
1 

NANOEMULSION-LOADED HYDROGELS FOR ADVANCED 

PHARMACEUTICAL FORMULATIONS  

by 

Liang-Hsun Chen 

B.S. in Chemical Engineering, National Taiwan University 

M.S. in Chemical Engineering Practice, Massachusetts Institute of Technology 

Submitted to the Department of Chemical Engineering 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy in Chemical Engineering 

at the 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

September 2022 

© Massachusetts Institute of Technology 2022. All rights reserved. 

Author  

Department of Chemical Engineering 

May 24, 2022 

Certified by  

Patrick S. Doyle 

Robert T. Haslam (1911) Professor of Chemical Engineering 

Thesis Supervisor 

Accepted by  

Patrick S. Doyle 

Chairman, Department Committee on Graduate Students  



2 

  



3 

Nanoemulsion-Loaded Hydrogels for Advanced Pharmaceutical Formulations 

by 

Liang-Hsun Chen 

Submitted to the Department of Chemical Engineering on May 27, 2022 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy in Chemical Engineering 

 

ABSTRACT 

Pharmaceutical formulation plays an important role in transforming a drug substance into the 

final drug product taken by a patient. It involves processes that combine an active 

pharmaceutical ingredient (API) and a mixture of inactive excipients into a final drug product 

with desired therapeutic effects and physical properties. Among various drug products, oral 

solid dosage forms are the most preferred product forms dominating the market because of 

their high patient compliance and wide acceptance. However, conventional oral drug 

formulations typically require costly multistep manufacturing, and poor bioavailability of 

hydrophobic APIs still remains a persistent challenge in many formulations. To address the 

limitations, we utilize two promising building blocks, nanoemulsions and hydrogels, to design 

new materials that enable more efficient and effective formulations of oral drug products with 

high quality and versatile release. 

First, we present a method to encapsulate functional nanoemulsions in alginate capsules for 

more versatile delivery of lipophilic active ingredients. The nanoemulsions are intrinsically 

viscous, ensuring the formation of spherical capsules and large encapsulation efficiency. 

Quantitative release analyses show that the capsule systems possess a tunable, delayed-burst 

release. The proposed encapsulation methodology can be further generalized to other 

functional nanoemulsions with various active ingredients, oil phases, nanodroplet sizes, and 

chemically crosslinked inner hydrogel cores.  

Second, we design a new thermogelling methylcellulose (MC) nanoemulsion that can be 

efficiently formulated into composite solid dosage drug products with well-controlled API 

nanocrystals embedded in a MC matrix. The composite drug products possess a fast and 
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tunable release performance because of the fast-eroding MC matrix and successful formation 

of API nanocrystals. Using the versatile thermal processing approach, we formulate the 

nanoemulsion into various dosage forms (nanoparticle suspension, drug tablet, and oral thin 

film) in a manner that avoids nanomilling. 

Finally, we develop thermogelling hydroxypropyl methylcellulose (HPMC) nanoemulsions as 

robust templates to formulate oral films loaded with poorly water-soluble drug nanoparticles. 

The thermally gelled network effectively immobilizes the oil nanodroplets for confined 

nanoparticle crystallization and avoids potential irreversible nanoparticle aggregation. The oral 

films possess a tunable immediate release, and a scaling rule is developed for designing the 

release profiles of oral films. 
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Chapter 1  Introduction 

1.1 Motivation 

Drug development is a prolonged and expensive process. Thousands of drug candidate 

compounds have to undergo many clinical trials to be tested for their toxicity and potency 

before one final active pharmaceutical ingredient (or API) is approved by the United States 

Food and Drug Administration (FDA). This unique active pharmaceutical ingredient then has 

to be processed with inactive excipients to form final drug products through pharmaceutical 

formulations. Excipients are introduced for stabilization, building up solid formulations, and 

controlling release properties. However, advances in drug development have mainly focused 

on the discovery and synthesis of APIs, and there has been less innovation in the formulation 

steps. 

Among various drug products, oral dosage forms are the most preferred product forms 

dominating the market because of their wide acceptance.1,2 However, conventional oral drug 

formulations typically require inefficient multistep manufacturing (Figure 1.1), and poor 

bioavailability of hydrophobic APIs still remains a persistent challenge in many formulations. 

It has been reported that 40% of marketed drugs and 90% of drug candidates in the pipeline 

are hydrophobic.3 Their poor water-solubility renders the drugs difficult to be absorbed in the 

gastrointestinal tract, greatly undermining their potency. Nanocrystalline formulations are an 

attractive route to increase API solubility, but typically require abrasive mechanical milling 

and several processing steps to create an oral dosage form. Milling can often damage the API 

or transform it to an undesirable crystal polymorph.4 Moreover, many inefficient steps are 

required to process the generated nanocrystals with polymeric excipients into a drug product, 

and achieving homogenous distribution of API is still difficult.5 Therefore, it is imperative to 

develop alternative strategies which are efficient and effective.  
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Figure 1.1. Conventional pharmaceutical formulations (adapted from a prior work6). 

1.2 Nanoemulsions 

Nanoemulsions have gained considerable attention in recent years with the increasing need to 

develop effective delivery systems for hydrophobic active ingredients. Hydrophobic active 

ingredients are ubiquitous in a wide variety of applications, such as pharmaceuticals,7–9 

cosmetics,10 and food.11,12 An oil-in-water nanoemulsion involves dispersed oil droplets with 

an average size ranging from 20 to 500 nm in a continuous water phase (Figure 1.2a).13 The 

oil nanodroplets can act as more effective reservoirs for solubilizing various hydrophobic 

ingredients compared to simple micellar dispersions (Figure 1.2b).14 Nanoemulsions can 

protect the active ingredients from degradation due to harmful external factors, such as 

oxidation, pH, or hydrolysis (Figure 1.2c).14 In contrast to conventional macroemulsions, a 

nanoemulsion has uniformly small nanodroplets, and the strong Brownian motion can oppose 

flocculation and coalescence.11 Therefore, a nanoemulsion can be highly stable and have a long 

shelf life. (Figure 1.2d).10 Because of the small size, an oil-in-water nanoemulsion can be 

effectively absorbed by human bodies (Figure 1.2e).15 For oral drug delivery, a nanoemulsion 

loaded with a hydrophobic drug has shown a significant bioavailability improvement compared 

to the unformulated crystalline drug.16 Nanoemulsions have also been used to enhance lipid 

digestibility and the absorption of bioactive ingredients in food products and supplements.17 

Moreover, cosmetic products made with nanoemulsions show improved efficacy, because the 

oil nanodroplets can easily permeate through a skin.18  
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Figure 1.2. Overview of oil-in-water nanoemulsions and their properties. (a) An oil-in-water 

nanoemulsion system involves oil nanodroplets that are dispersed in the continuous water 

phase. The nanodroplets are stabilized by a layer of surfactants and have a diameter between 

20 and 500 nm. The oil nanodroplets can act as good reservoirs for loading hydrophobic 

ingredients. (b) Nanoemulsions generally show higher loading capacity compared to micellar 

dispersions.10 (c) Nanoemulsions can protect the loaded active ingredients from harmful 

external factors. (d) Nanoemulsions are stable over a long time. (e) Nanoemulsions show 

enhanced absorption compared to macroemulsions. 

1.2.1 Nanoemulsion Synthesis 

Nanoemulsions are formed when two immiscible phases (e.g., oil and water) are mixed with 

the addition of an emulsifier (e.g., surfactant) that decreases the interfacial tension between the 

two phases. The free energy required to form a nanoemulsion (∆𝐺𝑁𝐸) is the difference between 

the free energy required to increase the oil-water interface (𝛾∆𝐴) and the free energy associated 

with increasing the number of possible nanodroplet arrangements (𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔).19,20 

 ∆𝐺𝑁𝐸 = 𝛾∆𝐴 − 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔 (1.1) 

where 𝛾 is the interfacial tension, 𝐴 is the interfacial area, 𝑇 is the temperature, and 𝑆 is the 

entropy. It is noted that the 𝛾∆𝐴 term is always positive, which opposes the formation of 

nanoemulsions. Generally, the 𝛾∆𝐴 term is greater than the 𝑇∆𝑆𝑐𝑜𝑛𝑓𝑖𝑔term, and additional 

energy input is required to form a nanoemulsion.  
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Preparation of nanoemulsions can be classified into two categories: high-energy and low-

energy methods (Figure 1.3). The input energy densities of high-energy and low-energy 

methods are 108-1010 and 103-105 W/kg, respectively. The factors that control the droplet size 

of a nanoemulsion include energy input, oil volume fraction, surfactant hydrophilic-lipophilic 

balance (HLB), and surfactant-to-oil ratio (SOR).21  

1.2.1.1 High-Energy Methods 

High-energy methods provide a robust way to prepare nanoemulsions, which are commonly 

achieved by a homogenizer or an ultrasonicator (Figure 1.3a). A homogenizer consists of a 

high-pressure pump that can generate high shear stresses on a macroemulsion when pushing 

the macroemulsion through a narrow gap on the order of a few microns. An ultrasonicator can 

provide high energy shock waves that create turbulence in a macroemulsion. Both the high 

shear stresses and high energy shock waves can effectively break down the dispersed bulk oil 

droplets and transform a macroemulsion into a nanoemulsion.  

1.2.1.2 Low-Energy Methods 

Emulsion inversion point (EIP) and phase inversion temperature (PIT) are two widely used 

low-energy methods (Figure 1.3b). EIP is also called phase inversion composition (PIC). The 

EIP method involves diluting the dispersed phase/surfactant mixture with the continuous phase 

of a nanoemulsion, and the PIT method involves cooling an oil/water system that has a 

thermosensitive surfactant.22 During the dilution or cooling, the system can pass through an 

inversion point where the interfacial tension between the oil and water can be as low as 10 

µN/m.23 The low interfacial tension favors the formation of dispersed nanodroplets with low 

energy requirements. Low-energy methods only require simple stirring, and thus have great 

potential for large-scale production. Because nanoemulsions are kinetically stable, order of 

adding each component can affect the final droplet size.24  
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Figure 1.3. Overview of high-energy and low-energy methods for preparing oil-in-water 

nanoemulsions. (a) High-energy methods include high pressure homogenization and 

ultrasonication. (b) Low-energy methods include emulsion inversion point (EIP) and phase 

inversion temperature (PIT).13 

1.3 Hydrogels 

Hydrogels are promising materials to encapsulate active ingredients for more accurate 

administration,25 controlled delivery,26–29 and enhanced stability.30 They provide versatile 

delivery platforms for various administration routes, including oral, parenteral, and topical 

routes.31 Hydrogels are three-dimensional polymeric networks that can be readily customized 

and formulated into particles with various sizes and shapes.31 They can swell under biological 

conditions, and thus are ideal materials for biomedical applications, such as drug delivery31 

and tissue engineering.32 Their tunable physical properties facilitate the development of novel 

drug delivery platforms.33 However, the hydrophilic nature of hydrogels inherently limits their 

ability to encapsulate hydrophobic active ingredients. To overcome this limitation, major 



27 

research efforts have been focused on incorporating hydrophobic domains into hydrogel 

matrices by encapsulating nanoparticles,34 macroemulsions,35 and nanoemulsions36 into 

hydrogel particles. 

