 to medical imaging,

3
 to drug delivery.

4-11
 For many applications, responsive 

block copolymer nanoparticles that can be disrupted by controllable external stimuli, such 

as temperature,
12-14

 pH,
15-17

 light
18-20

 or redox reactions
21-23

, are of particular interest. For 

example, in drug delivery applications, light responsive nanoparticles could be employed 

to release drug cargo where it is needed by applying light to a specific region of the body 

and triggering the dissociation of the nanoparticles. A demonstrated synthetic route to 

such light-responsive block copolymers is to attach chromophores to the hydrophobic 

block via ester linkages.
24

 Upon irradiation, a photolysis reaction leads to cleavage of the 

chromophores and transformation of ester groups to carboxylic acid groups, thus making 

the initially hydrophobic block hydrophilic. As a result, the block copolymer loses its 

amphiphilicity and the associated micellar nanoparticles dissociate, releasing any cargo 

dissolved in the core. For example, the block copolymer poly(o-nitrobenzyl 

methacrylate)-b-poly(ethylene oxide) (PNBM-b-PEO) has been shown to produce light-



 

 

36 

responsive nanoparticles by virtue of the photocleavable ester linkages along the PNBM 

block, and results showed that the rate of photoinduced disruption of PNBM-b-PEO 

nanoparticles and concomitant release of encapsulated dye depended on both the 

hydrophobic block length and irradiation intensity.
25 

Recently, microfluidic systems have been used to synthesize nanostructures.
26-28 

Flow within a microfluidic environment can be manipulated to exert significant shear 

stress during nanofabrication, resulting in the formation of novel nanostructures.
29, 30

 

Block copolymer nanoparticle morphologies have been conventionally controlled by a 

variety of “bottom-up” chemical factors, which influence self-assembly by modulating 

inter- and intramolecular enthalpic and entropic forces.
31-33

 In our group, we have shown 

that when nanoparticles are formed by mixing block copolymer solutions with water in a 

gas-liquid segmented microfluidic reactor, strong on-chip shear forces provide a non-

chemical “top-down” handle on morphologies.
34-39

 For example, we have used this 

microfluidic platform to produce stable, flow-directed nanoparticles of the amorphous 

block copolymer polystyrene-b-poly(acrylic acid) (PS-b-PAA), demonstrating that 

structures formed on-chip are distinct from those formed in the bulk under identical 

chemical conditions,
36

 and also that changes in on-chip flow rate result in different sizes 

and morphologies of the resulting nanoparticles.
37, 38

 More recently, we have applied the 

same microfluidic reactor to the self-assembly of the biocompatible and semicrystalline 

block copolymer polycaprolactone-b-poly(ethylene oxide) (PCL-b-PEO), of particular 

interest for drug delivery applications, showing that flow rate provides control over 

structural features on multiple length scales, including not only size and morphology, but 

also the internal crystallinity of the resulting nanoparticles.
39
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Turning our attention to the on-chip self-assembly of photoresponsive block 

copolymer materials, we consider the intriguing possibility that microfluidic shear fields 

might be used to direct not only the size and shape, but also the responsivity of 

nanoparticles in the presence of light. In this paper, we apply a gas-liquid microfluidic 

reactor (Figure 2-1) to nanoparticle formation from a series of poly(o-nitrobenzyl 

acrylate)-b-polydimethylacrylamide (PNBA-b-PDMA, Figure 2-2A) block copolymers 

with variable lengths of the photoresponsive and hydrophobic PNBA block. In this case, 

exposure to light triggers ester cleavage along the PNBA block, leading to nanoparticle 

dissociation. To our knowledge, this work represents the first time photoresponsive block 

copolymers have been assembled using a high-shear microfluidic device. The various 

copolymers are found to self-assemble into spherical nanoparticles when water is added 

by a conventional bulk method but form fascinating spool-like nanoparticles in the 

microfluidic channels at higher flow rates (Figure 2-2B). These spooled cylinders 

represent a new block copolymer morphology that is a direct result of PNBA-b-PDMA 

self-assembly in the unique high-shear environment of the microfluidic channels, not 

observed during our previous work using PS-b-PAA and PCL-b-PEO. The PNBA 

nanoparticles possess a soft amorphous core, in contrast to the previously tested materials, 

which had glassy (PS) or semicrystalline (PCL) cores. Moreover, we demonstrate 

different light-triggered dissociation kinetics for nanoparticles formed on-chip at different 

flow rates, which is attributed to the resulting differences in excess free energies (with 

respect to equilibrium states) of nonergodic nanoparticles formed in the microfluidic 

channels under different shear conditions.   
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Figure 2-1. (A) Schematic of the microfluidic injector and mixing channel within the 

gas-liquid segmented reactor. (B) Full chip schematic. 

2.2. Experimental 

Materials. All the chemicals for block copolymer synthesis were purchased from 

Sigma Aldrich and used as received. 2, 2’-Azobis(isobutyronitrile) (AIBN) (Aldrich) was 

recrystallized twice from methanol and used as a thermal initiator. The functional 

photoresponsive monomer, 2-nitrobenzyl acrylate, was synthesized according to the 

reported reference.
40

 The RAFT agent, 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DMP) was synthesized according to a previously-reported 
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procedure.
41

 1,4-Dioxane (Fisher Scientific, 99.9%) was used as received without further 

purification.  

Synthesis of Macro-RAFT Agent. DMP (0.365 g, 1 mmol), N,N’-

dimethylacrylamide (DMA) (7.92 g, 80 mmol), AIBN (0.0162 g, 0.1 mmol) were 

dissolved in 10 mL of dioxane in a one-neck flask (25 mL). After 20 min of N2 purging, 

the homogeneous solution was put into a preheated oil bath at 70 °C for 1 hr. The 

reaction was quenched in liquid nitrogen and precipitated in a large amount of ethyl ether 

three times and dried to a constant weight under vacuum. The obtained polymer was 

characterized by GPC and 
1
H NMR. From 

1
H NMR spectrum, the degree of 

polymerization was determined to be 37.  

 

Figure 2-2. (A) Chemical structure of PNBA-b-PDMA copolymers. (B) Schematic of 

nanoparticle formation. 
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Synthesis of Photoresponsive Block Copolymers. A series of PNBA-b-PDMA 

block copolymers (Figure 2A), which possess the same hydrophilic block length (PDMA) 

and a hydrophobic block of variable length (PNBA), was synthesized by RAFT 

polymerization using PDMA37-DMP as a macro-RAFT agent. For example, the following 

procedure was used to synthesize PNBA22-b-PDMA37 (numbers in subscripts indicate 

number-average degrees of polymerization of the respective blocks): to a one-neck flask 

(10 mL), PDMA37-DMP (0.37 g, 0.1 mmol), 2-nitrobenzyl acrylate (0.828 g, 40 mmol), 1 

mL DMF and AIBN (0.008g, 0.05mmol) was added. After 20 min of N2 purging, the 

formed solution was placed in a preheated oil bath at 70 °C for 12 hr. The reaction was 

quenched in liquid nitrogen and purified by precipitation in a large amount of ethyl ether 

three times and dried under vacuum overnight. The obtained block copolymer was further 

characterized by GPC and 
1
H NMR. The composition of the resultant block copolymer 

was determined to be PNBA22-b-PDMA37. Similarly, by changing the starting molar ratio 

of PDMA37-DMP and 2-nitrobenzyl acrylate, a series of block copolymers with different 

PNBA chain lengths were obtained (Table 2-1). The three copolymers PNBA22-b-

PDMA37, PNBA52-b-PDMA37, PNBA66-b-PDMA37 are designated NBA-22, NBA-52, 

NBA-66, respectively. 

Critical Water Content (cwc) Determination. Static light scattering 

measurements were carried out to determine the cwc of 0.33 wt % solutions of each 

copolymer in dioxane. Light scattering experiments were performed on a Brookhaven 

Instruments photocorrelation spectrometer equipped with a BI-200SM goniometer, a BI-

9000AT digital autocorrelator, and a Melles Griot He-Ne Laser (632.8 nm) with a 
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maximum power output of 75 mW, at a scattering angle of 90° and a temperature of 

23 °C. 

For each copolymer, a 0.66 wt % solution in dioxane was prepared and allowed to 

equilibrate overnight. This stock solution was then filtered through 2 x 0.45 μm teflon 

syringe filters (VWR) in series and then diluted to a final concentration of 0.33 wt % 

using filtered dioxane (2 x 0.20 μm teflon syringe filter, National Scientific). To initiate 

nanoparticle formation, filtered deionized water (2 x 0.20 μm Nylon syringe filters, 

National Scientific) was added in successive 0.03-0.06 g quantities to this solution. After 

each addition of water, the solution was vortexed to help mixing and then equilibrated for 

15 min before the scattered light intensity was measured. From the resulting plots of 

scattered light intensity vs. water concentration, cwc values were determined by 

extrapolation of the steep increase in intensity to the baseline. The resulting titration plots 

and cwc determinations for each copolymer are shown in Figure S2-1; the resulting cwc 

values for each copolymer are tabulated in Table 2-1 and were used as reference values 

for selecting water contents for bulk and microfluidic nanoparticle preparations. 

Table 2-1. Description of PNBAm-b-PDMAn Copolymers. 

Copolymer m n PDI cwc / wt %
a
 

NBA-22 22 37 1.21 21 ± 1 

NBA-52 52 37 1.27 18.5 ± 0.1 

NBA-66 66 37 1.26 ± 0.1 

a) cwc measured for 0.33 wt % copolymer solutions in 1,4-dioxane 

Bulk Preparation of PNBA-b-PDMA Nanoparticles. As a control experiment for 

comparison with on-chip nanoparticle formation, nanoparticles of each block copolymer 

were also formed by the conventional method of dropwise water addition.
42

 For these 
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experiments, deionized water was added dropwise to 3 g of 0.33 wt % copolymer 

solution in dioxane at a rate of 20 µL every 10 s up to a target water content of cwc + 10 

wt % with moderate stirring. The resulting nanoparticles in dioxane/water were 

designated “unquenched” and were analyzed immediately by TEM. To investigate the 

effect of organic solvent removal on the nanoparticle morphology, nanoparticles 

following dropwise water addition were immediately quenched into a 10 × excess (by 

volume) of deionized water, followed by overnight dialysis (6-8 kD MWCO dialysis 

membrane, Spectrum Laboratories) against deionized water; the resulting nanoparticles 

were designated “dialyzed”. 

Microfluidic Reactor Fabrication. Negative masters were fabricated on silicon 

wafers (Silicon Materials) using the negative photoresist SU-8 100 (Microchem). A 150 

µm-thick SU-8 film was spin-coated at 2000 rpm onto the silicon wafer and heated at 

65 °C for 12 min and then at 95 °C for 50 min. After the wafer was cooled, a photomask 

was placed directly above and the wafer was exposed to UV light for 100 s. Then, the 

UV-treated film was heated at 65 °C for 1 min and then 95 °C for 20 min. Finally, the 

silicon wafer was submerged in SU-8 developer (Microchem) and rinsed with 

isopropanol until all unexposed photoresist was removed. 

Microfluidics chips were fabricated from poly(dimethyl siloxane) (PDMS) using a 

SYLGARD 184 silicon elastomer kit (Dow Corning). For fabrication of all PDMS chips, 

the elastomer and curing agent were mixed at a 7:1 ratio and degassed under vacuum. 

The resulting mixture was poured over a clean negative master chip in a Petri dish and 

further degassed until all remaining air bubbles were removed. The PDMS was heated at 

85 °C until cured (~20 min), and then peeled from the negative master; holes were 
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punched through the reservoirs of the resulting PDMS chip to allow for the insertion of 

tubing. A thin PDMS film (substrate layer) was also made on a glass slide by spin-

coating a 20:1 elastomer / curing agent mixture followed by curing. The substrate layer 

was then permanently bonded to the base of the microfluidic reactor (channel layer) after 

both components were exposed to oxygen plasma for 45 s. The resulting reactor has a set 

channel depth of 150 μm and consists of a sinusoidal mixing channel 100 μm wide and a 

sinusoidal processing channel 200 μm wide (Figure 1B). 

Flow Delivery and Control. Pressure-driven flow of liquids to the reactor inlet 

was provided using 1 mL gastight syringes (Hamilton, Reno, NV) mounted on syringe 

pumps (Harvard Apparatus, Holliston, MA). The microfluidic chip was connected to the 

liquid syringes via 1/16
th

-inch (OD) Teflon tubing (Scientific Products and Equipment, 

ON). Gas flow was introduced to the chip via an Ar tank regulator and a downstream 

regulator (Johnston Controls) for fine adjustments. The chip was connected to the 

downstream regulator through a 1/16
th

-inch (OD) / 100-μm (ID) Teflon tube (Upchurch 

Scientific, Oak Harbor, WA). The liquid flow rate (Qliq) was programmed via the syringe 

pumps and the gas flow rate (Qgas) was fine-tuned via the downstream pressure regulator 

in order to set the nominal total flow rates of 25, 50 and 100 μL/min described in the 

main text. Due to the compressible nature of the gas and the high gas/liquid interfacial 

tension, discrepancies arise between the nominal (programmed) and actual values of Qgas, 

Qgas/Qliq, and the total flow rate (Qtotal). Therefore, actual gas flow rates were calculated 

from the frequency of bubble formation and the average volume of gas bubbles, 

determined from image analysis of the mean lengths of liquid and gas plugs, Lliq and Lgas, 

respectively, under a given set of flow conditions. This method of flow calculation has 
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been previously employed in the context of gas-liquid segmented flow in the microfluidic 

device.
35, 43

 Actual flow parameters pertaining to each microfluidic experiment described 

in the paper are listed in Table S2-2. For all experiments, the relative gas-to-liquid flow 

ratio, Qgas/Qliq ~1 and all actual Qtotal values are within 10 % of nominal values reported 

in the main text. 

Visualization of the gas bubbles and liquid plugs within the microfluidic reactor 

was achieved using an upright optical microscope (Omax) with a 10 × objective lens. 

Images were captured using a 2.07 megapixel PupilCam (Ken-A-Vision) and mean 

lengths of liquid and gas plugs were determined from the images using image analysis 

software (ImageJ). 

Microfluidic Preparation of PNBA-b-PDMA Nanoparticles. For microfluidic 

preparation of nanoparticles (Figure 2-1A), the following three fluid streams were 

combined to form gas-segmented liquid plugs within the reactor: (1) 0.66 wt % PNBA-b-

PDMA solution in dioxane, (2) pure dioxane, and (3) water/dioxane mixtures. The 

relative flow rates of the three liquid streams, Qliq1, Qliq2, Qliq3, respectively, were set such 

that the combination of the streams yielded steady-state on-chip concentrations of 0.33 

wt % copolymer and either 31.0, 28.5, or 28.0 wt % water, corresponding to 10.0 wt % 

above the cwc for NBA-22, NBA-52, and NBA-66, respectively (Table S2-1). 

Microfluidic flow conditions were selected and controlled as described in the previous 

section. Although the mixing of water and dioxane is mildly exothermic in the 

investigated range of solvent composition (~-125 J/mol),
44

 fast heat dissipation and the 

absence of significant viscous heating means thermal effects on nanoparticle formation 

will be negligible. 
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For each copolymer and flow rate, samples were first collected from the chip into 

empty vials; the resulting nanoparticles in dioxane/water were designated “unquenched” 

and were analyzed immediately by TEM or used directly for photoirradiation studies. To 

investigate the effect of organic solvent removal on the nanoparticle morphology, 

nanoparticles were collected into a vial containing a 10 × excess by volume of deionized 

water, followed by overnight dialysis (6-8 kD MWCO dialysis membrane, Spectrum 

Laboratories) against deionized water; the resulting nanoparticles were designated 

“dialyzed”. Finally, to investigate the off-chip stability of flow-directed morphologies, 

unquenched nanoparticles were left in the dark under ambient and quiescent conditions 

and observed by TEM at various times (1 , 3, and 7 days); the resulting nanoparticles 

were designated “aged”. 

Transmission Electron Microscopy. Negatively-stained samples for TEM 

imaging were prepared by depositing a drop of block copolymer nanoparticle dispersion 

on a carbon-coated 300-mesh copper TEM grid followed by a drop of 1 wt % uranyl 

acetate aqueous solution as a negative staining agent. Excess liquid was immediately 

removed using lens paper, followed by drying of the remaining liquid under ambient 

conditions. For unstained TEM samples, a drop of dispersion was deposited on the grid 

and then vitrified by flash freezing in liquid ethane followed by freeze-drying under 

vacuum. Imaging was performed on a JEOL JEM-1400 transmission electron microscope, 

operating at an accelerating voltage of 80 kV and equipped with a Gatan Orius SC1000 

CCD camera. For each preparation, at least 5 images were taken in different regions of 

the grid.  
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For each copolymer and flow condition, morphology and size analysis was 

performed based on three separate preparations; for each preparation, morphology and 

size analysis was carried out using at least three images taken in different regions of the 

grid. Mean dimensions for each condition were determined from a total of at least 450 

nanoparticles of each morphology (with the exception of LCM diameters which were 

sometimes less numerous within the populations; LCM mean diameters were determined 

from a total of at least 120 nanoparticles). Identified morphologies and mean dimensions 

for each copolymer and preparation condition are reported in Table 2-2. Averaging and 

statistical analysis of dimensions from TEM images were conducted using Image J 

software. 

3D TEM tomography was performed on a FEI Tecnai G2 transmission electron 

microscope, operating at an accelerating voltage of 200 kV and equipped with a high 

speed AMT 2K side mount CCD camera, and a high resolution FEI Eagle 4K bottom 

mount CCD camera.  

UV/Vis Spectra Measurement. UV/Vis absorbance/transmission measurements 

were performed on a PE Lambda 1050 spectrometer. Scanning range was 200 nm to 600 

nm with a resolution of 0.2 nm. Dialyzed nanoparticles prepared by the bulk method were 

in deionized water and the constituent copolymer was in dioxane for this measurement. 

Deionized water and dioxane were used as background references respectively. Figure 

S2-3 shows the UV/Vis spectrum of NBA-66 and its nanoparticles. 