1.3.1 Alginate 

Alginate hydrogels are natural polysaccharides that have gained increasing interest because of 

their non-toxicity and biocompatibility.37 They are widely applied in food, pharmaceutical, and 

biomedical industries.38 Formation of alginate hydrogels requires ionic crosslinking between 

alginate and divalent cations (Figure 1.4). The divalent cations can bind the guluronate blocks 

of an alginate chain to the guluronate blocks of an adjacent chain. The binding between the 

cations and guluronate blocks can form an egg-box structure, which leads to a hydrogel 

network.37 Because the gelation process is facile, many production techniques have been 

developed to form alginate particles with different length scales.39  

 

Figure 1.4. Ionic cross-linking of alginate molecules in the presence of calcium ions. The 

guluronate blocks of alginate molecules are bound together by calcium ions to form egg-box 

structures.40 

1.3.2 Methylcellulose (MC) and Hydroxypropyl Methylcellulose (HPMC) 

Methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC) are two types of nature-

based cellulose ester excipients that have been widely formulated into oral solid dosage forms 

in food and pharmaceutical applications.41–43 Their unique swelling and erosion behaviors are 
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suitable for the design of controlled release systems and for the study of drug delivery models.44 

Upon contact with water, a gel layer can form on the polymer surface due to rapid hydration, 

which slows down further water penetration into the inner dry polymer core.45 The non-ionic 

nature of the cellulose materials ensures reproducible pH-independent drug release profiles in 

gastrointestinal fluids with varying pH conditions.43 In addition, drug solubility is a key factor 

that determines the drug release behavior. For hydrophilic drugs, drug diffusion through the 

gel layer and matrix erosion both contribute to the drug release. For hydrophobic drugs, drug 

release is mainly through the erosion of cellulose matrices.46  

Reversible thermal gelation is a smart property of MC and HPMC that has gained considerable 

attention in the field of rheology47,48 and tissue engineering.49,50 The polymer gels upon heating 

and returns back to the sol state upon subsequent cooling.48 This property has been applied to 

develop many in situ gelling materials for drug delivery.51,52 MC and HPMC belong to 

thermoresponsive polymers that have a lower critical solution temperature (LCST), which 

defines the sol-gel transition for a polymer. Because polymers with a LCST have a negative 

mixing entropy (∆𝑆𝑚𝑖𝑥 ), increasing temperature leads to an increase in ∆𝐺𝑚𝑖𝑥  and more 

unfavorable mixing. 

 ∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 (1.2) 

The sol-gel transition for a MC (or HPMC) solution is schematically shown in Figure 1.5. 

Below the LCST, hydrogel bonds are formed between the water molecules and the hydroxyl 

groups (-OH) of the cellulose materials. The hydration layers can prevent the hydrophobic 

methoxy groups (-OCH3) from associating together. Upon heating, the hydrogel bonds are 

broken. With the loss of the hydration layers, the hydrophobic groups can associate together 

and form a gel structure.53  
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Figure 1.5. Sol-gel transition for a methylcellulose solution: below the LCST, hydrogel bonds 

are formed between the water molecules and the hydroxyl groups of MC. The hydration layers 

can prevent the hydrophobic association. Upon heating to T>LCST, hydrogen bonds are 

broken, and the hydrophobic groups of MC associate together to form hydrophobic junctions 

that lead to a hdyrogel structure.53 The same sol-gel transition mechanism is also applied to 

HPMC.  

1.4 Nanoemulsion-Loaded Hydrogels 

To generate nanoemulsion-loaded hydrogels for nanoemulsion encapsulation, crosslinkable 

nanoemulsions have been developed with crosslinking agents loaded in the continuous phase. 

After the gelation is induced, a hydrogel is formed with immobilized oil nanodroplets 

embedded in the hydrogel network. The nanoemulsion-loaded hydrogels have been applied for 

nanoemulsion delivery10,36 and confined crystallization.9,54–56 

1.4.1 Thermogelling Nanoemulsions 

Our group has designed several thermogelling nanoemulsions in which gelation is triggered by 

an increase in temperature (Figure 1.6).10,57,58 The thermal gelation can be induced through 

oligomer bridging the nanodroplets (Figure 1.6a),58 surfactant replacement to lower the 

repulsion between the nanodroplets (Figure 1.6b),57 and jamming via adsorption of 

copolymers onto the nanodroplets (Figure 1.6c).10 Temperature is a simple and convenient 

stimulus that can remotely induce gelation for material processing. However, these 

thermogelling nanoemulsions are only limited to non-volatile organic solvents as the oil phase 
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(e.g., silicone oil and isopropyl myristate), which cannot be easily evaporated to induce 

crystallization. 

 

Figure 1.6. Overview of thermogelling nanoemulsions with different thermal gelation 

mechanisms: (a) oligomer bridging the nanodroplets,58 (b) surfactant replacement to lower the 

repulsion between the nanodroplets,57 and (c) jamming via adsorption of copolymers onto the 

nanodroplets.10 

1.4.2 Alginate Nanoemulsions for Confined Crystallization 

Our group has developed alginate nanoemulsions for more efficient oral drug formulations 

(Figure 6). The formulations involve ionic crosslinking of alginate molecules and heating to 

remove the solvents (Figure 6a). The ionic crosslinking is achieved by dripping the alginate 

nanoemulsion into a CaCl2 solution to form crosslinked alginate particles with embedded oil 

nanodroplets, which then are dried at an elevated temperature.9,54–56 During the drying, the 

nanodroplets act as crystallization reactors, and the final nanocrystal size is dictated by the 

nanoemulsion droplet size. The alginate nanoemulsions can be prepared using high-energy54,56 

and low-energy methods.9,55 In addition to the simple dripping method driven by gravity, 

centrifugal forces can also be applied on smaller dispensing tips to form smaller hydrogel 

particles.9,55 To incorporate more functionalities, polyvinyl alcohol (PVA) has been introduced 

into an alginate nanoemulsion.56 During the drying, the PVA molecules can migrate to the 

alginate particle surface to form a shell for delayed release (Figure 1.7b). By mixing two 
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nanoemulsions loaded with two different hydrophobic APIs, coformulation is easily achieved 

with two APIs uniformly distributed in a single alginate particle (Figure 1.7c).9 However, 

confined crystallization in nanoemulsions is limited to alginate crosslinking mechanism, and 

it would be desirable to utilize other gelation techniques to immobilize oil nanodroplets for 

confined crystallization. For example, if confined crystallization can occur in a thermogelling 

nanoemulsion, we can induce the gelation and crystallization just by heating the nanoemulsion, 

which would be more efficient than using alginate nanoemulsions which require ionic 

crosslinking and heating to dry. 

 

Figure 1.7. (a) Ionic crosslinking of an alginate nanoemulsion, which is then dried to induce 

API crystals in a dried alginate matrix.54 (b) SEM image of a PVA shell around an alginate 

particle.56 (c) Coformulation of two different hydrophobic APIs.9 

1.5 Pharmaceutical Nanocrystals 

In the pharmaceutical community, nanocrystals have a size between a few nanometers and 

1000 nm.59 Nanocrystals have novel properties (e.g., enhanced dissolution and melting point 

depression) that are very different from their bulk materials.4 Therefore, many pharmaceutical 

formulations have been developed to generate nanocrystals for hydrophobic APIs.4 
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1.5.1 Preparation of Drug Nanocrystals 

The preparation of drug nanocrystals can be classified into two categories, top-down and 

bottom-up methods (Figure 1.8).4 The top-down methods involve mechanical forces to break 

down larger particles into smaller ones, while the bottom-up methods involve building up 

nanocrystals from molecules.  

 

Figure 1.8. Schematic diagram of bottom-up and top-down methods for preparing 

nanocrystals.4 

1.5.1.1 Top-Down Methods 

Top-down methods include fluid energy milling (or air jet milling), ball milling, wet stirred 

medial milling, high-pressure homogenization, cryogenic milling. These methods are generally 

energy-intensive, and the abrasive nature could lead to polymorphic transformation.4 The fluid 

energy milling and ball milling belong to dry milling techniques, in which the smallest particle 

size is limited to a few micrometers.60 Wet stirred media milling is one of the most extensively 

used techniques to formulate nanoparticle suspensions, because it is a robust and well-

established process that can be applied to many hydrophobic drugs.61,62 However, it generally 

involves long milling durations (3-12 h),63,64 and erosion of milling media may cause severe 

contamination of drugs.65,66 

1.5.1.2 Bottom-Up Methods 

Bottom-up methods are more energy-efficient, and are also called precipitation methods. The 

principle is to precipitate drug nanocrystals from a supersaturated solution of a drug. Strategies 
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to generate supersaturation include solvent evaporation, temperature reduction, and antisolvent 

addition.67 Bottom-up methods include supercritical fluid technology, spray drying, freeze 

drying, antisolvent precipitation, and evaporative precipitation.67–69 In recent years, 

crystallization in rigid confinement has also been applied to template the formation of drug 

nanocrystals.70–73 Confined crystallization in porous matrices of known size can lead to 

uniform nanocrystal sizes70 and better controls over the polymorphic forms.71,72 However, 

these methods are limited to certain specifications of porous materials that are generally not 

ideal excipients, and it is not flexible to simultaneously control the drug crystal size and the 

drug loading content. 

1.5.2 Dissolution Enhancement of Nanocrystals 

The dissolution velocity of a drug crystal can be described by the Noyes-Whitney equation.59  

 
𝑑𝐶

𝑑𝑡
=

𝐷𝐴

ℎ𝐷

(𝐶𝑠 − 𝐶𝑥) (1.3) 

where 
𝑑𝐶

𝑑𝑡
 is the dissolution velocity, 𝐷 is the diffusion coefficient, 𝐴 is the surface area of the 

particle, ℎ𝐷  is the diffusional distance, 𝐶𝑠  is the saturation solubility, 𝐶𝑥  is the bulk 

concentration. The saturation solubility is dependent on the particle size, and the dependence 

can be described by the Kelvin equation74 and the Ostwald-Freundlich equation.75 The Kelvin 

equation is used to describe the dissolution pressure of a solid particle, which is a function of 

the particle curvature. Equilibrium exists between dissolving and recrystallizing molecules. 

Reducing the particle size increases the dissolution pressure, which corresponds to increased 

saturation solubility.74 

 ln (
𝑃𝑟

𝑃∞
) =

2𝛾𝑀𝑟

𝑅𝑇𝜌𝑟
 (1.4) 

where 𝑃𝑟 is the dissolution pressure of a particle with a radius 𝑟, 𝑃∞ is the dissolution pressure 

of an infinitely large particle, 𝛾 is the surface tension, 𝑀𝑟 is the molecular weight, 𝑅 is the 

universal gas constant, 𝑇 is the absolute temperature, 𝜌 is the particle density, 𝑟 is the particle 

radius. 
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The Ostwald-Freundlich equation correlates the drug saturation solubility and the drug particle 

size.75 

 log (
𝐶𝑠

𝐶∞
) =

2𝜎𝑉

2.303𝑅𝑇𝜌𝑟
 (1.5) 

where 𝐶𝑠 is the saturation solubility of a particle with a radius 𝑟, 𝐶∞ is the solubility of an 

infinitely large particle, 𝜎  is the interfacial tension between the particle surface and the 

surrounding medium, 𝑉 is the molar volume of the drug, 𝑅 is the universal gas constant, 𝑇 is 

the absolute temperature, 𝜌 is the particle density, 𝑟 is the particle radius. 

From the Ostwald-Freundlich and Noyes-Whitney equations, when the particle size is smaller 

than the critical size of 1-2 μm,59 the dissolution velocity can be greatly improved for 

hydrophobic drugs because of the increase in the surface area and the saturation solubility. 

1.5.3 Melting Point Depression of Nanocrystals 

At the equilibrium of a melting crystal, the Gibbs free energies are the same for the liquid phase 

and the solid phase. 

 𝐺𝑠,𝑏𝑢𝑙𝑘 + 𝐺𝑠,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝐺𝑙,𝑏𝑢𝑙𝑘 + 𝐺𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 (1.6) 

where 𝐺𝑠,𝑏𝑢𝑙𝑘 and 𝐺𝑠,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 are the Gibbs free energies of the bulk and surface in the solid 

phase. 𝐺𝑙,𝑏𝑢𝑙𝑘 and 𝐺𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 are the Gibbs free energies of the bulk and surface in the liquid 

phase.  

With the following definitions, 

 ∆𝐺𝑠−𝑙,𝑏𝑢𝑙𝑘 = 𝐺𝑠,𝑏𝑢𝑙𝑘 − 𝐺𝑙,𝑏𝑢𝑙𝑘 (1.7) 

 ∆𝐺𝑠−𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝐺𝑠,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − 𝐺𝑙,𝑏𝑢𝑙𝑘 (1.8) 

we can rewrite Equation 1.6 into 

 ∆𝐺𝑠−𝑙,𝑏𝑢𝑙𝑘 + ∆𝐺𝑠−𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 0 (1.9) 
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Assuming that the fusion enthalpy is constant, ∆𝐺𝑠−𝑙,𝑏𝑢𝑙𝑘 can be expressed by 

 ∆𝐺𝑠−𝑙,𝑏𝑢𝑙𝑘 = ∆𝐻𝑚 − 𝑇(𝑟)∆𝑆𝑚 = ∆𝐻𝑚 − 𝑇(𝑟)
∆𝐻𝑚

𝑇𝑚
 (1.10) 

where ∆𝐻𝑚 is the fusion enthalpy of the bulk phase, ∆𝑆𝑚 is the entropy of the bulk phase, 𝑇𝑚 

is the melting point of the bulk phase, 𝑇(𝑟) is the melting point of particle with a radius 𝑟. 

For a spherical particle, the ∆𝐺𝑠−𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 can be described by the Kelvin equation: 

 ∆𝐺𝑠−𝑙,𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =
−2𝛾𝑉𝑚

𝑟
 (1.11) 

where 𝛾 is the surface tension of the solid-liquid interface, 𝑉𝑚 is the drug molar volume, and 𝑟 

is the particle radius.  

Plugging Equation 1.10 and Equation 1.11 into Equation 1.9 leads to the Gibbs-Thomson 

equation (Equation 1.12),76 which describes melting point depression of nanocrystals: 

 ∆𝑇𝑚 = 𝑇𝑚 − 𝑇(𝑟) =
2𝛾𝑉𝑚𝑇𝑚

𝑟∆𝐻𝑚
 (1.12) 
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1.6 Thesis Organization 

In this thesis, two promising building blocks, functional nanoemulsions and hydrogels, are 

simultaneously utilized to design new materials that enable more efficient and effective 

formulations of oral drug products (e.g., tablets, capsules, particles, nanoparticle suspensions, 

and oral thin films). The new formulation methods can not only address the current formulation 

problems, but also ensure high quality drug products with improved dissolution/absorption of 

hydrophobic drugs, high drug content uniformity, and versatile release controls (e.g., delayed 

release and tunable fast release). 

 

Figure 1.9. Proposed scheme for formulating oral drug products. 

The thesis is broken down into several parts. After a brief introduction, different technologies 

to formulate drug products are presented.  

Chapter 1 discusses the motivation and general scope for this work. 

Chapter 2 describes a method to encapsulate nanoemulsions in alginate capsules for controlled 

delivery of lipophilic active ingredients.  

Chapter 3 presents a new thermogelling nanoemulsion system that can be easily formulated 

into composite solid dosage drug products with well-controlled API nanocrystals embedded in 

a MC matrix. 

Chapter 4 presents a thermogelling HPMC nanoemulsions that can directly act as film 

precursors for casting and provide robust templates to formulate oral films with uniform drug 

nanoparticles embedded in a dried HPMC matrix. 

Chapter 5 summarizes the conclusions from this work and comments on future direction. 
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Chapter 2  Nanoemulsion-Loaded Capsules for Controlled 

Delivery of Lipophilic Active Ingredients 

Nanoemulsions have become ideal candidates for loading hydrophobic active ingredients and 

enhancing their bioavailability in the pharmaceutical, food, and cosmetic industries. However, 

the lack of versatile carrier platforms for nanoemulsions hinders advanced control over their 

release behavior. In this work, a method is developed to encapsulate nanoemulsions in alginate 

capsules for the controlled delivery of lipophilic active ingredients. Functional nanoemulsions 

loaded with active ingredients and calcium ions are first prepared, followed by encapsulation 

inside alginate shells. The intrinsically high viscosity of the nanoemulsions ensures the 

formation of spherical capsules and high encapsulation efficiency during the synthesis. 

Moreover, a facile approach is developed to measure the nanoemulsion release profile from 

capsules through UV-Vis measurement without an additional extraction step. A quantitative 

analysis of the release profiles shows that the capsule systems possess a tunable, delayed-burst 

release. The encapsulation methodology is generalized to other active ingredients, oil phases, 

nanodroplet sizes, and chemically crosslinked inner hydrogel cores. Overall, the capsule 

systems provide promising platforms for various functional nanoemulsion formulations. 

This chapter has been adapted with permission from L.-H. Chen, L.-C. Cheng, and P. S. Doyle. 

Nanoemulsion-Loaded Capsules for Controlled Delivery of Lipophilic Active Ingredients. 

Advanced Science (2020): 2001677.77 

2.1 Introduction 

Nanoemulsions have gained considerable attention in recent years because of the increasing 

need to develop effective delivery systems for lipophilic active ingredients. These lipophilic 

active ingredients are ubiquitous in a wide variety of applications, such as pharmaceutical 

manufacturing,7–9 cosmetic formulations,10 and food processing.11,12 In pharmaceutical 

applications, it is known that 40% of currently marketed drugs and 90% of drugs in 

development are hydrophobic3 wherein the low water solubility greatly limits their 

bioavailability and absorption efficiency. Oil-in-water (O/W) nanoemulsion systems have been 

extensively pursued for hydrophobic pharmaceutical compounds. These nanoemulsions are 
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dispersed oil droplets with an average size ranging from 20 to 500 nm in an aqueous continuous 

phase.13 The oil nanodroplets can act as effective reservoirs for solubilizing various lipophilic 

ingredients and protecting them from degradation due to external factors, such as oxidation, 

pH, or hydrolysis.14 In contrast to conventional macroemulsions, a nanoemulsion has 

uniformly small nanodroplets that are more resistant to flocculation and coalescence.11 

Moreover, their improved kinetic stability enables a nanoemulsion to possess a longer shelf 

life, and their larger active surface area to volume of droplets enables better availability of 

incorporated active ingredients. For oral drug delivery, the high loading capacity of an O/W 

nanoemulsion to solubilize a hydrophobic drug has shown a significant improvement of the 

bioavailability compared to the unformulated crystalline form.16 O/W nanoemulsions are used 

to enhance lipid digestibility and the absorption of bioactive ingredients in food products and 

supplements.17 The efficacy of cosmetic products can also be greatly improved with oil 

nanodroplets leading to enhanced permeation of active ingredients into skin.18  

Advances in encapsulation technologies have facilitated the formulation of active ingredients 

into versatile dosage forms, in which the active ingredients can be carried for accurate 

administration,25 controlled delivery,26–29 and enhanced stability.30 Hydrogel encapsulation is 

one of the most promising routes and has been widely applied to design delivery platforms for 

various administration routes, including oral, parenteral, and topical routes.31 Hydrogels are 

three-dimensional polymeric networks that can be readily customized and formulated into 

particles with various sizes and shapes.31 Their tunable physical properties facilitate the 

development of novel drug delivery platforms.33 Alginate hydrogels are natural 

polysaccharides that have gained increasing interest because of their non-toxicity and 

biocompatibility.37 In addition, the ionic crosslinking of alginate via divalent cations is facile 

and gentle on incorporated actives. Thus, alginate hydrogels are widely applied in food, 

pharmaceutical, and biomedical industries.38 However, the hydrophilic nature of hydrogels 

inherently limits their ability to encapsulate hydrophobic active ingredients. To overcome this 

limitation, major research efforts have been focused on incorporating hydrophobic domains 

into hydrogel matrices by encapsulating nanoparticles,34 macroemulsions,35 and 

nanoemulsions into hydrogel particles. For example, alginate beads have been used to 

encapsulate macroemulsions for controlled lipid digestion.78,79 The encapsulation efficiency of 

lipid droplets depends on the degree of alginate crosslinking.80 Recently, our group 
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encapsulated nanoemulsions inside alginate beads for confined crystallization.9,54–56 After 

solvent evaporation, nanocrystals of a lipophilic active pharmaceutical ingredient were formed 

with the crystal size dictated by the oil droplet size. In addition, nanoemulsion-loaded alginate 

beads have also been applied for delivering a lipophilic bioactive ingredient in the liquid 

form.36 However, the encapsulation of nanoemulsions in alginate beads becomes more 

challenging as the droplet sizes are reduced to nanoscale.36 A large number of oil nanodroplets, 

especially when their sizes are close to the alginate mesh size (~10 nm),79 could potentially 

hinder the alginate crosslinking and disrupt the hydrogel structure, leading to significant 

leakage of the nanoemulsion.  

To the best of our knowledge, nanoemulsion encapsulation techniques are limited to 

monolithic dosage forms.9,36,54–56,81 Here, we report a new method to encapsulate 

nanoemulsions in alginate capsules for the controlled delivery of lipophilic active ingredients. 