Nanoparticle Photoirradiation and Disruption Kinetics. Photoirradiation of 

nanoparticle dispersions was performed using an OmniCure S1500 UV/Visible spot 

curing system with a 320-500 nm filter. Light was transmitted by a liquid light guide at 
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an intensity of 1000 mW/cm
2
 with a distance of ~3.5 cm between the end of the light 

guide and the nanoparticle dispersion. Prior to irradiation, unquenched NBA-22 

dispersions prepared at two different flow rates were diluted with a dioxane/water 

mixture of 31 wt % water to a copolymer concentration of 0.066 wt % such that the 

solvent composition remained unchanged upon dilution. 1.25 mL of diluted dispersion 

was placed in a glass test tube and then irradiated in 5 s intervals under stirring with 

subsequent cooling to minimize temperature increase. At predetermined cumulative 

irradiation times, static light scattering intensity and hydrodynamic sizes were measured 

on the same Brookhaven Instruments photon correlation spectrometer used for cwc 

measurements, at a scattering angle of 90° and a temperature of 23°C. For determinations 

of hydrodynamic sizes from dynamic light scattering (DLS) data, refractive index and 

dynamic viscosity values of 1.40 and 1.18 cP, respectively, were employed; these values 

for the mixed solvent system were calculated using a method described previously.
45

 At 

cumulative irradiation times of 35 s, 65 s, 95 s, 215 s and 410 s, aliquots of sample were 

also extracted for TEM imaging. Each photocleaving experiment, including cumulative 

irradiation time, cooling time, and measurement time, took ~6 hrs. Therefore, in order to 

distinguish light-triggered dissociation from time-dependent dissociation, control 

experiments were carried out in which both investigated nanoparticle samples were held 

at 25 °C for 6 hrs without irradiation, and light scattering intensity was measured every 

30 min (Figure S2-4). Reported light scattering intensities are mean values from three 

separate nanoparticle preparations while reported hydrodynamic sizes are mean values 

from three measurements of one nanoparticle preparation. 
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2.3. Results and Discussion 

2.3.1. Effect of Flow Rate on Nanoparticle Structure.  

Figure 2-3 shows TEM images with negative staining of unquenched NBA-22, 

NBA-52 and NBA-66 nanoparticles prepared using the bulk method of dropwise water 

addition, and also using the microfluidic reactor at various flow rates under identical 

chemical conditions (Figure 2-3). Table 2-2 lists the shape and mean dimensions of 

shapes observed during these experiments. In the negative stained images, lighter contrast 

regions correspond to the hydrophobic PNBA cores of the nanoparticles, due to high-

electron density uranyl acetate localized in the PDMA coronae. The role of the variable 

shear environment of the microfluidic multiphase reactor is directly observed through 

various nanoparticle morphologies. Nanoparticles formed by the conventional bulk 

method result in a collection of largely monodisperse small spheres, of ~30 nm mean 

diameter. These spherical nanoparticles are observed in all three bulk prepared solutions: 

NBA-22, NBA-52 and NBA-62 (Figure 2-3, A, E and I). On-chip nanoparticle formation 

at the lowest investigated flow rate (25 μL/min, Figure 2-3, B, F, and J) resulted in three 

distinct nanoparticle types: small spheres, large spheres and cylinders. TEM images 

without negative staining were used to determine that the larger spheres do not have a 

low-density center and so they are not vesicles; since they are significantly larger than the 

~30 nm spheres, these large spheres are referred to as large compound micelles (LCMs), 

in keeping with Zhang et al. nomenclature.
42

 The LCMs and cylinders represent 

morphologies formed on-chip that were not observed in dispersions prepared in the bulk. 

The cylinders were of similar thickness to the small spheres, and were observed with a 

range of lengths between ~50 nm and ~300 nm. Most of the cylinders are linear with 
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varying degrees of entanglement on the grid, but a few appear as small closed hoops. In 

addition to cylinders, large compound micelles were observed in the NBA-52 and NBA-

66 cases. At a higher flow rate of 50 μL/min, four distinct nanoparticle geometries are 

observed: ~30 nm spheres, large compound micelles, cylinders, and what we have named 

spooled cylinders (50 μL/min, Figure 3, C, G and K). From the two-dimensional TEM 

images, the spooled cylinders resemble close-packed arrays of many straight and bent 

cylinders, although as discussed below there is evidence that these two-dimensional 

projections are due to a three-dimensional winding of long cylinders. Although this 

winding of cylinders sometimes forms what appear to be regular helical structures, the 

result is often irregular (Figure 2-3D, inset), resembling more a spool of thread than a 

neat coil of rope. When the flow rate was increased to 100 μL/min, small spheres, LCMs, 

cylinders and spooled cylinders were observed for all copolymers (Figure 2-3, D, H and 

L). In the case of NBA-66 nanoparticles, the spooled cylinders appear compressed 

(flattened). The majority of spooled cylinders formed at 50 μL/min (Figure 2-3, C, G, and 

K) and at 100 μL/min in NBA-22 and NBA-52 cases (Figure 2-3, D and H) resemble 

cocoons with approximate ellipsoidal or triangular shape and a long axis lying parallel to 

the grid surface. In contrast, most of the spooled cylinder nanoparticles observed from 

NBA-66 at 100 μL/min appear as roughly circular features with an internal spiral 

structure (Figure 2-3L, inset). We note that the seemingly compressed, spiral structures 

could be explained by cocoon-like aggregates oriented with long axes perpendicular to 

the grid surface, although 3D TEM tomography of these nanoparticles (Figure S2-15) 

indicates their heights are significantly less than their cross-sectional diameter, 

suggesting that their long axis has been compressed either by deposition on the substrate 
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or by shear processing at high flow rate. Still other circular aggregates formed by NBA-

66 at 100 μL/min appear hollow, resembling rings, or possess an internal structure of two 

concentric rings (Figure 2-3L). These could be vesicles or else are additional features 

arising from the collapse or compression of spooled cylinders at the higher flow rate. 

 

Figure 2-3. Effect of flow rate on the structure of unquenched NBA-22, NBA-52 and 

NBA-66 nanoparticles, as determined through TEM imaging. Nanoparticles formed in 

the bulk are included for comparison. Insets show features imaged in a different region of 

the same sample, or on a different sample prepared under identical conditions. Scale bars 

are 200 nm; main images and insets share the same scale bar. 
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Table 2-2. Morphologies
a
 and Mean Dimensions

b
 for Unquenched PNBA-b-PDMA 

Nanoparticles Prepared in the Microfluidic Reactor at Various Flow Rates. 

Sample bulk 25 μL/min 50 μL/min 100 μL/min 

NBA-22 S (30 ± 1 nm) 
S (29 ± 1 nm) 

C (24 ± 2 nm) 

S (28 ± 2 nm) 

C (20 ± 2 nm) 

LCM (70 ± 10 nm) 

SC (17 ± 3 nm) 

S (29 ± 1 nm) 

C (21 ± 3 nm) 

LCM (80  ± 10 nm) 

SC (18 ± 1 nm) 

NBA-52 S (27 ± 1 nm) 
S (24 ± 1 nm) 

LCM (70  ± 10 nm) 

S (26 ± 1 nm) 

C (20 ± 2 nm) 

LCM (80  ± 10 nm) 

SC (18 ± 1 nm) 

S (26 ± 1 nm) 

C (16 ± 1 nm) 

LCM (80 ± 10 nm) 

SC (16 ± 1 nm) 

NBA-66 S (30 ± 1 nm) 

S (28 ± 3 nm) 

C (23 ± 4 nm) 

LCM (70  ± 10 nm) 

S (30 ± 1 nm) 

C (22 ± 3 nm) 

LCM (80  ± 10 nm) 

SC (18 ± 1 nm) 

S (31 ± 2 nm) 

C (27 ± 3 nm) 

LCM (80  ± 10 nm) 

SC (23 ± 4 nm) 

a) Morphologies are indicated as S (spheres), C (cylinders), LCM (large compound 

micelles), or SC (spooled cylinders). 

b) Numbers refer to sphere or LCM diameters and cylinder or spooled cylinder widths. 

Reported errors for microfluidic-prepared nanoparticles are standard deviations of three 

separate preparations. Reported errors for bulk-prepared nanoparticles are standard 

deviations of mean values from three images of a single preparation. 

2.3.2. Effect of PNBA Block Length on Spooled Cylinder Morphology.  

Figure 2-3 and statistical analysis of the associated TEM data also provides insight 

into the relationship between PNBA block length and nanoparticle morphology and 

frequency. One key difference between on-chip nanoparticle formation for the different 

PNBA block lengths is that for the two higher PNBA block lengths, NBA-52 and NBA-

66, the spooled cylinders are a prominent morphology starting at a flow rate of 50 μL/min, 

with higher frequency for the longer PNBA block length: ~1 and ~3 spooled cylinders 

per 100 nanoparticles were found for NBA-52 and NBA-66, respectively (Figure 2-3, G 

and K). However, for the NBA-22 sample, spooled cylinders appeared only very 
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infrequently at 50 μL/min (~2 spooled cylinders per 1000 nanoparticles, Figure 2-3C, 

inset) but increased in frequency when the flow rate increased to 100 μL/min (~1 spooled 

cylinders per 100 nanoparticles, Figure 2-3D). In the context of a proposed mechanism 

for cylinder spooling discussed below, the more hydrophobic and stickier surfaces of 

NBA-52 and NBA-66 nanoparticles arising from their longer hydrophobic blocks 

compared to NBA-22 nanoparticles might explain this trend. An additional effect of 

PNBA block length is the observed compression of NBA-66 spooled cylinders at the 

highest flow rate (Figure 2-3L), which was not observed for the NBA-22 or NBA-52 

copolymers (Figure 2-3, D and H) as discussed above. 

2.3.3. Probing Spooled Cylinder Morphology Using 2D and 3D TEM.  

In Figure 2-4, further insight is gained regarding the morphology of the spooled 

cylinders. In some regions of the grid, the ends of these unusual structures are bent 

upwards, affording an end-on view of the nanoparticles and providing some insight into 

their three-dimensional structure (Figure 2-4, A and B). In this example, TEM imaging 

suggests the cylindrical packing originates from a single long cylinder spiraling from the 

end of the aggregate. In other cases, it was found that these coiled cylinders can 

“unwind”, leaving only a thread in their wake (Figure 2-4C). 3D imaging from TEM 

tomography (Figure 2-5) of a triangular-shaped spooled cylinder of NBA-66 formed at 50 

μL/min clearly shows the “corkscrew” conformation of spiraling cylinders at two 

different ends of the nanoparticle (Figure 2-5, B and C, white arrows), as well as an 

encapsulated LCM (Figure 2-5, B and C, dashed circles). These spooled cylinders are 

very different from other reported copolymer structures. In various works, Eisenberg and 

coworkers describe aggregate superstructures consisting of building blocks of cylindrical 
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micelles, termed “hexagonally-packed hollow hoops”
46

 that in some cases have similar 

two-dimensional projections to our spooled cylinders. However, the relatively disordered 

combination of straight and bent cylindrical structures of our samples within many of the 

two-dimensional projections (Figure 2-3D, inset), as well as the spiral ends observed at 

the nanoparticle poles (Figure 2-5, B and C), are not consistent with those reported 

morphologies. Other works have produced helical nanostructures,
47, 48

 but none that 

resemble the unique spooled cylinder morphology observed in this work.  
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Figure 2-4. Determining the structure of an unquenched NBA-22 spooled cylinder using 

TEM imaging. (A) Spooled cylinder showing end-on view of spiraling cylinder. (B) 

Enlarged view of the spooled cylinder shown in (A). (C) Uncoiled spooled cylinder. 

Scale bars are 100 nm. 
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Figure 2-5. 2D TEM image of a triangular-shaped spooled cylinder of NBA-66 formed 

in the microfluidic reactor at 50μL/min (A) and 3D TEM tomography images of the same 

nanoparticle taken from two different directions (B and C); arrows in B and C show the 

striated structure originating from a spiraling cylinder or cylinders at two different ends 

of the nanoparticle, and dashed circles indicate encapsulated LCM sphere. Scale bars are 

100 nm. 
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2.3.4. Discussion of Spooled Cylinder Formation.  

As reported previously,
36

 flow-directed nanoparticle morphologies within the two-

phase microfluidic reactor are explained by nanoparticle exposure to localized high-shear 

“hot spots” within the processing channel, following initial nanoparticle formation 

triggered by fast (~1 s) water mixing within the mixing channel (Figure 2-1B).  

The recirculating flow within the two-phase gas-segmented microfluidic reactor 

produced these localized high-shear hot spots in the corner regions where the liquid plug 

contacts the liquid film. In our previous work, simulations on a similar system performed 

using a computational fluid dynamics model indicated a high-vorticity flow much closer 

to simple shear flow than to elongational flow.
33,49

 Chaotic advection during recirculation 

creates a nonuniform shear, leading to a mixing regime conducive to shear-induced 

collision-coalescence events. 
 

Since the PNBA core-forming block is noncrystalline, the flow-induced 

crystallization effects discussed previously in connection with on-chip nanoparticle 

formation from PCL-b-PEO copolymers are not operative here.
39

 We note that flow-

directed long cylinders have been previously prepared within this microfluidic reactor 

from other block copolymers, including PS-b-PAA
36-38

 and PCL-b-PEO,
39

 although 

spooled cylinders were not observed to form from either of those materials at any flow 

rate. We point out that unlike the current block copolymer, which possesses an 

amorphous and relatively low-Tg (~25 °C) core-forming block (PNBA),
50

 the 

nanoparticle cores from previously-investigated copolymers were either semicrystalline 

(PCL) or glassy (PS). Based on the bulk nanoparticle preparation experiment, we 

conclude that the equilibrium morphology of PNBA-b-PDMA nanoparticles under the 
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current chemical conditions are spheres with mean diameter of 30 nm (Figure 2-3, A, E 

and I). Due to expected fast equilibration of solvent-swollen nanoparticles upon on-chip 

mixing, supported by previous work,
35

 and so similar small spheres should form in the 

mixing channel before significant exposure to high shear in the processing channel. As 

these initial small spheres circulate through the hot spots, the localized high shear rates in 

these regions (10
4
-10

5
 s

-1
) describe Péclet numbers in which shear effects will strongly 

determine the number of collision-coalescence events, leading to larger nonergodic 

nanoparticles (LCMs, Scheme 2-1) with aggregation numbers increasing with flow rate.
36 

Due to kinetic barriers to global equilibration, the resulting shear-induced aggregates will 

then relax via chain rearrangements to their local free energy minima following 

microphase separation principles, forming cylinders and LCMs at 25 μL/min (Figure 2-3, 

B, F and J), 50 μL/min (Figure 2-3, C, G and K) and 100 μL/min (Figure 2-3, D, H and 

L). According to the above shear-induced coalescence mechanism, described previously 

for PS-b-PAA
36-38

 and PCL-b-PEO
39

 nanoparticle formation within this reactor, the 

primary role of shear is to increase aggregation numbers, whereas it is chemical forces 

that direct subsequent morphological transformations via intraparticle chain diffusion and 

associated conformational changes. However, it appears unlikely that the unusual spooled 

cylinders are either thermodynamic or kinetic products of chemical forces alone, since to 

our knowledge similar morphologies have not been previously produced via conventional 

block copolymer nanoparticle formation in bulk solvent environments. We therefore 

propose that complex flow fields associated with the counter-rotating vortices within the 

liquid plugs of the two-phase reactor
34

 direct the spooling of long cylinders as they 

progress through the processing channel. As a cylinder transits high-shear hot-spots at 
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sufficiently high flow rate, elongated cylinders are driven to coil into themselves. The 

presence of LCMs attached to spooled cylinders, as seen in Figure 2-5, suggest these 

structures may play a role in this spooling process, perhaps as an anchor around which 

spooling occurs. While our data suggest shear as a primary driver of spooled cylinder 

formation (Scheme 2-1), the exact mechanism through which spooled cylinders are 

formed is unclear. 

 

Scheme 2-1. Energy diagram showing the dependence of flow rate on the shear-induced 

formation and excess free energies of nanoparticles formed in the microfluidic reactor. 

2.3.5. Effect of Dialysis on Nanoparticle Structure.  

Another consequence of the low-Tg cores of flow-directed nanoparticles formed 

from PNBA-b-PDMA is their lack of morphological stability upon transfer into pure 

water. This is in contrast to flow-directed colloidal structures formed from PS-b-PAA and 

PCL-b-PEO, which can be kinetically trapped by sudden transfer of the DMF/water 

solutions into a large excess of pure water followed by dialysis to remove residual DMF. 
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Such kinetic trapping of PS-b-PAA
36-38

 and PCL-b-PEO
39 

nanoparticles is explained by 

the fast expulsion of solvent from the cores triggered by quenching into pure water, 

resulting in vitrification of PS or increased crystallization of PCL, in both cases leading 

to rigid and stable nanoparticles “frozen” in their initial flow-directed states. PNBA cores, 

on the other hand, are neither glassy nor crystalline following removal of solvent;
50

 the 

dynamic block copolymer chains are therefore capable of responding to the sudden 

change in solvent environment, which under quiescent conditions effectively “erases” the 

flow-directed morphologies. Figure 2-6 shows TEM images with negative staining of the 

dialyzed NBA-22 nanoparticles prepared by quenching and dialysis of the unquenched 

nanoparticles shown in Figure 2-3, A-D.In the on-chip samples, none of the flow-directed 

nanoparticle morphologies are observed at any flow rate (Figure 2-6, B-D), and all show 

populations of low-polydispersity spheres similar to those formed by the bulk method 

(Figure 2-6A), indicating nearly complete relaxation of nonequilibrium structures to the 

equilibrium morphology of spheres. We note that the mean diameter of unquenched bulk 

spheres (30 nm, Table 2-2) is larger than the mean diameter of dialyzed bulk spheres (24 

nm, Table S2-4), confirming removal of solvent and core deswelling during the 

quenching/dialysis process. We find that the mean sizes of dialyzed spheres formed at the 

two higher flow rates (50 and 100 μL/min) are somewhat larger (~30 nm, Table S2-4) 

than those formed in the bulk and at the lower flow rate of 25 μL/min (~24 nm, Table S2-

4), suggesting that for nanoparticles formed at higher shear rates, the shear history is not 

completely erased by quenching and overnight dialysis even though the flow-directed 

morphologies (cylinders, LCMs and spooled cylinders) have not persisted. 
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Figure 2-6. Effect of dialysis on NBA-22 nanoparticle structure. TEM images of 

dialyzed NBA-22 nanoparticles formed in the bulk (A) and in the microfluidic reactor at 

various flow rates: 25 μL/min (B), 50 μL/min (C), and 100 μL/min (D). Scale bars are 

200 nm. 