After the addition of CaCl2 into nanoemulsions, a simple one-batch inverse gelation 

technique82 is applied by dripping the calcium-laden nanoemulsions into an alginate bath. The 

nanoemulsion suspensions prepared in our work have an intrinsically large viscosity which 

enables their encapsulation in alginate capsules. In addition, a facile method is proposed to 

measure the release of nanoemulsions which avoids a tedious extraction step and facilitates 

automated real-time measurements using a United States Pharmacopeia (USP) dissolution 

apparatus. We demonstrated that alginate capsules have improved encapsulation efficiency 

compared to their monolithic bead counterparts. The bursting time of the alginate capsules is 

related to the shell properties which can be easily engineered by varying the calcium 

concentration during synthesis. The capsule systems are also generalized to other combinations 

of active ingredients and oils, and tailored nanodroplet sizes. With the addition of UV-

crosslinkable precursors, the inner nanoemulsion liquid cores can be chemically crosslinked 

into a nanoemulsion-laden hydrogel for the preparation of core-shell hydrogel particles. The 

proposed capsule systems provide an advanced platform for the encapsulation and controlled 

release of nanoemulsions. 
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2.2 Experimental Section 

Materials: Sodium alginate (~39% in guluronic acid blocks, Mw ~ 100 kDa), Span 80 (sorbitan 

monooleate), Tween 80 (polysorbate), isopropyl myristate (≥98%), calcium chloride (CaCl2), 

sodium chloride (NaCl), Nile red, vitamin E (α-tocopherol, ≥ 99.5%), corn oil, poly(ethylene 

glycol) diacrylate (PEGDA, Mn = 700 g/mol),  silicone oil, photoinitiator 2-hydroxy-2-methyl-

1-phenyl-propan-1-one (Darocur 1173) were purchased from Sigma-Aldrich. Ibuprofen (99%, 

ACROS OrganicsTM) was purchased from Fisher ScientificTM to be used as an active 

pharmaceutical ingredient (API). Sucrose (ultrapure) was purchased from VWR Life Science.  

Nanoemulsion Synthesis: Nanoemulsions were prepared using a low-energy method (phase 

inversion approach) at ambient temperature. In this study, two nanoemulsion systems (calcium 

nanoemulsions and alginate nanoemulsions) were developed for the preparation of alginate 

capsules and alginate beads, respectively. The two systems are composed of the same oil phase 

and surfactant. The oil (dispersed) phase was isopropyl myristate loaded with ibuprofen (100 

mg/mL), and the surfactant was a mixture of Tween 80 and Span 80 with a HLB value of 13. 

The HLB value for a mixture of Tween 80 and Span 80 is calculated by HLB = 4.3𝑥𝑤 + 15(1 

− 𝑥𝑤), where 𝑥𝑤 is the weight fraction of Span 80 in the mixture. Span 80 and Tween 80 have 

HLB values of 4.3 and 15, which represent oleophilic and hydrophilic surfactants, respectively. 

To engineer the nanoemulsion droplet sizes, calcium nanoemulsions were prepared with 

surfactant mixtures of different HLB values. For the preparation of calcium nanoemulsions, a 

3 g sucrose aqueous solution (25 wt.%) was slowly dripped into a mixture of 1 g API-loaded 

oil and 1 g surfactant at a magnetic stirring rate of 1000 rpm. After stirred for another 10 

minutes at the same speed, the nanoemulsion was added with CaCl2 (0.1/0.2/0.3 g). The 

resulting calcium concentrations ( 𝑤𝐶𝑎𝐶𝑙2
) are 0.02, 0.04, and 0.06 g/g nanoemulsion, 

respectively. For the alginate nanoemulsion, a 3 g alginate aqueous solution (1/2/4% w/v) was 

slowly dripped into a mixture of 1 g API-loaded oil and 1 g surfactant at a magnetic stirring 

rate of 1000 rpm. After another 10 minutes of stirring at the same speed, the alginate 

nanoemulsion is obtained. 

Dynamic Light Scattering (DLS): The droplet size and polydispersity index (PDI) of a 

nanoemulsion were measured by DLS (Brookhaven NanoBrook 90Plus PALS) operated at a 
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fixed scattering angle of 90° and a temperature of 25°C. The sample was prepared by diluting 

5 μL of the nanoemulsion solution with 3 mL deionized water in a cuvette. The dilution is 

performed to eliminate multiple scattering effects and ensure a consistent baseline. For each 

sample, five sets of one-minute measurements are done to determine the droplet size 

distribution.  

Alginate Capsules for Nanoemulsion Encapsulation: The inverse gelation technique is used to 

prepare alginate capsules.82 The gelation bath was a 200 mL 1% w/v alginate solution with 

0.1% w/v Tween 80 added to lower the surface tension. For nanoemulsion encapsulation, 3 

mL of a calcium nanoemulsion was loaded into a syringe and dripped into the bath at a dripping 

height of 10 cm. The stirring rate was maintained at 350 rpm to enhance the mass transfer of 

calcium ions and prevent the capsules in close contact from sticking together due to the fast 

gelation process. An 18 gauge (18G, Nordson EFD Optimum®, inner diameter = 0.84 mm, 

outer diameter = 1.27 mm, length = 12.7 mm) stainless steel dispensing tip was used to drip 

the calcium nanoemulsions with three different calcium concentrations. For the calcium 

concentration (𝑤𝐶𝑎𝐶𝑙2
) of 0.04 g/g nanoemulsion, 22 gauge (22G, Nordson EFD Optimum®, 

inner diameter = 0.41 mm, diameter = 0.72 mm, length = 12.7 mm) stainless steel dispensing 

tip was also used to prepare smaller capsules for comparison. After all the nanoemulsion in the 

syringe was dripped into the bath, the bath was stirred for another 1.5 hours. Before the 

capsules were collected, the alginate bath was diluted four-fold by adding 600 mL deionized 

water to quench the gelation process. The collected capsules were then washed by deionized 

water briefly and incubated in a 2% w/v CaCl2 solution at a stirring rate of 350 rpm for 15 

minutes. Finally, the alginate capsules were rinsed with deionized water again to remove 

excess CaCl2 and stored in the refrigerator overnight before release tests. 

Alginate Beads for Nanoemulsion Encapsulation: The external gelation technique is used to 

prepare alginate beads.82 A 3 mL alginate nanoemulsion was loaded into a syringe and dripped 

into a 200 mL 2% w/v CaCl2 solution (containing 0.1% w/v Tween 80) at a dripping height of 

10 cm. The stirring rate was maintained at 100 rpm to enhance the mass transfer of the calcium 

ions. An 18G stainless steel dispensing tip was used for dripping the alginate nanoemulsion 

with three different alginate concentrations. After all the nanoemulsion in the syringe was 

dripped into the bath, the CaCl2 concentration of the bath was increased to 4% w/v by adding 
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more CaCl2 into the bath, and the beads were stirred for another 2 hours to ensure complete 

crosslinking. Finally, the alginate beads were rinsed with deionized water to remove excess 

CaCl2 and stored in the refrigerator overnight before the release test. 

Particle Size and Shell Thickness Analyses: The images of the as-prepared nanoemulsion 

carriers (capsules and beads) were captured from the top view using a digital camera (Canon 

PowerShot ELPH 190 IS). ImageJ was used as an image processing tool to characterize the 

area (𝐴) as well as the maximum and minimum Feret diameters (𝑑𝑚𝑎𝑥 and 𝑑𝑚𝑖𝑛). With these 

parameters, the carrier outer radius (𝑟𝑐𝑎𝑟𝑟𝑖𝑒𝑟) and sphericity factor (𝑆𝐹) can be calculated as 

follows: 

 𝑟𝑐𝑎𝑟𝑟𝑖𝑒𝑟 = √𝐴
𝜋⁄  (2.1) 

 
𝑆𝐹 =  

𝑑𝑚𝑎𝑥 − 𝑑𝑚𝑖𝑛

𝑑𝑚𝑎𝑥 + 𝑑𝑚𝑖𝑛
 (2.2) 

To further determine the inner core radius and thickness of the alginate capsules, the capsules 

were cut in half, and their images were analyzed by ImageJ to determine the shell thickness 

(ℎ𝑠ℎ𝑒𝑙𝑙). Finally, the core radius (𝑟𝑐𝑜𝑟𝑒) was obtained by subtracting the ℎ𝑠ℎ𝑒𝑙𝑙 from the 𝑟𝑐𝑎𝑟𝑟𝑖𝑒𝑟. 

For each condition, ten carriers are used for analyses.  

Viscosity Measurement: TA Instruments DHR-3 stress-controlled rotational rheometer was 

used to measure the viscosity of the API-loaded nanoemulsion and its continuous phase 

combinations. The rheometer was equipped with an upper-cone geometry (diameter = 60 mm, 

cone angle = 1.004°, truncated gap = 29 μm). Viscosities were measured by carrying out shear 

rate sweeps from 0.1 to 1000 s-1 at 20°C. The equilibration time and averaging time were set 

to be 5 and 30 s. 

UV-Vis Spectroscopy: UV-Vis spectrophotometer (Thermo Scientific™ NanoDrop™ One) 

was used to measure the absorbance spectra of two samples: bulk oil phase (100 mg 

ibuprofen/mL isopropyl myristate) and O/W nanoemulsion prepared from the oil phase. The 

light wavelength was swept from 150 to 850 nm. Pure isopropyl myristate and deionized water 
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was used to determine the baseline for the bulk oil phase and the nanoemulsion, respectively. 

The characteristic absorbance peaks of the two samples were both at 230 nm. 

Release Experiment: The in vitro release of API-loaded nanoemulsions from the alginate 

capsules and beads was measured using a USP Dissolution Apparatus II (Agilent Technologies 

Varian VK 7025). A Cary 50 UV-Vis spectrometer and an in situ probe set, which were 

integrated in the dissolution apparatus, automatically recorded the absorbance at a wavelength 

of 230 nm every minute. The release medium of 900 mL 0.9% w/v (0.154 M) saline was used 

to simulate physiological conditions because of the similar osmolarity to human body fluids. 

The operating temperature and paddle rotational speed were set at 37°C and 75 rpm, 

respectively. Before release experiments, the UV-Vis spectrometer was first calibrated with an 

API-loaded nanoemulsion. The nanoemulsion was then added sequentially into the vessel with 

the addition mass and the corresponding absorbance recorded. For each release experiment, 

the number of nanoemulsion carriers (capsules or beads) are controlled so that about 500 mg 

optimal API-loaded nanoemulsion was released from the carriers. The required numbers of 

carriers prepared from 18G and 22G needles were 40 and 70, respectively. All reported 

measurements were repeated three times under identical conditions and averaged values are 

reported. 

Determination of Effective Diffusivity for the Early Diffusion (R1) Regime: Assuming a steady-

state diffusion in the radial direction through a spherical shell with inner (𝑟𝑖) and outer (𝑟𝑜) 

radii, we get the following mass transfer per time 𝑛𝐴 (mol/s): 

 𝑛𝐴 =
4𝜋𝑟𝑖𝑟𝑜𝐷𝑒𝑓𝑓(𝐶𝐴,𝑖𝑛 − 𝐶𝐴,𝑜𝑢𝑡)

𝑟𝑜 − 𝑟𝑖
  (2.3) 

where 𝐶𝐴,𝑖𝑛 and 𝐶𝐴,𝑜𝑢𝑡 are the species concentrations of the capsule core and bath, and 𝐷𝑒𝑓𝑓 is 

the effective diffusivity of the species in the shell. Because the 𝐷𝑒𝑓𝑓 is determined for the early 

diffusion regime where most of the nanoemulsion still remains in the capsules, the equation is 

further approximated by setting 𝐶𝐴,𝑖𝑛 and 𝐶𝐴,𝑜𝑢𝑡 to be 𝐶𝐴,0 (initial species concentration of the 

capsule core) and 0, respectively. Based on the fact that the cumulative release R reaches 100% 

for the complete release, the 𝐶𝐴,0 can be further represented in the unit of R (%): 
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 𝐶𝐴,0 =
100%(𝑉𝑏 + 𝑛𝑐𝑉𝑐)

𝑛𝑐𝑉𝑐
  (2.4) 

where 𝑉𝑏 is the bath volume, 𝑛𝑐 is the number of carriers (capsules) added into the release 

vessel, and 𝑉𝑐 is the core volume for each capsule. In the early diffusion regime, the R increases 

linearly with time. Therefore, the 𝑛𝐴 can be approximated as: 

 𝑛𝐴 =

∆𝑅
∆𝑡 𝑉𝑏

𝑛𝑐
  (2.5) 

where ∆𝑅 ∆𝑡⁄  is the slope fitted from the R (%) in this regime. Combining the above three 

equations, we obtain an expression for the 𝐷𝑒𝑓𝑓: 

 𝐷𝑒𝑓𝑓 =

∆𝑅
∆𝑡 𝑉𝑏(𝑟𝑜 − 𝑟𝑖)

4𝜋𝑟𝑖𝑟𝑜𝑛𝑐𝐶𝐴,0
  (2.6) 

The diffusivity of the free nanodroplets in the release medium (37°C 0.9% w/v saline solution) 

can be estimated by the Stokes-Einstein equation (Equation 2.7) as an upper bound of the 

𝐷𝑒𝑓𝑓. 