2.3.6. Effect of Aging on Nanoparticle Structure.  

Since the unquenched NBA-22 nanoparticle sample formed at the highest flow rate 

(100 μL/min) contained all three flow-directed morphologies (cylinders, LCMs and 

spooled cylinders), we also investigated the time stability of these various structures 

under quiescent conditions, after collection from the chip but without quenching and 

dialysis (Figure 2-7). Immediately after collection (Figure 2-7A), all three flow-directed 

morphologies were present, in addition to the equilibrium morphology of spheres. After 
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only 1 day, although most of the initial morphologies could still be identified, no spooled 

cylinders were found on the TEM grids. Instead, prominent loose clusters of hoops, short 

cylinders, and medium cylinders (Figure 2-7B) suggest the spontaneous unwinding and 

breakup of the spooled cylinders over 1 day. After 3 days (Figure 2-7C), these clusters 

had disappeared but LCMs and small spheres continued to persist. We note that starting 

at 1 day, some LCMs had started to develop a porous structure and that by 3 days this had 

become a prominent feature of many LCMs (Figure 2-7C, inset). Finally, after 7 days, the 

equilibrium spheres were the prominent morphology, and residual LCMs appeared to be 

much smaller or else had degraded into irregularly shaped loose porous structures (Figure 

2-7D). These observations suggest that the spooled cylinders represent the most unstable 

morphology of the various flow-directed nanoparticles formed in the microfluidic 

channels. This is consistent with the fact that they are the one identified structure from 

NBA-22 found to be present in significant numbers only at the highest flow rate, and so 

should possess the highest excess free energy (compared to thermodynamically stable 

states, Scheme 2-1). The effects of aging on NBA-52 and NBA-66 nanoparticles are 

shown in Figure S2-14 and Figure S2-15, respectively. 
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Figure 2-7. Effect of aging on NBA-22 nanoparticle structure. TEM images of 

unquenched NBA-22 nanoparticles formed in the microfluidic reactor at 100 μL/min and 

imaged immediately (A), and corresponding aged nanoparticles after 1 day (B), 3 days (C) 

and 7 days (D). Inset to A shows a spooled cylinder found in a different region of the 

same sample; inset to B shows a detail of the main image at increased brightness but the 

same magnification; inset to C shows a porous LCM at higher magnification. Scale bars 

are 200 nm (main images) and 50 nm (C, inset); other insets share the same scale bar as 

the main images. 

2.3.7. Effect of Flow-Directed Structure on Light-Triggered Nanoparticle 

Dissociation.  

Finally, we compared the light-triggered dissociation of the NBA-22 nanoparticles 

prepared by the bulk method and on-chip at flow rates of 25 μL/min (Figure 2-3B) and 

100 μL/min (Figure 2-3D). TEM data of on-chip samples at selected irradiation times of 
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0 s, 35 s, 65 s, 95 s, 215 s, and 410 s (Figure 2-8, A-L) were compared. In all of these 

images (obtained with reverse staining), PNBA cores are identified as distinct white 

PNBA particles with a surrounding dark boundary of the PDMA coronae; based on this 

criterion, for the two samples we identified irradiation times at which PNBA-b-PDMA 

nanoparticles can no longer be identified in the TEM images. For the 25 μL/min sample, 

small irregularly-shaped PNBA-b-PDMA nanoparticles are identified after 215 s of 

irradiation (Figure 2-8E), but no such features are visible after 410 s of irradiation (Figure 

8F). On the other hand, for the 100 μL/min sample, we identify PNBA-b-PDMA 

nanoparticles up to 95 s of irradiation (Figure 2-8J) but find that such nanoparticles have 

completely dissociated by 215 s of irradiation (Figure 2-8K). These TEM data therefore 

support the conclusion that light-triggered dissociation is faster for the nanoparticles 

prepared at higher flow rate. Insight into the relative stabilities of the various flow-

induced nanoparticles during irradiation can also be obtained from the TEM data in 

Figure 2-8. Nanoparticles formed at low flow rate begin as spheres and short cylinders 

before irradiation (Figure 2-8A); after 35 s irradiation, these morphologies still persist 

although the diameters and widths of spheres and cylinders have decreased significantly 

(Figure 2-8B). However, in addition to nanoparticle dissociation, a second population of 

larger spheres have appeared after 35 s and persist through to 65 s irradiation time 

(Figure 2-8C); this suggests that during the photocleaving reaction, either intraparticle 

chain rearrangements or the association of more hydrophilic unimers released from 

dissociating nanoparticles lead to the formation of new transient nanoparticle populations 

prior to complete dissociation. In contrast, irradiation of the 100 μL/min sample leads to 

complete disappearance of spooled cylinders (Figure 2-8G) within the first 35 s of 
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irradiation (Figure 2-8H) while both small spheres and LCMs persist but have become 

smaller. Larger versions of the TEM images in Figure 8, A-L are available in Supporting 

Information (Figures S2-16 and S2-17). 

Figure 8M shows the corresponding decrease in normalized light scattering 

intensity upon irradiation of the nanoparticles, associated with the concomitant decrease 

in nanoparticle concentration as the nanoparticles dissociate. The 100 μL/min sample 

shows significantly faster decay (red, t1/2 = 40 s) than that prepared at 25 μL/min (blue, 

t1/2 = 70 s), indicating faster light-triggered nanoparticle dissociation for the former 

sample. As expected, the bulk control sample shows the slowest rate of photodegradation 

(black, t1/2 = 80 s). In addition to scattered light intensity, we also  tracked changes in 

mean hydrodynamic diameter by DLS for the first 100 s of irradiation (Figure 2-8N) over 

which time the scattering intensity decays to ≤ 20% of its initial value for both samples; 

the corresponding ~25% decrease in mean hydrodynamic size of the 100 μL/min sample 

(Figure 2-8N, red) suggests the preferential dissociation of larger nanoparticles in the first 

100 s of irradiation, in contrast to the slight increase in mean hydrodynamic size for the 

25 μL/min and bulk samples (Figure 2-8N, blue and black) which we attribute to the 

formation of transient larger particles during irradiation as discussed above. The fast 

dissociation of spooled cylinders and concomitant gradual dissociation of spheres and 

LCMs observed by TEM for the 100 μL/min sample (Figure 2-8, G-L), without the 

formation of transient larger nanoparticles, are consistent with the observed decrease in 

mean hydrodynamic size as the nanoparticles dissociate (Figure 2-8N). 

The relatively fast light-triggered dissociation of spooled cylinders compared to 

other morphologies is attributed to the higher excess free energy (with respect to 
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equilibrium states) of these unusual flow-induced assemblies (Scheme 2-1). This rapid 

dissociation suggests that the tunable shear forces within the microfluidic multiphase 

reactor allow variable amounts of chemical strain to be built into colloidal nanostructures 

simply by changing the flow rate. In theory, this platform provides a new handle on 

controlling the responsivity of smart colloids upon exposure to various stimuli. For 

example, for drug delivery applications, one could envision loading co-active drugs for 

which relative release times are crucial into the same photoresponsive block copolymer 

but at different flow rates; upon simultaneous exposure to light, drug A (encapsulated at 

high flow rate) would be released first, followed by drug B (encapsulated at low flow 

rate), due to the higher chemical strain built into the former nanoparticles during on-chip 

self-assembly. For this and other applications, future strategies for integrating shear-

directed nanoparticle formation with on-chip nanoparticle separation, in order to isolate 

specific nanostructures, are currently being considered.  
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Figure 2-8. Effect of flow rate on light-triggered dissociation of NBA-22 nanoparticles. 

(A-L) TEM images of irradiated NBA-22 nanoparticles formed in the microfluidic 

reactor at 25 μL/min and 100 μL/min for different irradiation times. Inset to G shows a 

spooled cylinder found in a different region of the same sample. Scale bars are 200 nm 

(main images) and 50 nm (G, inset). (M) Mean relative light scattering intensity versus 

irradiation time (averaged from three separate nanoparticle preparations). Arrows show 

times at which TEM images were taken. Bulk: black circles, 25 μL/min: blue squares, 

100 μL/min: red diamonds. (N) Mean hydrodynamic size versus irradiation time 

(averaged from three measurements of one nanoparticle preparation).  

2.4. Conclusion  

We have demonstrated the flow-directed self-assembly of various PNBA-b-PDMA 

copolymers with different hydrophobic and photoresponsive PNBA block lengths (NBA-
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22, NBA-52, NBA-66) in a gas-liquid segmented microfluidic reactor. Using 

conventional bulk water addition, small spherical nanoparticles were obtained for all 

copolymers, whereas on-chip flow-directed assembly produced a variety of morphologies 

dependent on flow rate, including short cylinders, LCMs, and unique spooled cylinders. 

Similar structures and trends were observed for all three copolymers, with spheres and 

short cylinders, then LCMs, then spooled cylinders appearing as flow rate increased. The 

higher excess free energy of spooled cylinders relative to equilibrium states was 

evidenced by their faster off-chip relaxation times (~1 day) compared to other flow-

directed structures. Light-triggered dissociation of flow-directed nanoparticles prepared 

from NBA-22 at two different flow rates showed faster decay in light scattering intensity 

for the sample prepared at faster flow rate, associated with the fast disruption of spooled 

cylinders. The application of variable on-chip shear to direct not only the structure but the 

responsivity of materials sensitive to light offers numerous interesting possibilities for 

controlled microfluidic manufacturing of “smart” polymeric colloids. 

2.5. Supporting Information 

Please see Appendix A for supporting information: Data for cwc determination; 

Sample image of stable two-phase flow; Table of actual flow conditions; UV-Vis spectra 

of copolymer and copolymer nanoparticles; Irradiation controls; TEM images of triplicate 

preparations; Additional size histograms and TEM images of NBA-52 and NBA-66 

nanoparticles; Additional TEM tomography; Larger versions of TEM images in Figure 2-

8.  
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Chapter 3.  

Comparison of Single-Phase and Two-Phase Microfluidic Mixing for 

Block Copolymer Nanoparticle Formation 

3.1. Introduction 

In the past decade, there has been tremendous progress in the development of 

microfluidic systems for use in chemical
1-3

 and nanoparticle
4-6

 synthesis, including drug-

loaded nanoparticles. The high control precision of flow rate, small reagent consumption, 

enhanced heat transfer and the ability to incorporate different processes onto one device 

makes microfluidics a very convenient platform for synthesis. Laminar flow is observed 

in micro-scaled channels, so mixing is dominated by diffusion. That’s to say, the mixing 

rate is lower than those in turbulent flow.  

There are two major strategies for achieving fast mixing of reagents in microfluidic 

reactors. In single-phase reactors, complex grooved patterns, such as a staggered 

herringbone structure, have been employed to improve mixing. This type of reactor was 

invented by Whitesides group.
7, 8

 Experiments were done to mix dye on the reactor and 

fast mixing was observed when a herringbone structures was present within the 

microfluidic device.
8
 Computational fluid dynamics (CFD) and other calculation models 

were used to study the flow pattern of these reactors.
8-12

 When liquid passes through a 

groove, a swirl is generated and this in turn disturbs the flow in the main channel, leading 

to rapid mixing.
10

 Deeper grooves improve mixing better but create more dead volume.
11

 

The wall shear rate of 800 s
-1

 on a similar herringbone single-phase microfluidic reactor 

was reported in literature.
13

 This system has been used by the Cullis group to synthesize 
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phospholipid nanoparticles; by changing flow rate and flow ratio, control of size was 

achieved and the polydispersity was better than nanoparticles formed by conventional 

methods under the same chemical condition.
14-16

 This chip design is already 

commercialized and sold by the company Presicion Nanosystems as a benchtop device 

for fabricating lipid-based drug delivery systems.  

An alternative mixing strategy is the two-phase reactor, including gas-liquid 

reactors and liquid-liquid reactors. Gas liquid reactors are more common and easier to use, 

developed by Ismagilov group
17

 and Jensen group
18

. Its applications in block copolymer 

self-assembly was studied by Moffitt group.
19

 In a gas-liquid segmented microfluidic 

reactor, the introduction of gas bubbles induces rotating vortices in liquid plugs, 

improving mass and heat transfer. Compared to single-phase flow, gas-liquid segmented 

flow features rapid mixing, reduced residence time distribution and narrow size 

distribution.
20

 In our group, we have shown that a gas-liquid segmented microfluidic 

reactor could be used to synthesize PS-b-PAA and PCL-b-PEO nanoparticles of various 

morphologies.
19, 21-23

 The structures of the on-chip prepared nanoparticles were distinct 

from that of the bulk control and change in flow rate had an effect on size and 

morphology. The difference was explained by shear effect. It was calculated by CFD that 

the maximum shear rate on this specific chip at 25 μL/min is 1 × 10
5
 s

-1
, many orders of 

magnitude higher than the wall shear rate of the single-phase herringbone mixer. The 

maximum shear rate appeared around the “hot spots” where gas-liquid interface meets the 

wall.
24

 Péclet number and capillary number was estimated, indicating that at low flow 

rate, Péclet number ~10 increases the probability of shear-induced aggregation,
19

 while at 
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high flow rate, shear rate give rise to capillary number and thus lead to shear-induced 

breakup.
24

  

Shear is known to induce orientation of polymer chains and enhance the nucleation 

step of polymer crystallization. Increase in shear has a positive effect on crystallinity for 

polymers in the bulk.
25

 Furthermore, our group found that flow rate had a linear positive 

effect on core crystallinity of PCL-b-PEO, likely due to high shear rate.
21

 

In this study, we want to compare these reactors with respect to block copolymer 

nanoparticle formation in order to gain a better understanding of flow-directed control of 

polymer nanoparticles in the two-phase reactor. Both reactors have fast mixing in 

common, although the two-phase reactor has a maximum shear rate many orders of 

magnitude higher than that of the single-phase reactor. PCL-b-PEO self-assembly was 

used to compare single-phase and two-phase microfluidic reactors under the same 

chemical conditions and at the same variable flow rates. Both reactors formed structures 

different from bulk-prepared nanoparticles; however, the two-phase reactor showed flow-

dependent morphology and crystallinity, in contrast to the single-phase reactor which did 

not show significant flow dependencies of morphology and crystallinity. This suggests 

that high shear, and not fast mixing, is responsible for the flow-directed variability of 

multiscale nanoparticle structure in two-phase microfluidic reactors. 

3.2. Experimental 

Materials. Stannous octonate (95%), PEG methyl ether (MePEG-OH, MW~5000) 

and ɛ-caprolactone (97%) were all purchased from Sigma-Aldrich and used for synthesis 

of copolymers. Toluene (Caledon, 99.5%), dimethylformamide (DMF, Caledon, 99.8%) 
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were used as received without further purification. PCL105-b-PEO114 (PCL-12k) was 

purchased from Advanced Polymer Materials Inc.  

 Synthesis of PCL44-b-PEO114 Copolymer (PCL-5k). The copolymer was 

synthesized by Dr. Changhai Lu in the Moffitt lab via ring opening polymerization of ɛ-

caprolactone (ε-CL) in the presence of MePEG-OH as the macroinitiator and stannous 

octonate (Sn(Oct)2) as the catalyst. The polymerization was carried out under a nitrogen 

atmosphere in a flame-dried round-bottom flask. In brief, following azeotropic distillation 

in toluene, 5 g of MePEG-OH (1 mmol) was dissolved in a 75 ml volume of dried toluene 

and ε-CL (5 g, 43.85 mmol) and Sn(Oct)2 were added to the reaction vessel. The 

polymerization was carried out at 110 °C for 24 hrs with continuous stirring. The 

copolymer was isolated by precipitation in cold ether and dried under vacuum, followed 

by characterization with 
1
H NMR and GPC. Characteristics of the copolymers are 

tabulated in Table 3-1. 

 Critical Water Content (cwc) Determination. Critical water content was 

determined for copolymer solutions in DMF of an initial concentration of 0.33 wt % by 

dropwise water addition and static light intensity measurement. Sample preparations, 

instrument used and conditions were the same as described in Chapter 2 experimental. 

Titration curve is shown in Figure S3-1. Only PCL-5k is shown, because the cwc of 

PCL12k was determined by another group member. Results are tabulated in Table 3-1. 

Errors are the standard deviation of three separate solution preparations and 

measurements. 
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Table 3-1. Copolymer Characteristics and Critical Water Contents. 

Copolymer m
a
 n PDI cwc

b
 / wt % 

PCL-5k 44 114 2.0c 7.1 ± 0.2 

PCL-12k 105 114 1.1 5.5 ± 0.1
21

 

a) m and n are the number-average degrees of polymerization of the PCL and PEO blocks, 

respectively.  

b) Critical water contents (cwc) were determined for the respective copolymer solutions 

in DMF at an initial polymer concentration of 0.33 wt %. 

c) Calculated by Mn from NMR and Mw from GPC. 

 Bulk Preparation of PCL-b-PEO Nanoparticles. As a control experiment for 

comparison with on-chip nanoparticle formation, nanoparticles of each block copolymer 

were also formed by the conventional method of dropwise water addition. For these 

experiments, deionized water was added dropwise to 3 g of 0.33 wt % copolymer 

solution in DMF at a rate of 20 µL every 10 s up to a target water content of cwc + 10 wt % 

with moderate stirring.  

NanoAssemblr™ Benchtop Instrument with Microfluidic Mixer (Single-Phase 

Reactor). Both the benchtop instrument and the single-phase reactor made of glass are 

products of NanoAssemblr™. The benchtop instrument is a syringe pump and controlled 

by a laptop. The channels are straight, 79 μm in depth and 200 μm in width. The 

herringbone pattern is raised from bottom of the channel by 31 μm and the width is 50 

μm (Figure 3-1A). The length of channel is 22 mm.  

Microfluidic Preparation of PCL-b-PEO Nanoparticles on Single-Phase 

Reactor. For microfluidic preparation of nanoparticles, the following fluid streams were 

combined within the reactor: (1) 0.66 wt % PEO-b-PCL solution in DMF, (2) water/DMF 
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mixtures. The flow rates of both streams are the same, yielding a final concentration of 

0.33 wt % copolymer and either 17.1 or 15.5 wt % water, corresponding to 10.0 wt % 

above the cwc for PCL-5k and PCL-12k respectively. Experiments were conducted at a 

total flow rate of 20, 60 and 100 μL/min. For each condition, nanoparticles were collected 

into an empty vial. 

Gas-Liquid Segmented (Two-Phase Reactor) Microfluidic Reactor Fabrication. 

The two-phase microfluidic reactor (Figure 3-1B) employed in this study is identical to 

the one discussed in Chapter 2, and the fabrication steps were the same. The resulting 

reactor has a set channel depth of 150 μm and consists of a sinusoidal mixing channel 

100 μm wide and a sinusoidal processing channel 200 μm wide. Length of mixing 

channel is 161 mm while length of processing channel is 718 mm. 
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Figure 3-1. Schematic of single-phase (A) and two-phase (B) microfluidic reactors. 

   Flow Delivery and Control. Pressure-driven flow of liquids to the reactor inlet 

was provided using 1 mL gastight syringes (Hamilton, Reno, NV) mounted on syringe 

pumps (Harvard Apparatus, Holliston, MA). The microfluidic chip was connected to the 



 

 

79 

liquid syringes via 1/16
th

-inch (OD) Teflon tubing (Scientific Products and Equipment, 

ON). Gas flow was introduced to the chip via an Ar tank regulator and a downstream 

regulator (Johnston Controls) for fine adjustments. The chip was connected to the 

downstream regulator through a 1/16
th

-inch (OD) / 100-μm (ID) Teflon tube (Upchurch 

Scientific, Oak Harbor, WA). The liquid flow rate (Qliq) was programmed via the syringe 

pumps and the gas flow rate (Qgas) was fine-tuned via the downstream pressure regulator 

in order to set the nominal total flow rates of 20, 60 and 100 μL/min described in the 

main text. For all experiments, the relative gas-to-liquid flow ratio, Qgas/Qliq ~1. 

Visualization of the gas bubbles and liquid plugs within the microfluidic reactor 

was achieved using an upright optical microscope (Omax) with a 10 × objective lens. 

Images were captured using a 2.07 megapixel PupilCam (Ken-A-Vision). Actual flow 

parameters pertaining to each microfluidic experiment described are listed in Table S3-1. 

 Microfluidic Preparation of PCL-b-PEO Nanoparticles on Two-Phase 

Reactor. For microfluidic preparation of nanoparticles, the following three fluid streams 

were combined to form gas-segmented liquid plugs within the reactor: (1) 1.0 wt % PEO-

b-PCL solution in DMF, (2) pure DMF, and (3) water/DMF mixtures. The flow rates of 

the three liquid streams are the same, yielding steady-state on-chip concentrations of 0.33 

wt % copolymer and either 17.1 or 15.5 wt % water, corresponding to 10.0 wt % above 

the cwc for PCL-5k and PCL-12k respectively. For each condition, nanoparticles were 

collected into an empty vial. 

 Transmission Electron Microscopy. Negatively-stained samples for TEM 

imaging were prepared by depositing a drop of block copolymer nanoparticle dispersion 

on a carbon-coated 300-mesh copper TEM grid followed by a drop of 1 wt % uranyl 
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acetate aqueous solution as a negative staining agent. Excess liquid was immediately 

removed using lens paper, followed by drying of the remaining liquid under ambient 

conditions. For unstained TEM samples, a drop of dispersion was deposited on the grid 

and then vitrified by flash freezing in liquid ethane followed by freeze-drying under 

vacuum. Imaging was performed on a JEOL JEM-1400 transmission electron microscope, 

operating at an accelerating voltage of 80 kV and equipped with a Gatan Orius SC1000 

CCD camera. For each preparation, at least 5 images were taken in different regions of 

the grid.  

For each copolymer and flow condition, morphology and size analysis was 

performed based on at least three images taken in different regions of the grid. Mean 

dimensions for each condition were determined from a total of 400 nanoparticles for 

spheres and 150 nanoparticles for cylinders or vesicles. Identified morphologies and 

mean dimensions for each copolymer and preparation condition are reported in Table 3-2. 

Averaging and statistical analysis of dimensions from TEM images were conducted using 

Image J software. 

 X-Ray Diffraction. For XRD sample preparation, solvent was removed from 

nanoparticles in water/DMF by rotary evaporation at 25 °C until solid films were 

obtained. The resulting films were then scraped as a powder onto the XRD specimen 

holder.  

 X-ray diffraction measurements were performed on a Rigaku Miniflex 

diffractometer with a Cr source (KR radiation, λ = 2.2890 Å) operating at 30 kV and 15 

mA with a resolution of 0.05° (2θ) and a scan speed of 1°/min. X-ray diffraction profiles 

were collected for 2θ ranging from 10-50°. 
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 Peak deconvolution was done using Origin Pro 2015. Two characteristic 

reflections for each of crystalline PCL and crystalline PEO were identified and used to fix 

the positions of four Lorentzian peak contributions to the fit;
26

 another small Lorentzian 

peak contribution was used to account for a small shoulder on the more intense PCL peak 

in order to obtain a good fit. Thus, XRD data were fit to a sum of 6 Lorentzian functions: 

3 peaks assigned to crystalline PCL (2θ = 32.5, 32.7, and 35.7), 2 peaks assigned to 

crystalline PEO (2θ = 29.2 and 35.2), and 1 peak (no fixed position) assigned to 

incoherent scattering from amorphous copolymer (amorphous halo). Areal peak 

contributions from the three components (crystalline PCL, crystalline PEO, and 

amorphous copolymer) were then determined by integration and percentages of 

crystalline PCL and PEO were calculated using:  

% Crystalline PCL = APCL/Atotal  (3-1) 

Reported % Crystalline PCL values from XRD are averages determined from 

triplicate nanoparticle preparations under the specified conditions. 
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3.3. Results and Discussion 

3.3.1. Effect of PCL Block Length on the Structure of Bulk-Prepared Nanoparticles 

Figure 3-2 shows the TEM images of PCL-5k and PCL-12k nanoparticles formed 

in the bulk by dropwise water addition. Size analysis results from TEM images are 

tabulated in Table 3-2. PCL-5k formed cylinders and some very small spheres with a 

mean diameter of 9.4 nm on the background (Figure 3-2A). PCL-12k formed spheres 

with a mean diameter of 26 nm (Figure 3-2B).  

Spheres in PCL-5k sample were much smaller than that in PCL-12k sample (Table 

3-2). For PCL-5k, fully stretched diameter is 77 nm and a random coil is about 3 nm. 

Spheres that are about 9 nm in diameter are likely to have a very low degree of chain 

stretching in the core. A study of PS-b-PAA nanoparticles showed that with an increasing 

PS block length, there was a decrease in curvature of structure and in the meantime an 

increase in size.
27

 However, in this system, when we increased hydrophobic chain (PCL) 

length, smaller size and higher structural curvature were observed, which indicates an 

opposite trend to the PS-b-PAA system.  

It was found by Eisenberg and coworkers that PCL-b-PEO that originally formed 

spheres by dropwise water addition slowly transformed into rods over a few days under 

ambient condition, and the process was driven by increasing crystallinity.
28

 In our bulk 

experiments (Figure 3-2), as water content increased during nanoparticle preparation, 

crystallization drove chain rearrangement in favour of formation of cylinders or other low 

curvature morphologies. With a shorter PCL block, PCL-5k is more dynamic than PCL-

12k.  Therefore, PCL chains in PCL-5k nanoparticles could respond to the increase in 

crystallinity quickly and rearrange to form cylinders (Figure 3-2A). However, chain 
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kinetics of PCL-12k was so low that crystallization took place in the core but wasn’t able 

to induce cylinder formation on the time scale of the experiment, so that only spheres 

were formed (Figure 3-2B). After quenching, nanoparticles were exposed to plenty of 

water and solvent was driven out of the core. Therefore, hydrophobic chain kinetics 

became even lower. Without chain mobility, the core was kinetically frozen. 

 

Figure 3-2. Effect of PCL block length on bulk-prepared PCL-5k (A) and PCL-12k (B) 

nanoparticle morphology through TEM. Scale bars are 400 nm. 
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Table 3-2. Morphologies
a
 and Mean Dimensions

b
 for PCL-b-PEO Nanoparticles 

Prepared in Single-Phase and Two-Phase Microfluidic Reactors at Various Flow 

Rates. 

Copolymer, 

Reactor 
Bulk 20 μL/min 60 μL/min 100 μL/min 

PCL-5k     

Single-phase 

Reactor 

SS (9.4 ± 0.3 nm) 

C (32 ± 3 nm) 

C (15 ± 1 nm) 

L 

C (17 ± 2 nm) 

L 

C (18 ± 1 nm) 

L 

Two-phase 

Reactor 

SS (8.8 ± 0.1 nm) 

C (16.8 ± 0.2 nm) 

L 

C (23 ± 2 nm) 

L 

SS (8 ± 1 nm) 

S (38 ± 2 nm) 

C (21 ± 2 nm) 

L 

PCL-12k     

Single-phase 

Reactor 

S (26 ± 1 nm) 

S (40 ± 2 nm) 

C (24 ± 2 nm) 

L 

S (40 ± 5 nm) 

C (26 ± 5 nm) 

L 

S (39 ± 2 nm) 

C (26 ± 2 nm) 

L 

Two-phase 

Reactor 

S (41 ± 7 nm) 

C (21 ± 3 nm) 

L 

V (7 ± 2 nm) S (32 ± 1 nm) 

a) Morphologies are indicated as SS (small spheres), S (spheres), C (cylinders or rods), V 

(vesicles) and L (lamellae). 

b) Numbers refer to sphere diameters, cylinder widths or vesicle wall thickness. Errors 

for samples are standard deviations of mean values determined for three images of the 

same preparation. 
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Figure 3-3. Effect of single-phase and two-phase microfluidic reactors on PCL-5k 

nanoparticle morphology through TEM. Scale bars are 400 nm. White arrows show 

individual cylinders. 

3.3.2. Effect of Reactor Type and On-Chip Flow Rate on Nanoparticle Morphology 

The effect of flow rate of both microfluidic reactors on nanoparticle structure was 

then evaluated. TEM images of PCL-5k nanoparticles formed in the two types of reactors 

at various flow rates are shown in Figure 3-3. In the single-phase reactor, nanoparticles 

formed at all flow rates had similar morphologies, which were lamellae with cylindrical 

tails (Figure 3-3, A-C). For the two-phase reactor, lamellae were also observed at all flow 

rates (Figure 3-3, D-F). Lamellae were absent in the bulk sample (Figure 3-2A), 

suggesting that rapid mixing on-chip has an effect on morphology. However, in the two-

phase reactor, at 60 μL/min, shorter cylindrical tails on lamellae were seen (Figure 3-3E) 
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than at 20 μL/min (Figure 3-3D). Furthermore, at 100 μL/min, a second population of 

spheres with a diameter of 38 nm were formed (Figure 3-3F). These spheres were much 

bigger than the co-existing small spheres, and may be attributed to shear-induced breakup 

of larger aggregates at the highest flow rate. In Figure 3-3F, some individual cylinders 

were present (white arrows), which may represent broken lamellae turning into cylinders. 

 

Figure 3-4. Effect of single-phase and two-phase microfluidic reactors on PCL-12k 

nanoparticle morphology through TEM. Inset to E shows unstained image of vesicles. 

Scale bars are 200 nm shared among main figures and inset. 

TEM images of PCL-12k nanoparticles formed in the two types of reactors at 

various flow rates are shown in Figure 3-4. In the single-phase reactor, a mixture of 

spheres, cylinders and lamellae were obtained at all flow rates (Figure 3-4 A, B, C). 

Again, those morphologies were similar so it can be concluded that flow rate doesn’t 

have an effect on morphologies of PCL-12k nanoparticles in the single-phase reactor. In 
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contrast, the two-phase reactor formed a mixture of morphologies at 20 μL/min (Figure 

3-4D), while at 60 μL/min, only vesicles and spheres were formed (Figure 3-4E). 

Vesicular walls and lumens were seen from the unstained images, confirming the 

existence of vesicles. At 100 μL/min, pure sphere about 32 nm in diameter appeared. We 

notice that both reactors formed different morphologies of PCL-12 nanoparticles than 

those formed in the bulk (Figure 3-2B), suggesting the effect of rapid mixing. 

The two-phase reactor can reach a maximum shear rate of 10
5
 s

-1
 at “hot spots” in 

the channel. Shear rate has a linear relationship with flow rate.
24

 For nanoparticles of both 

copolymers formed in the two-phase reactor, shear-induced coalescence was 

demonstrated at the lower flow rates that larger aggregates were formed by comparison 

with the bulk control. In the meantime, shear-induced breakup was supported by the 

formation of smaller aggregates at high flow rates. In contrast, the wall shear rate of 800 

s
-1

 on a similar herringbone single-phase microfluidic reactor was reported in literature.
13

 

Accordingly, single-phase reactor didn’t show any control of morphology by changing 

the flow rate. The different effect on morphology on these two reactors is mainly 

attributed to the great gap between shear rates. In the single-phase reactor, structures 

were still distinct from bulk control probably because of rapid mixing. However, the low 

shear rate on the single-phase chip was unable to further induce interparticle coalescence 

or break up of nanoparticles. 

3.3.3. Effect of Reactor Type and On-Chip Flow Rate on Nanoparticle Crystallinity 

The effect of flow rate on core crystallinity of PCL-12k on two-phase microfluidic 

reactor was previously reported.
21

 PCL crystallinity is defined as weight of crystallized 

PCL over weight of polymer. The relative PCL crystallinities of PCL-5k and PCL-12k 
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nanoparticles formed in the bulk and in both reactors calculated from XRD are shown in 

Figure 3-5. The higher PCL content of PCL-12k led to a higher crystallinity than PCL-5k 

(Figure 3-5, A, B). For PCL-5k, an increase of crystallinity was observed in two-phase 

reactor and it appears to have a linear relationship with flow rate assuming the bulk 

preparation was zero flow (Figure 3-5A). PCL-5k Nanoparticles formed on single-phase 

reactor had the same PCL crystallinity in the bulk or at any flow rate (Figure 3-5A). In 

other word, core crystallinity is not dependent of flow rate in the single-phase reactor. 

The same trend was observed for PCL-12k (Figure 3-5B). 

We have already discussed shear effect on bulk crystallization (melt state). On a 

microfluidic reactor, when nanoparticles moved to high shear region of the chip, shear 

initialized chain packing and enhanced nucleation. As the nanoparticles recirculate in the 

processing chip, nucleation is promoted by shear-induced deformation of nanoparticles 

resulting in a raised crystallinity. Moreover, the hydrophobic core is transferred to melt 

state by self-assembly, so the factors that affect crystallization are similar to that in melt 

state.
21

 Since single-phase reactor doesn’t provide such high shear regions, the nucleation 

process is comparable to that of bulk micellization, so a similar crystallinity to the bulk 

control was observed. 
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Figure 3-5. Effect of single-phase and two-phase microfluidic reactors on PCL 

crystallinity of PCL-5k (A) and PCL-12k (B) nanoparticle prepared in the bulk (flow rate 

= 0 data points) and in the single-phase and two-phase reactors at various flow rates. 

Errors are standard deviations of mean values determined for three separate preparations. 
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3.4. Conclusion 

This chapter investigated the morphologies and core crystallinities of 

semicrystalline PCL-b-PEO nanoparticles synthesized on single-phase and two-phase 

microfluidic reactors. Two-phase reactor features flow-dependent high shear regions, 

which distinguishes it from the single-phase reactor. Maximum shear rate on-chip has a 

linear relationship with flow rate. 

A more effective, precise and unique morphological control was achieved on the 

two-phase microfluidic reactor. No obvious dependence of flow rate on structure was 

observed for single-phase reactor, but lower curvature and polydispersed structures than 

the bulk were made. An increased PCL crystallinity with flow rate was observed for the 

nanoparticles processed through two-phase reactor, while various flow rates on single-

phase chip weren’t able to change crystallinity. 

First of all, the fascinating and unique morphological control on the gas-liquid 

segmented microfluidic reactor is likely a shear effect, since it was not observed in low 

shear rate single-phase reactor. Core crystallinity of nanoparticles has a linear 

relationship with flow rate, so is maximum shear rate in the channels. Therefore 

increased crystallinity is dependent on shear rate. These results suggest the two-phase 

reactor offers some advantages in terms of flow control of nanoparticle multiscale 

structure despite similar rapid mixing effects in both reactor types. 

3.5. Supporting Information 

Please see Appendix B for supporting information: Data for cwc determination; 

Table of actual flow conditions. 
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Chapter 4.  

Paclitaxel-Loaded Block Copolymer Drug Delivery Nanoparticles 

Synthesized Using Microfluidics: Combining Chemical and Shear 

Control of Structure and Function 

4.1. Introduction 

As mentioned in previous chapters, there is tremendous interest in the application 

of polymeric nanoparticles for the encapsulation and delivery of hydrophobic compounds. 

The use of polymers for drug delivery has numerous benefits, such as enhanced drug 

solubilization,
1-3

 controlled release of drug,
4-7

 lower cytotoxicity,
8, 9

 and targeting specific 

site by ligand modification.
10-12

  

As discussed in Chapter 1, PCL-b-PEO nanoparticles, with the advantage of 

biocompatibility and biodegradability, have been studied extensively in this respect. A 

semicrystalline and hydrophobic core-forming block like PCL is considered to have 

higher kinetic stability.
13-15

 Furthermore, enhanced pharmacokinetics
16, 17

 was observed 

from in vivo studies compared to free drugs. Long blood circulation time
18, 19

 without 

accumulation in kidney and liver was demonstrated for some formulations/morphologies,
 

18, 19
 which enables passive targeting to cancer tissues through the enhanced permeation 

and retention (EPR) effect. EPR effect is that small nanoparticles, which are a few 

nanometers in diameter, tend to accumulate more in tumor tissues than in normal tissues. 

Recent results from our group showed that shear effects using microfluidics offer 

control of PCL-b-PEO nanoparticle size, morphology and core crystallinity, in addition to 

the delivery function (loading and release of hydrophobic cargo) of the resulting 
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nanoparticles. For instance, loading efficiency of drugs in nanoparticles increased with 

flow rate. Due to the on-chip control of crystallinity, morphology and mixing, slower 

release compared to nanoparticles prepared using conventional bulk synthesis was 

achieved by increasing flow rate.
20

 

In contrast to PCL, poly(methyl caprolactone) is an amorphous polymer, whose 

glass transition temperature is about -68 °C.
21

 Due to the additional methyl group, it is 

also more hydrophobic than PCL. The synthesis of poly(4-methyl-ɛ-caprolactone) (4-

PMCL) by ring-opening polymerization and its copolymerization has been studied by 

several groups,
21-23

  but the synthesis of poly(6-methyl-ɛ-caprolactone) (6-PMCL) is less 

common.
24

 The self-assembly of 4-PMCL-b-PEO by thin-film hydration was investigated 

by Zupancich and coworkers. Since PMCL is hydrophobic, addition of the hydrophilic 

PEO block makes the resulting copolymer amphiphilic. By increasing the PMCL:PEO 

ratio they were able to make morphologies from spheres to cylinders to vesicles.
22

 

However, copolymerization of MCL and CL within a diblock copolymer containing PEO 

has not yet been explored in the literature. Since PMCL is more hydrophobic than PCL, 

higher loading efficiency of hydrophobic drug is expected. The decrease in crystallinity 

also allows faster diffusion of drug into nanoparticles.  