 𝐷𝑆𝐸 =
𝑘𝐵𝑇

6𝜋𝜂𝑤𝑟𝑁𝐸
 (2.7) 

where 𝑘𝐵 is Boltzman constant (1.38×10-23 J/K), 𝑇 is bath temperature (310.15 K), 𝜂𝑤 is the 

water viscosity at 37°C (0.69 mPa-s), 𝑟𝑁𝐸 is the nanoemulsion droplet radius (~29 nm). The 

corresponding 𝐷𝑆𝐸  is 1.13×10
-11

 m2/s. 

 

Retention Rate Estimation: The retention rate of nanoemulsion carriers is estimated from the 

result of release test. Theoretically, the optimal nanoemulsion mass 𝑚𝑜𝑝𝑡  (for 100% retention) 

added in the vessel is estimated by: 

 𝑚𝑜𝑝𝑡 = 𝑛𝑐𝑚𝑑 (2.8) 
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where 𝑛𝑐 is the number of carriers (capsules or beads) added into the release vessel, 𝑚𝑑 is the 

mass of each nanoemulsion droplet dripped into the gelation bath through a syringe for 

encapsulation. After the release experiment, the actual nanoemulsion mass in the release vessel 

is determined as: 

 𝑚𝑎𝑐𝑡 = 𝐼𝑠𝑎𝑡/𝑠𝑐𝑎𝑙 (2.9) 

where 𝐼𝑠𝑎𝑡 is the absorbance of saturated bath when all the nanoemulsion is released from the 

carriers, 𝑠𝑐𝑎𝑙 is the slope of the calibration curve (Figure 2.3c) for the mass and absorbance. 

The retention (𝑅𝑡) is expressed as 𝑅𝑡 = 𝑚𝑎𝑐𝑡/𝑚𝑜𝑝𝑡.  

Vitamin E-Loaded Nanoemulsion-Encapsulated Capsule: A 3 g sucrose aqueous solution (25 

wt.%) was slowly dripped into a mixture of 1 g vitamin E-loaded corn oil (20 wt.% vitamin E) 

and 1 g surfactants (HLB = 13) at a magnetic stirring rate of 1000 rpm. After another five 

minutes of stirring, the resulting pre-emulsion was ultrasonicated at 30% amplitude in an 

ultrasonicator with a 24 mm diameter horn (from Cole Parmer) at a frequency of 20 kHz for 

five minutes. Finally, 0.2 g CaCl2 was added into the nanoemulsion. The nanoemulsion was 

encapsulated in alginate capsules following the same inverse gelation procedure as described 

above.  

Core-Shell Hydrogel with a Nanoemulsion-Laden Solid Core: A 3 g PEGDA700 aqueous 

solution (25 wt.%) was slowly dripped into a mixture of 1 g silicone oil and 1 g surfactant 

(HLB = 15, pure Tween 80) at a magnetic stirring rate of 1000 rpm. After another five-minute 

stirring, the resulting pre-emulsion was ultrasonicated at 20% amplitude in an ultrasonicator 

with a 24 mm diameter horn (from Cole Parmer) at a frequency of 20 kHz for 15 minutes. 

Finally, 0.2 g CaCl2 and 50 μL photoinitiator (Darocur 1173) were added into the 

nanoemulsion. To encapsulate the UV-crosslinkable calcium nanoemulsion, the same inverse 

gelation technique was applied. The only difference is that the alginate bath was exposed to a 

UV lamp (365 nm, 1.3 W) for the first 30 minutes of the gelation period. 
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2.3 Results and Discussion 

2.3.1 Preparation of Calcium API-Loaded Nanoemulsions and Their 

Encapsulation in Alginate Capsules 

To encapsulate a nanoemulsion containing an active pharmaceutical ingredient (API) in an 

alginate capsule, a non-ionic nanoemulsion loaded with an API is first prepared using a low 

energy phase inversion method,83 followed by the addition of CaCl2 into the aqueous 

continuous phase. Ibuprofen is used as a model API because of its poor water solubility (0.021 

mg/mL at 25°C)84 and is dissolved in isopropyl myristate (100 mg/mL) as the oil phase. The 

water phase containing 25 wt.% sucrose solution is slowly dripped into a mixture of the oil 

phase and surfactants (a mixture of 81.3 wt.% Tween 80 and 18.7 wt.% Span 80 with a 

hydrophilic-lipophilic balance (HLB) value of 13) (Figure 2.1a). The resulting nanoemulsion 

has an oil weight fraction of approximately 20 wt.% and a surfactant-to-oil ratio (SOR) of 1. 

During the dilution process, the system passes through an inversion point where the interfacial 

tension of the oil-water interface is significantly decreased, and thus small droplets are formed. 

Sucrose is chosen as a small molecule thickener to slightly increase the nanoemulsion viscosity 

for the subsequent formation of spherical capsules. Viscosifying the continuous phase has been 

reported to decrease the nanodroplet size which leads to enhanced long-term nanoemulsion 

stability by mitigating gravitational separation and droplet coalescence.17 To enable the capsule 

gelation process, calcium chloride is added into the nanoemulsion. In this study, nanoemulsion 

dispersions containing various calcium concentrations are prepared. Because the oil 

nanodroplets are stabilized by non-ionic surfactants, the introduction of calcium ions into the 

continuous aqueous phase does not perturb the system. The droplet size for each as-prepared 

calcium containing nanoemulsion is approximately 50 nm (Figure 2.1b). The polydipersity 

index (PDI) of each calcium nanoemulsion varies between 0.1 and 0.2, which lies in the typical 

range for nanoemulsion systems.13 Figure 2.1c shows an optical image of an as-prepared 

calcium nanoemulsion in a glass vial. The nanoemulsion is optically transparent because the 

small droplets remain colloidally stable and weakly scatter visible light. Capsules are 

synthesized by dripping the calcium nanoemulsion into an alginate bath (Figure 2.1d). When 

a droplet containing nanoemulsion and calcium ions enters the bath, the calcium ions quickly 

diffuse out and crosslink the alginate polymers around the droplet into a thin shell. The alginate 
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shell prepared from 1% w/v sodium alginate solution has a mesh size of about 10 nm79 and is 

able to entrap nanodroplets. Excess calcium ions continue diffusing out and the alginate shell 

grows until the calcium source supplied in the droplet is depleted. During the gelation process, 

the alginate bath remains clear with no observable signal of the active ingredient detected by 

the UV-Vis spectrometer. After the gelation, the nanoemulsion inside the capsules is pipetted 

out for dynamic light scattering (DLS) measurements to determine the droplet size. The 

nanoemulsion droplet size is observed to increase slightly with a mean droplet size of 55 nm 

and a PDI still ranging between 0.1 and 0.2 (Figure 2.1b). It is noted that the nanoemulsion 

still remains stable despite the composition change in the continuous phase. This exceptional 

stability can be attributed to the kinetic stability of nanoemulsions, which enables them to be 

less sensitive to environmental changes compared to microemulsions.19  

Although alginate capsules have been extensively applied to encapsulate different materials, 

forming spherical capsules via droplet dripping still remains difficult because of the high 

viscosity of an alginate solution which deforms impinging droplets into non-spherical shapes. 

Therefore, the calcium precursor solutions are generally viscosified with a nongelling 

polymer.85,86 The viscosity of an emulsion suspension diverges asymptotically with increasing 

oil fraction. The droplets become closely packed and their motions are severely 

constrained.87,88 Compared to a macroemulsion, a nanoemulsion has a much higher effective 

volume fraction than its nominal oil volume fraction. The surfactant shell (with the thickness 

of 𝛿) around the oil core (with the radius of 𝑎) can greatly enhance the nominal oil volume 

fraction by a factor of (1+𝛿/𝑎)3.89 This unique rheological property renders a concentrated 

nanoemulsion intrinsically highly viscous, and thus only a minor modulation of the continuous 

phase viscosity is required to produce spherical capsules. In our work, the as-prepared 

nanoemulsions have a droplet diameter of 2(𝛿+a) ~50 nm, and the 𝛿 for Tween 80 (the main 

and larger surfactant in the mixture) is ~3 nm.90 These dimensions render the “effective oil 

fraction” to be about 1.50-fold higher than the nominal oil fraction. To demonstrate the 

rheological benefit of the nanoemulsions in the capsule gelation process, we compare the 

canonical nanoemulsion formulation to three calcium containing precursor solutions prepared 

from pure water, a 25 wt.% sucrose solution, and a 25 wt.% sucrose solution containing the 

same surfactants at the concentration used in the nanoemulsions. The viscosity-shear rate flow 

curves for these fluids are shown in Figure A.1. For alginate gelation, when a liquid droplet 



48 

penetrates into the gelation bath, it can create a cavity on the bath surface in about 10 ms.91 

With the cavity depth having the same length scale as the droplet diameter,91 the liquid droplet 

experiences a shear rate on the order of 100 s-1. Therefore, the reported viscosity values are 

averaged across shear rates between 10 and 1000 s-1. Figure 2.1e shows the viscosity for each 

calcium precursor solution and the corresponding capsule prepared through the dripping 

process shown in Figure 2.1d. It is noted that the addition of sucrose in water can only increase 

the viscosity from 0.95 to 2.32 mPa-s, which is still much smaller than the viscosity of the 1% 

w/v alginate bath (9.85 mPa-s). Therefore, the capsules are severely elongated for these two 

solutions. For the 3 g sucrose solution (25 wt.%) with added 1 g surfactants (a mixture of 81.3 

wt.% Tween 80 and 18.7 wt.% Span 80 with HLB value of 13), the viscosity is about four 

times higher than that of the alginate bath, and more spherical capsules can be prepared. 