The hydrophobic drug employed in this study is paclitaxel (PAX). PAX is an 

anticancer drug, which has very low solubility in water (0.30 μg/mL).
25

 PAX is 

commercially formulated as Taxol
TM

 using Cremophor
®
 EL as vehicle in ethanol at a 

concentration of 6 mg/mL. However, Cremophor
®
 EL  is associated with anaphylactoid 

hypersensitivity reactions.
26

 Minor reactions occur in more than 40% of all patients and 
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major reaction in 1.5-3% of patients.
27, 28

 Therefore, there have been lots of efforts in the 

drug delivery area to find a safe, efficient vehicle for PAX. 

In this study, we used block copolymers synthesized by Dr. Changhai Lu in the 

Moffitt group, consisting of PEO as the hydrophilic block and a random copolymer of 

MCL and CL with different MCL:CL ratios as the hydrophobic block, P(MCL-co-CL)-b-

PEO. The introduction of controlled amounts of methylation in the hydrophobic block 

provides a chemical handle on the crystallinity of the core, which we combine with the 

top-down handle of flow-directed control through microfluidic self-assembly. We find 

that copolymerization of CL with MCL affected morphology of nanoparticles and 

provided higher loading efficiencies and slower release of PAX. Although on-chip shear 

rate did not have a strong effect on the structure of P(MCL-co-CL)-b-PEO nanoparticles, 

we do find slower PAX release for nanoparticles formed on-chip compared to 

nanoparticles formed in the bulk; we attribute this to more homogeneous distribution of 

PAX in the core due to faster mixing in the microfluidic environment. 

4.2. Experimental 

Materials. 2-Methylcyclohexanon (99.0%), KHSO5, sodium bicarbonate (99.0%), 

calcium hydride (95%), stannous octonate (95%), PEG methyl ether (MePEG-OH, 

MW~5000) and ɛ-caprolactone (97%) were all purchased from Sigma-Aldrich and used 

for synthesis of copolymers. NaCl (Bio Basic Canada, 99.9%), KCl (Caledon, 99.0%), 

Na2HPO4 (Bio Basic Canada, 98.0%) and KH2PO4 (Caledon, 99.0%) were used to 

prepare phosphate buffered saline (PBS, pH=7.4). Methanol (Fisher Chemical, 99.9%), 

methylene chloride (Fisher Chemical, 99.9%), toluene (Caledon, 99.5%), ethyl ether 

(VWR, 99%), dimethylformamide (DMF, Caledon, 99.8%), acetonitrile (ACN, Caledon, 
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HPLC grade), t-butyl methyl ether (Sigma-Aldrich, HPLC grade) and dichloromethane 

(DCM, EMD, HPLC grade) were used as received without further purification. Paclitaxel 

(99.0%) was purchased from Polymed Inc. 

Synthesis of 6-methyl-ε-caprolactone (MCL). To a 100 mL round-bottom flask 

2-methylcyclohexanone (0.721 g), methanol (20 mL), water (20 mL), and sodium 

bicarbonate (3 g) were added. The vessel was vigorously stirred with a Teflon-coated 

magnetic stir bar. Oxone (4 g) was added in two portions—the second added 10 min after 

the first. After the addition of Oxone (ca. 2 equiv of KHSO5) vigorous gas evolution 

occurred over 20 min, abated, and ceased after ∼1 h. The reaction was allowed to stir for 

6 h followed by filtration and was then extracted with methylene chloride. The organic 

phase was concentrated under vacuum. A total of 0.82 g was recovered for a quantitative 

yield. The monomer was purified by fractional vacuum distillation (the distillate 

temperature was 55 °C at 0.98 Torr) from calcium hydride and stored over 3Å-activated 

molecular sieves. Additional purification of 6-methyl-ε-caprolactone was needed to 

produce monomodal high molecular weight PMCL by passing the distilled monomer 

through a column of activated alumina under nitrogen. 

Synthesis of P(MCL-co-CL)-b-PEO Copolymers. The copolymers of P(MCL-co-

CL)-b-PEO with different ratios of  ɛ-caprolactone (CL) and 6-methyl-ɛ-caprolactone 

(MCL) were synthesized via ring opening polymerization of ε-CL and ɛ-MCL in the 

presence of MePEG-OH as the macroinitiator and stannous octonate (Sn(Oct)2) as the 

catalyst. The polymerization was carried out under a nitrogen atmosphere in a flame-

dried round-bottom flask equipped with a magnetic stir bar. In brief, following azeotropic 

distillation in toluene, MePEG-OH (5 g, 1 mmol) was dissolved in a 75 ml volume of 
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dried toluene, CL (3.63 g, 31.8 mmol) and MCL (1.36 g, 10.63 mmol) and the 

determined mass of Sn(Oct)2 were added to the reaction vessel. The polymerization was 

carried out at 110 °C for 24 hrs with continuous stirring. The copolymers were isolated 

by precipitation in cold ether and dried under vacuum. The copolymers were then 

characterized by 
1
H-NMR and GPC. By changing the feed ratio of MCL and CL, 

copolymers with different MCL:CL ratios were synthesized. The molecular weight and 

MCL fraction, defined as number-averaged weight of MCL in a copolymer chain over 

number averaged weight of hydrophobic block, was calculated from 
1
H-NMR spectra. 

GPC characterization was done by Advanced Polymer Materials Inc. with chloroform as 

eluent and a series of PEO as standards. GPC traces are shown in Figure S4-1. PDI was 

calculated by Mn from NMR and Mw from GPC. Copolymers are named as PMCL-0, 

PMCL-25, PMCL-50, PMCL-75, PMCL-100 and tabulated in Table 4-1. 

Critical Water Content (cwc) Determination. Critical water contents were 

determined for solutions of the various copolymers in DMF at an initial copolymer 

concentration of 0.33 wt %, by dropwise water addition and static light intensity 

measurement. Methods and conditions were the same as those described in Chapter 2 for 

cwc determinations. Titration curves are shown in Figure S4-2. Results are tabulated in 

Table 4-1, errors were determined from the standard deviation of three separate solution 

preparations and measurements. 

Bulk Preparation of PAX-Loaded P(MCL-co-CL)-b-PEO Nanoparticles. 

Nanoparticles of each block copolymer containing various quantities of PAX were 

formed by the conventional method of dropwise water addition. For these experiments, 3 

g of 0.33 wt % copolymer solutions in DMF with various PAX/polymer (w/w) loading 
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ratio r (r = 0, 0.10, 0.25 and 0.50) were prepared and equilibrated overnight. Deionized 

water was added dropwise at a rate of 80 µL/min to a target water content of cwc + 10 

wt % using syringe pump with moderate stirring. After reaching the target water content, 

nanoparticles were immediately quenched into a 10 × excess (by volume) of deionized 

water, followed by 12-hour dialysis (6-8 kD MWCO dialysis membrane, Spectrum 

Laboratories) against deionized water. 

Microfluidic Reactor Fabrication. Negative masters were fabricated on silicon 

wafers (Silicon Materials) using the negative photoresist SU-8 100 (Microchem). A 150 

µm-thick SU-8 film was spin-coated at 2000 rpm onto the silicon wafer and heated at 

65 °C for 12 min and then at 95 °C for 50 min. After the wafer was cooled, a photomask 

was placed directly above and the wafer was exposed to UV light for 100 s. Then, the 

UV-treated film was heated at 65 °C for 1 min and then 95 °C for 20 min. Finally, the 

silicon wafer was submerged in SU-8 developer (Microchem) and rinsed with 

isopropanol until all unexposed photoresist was removed. 

Microfluidics chips were fabricated from poly(dimethyl siloxane) (PDMS) using a 

SYLGARD 184 silicon elastomer kit (Dow Corning). For fabrication of all PDMS chips, 

the elastomer and curing agent were mixed at a 7:1 ratio and degassed under vacuum. 

The resulting mixture was poured over a clean negative master chip in a Petri dish and 

further degassed until all remaining air bubbles were removed. The PDMS was heated at 

85 °C until cured (~20 min), and then peeled from the negative master; holes were 

punched through the reservoirs of the resulting PDMS chip to allow for the insertion of 

tubing. A thin PDMS film (substrate layer) was also made on a glass slide by spin-

coating a 20:1 elastomer / curing agent mixture followed by curing. The substrate layer 
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was then permanently bonded to the base of the microfluidic reactor (channel layer) after 

both components were exposed to oxygen plasma for 45 s. The resulting reactor has a set 

channel depth of 150 μm and consists of a sinusoidal mixing channel 100 μm wide and a 

sinusoidal processing channel 200 μm wide, exactly the same as the one used previously 

in Chapter 2 and 3. 

Flow Delivery and Control. Pressure-driven flow of liquids to the reactor inlet 

was provided using 1 mL gastight syringes (Hamilton, Reno, NV) mounted on syringe 

pumps (Harvard Apparatus, Holliston, MA). The microfluidic chip was connected to the 

liquid syringes via 1/16
th

-inch (OD) Teflon tubing (Scientific Products and Equipment, 

ON). Gas flow was introduced to the chip via an Ar tank regulator and a downstream 

regulator (Johnston Controls) for fine adjustments. The chip was connected to the 

downstream regulator through a 1/16
th

-inch (OD) / 100-μm (ID) Teflon tube (Upchurch 

Scientific, Oak Harbor, WA). The liquid flow rate (Qliq) was programmed via the syringe 

pumps and the gas flow rate (Qgas) was fine-tuned via the downstream pressure regulator 

in order to set the nominal total flow rates of 50, 100 and 200 μL/min described in the 

main text. For all experiments, the relative gas-to-liquid flow ratio, Qgas/Qliq ~1. 

Microfluidic Preparation of PAX-Loaded P(MCL-co-CL)-b-PEO 

Nanoparticles. For microfluidic preparation of nanoparticles, the following three fluid 

streams were combined to form gas-segmented liquid plugs within the reactor: (1) 1.0 wt % 

P(MCL-co-CL)-b-PEO solution in DMF with PAX/polymer loading ratio r = 0.25, (2) 

pure DMF, and (3) DMF/water. The flow rates of the three liquid streams were equal for 

all runs and the water content of the DMF/water stream was selected to yield a steady 
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state on-chip copolymer concentrations of 0.33 wt % and a steady-state water content of 

cwc + 10.0 wt % for each copolymer. 

For each nanoparticle preparation, sample was collected from the chip into empty 

vials; the resulting nanoparticles in DMF/water were designated “unquenched” and were 

analyzed immediately by TEM. In addition, sample was collected into a vial containing a 

10 × excess by volume of deionized water, followed by 12-hour dialysis (6-8 kD MWCO 

dialysis membrane, Spectrum Laboratories) against deionized water; the resulting 

nanoparticles were designated “dialyzed”.  

Transmission Electron Microscopy. The instrumentation and methods were the 

same as those described in Chapter 2. Negatively-stained samples for TEM imaging were 

prepared by depositing a drop of block copolymer nanoparticle dispersion on a carbon-

coated 300-mesh copper TEM grid followed by a drop of 1 wt % uranyl acetate aqueous 

solution as a negative staining agent. Excess liquid was immediately removed using lens 

paper, followed by drying of the remaining liquid under ambient conditions.  

For each copolymer and flow condition, morphologies and mean nanoparticle sizes 

were determined based on triplicate preparations; for each preparation, morphology and 

size analysis was carried out using at least three images taken in different regions of the 

grid. Mean dimensions for each condition were determined from a total of 450 spheres 

and/or 150 cylinders. Identified morphologies and mean dimensions for each copolymer 

and preparation condition are reported in Table 4-2 for bulk preparations and Table 4-7 

for on-chip preparations. Averaging and statistical analysis of dimensions from TEM 

images were conducted using Image J software. 
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Dynamic Light Scattering. Effective hydrodynamic diameters of PAX-loaded 

nanoparticles were determined using dynamic light scattering (DLS). DLS measurements 

were carried out using a Brookhaven Instruments Zeta-Pals Analyzer equipped with a 

solid state Laser (660 nm) with a maximum power output of 35 mW. All DLS 

measurements of PAX-loaded nanoparticles were performed in pure water and an 

experimental temperature of 25˚C and at a scattering angle of 90˚.  

After overnight dialysis against deionized water to remove residual DMF and 

unencapsulated PAX, PAX-loaded nanoparticles were transferred to pre-cleaned 

polystyrene cuvettes, and then diluted with deionized water filtered through two nylon 

syringe filters in series with nominal pore sizes of 0.2 m (National Scientific Company) 

if necessary.  Results are tabulated in Table 4-2 for bulk preparations and Table 4-6 for 

on-chip preparations. For each nanoparticle preparation, mean effective hydrodynamic 

sizes were determined from three measurements of the autocorrelation function using 

cumulent analysis.  

X-Ray Diffraction. For XRD sample preparation, solvent was removed from 

dialyzed nanoparticles in water by rotary evaporation at 25 °C until solid films were 

obtained. The resulting films were then scraped as a powder onto the XRD specimen 

holder.  Instrumentation setting and peak deconvolution were the same as those described 

in Chapter 3.  

Paclitaxel Loading Efficiency Determination. PAX loading efficiencies of PAX-

loaded nanoparticles were determined by high performance liquid chromatography- mass 

spectromethy (HPLC-MS). First, precipitate of unencapsulated drug in dialyzed samples 

was removed by centrifuging at 16000 g for 10 minutes. Then, water was removed from 



 

 

103 

~2 g of a gravimetrically-determined mass of dialyzed PAX-loaded nanoparticles by 

rotary evaporation at 25 C; then ~0.2 g of a gravimetrically determined mass of ACN 

was added to the resulting solid and the mixture was vortexed for 2 min to ensure 

complete dissolution of drug. HPLC-MS (Ultimate 3000, Thermo Scientific) with a C18 

column (Phenomenex Luna 5u C18), a constant eluent composition of 65/35 

acetonitrile/water (v/v) with 1 v % formic acid, and a diode array detector (DAD) set at 

227 nm, was then used to quantify the concentration of drug in the resulting solutions. 

Sample injection volumes were 50 μL and the flow rate was 1 mL/min. A calibration 

curve (Figure S4-3) for the DAD was generated by analysis of 7 standards containing 

different known PAX concentrations in ACN. Quantities of PAX in the various dissolved 

nanoparticle solutions were determined and loading efficiencies and loading levels were 

calculated for each sample using the following equations:  

𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑃𝐴𝑋 (𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑃𝐴𝑋 𝑢𝑠𝑒𝑑 (𝑔)
× 100%  (4-1) 

𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 (
𝑤

𝑤
) =  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑃𝐴𝑋 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (𝑔)
  (4-2) 

𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑙𝑒𝑣𝑒𝑙 (
𝑤

𝑤
) = 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) × 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑟, 𝑤/𝑤)(4-3) 

In Vitro PAX Release Kinetics. Experiments were carried out to monitor the in 

vitro release of PAX from PAX-loaded nanoparticles using HPLC-MS. In a typical 

experiment, after centrifugation to remove precipitated drug, 2 g of dialyzed PAX-loaded 

nanoparticles were transferred to a 5 mL Float-A-Lyzer tube (SpectrumLabs, MWCO 

100 kDa) for each predetermined time. These tubes were then placed in a 5 L-beaker of 

the release medium, consisting of ~4 L of PBS; throughout release experiments, the 

release medium was constantly stirred using magnetic stirring and maintained at 
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physiological temperature (37 C), and was changed every 2 days. At each predetermined 

time (t = 1, 2, 4, 8, 24, 72 and 96 h), the solution of a tube was transferred to a vial and 

then dried by rotary evaporation at 25 C. After that 0.2 g ACN was added. The resulting 

solution was decanted into a vial and injected into the HPLC-MS and PAX was detected 

by DAD. Percentages of PAX released were calculated relative to the determined mass of 

PAX in nanoparticles at the t = 0 release time. Reported release percentages at each 

release time are averages determined from triplicate preparations under the specified 

conditions. To better highlight differences between the release profiles of the different 

nanoparticles, only release times up to 8 hours are shown in the Figure 4-5, although the 

full release profiles, collected over 5 days of PAX release are shown in Appendix C 

(Figure S4-4). 

Monitoring Hydrolytic Degradation of PAX-loaded P(MCL-co-CL)-b-PEO 

Nanoparticles during In Vitro Release. During the in vitro release of PAX into PBS 

(pH = 7.4, 37C), aliquots of PAX-loaded nanoparticles were removed at four different 

release times (t = 3, 6, 12, and 24 h) for analysis by DLS, in order to monitor hydrolytic 

degradation of the nanoparticles.  
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4.3. Results and Discussion 

4.3.1. Characterization of Copolymers 

From the 
1
H NMR spectra (Figure 4-1), number-average molecular weights were 

determined by measuring the relative intensities of the CL and MCL peaks using the PEO 

peak (3.65 ppm) as a reference, because the number-average molecular weight of PEO is 

known (5000 g/mol). When ɛ-caprolactone and 6-methyl-ɛ-caprolactone are 

copolymerized, a decrease in the CL methylene peak at 4.06 ppm, and the appearance of 

the peak at 1.20 ppm and 4.90 ppm, which correspond to the MCL methyl and the 

methylene, is observed. The weight fraction of MCL is defined as the weight of MCL 

over the sum of weight of MCL and CL. The determined fraction of MCL is the same as 

the feed ratio in synthesis described in experimental. Equations and sample calculation 

for PMCL-25 are shown below: 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝐿 =
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 4.06 𝑝𝑝𝑚×4×𝑀𝑛(𝐶𝐿)×𝑀𝑛(𝑃𝐸𝑂)

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 3.65 𝑝𝑝𝑚×2×𝑀𝑛(𝐸𝑂)
=

63×4×114𝑔/𝑚𝑜𝑙×5000𝑔/𝑚𝑜𝑙

452×2×44𝑔/𝑚𝑜𝑙
= 3830𝑔/𝑚𝑜𝑙 (4-4) 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝐶𝐿 =
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 1.20 𝑝𝑝𝑚×4×𝑀𝑛(𝑀𝐶𝐿)×𝑀𝑛(𝑃𝐸𝑂)

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 3.65 𝑝𝑝𝑚×3×𝑀𝑛(𝐸𝑂)
=

32×4×128𝑔/𝑚𝑜𝑙×5000𝑔/𝑚𝑜𝑙

452×3×44𝑔/𝑚𝑜𝑙
= 1340𝑔/𝑚𝑜𝑙 (4-5) 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑏𝑙𝑜𝑐𝑘 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐶𝐿 + 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝐶𝐿 =

3830
𝑔

𝑚𝑜𝑙
+ 1340

𝑔

𝑚𝑜𝑙
= 5170𝑔/𝑚𝑜𝑙 (4-6) 

𝑓𝑀𝐶𝐿 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝐶𝐿

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑏𝑙𝑜𝑐𝑘
=

1340𝑔

𝑚𝑜𝑙

5170𝑔

𝑚𝑜𝑙
⁄ =0.259 (4-7) 

The cwc values of the various copolymers are tabulated in Table 4-1, based on 

titration curves shown in Figure S4-2. PMCL-0 has a cwc lower than all of the MCL 
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containing copolymers, with the cwc increasing as the MCL content of the copolymer 

increases. With the additional methyl group, PMCL is more hydrophobic than PCL and 

so on the basis of thermodynamics alone we would expect the cwc to decrease as the 

MCL content increases, whereas the opposite trend is observed in Table 4-1. This implies 

that the kinetic effect of decreased rate of crystallization with increase in MCL content is 

dominant over the thermodynamic driving force to decrease the cwc. This further implies 

that crystallization is a prominent driving force in the micellization of CL-containing 

block copolymers.  

Table 4-1. Copolymer Characteristics and Critical Water Contents (cwc). 

Copolymer 

Mn 

P(MCL-co-

CL)-b-PEO
a 

Mn 

P(MCL-co-CL) 
fMCL PDIb cwc / wt %

c
 

PMCL-0 9600 4600 0 1.96 7.1 ± 0.1 

PMCL-25 10170 5170 0.259 2.55 8.6 ± 0.2 

PMCL-50 10100 5100 0.510 1.95 8.8 ± 0.1 

PMCL-75 9570 4570 0.734 1.77 9.4 ± 0.3 

PMCL-100 9800 4800 1 2.34 9.3 ± 0.2 

a) Mn(PEO) = 5000 g/mol. 

b) PDI=Mw(GPC)/Mn(NMR) 

c) Errors are standard deviation of mean values determined from three separate 

preparations. 
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Figure 4-1. 
1
H

 
NMR spectra of PMCL-0 (A), PMCL-25 (B) and PMCL-100 (C). 
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4.3.2. Effect of MCL content on the Morphology of Bulk-Prepared Nanoparticles 

Nanoparticles of all five copolymers (without PAX) with different MCL contents 

were first synthesized using the conventional bulk method. The TEM images of bulk-

prepared nanoparticles of the five different copolymers are shown in Figure 4-2. The 

morphologies and characteristic dimensions from TEM and hydrodynamic diameters 

from DLS are tabulated in Table 4-2.  

In the PMCL-0 sample (Figure 4-2A), cylinders were observed along with some 

small spheres, very similar to its unquenched counterpart described in Chapter 3, 

indicating that the PCL-b-PEO nanoparticles (PMCL-0) are quite stable to quenching, 

probably due to crystallites in the core acting as physical cross-links. As the MCL content 

increased to 25 wt % (PMCL-25), we saw a decrease in the size and number of cylinders, 

as well as an increase in sphere sizes (Figure 4-2B). With a further increase in MCL 

content (PMCL-50 and PMCL-75) cylinders were no longer formed and we observed 

pure spheres in these samples (Figure 4-2, C and D, respectively). Finally, in the PMCL-

co-PEO copolymer sample (MCL-100), a few short rods are once again observed. The 

initial trend of decreasing number of cylinders with increasing MCL content can be 

explained by the expected decrease in crystallinity. Winnik group investigated the 

morphologies prepared from poly(ferrocenylsilane-b-dimethylsiloxane) (PFDMS-b-

PDMS) by addition of hexane into THF solution, both below and above the PFDMS’s Tm. 

PFDMS is the core-forming block and it is semicrystalline. In addition, crystallization 

occurred upon micellization under Tm, but not above Tm. They show that cylindrical 

morphology was observed below Tm, while spheres were observed above Tm, showing 

that crystallization favours formation of lower curvature morphologies, since these 
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morphologies allow more efficient packing of polymer chains.
29

 However, in the present 

study, the cause of formation of cylinders in the PMCL-100 sample cannot be associated 

with core crystallinity. Therefore cylinders in MCL-100 are most likely associated with 

in increased interfacial tension due to increased hydrophobicity in this sample, and the 

associated decrease in curvature to relax chain stretching of the core-forming block. This 

is supported by the fact that the more prominent spheres coexisting with cylinders in 

PMCL-100 are the largest spheres of all five copolymers and therefore contain the most 

highly stretched hydrophobic chains (Table 4-2), since the overall degrees of 

polymerization of the hydrophobic blocks in the five copolymers are about the same 

(Table 4-1). 

Table 4-2. Morphologies
a
, Mean Dimensions

b
 and Hydrodynamic Diameters for 

P(MCL-co-CL)-b-PEO Nanoparticles Prepared in the Bulk 

Copolymer 

Drug: Polymer 

Loading Ratio  

(w/w) 

Morphologies and 

Mean Dimensions 

(nm) 

Hydrodynamic 

Diameter (nm) 

PMCL-0 

0 
S (13 ± 2) 

C (24 ± 2) 
1300 ± 100 

   

0.10 
S (16 ± 1) 

C (20 ± 3) 
1110 ± 90 

   

0.25 
S (13 ± 1) 

C (23 ± 2) 
1080 ± 90 

   

0.50 
S (13 ± 3) 

C (20 ± 3) 
1100 ± 100 

PMCL-25 

0 
S (22 ± 2) 

C (17 ± 2) 
230 ± 50 

0.10 S (23 ± 2) 60 ± 10 

0.25 S (24 ± 1) 63 ± 6 

0.50 S (25 ± 4) 65 ± 5 
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PMCL-50 

0 S (20 ± 1) 62 ± 9 

0.10 S (21 ± 3) 60 ± 10 

0.25 S (24 ± 2) 60 ± 10 

0.50 S (23 ± 1) 61 ± 8 

PMCL-75 

0 S (23 ± 5) 60 ± 10 

0.10 S (25 ± 3) 60 ± 10 

0.25 S (26 ± 1) 60 ± 10 

0.50 S (23 ± 2) 60 ± 9 

PMCL-100 

0 
S (25 ± 1) 

C (21 ± 4) 
210 ± 30 

0.10 S (19 ± 2) 60 ± 10 

0.25 S (22 ± 2) 60 ± 10 

0.50 S (25 ± 3) 61 ± 6 

a) Morphologies are indicated as S (spheres) and C (cylinders or rods). 

b) Numbers refer to sphere diameters or cylinder widths. Errors for mean dimensions and 

hydrodynamic diameters are standard deviations of mean values determined for three 

separate preparations. 

 

Figure 4-2. Effect of MCL content on P(MCL-co-CL)-b-PEO nanoparticle morphology 

through TEM. Scale bars are 200 nm. 
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4.3.3. Effect of MCL Content on the Crystallinity of Bulk-Prepared Nanoparticles 

 XRD was then used to probe the internal crystallinity of the nanoparticles shown in 

Figure 4-2 and these data are presented in Figure 4-3. The XRD pattern for the PCL-b-

PEO copolymer containing no MCL (PMCL-0, Figure 4-3A) provides a baseline for 

comparison with the MCL containing copolymers, as the hydrophobic block of this 

sample is expected to be semicrystalline. In Figure 4-3A, blue line shows PEO peaks and 

red line shows PCL peaks, while pink line shows the amorphous halo. In contrast, the 

XRD pattern and the associated peak deconvolution of PMCL-25 (Figure 4-3B) indicates 

that even with the minimum MCL content in this series, the disappearance of the 

crystalline PCL peak (2θ=~32°) is observed. In fact, we find no significant difference 

between the XRD patterns of PMCL-25 (Figure 4-3B) and PMCL-100 (Figure 4-3C). 

Since the latter nanoparticles are expected to have amorphous cores, this suggest that 

cores with only 25 wt % MCL are also amorphous, likely due to the disruption of chain 

packing by methyl groups statistically distributed along the hydrophobic blocks. The 

resulting trend in core crystallinity versus MCL content is plotted in Figure 4-3D. We 

note that the absence of crystallinity in all nanoparticle samples containing MCL is 

further supported by the qualitative mechanical properties of the associated nanoparticle 

solids (after removal of water) which are sticky at room temperature, compared to the 

PMCL-0 nanoparticles which were less sticky and more brittle solids. 

In a relevant literature, 4-P(MCL-co-CL) was synthesized at different ratios.
21

 The 

authors presented DSC heating scans, which show a decrease in melting enthalpy with 

increasing MCL content. With 25 mol % MCL, the melting range is 10-35 °C, much 

lower and broader than 50-65 °C for pure PCL. The corresponding wide angle X-ray 
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diffraction (WAXD) results show a weak PCL peak for 25 mol % MCL but not for any 

higher MCL contents.  

Since PMCL-25 (25 wt % MCL) is similar to 25 mol % MCL in the study 

discussed above, we can assume PMCL-25 has a similar melting range. For the zero 

crystallinity we observed in our results, temperature might have played an important role 

since all experiments and measurements were carried out at room temperature (25 °C), 

which might be in melting range of the hydrophobic block. 

 

Figure 4-3. XRD patterns and fitting for PMCL-0 (A), PMCL-25 (B) and PMCL-100 (C) 

nanoparticles prepared in the bulk without paclitaxel encapsulation. Effect of MCL 

content on crystallinity of core (D). Blue line shows PEO peaks. Red line shows PCL 

peaks. Pink line shows amorphous region. Errors are standard deviations of mean values 

determined for three separate preparations. 
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4.3.4. Effect of PAX Loading on the Morphology of Bulk-Prepared Nanoparticles 

with Different MCL Contents 

Figure 4-4 shows nanoparticle morphologies for the five copolymers (different 

MCL content) each with various PAX/polymer loading ratios, r = 0, 0.1, 0.25, 0.50. Note 

that the r = 0 cases are included for comparison and correspond to the nanoparticle 

samples described in previous sections without loaded PAX. From Figure 4-4, we find 

that the morphological effect of PAX loading ratio (r) is negligible for the PMCL-0 

copolymer, where all loading ratios formed cylinders and spheres (Figure 4-4, A-D) and 

the characteristic dimensions of both morphologies (w = 20-24 nm for cylinders and d = 

13-16 nm for spheres) were constant within experimental error (Table 4-2). However, 

loading of small amounts of PAX appears to have a more significant morphological 

effect on nanoparticles in which the hydrophobic cores contain MCL repeat units. For 

example, as discussed previously, PMCL-25 and PMCL-100 nanoparticle sample both 

contained small numbers of cylinders in the absence of PAX (r = 0, Figure 4-4, E and Q) 

but contained only spheres once a small amount of PAX was added (r = 0.1, Figure 4-4, 

F and R). It seems that loading of PAX prevents the formation of cylinders in MCL-

containing copolymers. This may be due to morphological effects of PAX on the 

interfacial tension and chain stretching within the amorphous cores of MCL-containing 

nanoparticles which are not observed in the PMCL-0 nanoparticles due to the dominant 

effects of chain crystallization in that copolymer. Similar to the PMCL-0 nanoparticles, 

the sphere sizes of the PMCL-25, PMCL-50, PMCL-75, and PMCL-100 nanoparticles 

were constant with increasing PAX loading ratio within experimental error, although the 

spheres were larger in the MCL-containing cases, in the range of 20-25 nm compared to 
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13-16 nm for MCL-0  (Table 4-2). The constant core sizes with increase loading ratio 

suggests that a significant amount of added PAX at high loading ratios was not 

successfully encapsulated in the nanoparticles, as discussed in following sections.  

Hydrodynamic diameters measured by DLS agree with what is shown by TEM and 

associated size analysis. All samples containing cylinders had a much higher size, 

especially for PMCL-0, where cylinders were the major morphology. For samples with 

pure spheres, the sizes were all around 60 nm. The hydrodynamic diameter was larger 

than the sphere diameter determined from TEM because TEM analysis includes only the 

nanoparticle cores, while hydrodynamic diameter includes the swollen PEO coronal 

chains. 
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Figure 4-4. Effect of loading ratio (r) on P(MCL-co-CL)-b-PEO nanoparticle 

morphology through TEM. Scale bars are 200 nm. White arrows point to short cylinders. 
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4.3.5. Effect of MCL Content on PAX Loading Efficiency of Bulk-Prepared 

Nanoparticles 

PAX loading efficiencies and corresponding loading levels determined with HPLC 

were determined for the bulk-prepared nanoparticles of the five copolymers (PMCL-0, 

PMCL-25, PMCL-50, PMCL-75, PMCL-100) at three different loading ratios (r = 0.1, 

0.25, 0.50) and are tabulated in Table 4-3. It is evident that for all five copolymers, 

loading efficiencies decrease with increasing loading ratio, such that the resulting loading 

levels are constant regardless of loading ratio. A similar loading level of PCL-b-PEO of 

similar molecular weight and composition was found in literature.
30

 A possible reason is 

that the nanoparticle cores are saturated with PAX even when r = 0.1, so further addition 

of drug does not increase the loading level.  

Based on the measured saturated loading levels, we determined that the mole ratio 

of paclitaxel molecules to copolymer chains within the nanoparticles is ~0.4 for PMCL-0 

and ~0.5 for all MCL-containing copolymers. Therefore the saturated loading level of 

PMCL-0 is lower than that of the MCL-containing copolymers. This difference may in 

part be attributed to the higher hydrophobicity of the MCL-containing copolymers, 

leading to a higher solubility of PAX within the nanoparticle cores. However, we note 

that although PAX solubility is expected to increase monotonically with MCL content, 

the most hydrophobic copolymer, PMCL-100, did not load any more drug than the least 

hydrophobic among the MCL-containing copolymers, PMCL-25 (both showed loading 

levels of ~0.005). This suggests that if the core hydrophobicity effect on loading levels is 

present, it is not a strong effect. Rather, we note that the step-wise increase in PAX 

loading level between PMCL-0 and PMCL-25, with no further increase in loading level 
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between PMCL-25 and PMCL-100, tracks with the corresponding step-wise decrease in 

core crystallinity from semicrystalline to amorphous. This suggests that the increase in 

loading level from 0.004 to 0.005 between PMCL-0 and PMCL-25 is mainly due to the 

corresponding loss of crystallite regions within the core which will exclude PAX due to a 

combination of thermodynamic and kinetic factors. On one hand, strong favourable 

interchain interactions compete with the interactions between drug and polymer, thus 

lowering the solubility of the core of nanoparticles. On the other hand, crystallites make 

the core more viscous, so diffusion of PAX, which is a large molecule, into the core of 

nanoparticles becomes slow. 
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Table 4-3. Loading Efficiencies
a
 and Loading Levels of Paclitaxel-Loaded P(MCL-

co-CL)-b-PEO Nanoparticles Prepared in the Bulk. 

Copolymer 

Drug: Polymer 

Loading Ratio 

(w/w) 

Loading Efficiency 

(%) 

Loading Level 

(w/w) 

PMCL-0 

 

0.10 37 ± 3 0.037 ± 0.003 

0.25 14 ± 1 0.035 ± 0.003 

0.50 7 ± 1 0.035 ± 0.004 

PMCL-25 

0.10 47 ± 4 0.047 ± 0.002 

0.25 19 ± 2 0.048 ± 0.006 

0.50 9 ± 1 0.045 ± 0.005 

PMCL-50 

 

0.10 46 ± 4 0.047 ± 0.003 

0.25 19 ± 1 0.048 ± 0.001 

0.50 9 ± 1 0.045 ± 0.004 

PMCL-75 

 

0.10 48 ± 2 0.049 ± 0.002 

0.25 18 ± 1 0.047 ± 0.002 

0.50 9 ± 1 0.046 ± 0.006 

PMCL-100 

0.10 48 ± 4 0.049 ± 0.005 

0.25 19 ± 1 0.047 ± 0.002 

0.50 9 ± 1 0.047 ± 0.005 

a) Errors for loading efficiencies and loading levels are standard deviations of mean 

values determined for three separate preparations. 
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4.3.6. Effect of MCL Content on PAX Release Rates of Bulk-Prepared 

Nanoparticles 

For in vitro release experiments, bulk-prepared nanoparticles of all five copolymers 

at a single loading ratio (r = 0.25) were assessed and the resulting release profiles are 

shown in Figure 4-5. Release half times, t1/2, for each release profiles are plotted in 

Figure 4-7. Corresponding decreases in hydrodynamic diameter of nanoparticles during 

PAX release, due to hydrolytic degradation, are shown in Figure 4-6.  

The release profiles in Figure 4-5 show a clear effect of MCL content on release 

rate, with PMCL-0 showing the fastest release and release rates decreasing with 

increasing MCL content. These differences can be shown by determining t1/2 from each 

profile and plotting t1/2 versus MCL content (Figure 4-7). This plot shows a sharp 

increase in release half time from ~50 min to ~60 min as the MCL content increases from 

0 to 25 wt %, with a more gradual increase to ~70 min as the MCL content increases to 

100 wt %. 

To account for the sharp decrease in release rate between PMCL-0 and PMCL-25, 

we consider that an important mechanism of PAX release is hydrolytic degradation of 

nanoparticles at physiological temperature and pH and high ionic strength. To track 

hydrolytic degradation of the nanoparticles during the first 24 h of release, we follow the 

hydrodynamic diameters by DLS as a function of release time (Figure 4-6). We see that 

over this time period the sizes of PMCL-0 nanoparticles drop from ~1100 nm to ~200 nm, 

(i.e. by about 500%) attributed to the hydrolytic breakdown of the original cylinders 

(discussed previously) into spheres, whereas the sizes of all of the other copolymer 

nanoparticles (shown previously to be spheres) drop from ~70 to ~50 nm (i.e. by about 
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40%), attributed to a gradual degradation of spheres. Thus the dramatic increase in 

surface area of the originally-cylindrical PMCL-0 nanoparticles over the first 24 h of 

release, compared to the other MCL-containing spherical nanoparticles, explains the 

associated differences in release rates.  