However, a large proportion of the capsules still have a distorted pear-like appearance. In 

contrast, the nanoemulsion dispersion has a viscosity of 301 mPa-s which ensures the 

formation of uniformly spherical capsules (more discussion is in Appendix A.1).  
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Figure 2.1. Overview of the nanoemulsion and capsule synthesis. (a) Schematic diagram of 

the low-energy nanoemulsion preparation. Ibuprofen-loaded isopropyl myristate (oil phase) 

added with surfactants are slowly diluted with 25 wt.% sucrose solution. (b) Droplet size and 

polydispersity index for the as-prepared and post-gelation calcium-added nanoemulsions 

containing calcium concentrations 𝑤𝐶𝑎𝐶𝑙2
of 0.02, 0.04, 0.06 g/g nanoemulsion. (c) Optical 

image of an as-prepared calcium-added nanoemulsion in a glass vial. (d) Schematic diagram 

of the formation of alginate capsules for nanoemulsion encapsulation. The calcium ions diffuse 

out and ionically crosslink the alginate polymers. (e) Viscosity of the nanoemulsion solution 

used to produce spherical capsules compared to the viscosity of water, 25 wt.% sucrose and 

the nanoemulsion continuous phase, each containing 0.2 g CaCl2. The dotted red line 

represents the viscosity of the 1% w/v alginate bath. Corresponding images for the capsules 

prepared with each solution are shown below. The scale bar is 5 mm. 

2.3.2 Size and Shape Analyses of Capsules Prepared under Different 

Conditions 

With an ideally high viscosity, the nanoemulsion dispersion can be easily encapsulated into 

uniformly spherical alginate capsules (Figure 2.2a). The transparent ring and blue-shining 

inner regions indicate the alginate shell and the inner API-loaded nanoemulsion, respectively. 

The nanoemulsion turns blue when the images are taken against a black background (Figure 

A.2). This phenomenon can be attributed to Rayleigh scattering, which happens when the 

capsules are observed away from the light source and the nanodroplets are much smaller than 

the wavelength of visible incident light.92 Blue light of a shorter wavelength is scattered more 
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strongly than other light of longer wavelengths. Figure 2.2b-e show the capsules prepared 

under the four different conditions (capsules in groups are shown in Figure A.3). With the 

same 18G dispensing tip (Figure 2.2b, d, e), the inner cores look similar in size but the shell 

thickness increases with increasing 𝑤𝐶𝑎𝐶𝑙2
. The inner core size can also be tuned by controlling 

the size of the dispensing tip (Figure 2.2c, d). As mentioned before, the alginate mesh size is 

smaller than the oil nanodroplets. In addition to the optical images that clearly show the two 

different regions for the inner core and outer shell, a lipophilic dye is also introduced into the 

oil phase to label the nanodroplets in a capsule. Figure 2.2f shows the fluorescence microscopy 

image of a capsule with dyed nanodroplets. The inner core shows a strong fluorescence while 

the outer shell still remains black, which again demonstrates the effective encapsulation of 

nanoemulsions in the capsules with our technique. Figure 2.2g further shows the capsule 

radius, shell thickness, and core radius that are determined using ImageJ image analysis 

software. The quantitative results match our observation that the core radii are very similar for 

the same 18G dispensing tip for the different calcium concentrations, however the shell 

thickness is proportional to the 𝑤𝐶𝑎𝐶𝑙2
 (Figure 2.2h). Previous work also finds a similar trend 

and explained that a higher calcium concentration across the shell leads to a larger gradient for 

calcium ions to diffuse out, and thus a thicker shell can be formed.86 Holding 𝑤𝐶𝑎𝐶𝑙2
constant 

at a value 0.04, dispensing tips with different sizes are utilized to control inner core radii. The 

relationship between the tip size and inner core size can be described by Tate’s law93 in which 

the inner core size is proportional to the cube root of the tip size (Figure A.5). Sphericity 

factors are also determined from the maximum and minimum Feret diameters of the capsules. 

The sphericity factors for all the conditions are lower than a threshold value of 0.05 (Figure 

2.2i), below which the capsules are considered spherical.93  
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Figure 2.2. Overview of the nanoemulsion-laden capsule dimensions. Weight fraction of 

calcium chloride 𝑤𝐶𝑎𝐶𝑙2
 is defined as the calcium chloride mass divided by 5 g nanoemulsion. 

(a) Optical images of capsules prepared with 𝑤𝐶𝑎𝐶𝑙2
= 0.06 and an 18 gauge (18G) dispensing 

tip. (b-e) Zoomed-in optical images of capsules prepared using different preparation 

conditions: (b) 𝑤𝐶𝑎𝐶𝑙2
= 0.02 and 18 gauge dispensing tip, (c) 𝑤𝐶𝑎𝐶𝑙2

= 0.04 and 22 gauge 

dispensing tip, (d) 𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 18 gauge dispensing tip, (e) 𝑤𝐶𝑎𝐶𝑙2

= 0.06 and 18 gauge 

dispensing tip. (f) Fluorescence microscopy image of a capsule prepared with a lipophilic dye 

added into the oil phase to label nanodroplets. The white dotted line is the capsule boundary 

determined from the bright field microscopy image. (g) Capsule dimensions (outer radius, core 

radius, and shell thickness) of capsules prepared under different conditions. (h) Linear 

correlation between shell thickness and 𝑤𝐶𝑎𝐶𝑙2
. (i) Sphericity factors (SF) of the capsules for 

different preparation conditions. Scale bars for (a-e) and (f) are 5 mm and 1 mm, respectively. 

2.3.3 Development of Release Tests and Controlled Release for Different 

Preparation Conditions 

Controlled release is a potential benefit provided by encapsulating a nanoemulsion in alginate 

capsules. A common and straightforward method utilized to monitor release in prior studies is 

to combine solvent extraction and UV-Vis measurement.36 However, with this method it is 

difficult to measure the release in real time in an automated manner. To develop an alternative 

method, we first compare the UV-Vis spectra of the bulk API-loaded oil phase and the 

nanoemulsion prepared from only the oil phase (Figure 2.3a, b). Both samples have a 

characteristic peak occurring at 230 nm. In the nanoemulsion, the Tween 80 also shows strong 



52 

absorption at this wavelength while the continuous phase materials (sucrose and alginate) have 

negligible signals (Figure A.6). The UV-Vis results indicate that we could possibly apply UV-

Vis spectroscopy to directly measure the release of the nanoemulsion droplets (and micelles) 

that consist of the surfactants and dispersed phase. To demonstrate the applicability of this 

idea, a calibration curve is developed between the UV-Vis absorbance and the nanoemulsion 

mass added into the dissolution apparatus (Figure 2.3c). A nanoemulsion dispersion with a 

known mass is added sequentially into the release vessel filled with a 900 mL saline solution, 

and the corresponding absorbance is recorded. A linear trend is observed for the calibration 

curve. In our release experiments, the nanoemulsions are substantially diluted in the release 

vessel and the resulting oil volume fraction is ~10-4 (v/v), which can minimize the light 

scattering events resulting from the nanoemulsions.92 With the linear calibration curve, release 

tests are conducted to obtain the release profiles of capsules for the four different preparation 

conditions (Figure 2.3d). The four release profiles show a similar trend that can be visually 

separated into three regions. Based on the observation during the release tests, we separate 

each release curve into three regimes: early diffusion (R1), bursting (R2), and post-release (R3) 

regimes. In the early diffusion (R1) regime, the nanoemulsion droplets in the capsules 

(diameter ~58 nm) slowly diffuse out through the shell yielding nanodroplets in the release 

medium (diameter ~58 nm) detected by DLS. The droplet diffusion through the alginate shell 

can be explained by the swelling of the alginate hydrogels in a large volume of calcium-free 

release medium which expands the mesh size.94 During the R1 regime, the calcium alginate 

gel softens and weakens because the calcium ions are gradually displaced by sodium ions.95 

When the alginate gel is weak enough, a crack forms on the shell and the nanoemulsion starts 

releasing. The onset of a bursting event leads to a transition of the release profile from a flat 

line into the region of a shaper slope, which indicates the time point at which the release process 

enters the bursting (R2) regime. In this regime, capsules randomly burst with the nanoemulsion 

cargo then quickly released into solution. For a single bursting event for a capsule, the 

nanoemulsion cargo can be released in a few minutes, followed by the remaining capsule 

dissolving completely in another few minutes. After all the bursting events are finished, the 

release process enters the post-release (R3) regime. In the last regime, the absorbance signal 

reaches a saturated value indicating complete release of the cargo. The proposed release 

mechanism is also supported by the optical images of the capsules taken at different time points 
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during a release process (Figure 2.3e-h). From Figure 2.3e to Figure 2.3f, the shell thickness 

remains similar while the shell contrast decreases as the ion displacement proceeds for a 

sufficient amount of time. This indicates that the hydrogel degradation process is uniform 

across the shell and can be characterized as bulk erosion.96 For the bursting capsule, a crack 

forms on the shell and the osmotic pressure between the two sides of the capsule drives the 

nanoemulsion to release out (Figure 2.3g). Because of the large viscosity difference, the 

nanoemulsion is released as a viscous jet and then gradually diffuses away. The empty capsule 

after the release can exist for a few minutes before complete degradation (Figure 2.3h). 

 

Figure 2.3. Overview of nanoemulsion release experiments. UV-Vis spectra of (a) bulk oil 

phase (100 mg ibuprofen/mL isopropyl myristate) and (b) nanoemulsion prepared from the 

bulk oil phase. (c) Calibration curve for absorbance and nanoemulsion mass at 𝜆 = 230 nm 

measured by the UV-Vis spectrometer of the dissolution apparatus. The fitted linear curve has 

a slope of 1.092×10
-3

. (d) Release profiles using a USP Dissolution Apparatus II of capsules 

for different preparation conditions. The schematic images below the release profiles depict 

the release mechanisms for different regimes corresponding to the 𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 18 gauge 

curve (which also apply to other curves). Regime R1 is diffusion through the shell. Regime R2 

is the onset of bursting. Regime R3 is post-release. (e-h) Optical images of capsules (𝑤𝐶𝑎𝐶𝑙2
= 

0.04 and 18G dispensing tip) in a 37°C saline bath at different times after being added: (e) t = 

0 min, (f) in the late R1 regime (t ~140 min), (g) in R2 regime (t ~ 200 min) when the shell has 

burst, and (h) in R2 regime (t ~ 200 min) when the nanoemulsion is depleted. Scale bars are 5 

mm. 
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2.3.4 Quantitative Analyses on the Release Profiles and Stability Tests 

The early diffusion (R1) regime involves both the diffusion and shell degradation. To 

deconvolute these two effects, a control experiment with no shell degradation is done in a 37°C 

deionized water bath (sodium-free environment). The release profile for the control experiment 

(brown curve in Figure 2.4a) closely follows the orange (saline bath) curve in the early 

diffusion (R1) regime, which indicates that the ion displacement process is slow and only 

begins to have a minor effect on the release in the late R1 regime. To quantify the R1 regime, 

the effective diffusivity (𝐷𝑒𝑓𝑓) of the dispersed phase in the alginate shell for each condition 

is estimated (Figure 2.4b, complete results in Figure A.7a-d). For typical hydrogels, the 𝐷𝑒𝑓𝑓 

is inversely correlated with the crosslinking density.97 The 𝐷𝑒𝑓𝑓 in Figure 2.4b is observed to 

decrease with increasing 𝑤𝐶𝑎𝐶𝑙2
, which can be explained by a more abundant calcium source 

leading to a higher crosslinking density. To quantitatively identify the bursting (R2) regime for 

a dissolution profile, each regime of the profile is first fitted with a line. The two intersection 

points between the first two fitted lines ( ) and the last two fitted lines ( ) are defined as the 

start (𝑡𝑠𝑡𝑎𝑟𝑡) and end (𝑡𝑒𝑛𝑑) bursting time points. The time span between the 𝑡𝑠𝑡𝑎𝑟𝑡 and 𝑡𝑒𝑛𝑑 is 

characterized as the bursting regime in which bursting events can happen randomly in 

individual capsules to contribute to the increase in nanoemulsion released. The average 

bursting time (𝑡𝑎𝑣𝑔) for the multiple bursting events is then determined by averaging 𝑡𝑠𝑡𝑎𝑟 and 

𝑡𝑒𝑛𝑑. (Figure 2.4a, additional data in Figure A.7e-h). The release behavior caused by bursting 

events can be fit by a cumulative distribution function (Figure A.8), revealing that the bursting 

events are statistically random and follow a normal distribution centered at 𝑡𝑎𝑣𝑔. For the same 

dispensing tip size, increasing the 𝑤𝐶𝑎𝐶𝑙2
 leads to a longer average bursting time and a larger 

standard deviation of the fitted distribution. The longer average bursting time is attributed to 

the combined effects of the higher crosslinking density and the thicker shell. Because both the 

crosslinking density and shell thickness increase with the increasing 𝑤𝐶𝑎𝐶𝑙2
, we assume a 

power law function of 𝑤𝐶𝑎𝐶𝑙2
 to empirically fit 𝑡𝑎𝑣𝑔. The power-law fitting can approximately 

describe the trend between 𝑤𝐶𝑎𝐶𝑙2
 and 𝑡𝑎𝑣𝑔 with an exponent of 2.2 (Figure 2.4d), which can 

be used as the simple design rule for engineering the bursting time of the alginate capsules.  
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For comparison, we also prepared nanoemulsion-loaded alginate beads by dripping alginate 

nanoemulsions into a calcium bath (Figure A.9a). The alginate nanoemulsion solutions 

containing alginate but lacking calcium ions and were prepared with the same oil phase, 

surfactants, and weight fraction as the calcium nanoemulsions. The alginate nanoemulsions 

with different alginate concentrations show droplet sizes between 50 to 55 nm (Figure A.9b), 

which are very similar to those of the calcium nanoemulsions and allow us to compare the two 

carrier systems with parity. One of the main differences between the two systems is the 

retention rates of the nanoemulsion suspension in the formed particles. The capsule gelation 

bath remains optically clear throughout the gelation process, while in contrast a severe leakage 

is observed in the bead gelation bath with the transparent bath turning bluish. Because the 

disparity between the droplet size and alginate mesh size is within an order of magnitude, 

excessive oil droplets and surfactants are likely to hinder the alginate crosslinking. The severe 

leakage of the nanoemulsion from the alginate beads is reflected by a low retention rate, which 

is about 58.8% for the 4% w/v alginate beads and even lower for lower alginate concentrations 

(Figure A.10c). In contrast, the alginate capsules display retention rates higher than 85% for 

all the conditions (Figure 2.4e). For the 𝑤𝐶𝑎𝐶𝑙2
 higher than 0.04, the retention rates are all 

above 93%, indicating the effective encapsulation of the nanoemulsion. Detailed calculations 

for the retention rates of the two carrier systems are tabulated in Table A.2 and Table A.3. 

Figure 2.4f shows the droplet size of the nanoemulsion in capsules over time. The droplet size 

remains stably around 58 nm over a month with the PDI value lying between 0.1 and 0.2. 

Because of the uniform distribution and small size, effects of Ostwald ripening, flocculation 

and coalescence are minimal. 
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Figure 2.4. Quantitative analysis of release profiles and nanoemulsion stability tests. (a) 

Comparison of release profiles of capsules (𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 18 gauge dispensing tip) at 37°C 

in a saline solution (with 0.9 wt.% NaCl) with that in deionized water (without NaCl). Three 

different regimes of the release profile in the NaCl bath are regressed with linear lines to 

determine the start (𝑡𝑠𝑡𝑎𝑟𝑡), average (𝑡𝑎𝑣𝑔), and end (𝑡𝑒𝑛𝑑) time points in the bursting regime 

(R2). (b) Effective diffusivities (𝐷𝑒𝑓𝑓) of the nanoemulsion droplets (and micelles) through the 

alginate shell in regime R1 for different preparation conditions. The red dotted line is the 

diffusivity of free nanodroplets (diameter = 58 nm) in 37°C water determined from the Stokes-

Einstein equation. (c) Burst time of capsules for different preparation conditions. (d) 

Correlation of average burst time with 𝑤𝐶𝑎𝐶𝑙2
. (e) Retention of the nanoemulsion suspension 

in capsules for different preparation conditions. The red dotted line is the highest retention rate 

achieved in nanoemulsion-loaded alginate beads prepared from the same nanoemulsion. (f) 

Nanoemulsion stability inside capsules sampled at various times over a month. 

2.3.5 Versatility and Extended Applications for Nanoemulsion-Loaded 

Capsules 

To enhance the versatility of the capsule systems, different droplet sizes are engineered by 

varying the ratio of the two surfactants (Figure 2.5a). Decreasing emulsion droplet size has 

been reported to increase the intestinal absorption of active ingredients.98 As the surfactant 

mixture becomes more hydrophilic (increased HLB value), the droplet size decreases. The 

calcium nanoemulsion of a droplet size of 83 nm is chosen as an example to be encapsulated 

in alginate capsules for demonstration (Figure 2.5b). Because of the larger droplet size, the 

nanoemulsion liquid core has a bluish-white opacity. In addition to the ibuprofen-loaded 

isopropyl myristate, the encapsulation technique can also be applied to other combinations of 
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active ingredients and oils. Figure 2.5c shows the encapsulation of a nanoemulsion prepared 

from a vitamin E-loaded corn oil. The nanoemulsion has a droplet size of 135 nm, thereby 

leading to an opaque white appearance of the nanoemulsion liquid core due to light scattering. 

To further extend the applications, core-shell hydrogel particles with nanoemulsion-laden 

chemically crosslinked hydrogel cores are developed (Figure 2.5d). A UV-crosslinkable 

nanoemulsion is prepared using a 25 wt.% PEGDA700 aqueous solution and a silicone oil. 

After the addition of CaCl2, the nanoemulsion shows a dual gelation capability for both the 

alginate and UV light. The alginate thin shell is instantaneously formed when the 

nanoemulsion is dripped into an alginate bath. The bath is then exposed to a UV light to fully 

crosslink the nanoemulsion liquid cores into the hydrogels with silicone oil droplets locally 

locked and embedded in the inner hydrogel matrices. The alginate shell continues growing in 

the bath until the calcium ions are depleted. The as-prepared core-shell hydrogels are uniform 

in size (Figure 2.5e), and the UV-crosslinked inner core is further examined by cutting the 

hydrogel in half (Figure 2.5f) and by dissolving the alginate shells in an 

ethylenediaminetetraacetic acid (EDTA) solution (Figure 2.5g). The inner core is solid and 

can be easily detached from the alginate shell, indicating that the UV-crosslinking is effective 

and the two hydrogel networks are not interpenetrating. Moreover, the shell thickness 

(0.745±0.051 mm) is almost identical to the canonical condition using the same concentration 

of CaCl2 (𝑤𝐶𝑎𝐶𝑙2
= 0.04), demonstrating that the shell thickness is not affected by the type of 

nanoemulsion. In prior studies, introducing additional hydrogel shells around UV-crosslinked 

hydrogels generally requires multiple steps: first preparing the core particles and encapsulating 

them in another polymeric shell.99 The core and shell hydrogels have to be formed separately 

because the two crosslinkable precursors are miscible. In contrast, our double gelation 

technique enables the formation of additional alginate shells around UV-crosslinked hydrogels 

in a single batch. The PEGDA700 molecules are crosslinked shortly after the nanoemulsion is 

dripped into the bath, minimizing the diffusion of PEGDA700 molecules into the alginate bath 

and creating a well-defined boundary between the core and shell regions (Figure 2.5f). The 

introduction of additional hydrogel shells around the nanoemulsion-laden hydrogels can find 

use in various applications, including controlled lipid digestion78,79 and tunable delayed release 

for confined crystallization9,54–56. 
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Figure 2.5. Versatility of the approach to prepare capsules with different nanoemulsion sizes, 

various active chemicals, and chemically crosslinked cores. (a) Relationship between 

nanoemulsion droplet size and HLB value. The dispersed phase is ibuprofen-loaded isopropyl 

myristate. (b) Optical image of nanoemulsion-loaded capsules prepared from the calcium 

nanoemulsion with the HLB value of 12.1 and the dispersed phase of ibuprofen-loaded 

isopropyl myristate (droplet size = 83.15±1.70 nm). (c) Optical image of nanoemulsion-loaded 

capsules prepared from the calcium nanoemulsion with the HLB value of 13 and the dispersed 

phase of vitamin E-loaded corn oil (droplet size = 135.04±1.57 nm). (d) Schematic diagram of 

the preparation of core-shell hydrogels with a nanoemulsion-laiden, chemically crosslinked 

PEGDA core. (e) Optical image of the core-shell hydrogels with a nanoemulsion-laden solid 

core. The nanoemulsion has a HLB value of 15 and the dispersed phase of silicone oil (droplet 

size = 41.60±0.73 nm). (f) Optical image of core-shell hydrogels after being cut in half and 

physically extracting the core. (g) Optical image of PEGDA hydrogel cores collected by 

dissolving alginate shells in an EDTA solution. All capsules in this figure are prepared with 

𝑤𝐶𝑎𝐶𝑙2
= 0.04 and an 18 gauge dispensing tip. All scale bars are 5 mm. 
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2.4 Conclusions 

We have developed versatile and functional capsule systems for controlled delivery of 

nanoemulsions that contain lipophilic active ingredients. For the formation of spherical 

capsules, we leverage the intrinsically high viscosity of the nanoemulsions with only a minor 

modulation of the viscosity of the continuous aqueous phase through added sucrose. The large 

viscosity prevents the dripped droplets from deformation due to the drag force exerted by the 

surrounding alginate solution. The capsule shell thickness and inner core size are easily 

controlled by varying the calcium concentration and the dispensing tip size, respectively. To 

investigate the controlled release of the nanoemulsions from the capsules, we developed a 

facile method to quantify the release of the nanoemulsions through direct UV-Vis 

measurements in the release vessel. The release profiles of the capsules for different 

preparation conditions follow a similar trend, and three different release regimes are defined. 

The nanodroplets first diffuse out slowly through the alginate shell, followed by rapid release 

due to capsule bursting in a saline solution. The release regimes were quantified to determine 

the effective nanoemulsion diffusivity through the shell and the bursting time for the capsules. 