Among the MCL-containing nanoparticles, the release profiles (Figure 4-5) and t1/2 

value (Figure 4-7) are similar within the associated error bars. However, we do note a 

small but consistent monotonic trend of decreasing release rate or increasing t1/2 with 

increasing MCL content between PMCL-25 and PMCL-100. This trend may be due to 

the expected increase in PAX solubility and viscosity of the amorphous phase as the 

MCL content increases. In theory, hydrophobicity increases with increasing MCL content, 

owing to the non-polar methyl group. More hydrophobic core results in more stable 

nanoparticles and hence slow release rate.
13

 According to the literature, methyl as a main 

chain side group increases the Tg of many common polymers, e.g. poly(methyl acrylate) 

(Tg =10°C) vs. poly(methyl methacrylate) (atactic, Tg =105°C)
31

 and polyethylene (Tg =-

125°C) vs. polypropylene (atactic, Tg =-13°C )
32

, which increases their viscosity due to 

an increase in bond rotational energy and therefore chain stiffness.
33

 Thus an increase in 

viscosity of the amorphous cores is expected from PMCL-25 to PMCL-100 as the 

number of methyl groups increases, leading to slower diffusion of the drug and thus 

slower release. 
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Figure 4-5. Effect of MCL content on in vitro release profile of paclitaxel-loaded 

P(MCL-co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk. Errors are standard 

deviations of mean values determined for three separate preparations. 
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Figure 4-6. Hydrolytic degradation during in vitro release of paclitaxel-loaded P(MCL-

co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk. Errors are standard 

deviations of mean values determined for three measurements of the same preparation. 
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Figure 4-7. Effect of MCL content on t1/2 during in vitro release profile of paclitaxel-

loaded P(MCL-co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk. Errors are 

standard deviations of mean values determined for three separate preparations. 

4.3.7. Effect of Flow Rate on Nanoparticle Structure 

The above off-chip results prove that MCL-containing copolymers have different 

sizes, morphologies, loading levels and release profiles from PMCL-0. Copolymerization 

of MCL and CL offers a successful structural and functional control over paclitaxel 

loaded nanoparticles. In the following part, shear is introduced to these MCL-containing 

polymers, namely PMCL-25, PMCL50 and PMCL-75, and the effects are explored. 

Similar to my previous study in Chapter 2,
34

 PMCL also has a low Tg core. We 

suspect it is dynamic in room temperature. Therefore, unquenched and quenched 

morphologies of PMCL-50 nanoparticles were examined.  
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Figure 4-8 shows the TEM images of unquenched and quenched PMCL-50 

nanoparticles formed at various flow rates without PAX encapsulation. In the 

unquenched samples, compared to the spheres formed in the bulk (Figure 4-8A), some 

larger spheres were observed at 50 μL/min (Figure 4-8B). Instead of even larger spheres, 

short rods were visible at 100 μL/min (Figure 4-8C). These morphological changes are 

likely due to shear-induced coalescence. At 200 μL/min, pure spheres were obtained, 

proving shear-induced break up at higher flow rate (Figure 4-8D). 

Upon quenching and dialysis, all shear effects in morphologies were erased (Figure 

4-8 E-H), in agreement with the previous results in Chapter 2. Pure, monodispersed 

spheres were observed in the bulk and at all flow rates investigated.  

Moreover, core crystallinity of PMCL-25 nanoparticles prepared in the bulk and 

prepared at 50 μL/min without drug was analyzed. XRD patterns and fitting are shown in 

Figure S4-5. There was no apparent difference in crystallinity between these two samples. 

These preliminary results demonstrate that MCL repeat units in the core are indeed 

dynamic, but in the meantime, the shear effect on morphology is not significant even in 

the unquenched samples. The core of nanoparticles is amorphous regardless of the 

preparation method. 
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Figure 4-8. Effect of flow rate on PMCL-50 nanoparticle morphology without paclitaxel 

encapsulation through TEM. Scale bars are 200 nm in main figures and 50 nm in insets. 

For the following experiments, only dialyzed nanoparticles were analyzed. With the 

aim of drug loading and delivery, nanoparticles in water are of practical applications. 

TEM images of paclitaxel-loaded PMCL-25, PMCL-50, PMCL-75 formed in the bulk 

and at three different flow rates are shown in Figure 4-9. All conditions formed pure 

spheres except for PMCL-50 and PMCL-75 formed at 100 μL/min. In the PMCL-50 

nanoparticles formed at 100 μL/min, cylinders were observed. This is the same 

copolymer studied in the last experiment, but cylinders were not seen in the dialyzed 

sample in that experiment. Since this cylinder forming sample is drug-loaded, and the 

encapsulation of drug generates more free volume within the core. The increased free 

volume enhances diffusion of polymer chains.
35

 Therefore the drug-loaded nanoparticles 

respond to shear effect differently. The mechanism for PMCL-75 to form short rods is 

similar. At 200 μL/min, the shear is so high that only pure spheres could be formed. 
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Figure 4-9. Effect of flow rate on paclitaxel-loaded P(MCL-co-CL)-b-PEO nanoparticle 

(r = 0.25) morphology through TEM. Scale bars are 200 nm in main figures and 50 nm in 

insets. 
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Table 4-4. Morphologies
a
, Mean Dimensions

b
 and Hydrodynamic Diameter for 

Paclitaxel-Loaded P(MCL-co-CL)-b-PEO Nanoparticles (r = 0.25) Prepared in the 

Bulk and in the Gas-Liquid Segmented Microfluidic Reactor at Various Flow Rates. 

Copolymer, Flow Rate 
Morphologies and Mean 

Dimensions (nm) 

Hydrodynamic Diameter 

(nm) 

PMCL-25   

Bulk S (24 ± 1) 63 ± 6 

50 L/min S (25 ± 2) 61 ± 6 

100 L/min S (23 ± 1) 50 ± 6 

200 L/min S (24 ± 3) 48 ± 6 

PMCL-50   

Bulk S (24 ± 2) 60 ± 10 

50 L/min S (21 ± 1) 54 ± 1 

100 L/min 
S (20 ± 3) 

C (19 ± 1) 
170 ± 40 

200 L/min S (22 ± 1) 46 ± 5 

PMCL-75   

Bulk S (26 ± 1) 60 ± 10 

50 L/min S (22 ± 2) 53 ± 9 

100 L/min 
S (23 ± 1) 

C (24 ± 2) 
140 ± 20 

200 L/min S (20 ± 1) 44 ± 1 

a) Morphologies are indicated as S (spheres) and C (cylinders or rods). 

b) Numbers refer to sphere diameters or cylinder widths. Errors for mean dimensions and 

hydrodynamic diameters are standard deviations of mean values determined for three 

separate preparations. 
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The mean dimensions from TEM and the hydrodynamic diameters from DLS are 

tabulated in Table 4-4. The size analysis suggests a slight decrease in core dimension for 

PMCL-50 and PMCL-75, while that for PMCL-25 remain constant. In contrast, except 

for the cases where cylinders were formed, DLS results consistently demonstrates a 

decrease in sphere diameter as flow rate increased. 

Because the core of MCL-containing nanoparticles is amorphous and dynamic, 

even though depositing sample on grid from water has largely reduce chain 

rearrangement kinetics, it is still possible that the size may change owing to drying 

artefact. However, hydrodynamic diameter represents the real size of the nanoparticles in 

solution, thus is more trustworthy. 

The effect of flow rate on hydrodynamic diameter is also shown in Figure 4-10. 

This further proves the decrease in sphere size with flow rate. The effect is attributed to 

shear-induced break up at high shear rates. 
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Figure 4-10. Effect of flow rate on hydrodynamic diameters of paclitaxel-loaded 

P(MCL-co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk (flow rate = 0 data 

points) and in the gas-liquid segmented microfluidic reactor at various flow rates. Errors 

are standard deviations of mean values determined for three separate preparations. 
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4.3.8. Effect of Flow Rate on Loading Efficiency and Loading Level 

Table 4-5. Loading Efficiencies
a
 and Loading Levels of Paclitaxel-Loaded P(MCL-

co-CL)-b-PEO Nanoparticles (r = 0.25) Prepared in the Bulk and in the Gas-Liquid 

Segmented Microfluidic Reactor at Various Flow Rates.  

Copolymer, Flow Rate Loading Efficiency (%) 
Loading Level  

(w/w) 

PMCL-25   

Bulk 19 ± 2 0.048 ± 0.006 

50 L/min 11 ± 1 0.029 ± 0.003 

100 L/min 10 ± 1 0.026 ± 0.002 

200 L/min 10 ± 1 0.026 ± 0.001 

PMCL-50   

Bulk 19 ± 1 0.048 ± 0.001 

50 L/min 11 ± 1 0.028 ± 0.001 

100 L/min 11 ± 1 0.027 ± 0.001 

200 L/min 10 ± 1 0.025 ± 0.003 

PMCL-75   

Bulk 18 ± 1 0.047 ± 0.002 

50 L/min 12 ± 1 0.030 ± 0.003 

100 L/min 10 ± 1 0.026 ± 0.002 

200 L/min 10 ± 1 0.026 ± 0.001 

a) Errors for loading efficiencies and loading levels are standard deviations of mean 

values determined for three separate preparations. 
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Next, loading efficiencies and loading levels were determined using similar 

methodology to the bulk experiments, and the results for PMCL-25, PMCL-50 and 

PMCL-75 nanoparticles formed on-chip at various flow rates are tabulated in Table 4-5. 

It is evident that on-chip loading levels are much lower than their counterparts in the bulk, 

but is quite constant regardless of flow rate. Likewise, the loading levels of nanoparticles 

of the three copolymers under the same conditions are almost the same. The mole ratio of 

paclitaxel and polymer chains is calculated to be ~0.3 for on-chip prepared MCL-

containing nanoparticles. 

This is the first time our group has observed a decrease in loading level on-chip 

compared to the chemically-equivalent off-chip preparation. Previous results from our 

group of paclitaxel-loaded PCL-b-PEO (using 25 times-lower loading levels than in the 

current study) showed an increased loading efficiency on-chip. In this work, better 

mixing was thought the be the reason for higher loading.
20

 However, in my system, better 

mixing does not contribute to higher loading. In terms of mechanism of on-chip 

manipulation of loading level, there is still a lot for us to explore. The cause of a lower 

loading could be a result of drug-PDMS interaction, lower residence time or rapid 

increase in water content. Without experience of more systems, it is hard to generalize the 

shear effect on drug loading. 

4.3.9. Effect of Flow Rate on In Vitro Release 

Figure 4-11A shows the release profiles of PMCL-50 nanoparticles form in the 

bulk, at 50 and 200 μL/min. Figure 4-11B shows the hydrodynamic size change during 

release and Figure 4-12 shows the effect of flow rate on release half time. The reason to 

choose these conditions is that all of them formed spheres, and the core of nanoparticles 
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is amorphous. If there is any effect on the release profile, it is neither a morphological 

effect nor a crystallinity effect. In other words, we wanted to know whether a change in 

morphology and crystallinity is required to achieve slower release. 

In Figure 4-9A, it could be observed that on-chip formed nanoparticles had a 

slower release than bulk-prepared nanoparticles, and nanoparticles formed at highest flow 

rate had an even slower release. The difference was distinct in the first 24 hours and was 

visible up to 3 days. After 5 days, all three samples reach a similar %release close to 

complete release. The t1/2 results demonstrate a significantly longer t1/2 as flow rate 

increased (Figure 4-12). 

In Figure 4-9B, the change in the hydrodynamic diameter during release is not very 

profound since all three samples were pure spheres and were not subject to any 

substantial change in size like cylinders and platelets. The bulk-prepared nanoparticles 

started from a bigger size, and therefore the change in the first few hours were more than 

that of the on-chip prepared nanoparticles. Additionally, the bulk-prepared nanoparticles 

ended up having a bigger size after levelling off. The decrease in hydrodynamic diameter 

for the two on-chip prepared samples was basically the same. 
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Figure 4-11. In vitro release of paclitaxel-loaded PMCL-50 nanoparticles (r = 0.25) 

prepared in the bulk and in the gas-liquid segmented microfluidic reactor at various flow 

rates. (A) Effect of flow rate on in vitro release profile. Errors are standard deviations of 

mean values determined for three separate preparations. (B) Hydrolytic degradation 

during in vitro release. Errors are standard deviations of mean values determined for three 

measurements of the same preparation. 
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Figure 4-12. Effect of flow rate on t1/2 during in vitro release profile of paclitaxel-loaded 

P(MCL-co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk (flow rate = 0 data 

point) and in the gas-liquid segmented microfluidic reactor at various flow rates. Errors 

are standard deviations of mean values determined for three separate preparations. 

These results are promising, because they suggest that based on enhanced mixing 

on-chip we could control the release rate for this system. Although the hydrolytic 

degradation is a bit different among the three conditions, it is not enough to cause the 

difference in release rate. As is put forward before by our group, mixing on-chip induce a 

more homogeneous distribution of paclitaxel in the core.
20

 Normally, most of drug stays 

in the corona or core-corona interface. The release rate of the drug depends on its 

localization within the nanoparticles. Release from the outer corona region is rapid. The 

release of drug localized in the corona or at the core-corona interface accounts for ‘burst 
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release’ within the first few hours.36 
With a more homogeneous distribution of drug 

deeper in the core, it takes more time for the drug to diffuse to the core-corona interface 

and finally escape from the nanoparticle. In this way, burst release is reduced. In Figure 

4-9A, after 2 hours, nanoparticles formed in the bulk already released more than 80% of 

drug, while nanoparticles formed in the microfluidic reactor at 200 μL/min only released 

65% of drug. The major distinction in release rate is cause by the different burst release. 

After that all three curves reached a plateau and gradually released the rest of the 

encapsulated drug in a similar manner. 

4.4. Conclusion 

In the first part of this chapter, chemical control by copolymerization of MCL and 

CL was evaluated. Although the attempt to tune crystallinity failed and we ended up 

getting a series of amorphous copolymers with different chemical compositions, 

structural and functional control was a success. The MCL-containing copolymers tend to 

form spheres, compared with the cylindrical morphology of PMCL-0, and the sizes were 

around 20 nm. Loading efficiency and loading level of paclitaxel increased by increasing 

MCL content. Slow release was achieved due to slow hydrolytic degradation. 

In the second part of this chapter, shear control by on-chip micellization of MCL-

containing copolymers was studied. Morphological change with flow rate was observed 

but not significant, and the loading level decreased through synthesis on-chip. However, 

even though neither morphological nor crystallinity change was observed, reduced in 

release rate was demonstrated. A mechanism of mixing-induced homogeneous 

distribution of drug in the core is the explanation. 



 

 

136 

Changing chemical composition has control over a lot of properties of nanoparticles 

for drug delivery applications. In the meantime, microfluidics also offers a convenient 

top-down handle on release rate. Next step forward will be cell line study to explore the 

cytotoxicity of these nanoparticles.  

4.5. Supporting Information 

Please see Appendix C for supporting information: Data for cwc determination; 

Calibration curve for HPLC; Full release profile of PAX-loaded nanoparticles; Bulk and 

on-chip XRD patterns and fitting for PMCL-25. 
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Chapter 5.  

General Conclusions and Future Work 

5.1. General Conclusions 

In this thesis, we have shown that the process of block copolymer self-assembly in 

solution is significantly influenced by shear and rapid mixing in a gas-liquid segmented 

microfluidic reactor. Structural and functional controls of block copolymer nanoparticles 

formed in the microfluidic reactor were demonstrated by analyzing structures, size 

distributions, crystallinity and functions.  

In the past, our group has studied copolymers that have a glassy core at room 

temperature such as PS-b-PAA or a semicrystalline core such as PCL-b-PEO. However, 

in the thesis, copolymers that have an amorphous core with a Tg much lower than or close 

to room temperature were investigated (PNBA-b-PDMA and P(MCL-co-CL)-b-PEO). 

Although many of these nanoparticles formed on-chip were not stable to quenching into 

large excess water, shear memory can be maintained for a few hours. These findings 

enlarge our understanding of block copolymer self-assembly under high shear rate. 

Structural control of nanoparticles by gas-liquid segmented microfluidic reactor 

were explored using PNBA-b-PDMA, PCL-b-PEO and P(MCL-co-CL)-b-PEO. 

Morphologies, sizes and core crystallinity were controlled by changing flow rate, i.e. 

shear rate, on-chip. In general, lower curvature morphologies (cylinders, vesicles, 

lamellae, LCMs, spooled cylinders) were formed on-chip compared to the bulk control 

(spheres). Increase in size was observed in the meantime. This can be explained by shear-

induced coalescence. For some copolymers, PCL-b-PEO in this case, formation of 
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smaller aggregated at high flow rate compared to those formed in medium flow rates was 

observed. We believed that they were products from shear-induced break-up of large 

aggregates. For PNBA-b-PDMA, a new morphology, spooled cylinders were observed 

on-chip at medium-high flow rates. They might result from the rotating vortices in liquid 

plugs. Moreover, the comparison study showed that the structural control on gas-liquid 

segmented microfluidic reactor (two-phase reactor) is unique. In a single-phase reactor 

featuring fast mixing, flow rate wasn’t able to control structures of nanoparticle. Core 

crystallinity can also be controlled on-chip. In Chapter 3, PCL crystallinity in 

nanoparticles showed a linear positive relationship to flow rate, while in the single-phase 

reactor PCL crystallinity remained the same as the bulk. 

Functional control of nanoparticles formed on gas-liquid segment microfluidic 

reactors were also studied with photoresponsive PNBA-b-PDMA and drug-loaded 

P(MCL-co-CL)-b-PEO. The photodissociation kinetics of PNBA-b-PDMA nanoparticles 

was found to be faster than the bulk control when formed on-chip. We noted that shear-

induced morphologies (cylinders, LCMS, spooled cylinders) were further from 

equilibrium structures formed in the bulk (spheres). Therefore the slower kinetics can be 

explained by the faster dissociation of non-equilibrium structures. The paclitaxel loading 

and release of P(MCL-co-CL)-b-PEO nanoparticles were also investigated. Lower 

loading efficiencies and loading levels were obtained, although we are not sure about the 

mechanism behind it. Slower release was achieved by increasing flow rate. This is likely 

to be the effect of fast mixing on-chip that generated a more homogenous distribution of 

drug in the core of nanoparticles. 
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In conclusion, by applying various copolymers to on-chip self-assembly, we 

demonstrated that the structures of most nanoparticles can be controlled by shear. 

Functions of nanoparticles can also be controlled by microfluidics under different 

mechanisms depending on the functions of nanoparticles. 

Apart from top-down control by shear on-chip, bottom-up control by changing 

copolymer composition was investigated in Chapter 4. Five copolymers of different MCL 

contents were synthesized. The effect of MCL content on morphology, size, loading and 

release was studied and discussed. Increasing MCL content tend to decrease crystallinity, 

increase curvature of structure, increase loading efficiencies and levels, and lower release 

rates. Bottom-up control is a less convenient but reliable method. By combining bottom-

up (chemical) and top-down control (shear) we can fine tune the structures and functions 

of block copolymer nanoparticles. 

5.2. Future Work 

The current design of chip has three liquid inlets for water/solvent, pure solvent and 

polymer/drug/solvent, respectively. We use pure solvent as a separation stream. If there 

could be another inlet for drug/solvent, we can inject drug and polymer in different 

streams. In this way, we don’t have to make numerous stock solutions when working 

with various drug loading ratios. Different polymer concentrations, drug to polymer 

ratios and water contents are easily accessible just by dialing in flow rates. This is 

convenient especially when it comes to scale-up synthesis of drug-loaded nanoparticles. 

Another work on chip design is to map the change of morphologies on-chip. Insert 

outlets at several locations of the chip, or design chips that have different channel lengths. 



 

 

144 

Studying the morphologies of nanoparticles at various channel lengths might be able to 

help us to visualize the shear-induced coalescence or shear-induced break-up process. 

We can extend the responsive copolymer work to dye/drug loading, for the reason 

that responsive materials are excellent candidates for drug delivery as their release of 

cargo can be triggered rather than relying on diffusion. The unstable morphologies in 

water were not optimal for drug delivery, so we might have to find another responsive 

copolymer that has a glassy or semicrystalline core which makes it stable in water. 
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Appendix 

Appendix A 

Supporting Information for Chapter 2 

 

 

Figure S2-1. Critical water concentration (cwc) determination of 0.33 wt % NBA-22, 

NBA-52 and NBA-66 in 1,4-dioxane using static light scattering. Cwc values were 

determined from linear regression as shown for NBA-22 data. 
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Figure S2-2. Sample optical microscopy image of stable two-phase flow in the 

microfluidic reactor. Bright regions are Ar bubbles. Scale bar is 500 μm. 
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Table S2-1. Content and Flow Rates of Three Liquid Streams for Various 

Microfluidic Nanoparticle Preparations 
 

Nominal 

Flow Rate 

Qliq 

(μL/min) 

PNBA-b-PDMA 

Stream, Qliq1 

(μL/min)
a
 

Pure 

Dioxane 

Stream, 

Qliq2 

(μL/min) 

Water/Dioxane 

Stream, Qliq3 

(μL/min) 

Water 

Content, 

Stream #3 

(wt %) 

Steady-State 

Water 

Content 

(wt %)
b
 

NBA-22 

25 μL/min 

 

12.5 

 

6.25 

 

2.37 

 

3.88 

 

100 

 

31.0 

50 μL/min 25.0 12.50 4.75 7.75 100 31.0 

100 μL/min 50.0 25.00 9.50 15.50 100 31.0 

NBA-52 

25 μL/min 

 

12.5 

 

6.25 

 

2.37 

 

3.88 

 

91.9 

 

28.5 

50 μL/min 25.0 12.50 4.75 7.75 91.9 28.5 

100 μL/min 50.0 25.00 9.50 15.50 91.9 28.5 

NBA-66 

25 μL/min 

 

12.5 

 

6.25 

 

2.37 

 

3.88 

 

90.3 

 

28.0 

50 μL/min 25.0 12.50 4.75 7.75 90.3 28.0 

100 μL/min 50.0 25.00 9.50 15.50 90.3 28.0 

a) Copolymer concentration in Stream #1 = 0.66 wt % for all preparations. 

b) Steady-state water content = cwc + 10 wt % for each copolymer.  
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Table S2-2. Actual Flow Rates for Various Microfluidic Nanoparticle Preparations 

Nominal Flow Rate 
Lgas 

(mm) 

Lliq 

(mm) 

Qgas 

(μL/min) 

Qliq 

(μL/min) 

Qgas/Qliq 

Qtotal 

(μL/min) 

NBA-22 
25 µL/min 

      

Prep #1 0.9 1.0 10.5 12.5 0.84 23.0 

Prep #2 2.2 2.0 14.1 12.5 1.13 26.6 

Prep #3 1.5 1.3 13.7 12.5 1.10 26.2 

50 µL/min       

Prep #1 1.3 1.2 28.9 25.0 1.16 53.9 

Prep #2 1.4 1.2 28.3 25.0 1.13 53.3 

Prep #3 1.0 1.2 21.1 25.0 0.84 46.1 

100 µL/min       

Prep #1 1.3 1.2 54.9 50.0 1.10 104.9 

Prep #2 1.0 1.1 44.2 50.0 0.88 94.2 

Prep #3 1.0 1.1 45.8 50.0 0.92 95.8 

NBA-52 

25 µL/min 
      

Prep #1 2.0 1.8 14.1 12.5 1.13 26.6 

Prep #2 0.8 0.9 11.0 12.5 0.88 23.5 

Prep #3 0.7 0.8 10.2 12.5 0.82 22.7 

50 µL/min       

Prep #1 1.0 1.0 24.1 25.0 0.96 49.1 

Prep #2 1.1 1.0 27.2 25.0 1.09 52.2 

Prep #3 1.7 1.6 27.7 25.0 1.11 52.7 

100 µL/min       

Prep #1 2.1 2.0 54.1 50.0 1.08 104.1 

Prep #2 0.9 1.0 46.1 50.0 0.92 96.1 

Prep #3 1.3 1.5 46.2 50.0 0.92 96.2 

NBA-66 

25 µL/min 
      

Prep #1 0.8 0.9 10.5 12.5 0.84 23.0 

Prep #2 1.1 1.2 12.1 12.5 0.97 24.6 

Prep #3 1.6 1.4 13.5 12.5 1.08 26.0 

50 µL/min       

Prep #1 1.7 1.6 27.7 25.0 1.11 52.7 

Prep #2 1.7 1.9 22.9 25.0 0.92 47.9 

Prep #3 2.3 2.3 25.7 25.0 1.03 50.7 

100 µL/min       

Prep #1 1.2 1.2 53.5 50.0 1.07 103.5 

Prep #2 0.8 0.9 42.9 50.0 0.86 92.9 

Prep #3 2.0 1.8 56.5 50.0 1.13 106.5 
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Figure S2-3. UV-Vis absorbance spectra of aqueous dialyzed NBA-66 nanoparticles 

prepared by the bulk method (blue) and the constituent NBA-66 copolymer dissolved in 

dioxane (red). 

 
 

Figure S2-4. Relative light scattering intensity of NBA-22 nanoparticles formed at 25 

L/min (blue squares) and 100 L/min (red diamonds) on-chip relative to time (no 

irradiation).  
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Table S2-3. Percentage of LCMs
a
 Relative to Total Number of Unquenched PNBA-b-

PDMA Nanoparticles Prepared in the Microfluidic Reactor 

 

Sample 25 μL/min 50 μL/min 100 μL/min 

NBA-22 0 % 15 ± 4 % 25 ± 2 % 

NBA-52 9 ± 2 % 15 ± 3 % 23 ± 5 % 

NBA-66 17 ± 4 % 23 ± 4 % 25 ± 4 % 

a) Reported errors are standard deviations from three separate preparations.  

 

 

 

Table S2-4. Morphologies
a
 and Mean Dimensions

b
 of Dialyzed PNBA-b-PDMA 

Nanoparticles 

 

Sample bulk 25 μL/min 50 μL/min 100 μL/min 

NBA-22 S (24 ± 1 nm) S (24 ± 3 nm) S (28 ± 1 nm) S (29 ± 2 nm) 

NBA-52 S (25 ± 2 nm) S (25 ± 1 nm) S (23 ± 1 nm) S (25 ± 4 nm) 

NBA-66 S (27 ± 1 nm) S (22 ± 3 nm) 
S (24 ± 1 nm) 

C (27 ± 2 nm) 

S (25 ± 1 nm) 

C (31 ± 4 nm) 

a) Morphologies are indicated as S (spheres), and C (cylinders). 

b) Reported mean dimensions refer to sphere diameters or cylinder widths. Reported 

errors for microfluidic-prepared nanoparticles are standard deviations of three separate 

preparations. Reported errors for bulk-prepared nanoparticles are standard deviations of 

mean values from three images of a single preparation. 
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Figure S2-5. Additional TEM images from three separate microfluidic preparations of 

NBA-22 nanoparticles under various flow conditions. Scale bars are 200 nm. 
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Figure S2-6. Additional TEM images from three separate microfluidic preparations of 

NBA-52 nanoparticles under various flow conditions. Scale bars are 200 nm. 
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Figure S2-7. Additional TEM images from three separate microfluidic preparations of 

NBA-66 nanoparticles under various flow conditions. Scale bars are 200 nm. 
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Figure S2-8. 2D TEM image of a compressed spooled cylinder of NBA-66 formed in the 

microfluidic reactor at 50 L/min (A) and 3D TEM tomography images of the same 

nanoparticle taken from two different directions (B and C). Scale bars are 100 nm.  
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Figure S2-9. Size histograms of unquenched (green) and dialyzed (red) spherical 

nanoparticles (spheres and LCMs only) for a single preparation of NBA-22 nanoparticles 

under various flow conditions.   
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Figure S2-10. TEM images of dialyzed NBA-52 nanoparticles formed in the bulk (A) 

and in the microfluidic reactor at various flow rates: 25 L/min (B), 50 L/min (C), and 

100 L/min (D). Scale bars are 200 nm. 
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Figure S2-11. Size histograms of unquenched (green) and dialyzed (red) spherical 

nanoparticles (spheres and LCMs only) for a single preparation of NBA-52 nanoparticles 

under various flow conditions. 
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Figure S2-12. TEM images of dialyzed NBA-66 nanoparticles formed in the bulk (A) 

and in the microfluidic reactor at various flow rates: 25 L/min (B), 50 L/min (C), and 

100 L/min (D). Scale bars are 200 nm. 
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Figure S2-13. Size histograms of unquenched (green) and dialyzed (red) spherical 

nanoparticles (spheres and LCMs only) for a single preparation of NBA-66 nanoparticles 

under various flow conditions. 
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Figure S2-14. TEM images of unquenched NBA-52 nanoparticles formed in the 

microfluidic reactor at 100 L/min and imaged immediately (A), and corresponding aged 

nanoparticles after 1 day (B), 3 days (C) and 7 days (D). Scale bars are 200 nm. 
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Figure S2-15. TEM images of unquenched NBA-66 nanoparticles formed in the 

microfluidic reactor at 100 L/min and imaged immediately (A), and corresponding aged 

nanoparticles after 1 day (B), 3 days (C) and 7 days (D). Scale bars are 200 nm. 
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Figure S2-16. Larger version of TEM images (from Figure 8) of irradiated NBA-22 

nanoparticles formed in the microfluidic reactor at 25 L/min for different irradiation 

times. Scale bars are 200 nm. 
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Figure S2-17. Larger version of TEM images (from Figure 8) of irradiated NBA-22 

nanoparticles formed in the microfluidic reactor at 100 L/min for different irradiation 

times. Inset to “Initial” shows a spooled cylinder found in a different region of the same 

sample. Scale bars are 200 nm (main images) and 50 nm (inset to “Initial”). 
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Figure S2-18. TEM images of unquenched NBA-66 nanoparticles prepared in the 

microfluidic reactor at 50 L/min. TEM grids were prepared by freeze drying with 

negative staining. Similar spooled cylinders to TEM grids of the same sample prepared 

by drop deposition are observed. This indicates that these morphologies are present in 

solution and do not form during drying on the TEM grid. Scale bars are 200 nm.  
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Appendix B 

Supporting Information for Chapter 3 

 

Figure S3-1. Titration curve of critical water content determination of PCL-5k. 
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Table S3-1: Actual Gas and Liquid Flow Rates for PCL-b-PEO Nanoparticles 

Prepared on Segmented Microfluidic Reactor. 

Copolymer, Nominal 

Flow Rate 

Lgas 

(mm) 

Lliq 

(mm) 

Qgas 

(μL/min) 

Qliq 

(μL/min) 
Qgas/Qliq 

Qtotal 

(μL/min) 

 
PCL-5k 

 

      

20 µL/min 1.1 1.0 11.8 10 1.18 21.8 

60 µL/min 2.5 2.3 31.7 30 1.06 61.7 

100 µL/min 1.7 1.6 52.4 50 1.05 102.4 

 

PCL-12k 

 

      

20 µL/min 0.8 0.9 8.7 10 0.87 18.7 

60 µL/min 1.9 1.8 32.1 30 1.07 62.1 

100 µL/min 1.7 1.8 46.6 50 0.93 96.6 
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Appendix C 

Supporting Information for Chapter 4 

 

Figure S4-1. GPC traces of P(MCL-co-CL)-b-PEO. (A) PMCL-0. (B) PMCL-25. (C) 

PMCL-50. (D) PMCL-75. (E) PMCL-100. 
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Figure S4-2. Titration curves of cwc determination of series of P(MCL-co-CL)-b-PEO. 
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Figure S4-3. Calibration curve of paclitaxel in acetonitrile quantified by HPLC with 

DAD at 227 nm as detector. 
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Figure S4-4. Effect of PMCL fraction on in vitro release profile of paclitaxel-loaded 

P(MCL-co-CL)-b-PEO nanoparticles (r = 0.25) prepared in the bulk over 5 days. Errors 

are standard deviations of mean values determined for three separate preparations. 
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Figure S4-5. XRD patterns and fitting of PMCL-25 nanoparticles formed in bulk (A) and 

at 50 μL/min on gas-liquid segmented microfluidic reactor (B).
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Appendix D 

Evaluation of Different Methods of Extracting PAX from PBS Buffer Components 

during In Vitro Release Experiments  

Experimental 

A key issue in carrying out in vitro experiments of hydrophobic drugs or probes 

from drug delivery nanoparticles into PBS release medium is how to extract the drug 

from the aqueous PBS salt medium into pure ACN for HPLC injection. According to the 

literature, there are several methods to extract the drug from the PBS medium, including 

liquid-liquid extraction with dichloromethane
1-3

 or t-butyl methyl ether,
4
 filtration,

5-7
 

centrifugation
8
 and direct dilution.

9 A key figure of merit for these extraction methods is 

the percentage of recovery, which is the amount of drug within the aliquot that is 

extracted for HPLC analysis. If the percentage of recovery is significantly less than 100%, 

then an internal standard may be necessary to normalize the measured drug amount 

relative to loss of drug due to the extraction method. Rather than relying on the additional 

complication of an internal standard, we set out to evaluate if an extraction method with 

close to 100% recovery could be developed such that an internal standard was not 

required. To do this, we evaluated three different extraction methods: 1) liquid-liquid 

extraction into t-butyl methyl ether, 2) liquid-liquid extraction into dichloromethane and 

3) removal of solvent from the aliquot by rotary evaporation, followed by extraction of 

drug from the dried solids using ACN.  

The following experiment was carried out using the PAX-loaded PMCL-50 

nanoparticles prepared in the bulk (r = 0.25) from three separate preparations. 
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Dialyzed nanoparticles was centrifuged to remove precipitate and transferred into 

4 glass vials, each containing 2 g of sample. One of the vials was designated as the 

control and the procedures for loading efficiency determination were followed. The aim 

for the control is to get the real concentration of the sample. 

Solutions in other vials were dried by rotary evaporation and then the solid 

nanoparticles obtained were redispersed in PBS to mimic the solution environment after 

release. Each vial was used to investigate one of the methods. 

For method 1 and 2, 2 mL of t-butyl methyl ether or DCM was added to 

nanoparticles in PBS. The mixture was vortexed for 5 min, allowed to settle for 10 min 

and then the organic layer was removed by a Pasteur pipet. This step was repeated for 3 

times, and then all organic layers removed were combined and dried by rotary 

evaporation.  0.2 g ACN was added to the vial to dissolve copolymer and drug. The vial 

was vortexed for 2 min to aid dissolution and then injected into HPLC. 

For method 3, nanoparticles in PBS were dried by rotary evaporation. The salt 

crystals from PBS and solid nanoparticles were obtained. 0.2 g ACN was added to the 

vial to dissolve the nanoparticles while leaving the salt crystals on the inner wall of the 

glass vial. The vial was vortexed for 2 min to aid dissolution. The solution was then 

carefully decanted into an HPLC vial and injected into HPLC. 

For each method, the percentage of recovery was determined by evaluating by 

HPLC the concentration of extracted drug relative to the concentration of drug in the 

control. It is calculated using the following equation: 

%𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100%  (D-1) 
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For the evaporation method (method 3), we also evaluated the effect of salt and 

drug concentration on the percentage of recovery, since these two concentrations will 

change throughout the in vitro release experiment, as drug diffuses into the release 

medium from the sample and salt diffuses from the release medium into the sample. The 

initial drug concentration and a 5 times diluted drug concentration (equals to 80% release) 

was studied. The PBS buffer we use in release experiments and a 2 time diluted PBS was 

investigated. These results are tabulated in Table D-2. 

Results and Discussion 

Three different methods were assessed to extract the PAX from the aqueous PBS 

medium into pure ACN: 1) liquid-liquid extraction into t-butyl methyl ether, 2) liquid-

liquid extraction into dichloromethane, and 3) removal of solvent from the aliquot by 

rotary evaporation, followed by extraction of drug from the dried solids using ACN 

(direct drying). The results are tabulated in Table D-1. It obvious that direct drying has a 

much higher percentage of recovery. This is because liquid-liquid extraction is an 

equilibrium process in which recover of PAX is dependent on the partition coefficient. 

Loss of drug in these methods is inevitable. However, for the drying method, the dried 

salt sticks to the inner wall of glass vials, so only drug and polymer in ACN can be 

pipetted out. Loss of drug happens when it is trapped in the salt. Therefore, the drug 

concentration and salt concentration should have an effect on %recovery. During release, 

drug concentration decreases because released drug will diffuse from sample dialysis 

tube into medium, while salt concentration increases due to diffusion of drug from the 

release medium into sample dialysis tube. Therefore, samples at different release time 

will have different drug and salt concentrations. 
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Table D-1. %Recovery
a
 of different methods. 1. liquid-liquid extraction into t-butyl 

methyl ether. 2. liquid-liquid extraction into dichloromethane 3. direct drying. 

Method 1 2 3 

%Recovery 61.7 ± 1.4 69.2 ± 1.6 92.1 ± 2.5 

a) Errors are standard deviations of mean values determined for three separate 

preparations. 

The %recovery of drying method at different drug and salt concentrations are 

tabulated in Table D-2. As expected, concentration of salt has a more profound effect 

on %recovery and less drug lead to higher % recovery as fewer drugs could be trapped. 

However, concentration of paclitaxel doesn’t seem to affect %recovery much. An 

explanation is that our drug concentration is low enough that any change is insignificant 

in the process. Overall, at the concentration range investigated, %recovery of drying 

method is high. Therefore, it is employed in this study without measurement of and 

correction to %recovery for each sample. 

Table D-2. Effect of PAX and PBS concentrations on %recovery for evaporation 

method. 

PAX/polymer ratio PBS PBS diluted by 2 

0.05 w/w (no dilution) 92.1 ± 2.5 98.5 ± 0.6 

0.01 w/w (diluted by 5) 93.3 ± 0.3 96.6 ± 1.0 

a) Errors are standard deviations of mean values determined for three separate 

preparations. 
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