A simple power law equation was developed as a design rule to correlate the bursting time and 

the calcium concentration. The results show that the bursting time of the capsules can be easily 

engineered by varying the calcium concentration in the nanoemulsion suspension. The 

capsules and their contents were very stable, with nanoemulsion droplet size remaining nearly 

constant over a month of storage. To demonstrate the generality of the approach, 

nanoemulsion-loaded capsule systems were fabricated with other combinations of active 

ingredients and oils. In addition, UV-crosslinkable precursors were added into the 

nanoemulsion solution for the preparation of core-shell hydrogel particles with the oil 

nanodroplets embedded in the inner chemically crosslinked hydrogel cores. Overall, the 

versatile capsule systems show great promise for designing carriers with controlled release of 

functional nanoemulsions, which can find use in a wide range of applications in the food, 

pharmaceutical, and cosmetic industries. 
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Chapter 3  Design and Use of a Thermogelling 

Methylcellulose Nanoemulsion to Formulate Nanocrystalline 

Oral Dosage Forms 

Oral drug products have become indispensable in modern medicine because of their 

exceptional patient compliance. However, poor bioavailability of ubiquitous low water-soluble 

active pharmaceutical ingredients (APIs) and lack of efficient oral drug formulations remain 

as significant challenges. Nanocrystalline formulations are an attractive route to increase API 

solubility, but typically require abrasive mechanical milling and several processing steps to 

create an oral dosage form. Utilizing the dual amphiphilic and thermoresponsive properties of 

methylcellulose (MC), a new thermogelling nanoemulsion and a facile thermal dripping 

method are developed for efficient formulation of composite particles with the MC matrix 

embedded with precisely controlled API nanocrystals. Moreover, a fast and tunable release 

performance is achieved with the combination of a fast-eroding MC matrix and fast-dissolving 

API nanocrystals. Using the versatile thermal processing approach, the thermogelling 

nanoemulsion is easily formulated into a wide variety of dosage forms (nanoparticle 

suspension, drug tablet, and oral thin film) in a manner that avoid nanomilling. Overall, the 

proposed thermogelling nanoemulsion platform not only broadens the applications of 

thermoresponsive nanoemulsions, but also shows great promise for more efficient formulation 

of oral drug products with high quality and tunable fast release. 

This chapter has been adapted with permission from L.-H. Chen and P. S. Doyle. Design and 

Use of a Thermogelling Methylcellulose Nanoemulsion to Formulate Nanocrystalline Oral 

Dosage Forms. Advanced Materials (2021): 2008618.100 

3.1 Introduction 

Pharmaceutical formulation plays an important role in transforming a drug substance into the 

final drug product taken by a patient. It involves processes that combine an active 

pharmaceutical ingredient (API) and a mixture of inactive excipients into a final drug product 

with desired therapeutic effects and physical properties.101 Among various drug products, oral 

solid dosage forms are the most preferred product forms dominating the market because of 
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their high patient compliance and wide acceptance.1,2 However, conventional oral drug 

formulations typically require costly multistep manufacturing, and poor bioavailability of 

hydrophobic APIs still remains a persistent challenge in many formulations. It has been 

reported that 40% of marketed drugs and 90% of drug candidates in the pipeline are 

hydrophobic.3 Their poor water-solubility renders the drugs difficult to be absorbed in the 

gastrointestinal tract, greatly undermining their potency. Over the past decade, many attempts 

have been made to develop methods for producing API nanocrystals that possess improved 

solubility and bioavailability because of their significantly larger specific surface area 

compared to their bulk counterparts.59,102,103 However, incorporation of the methods into 

conventional formulation processes is susceptible to many problems. For example, suitable 

excipients have to be investigated through tedious trial-and-error experiments,104–106 and API 

inhomogeneity raises a potential risk that causes overdosed or ineffective treatment.5 

Methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC) are two types of natural-

based cellulose ester excipients that have been widely formulated into oral solid dosage forms 

in food and pharmaceutical applications.41–43 Their unique swelling and erosion behaviors are 

suitable for the design of controlled release systems and for the study of drug delivery models.44 

Upon contact with water, a gel layer can form on the polymer surface due to rapid hydration, 

which slows down further water penetration into the inner dry polymer core.45 In addition, fast 

release can be easily achieved with the use of MC which shows a much faster matrix erosion 

than HPMC.43 Despite these ideal properties, formulations of these cellulose esters and 

hydrophobic APIs into drug products still lack efficient control over API nanocrystal sizes and 

heavily depend on multiple blending, sieving, and granulation steps.107,108 Reversible thermal 

gelation is another “smart” property of MC and HPMC that has gained considerable attention 

in the field of rheology47,48 and tissue engineering.49,50 The polymer gels upon heating and 

returns back to the sol state upon subsequent cooling.48 Although researchers have applied this 

property to develop in situ gelling materials for drug delivery,51,52 the utility of the thermal 

gelation property in the formulation of oral solid dosage forms still remains unexplored.  

In recent years, hydrogels have been exploited as promising materials for drug product 

formulations because they can be readily customized into particles with various sizes and 

shapes.77,81,109 However, hydrogels are hydrophilic in nature and incompatible with 
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hydrophobic drugs.110,111 To address the incompatibility issue and induce API 

nanocrystalization in the hydrogel matrix, novel technologies have been developed by 

incorporating hydrophobic nanodomains into hydrophilic hydrogels.54–56,112,113 The 

hydrophobic nanodomains, such as oil-in-water nanoemulsions and surfactant micelles, are 

able to control the formation of API nanocrystals in the hydrogel matrix with tailored drug 

loading contents. However, hydrogel formation is greatly limited to materials with well-known 

gelation techniques, such as free radical photopolymerization113 and ionic-crosslinking.54,55,112 

These materials are generally not the most ideal excipients for oral drug formulation due to 

their slow release,113 large release resistance at high drug loadings,54–56 and potential 

toxicity.114 Methylcellulose (MC) is an attractive fast-eroding excipient without the above 

limitations, though formulation approaches have generally not taken advantage of its gelation 

properties in forming the drug product. To bridge the gap between the use of fast-eroding MC 

and the efficiency of oral drug formulation, we report a new thermogelling nanoemulsion 

system. We develop facile thermal processing methods for the preparation of composite 

particles and versatile dosage forms with hydrophobic API nanocrystals embedded in the MC 

matrix.  

3.2 Experimental Section 

Materials: Methylcellulose (viscosity: 15 cP, molecular weight ~14,000 g/mol), Tween 80 

(polysorbate), fenofibrate, anisole, ethyl acetate, sodium chloride (NaCl), ethanol, sodium 

dodecyl sulfate (SDS) were purchased from Sigma-Aldrich and used without further 

purification steps. 

Synthesis of Thermogelling Nanoemulsions: Prior to nanoemulsion synthesis, the continuous 

water and dispersed oil phase solutions were first prepared. The continuous water phase was a 

5 wt% methylcellulose aqueous solution. The dispersed oil phase was a saturated fenofibrate-

in-anisole solution, which was prepared by adding fenofibrate into anisole until excessive 

fenofibrate crystals settled down in the bottle and could not be further dissolved. To prepare 

the nanoemulsion, a pre-emulsion was first prepared by vortexing a mixture of the continuous 

phase, dispersed phase, and Tween 80 in a 50 mL Falcon conical centrifuge tube. The pre-

emulsion was then ultrasonicated at 30% amplitude in an ultrasonicator with a 24 mm diameter 
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horn (from Cole Parmer) at a frequency of 20 kHz for 30 min. The ultrasonicator was kept at 

10°C using a cooling circulating water bath. The as-prepared ion-free nanoemulsion was added 

with 0.1 g NaCl and vortexed for another 30 s. The parameter space for the nanoemulsion 

synthesis is summarized in Table B.1. The droplet size and polydispersity index (PDI) of the 

nanoemulsion were measured by dynamic light scattering (Brookhaven NanoBrook 90Plus 

PALS) operated at a fixed scattering angle of 90° and a temperature of 25°C. The sample was 

prepared by diluting ~5 μL of the nanoemulsion solution with 3 mL deionized water in a 

cuvette. For each sample, five sets of one-minute measurements were done to determine the 

droplet size distribution. 

Rheological Characterization of Nanoemulsions: Rheological properties of nanoemulsions 

were characterized using a stress-controlled rheometer (DHR-3, TA instrument) equipped with 

an upper-cone geometry (diameter = 60 mm, cone angle = 1.004°, and truncated gap = 29 μm) 

and a temperature-controlled Peltier lower-plate. To minimize the evaporation, a few water 

drops were added on top of the cone geometry and a solvent trap was used. Before each 

measurement, a conditioning procedure was performed at 20°C: a pre-shear at a constant 

rotational speed of 10 rad/s for 60 s, followed by an equilibration duration of 60 s. Temperature 

ramp measurements were conducted from 20°C to 70°C with a heating rate of 2°C/min, a strain 

amplitude of 0.1%, and frequency of 20 rad/s. Temperature jump experiments were performed 

from 20°C to 70°C with a strain amplitude of 0.1% and a frequency of 20 rad/s. Viscosities 

were measured with the shear rate sweeping from 1 to 1000 s−1 at 20°C.  

Preparation of Thermogel Particles: Thermogel particles were prepared by a thermal dripping 

method. The gelation bath was a 300 mL 70°C deionized water added with 0.1% w/v Tween 

80 to lower the surface tension. 2-3 mL of the thermogelling nanoemulsion was loaded into a 

3 mL syringe and dripped into the bath at a dripping height of 1 cm. The stirring rate was 

maintained at 150 rpm to enhance the heat transfer. Different dispensing tips were used to vary 

the particle size: smooth-flow tapered tips (14 gauge, 18 gauge, and 25 gauge) and precision 

stainless steel tip (30 gauge). After the dripping, the water was removed from the gelation bath 

until the height of the remaining water was comparable to the particle size. The gelation 

container carrying the particles and water thin film was quickly transferred to a 70°C oven and 
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dried for 1 day to evaporate anisole and water. The dried thermogel particles were stored at 

room temperature before characterization and release tests. 

Estimation of Drug Loading Efficiency and Drug Loading Content: Drug loading efficiency 

(𝐿𝐸) is estimated as follows: 

 𝑚𝑜𝑝𝑡 = 𝑚𝑁𝐸𝜓𝐹𝐸𝑁/𝑁𝐸 (3.1) 

 𝜓𝐹𝐸𝑁/𝑁𝐸 =
𝑚𝑜𝑤𝐹𝐸𝑁

𝑚𝑐 + 𝑚𝑜 + 𝑚𝑇𝑤80 + 𝑚𝑁𝑎𝐶𝑙
 (3.2) 

 𝑚𝑏𝑎𝑡ℎ = 𝐶𝑏𝑎𝑡ℎ𝑉𝑏𝑎𝑡ℎ (3.3) 

 𝐿𝐸 = 1 −
𝑚𝑏𝑎𝑡ℎ

𝑚𝑜𝑝𝑡
 (3.4) 

where 𝑚𝑜𝑝𝑡 is the optimal fenofibrate mass carried by the as-prepared nanoemulsion, 𝑚𝑁𝐸 is 

the mass of nanoemulsion dripped into the heated water bath (with 0.1% w/v Tween 80), 

𝜓𝐹𝐸𝑁/𝑁𝐸  is the fenofibrate weight fraction in the as-prepared nanoemulsion, 𝑚𝑜  is the oil 

phase mass, 𝑤𝐹𝐸𝑁 is the fenofibrate weight fraction in the oil phase (~45 wt%55), 𝑚𝑐 is the 

mass of the continuous water phase, 𝑚𝑇𝑤80 is the Tween 80 mass, 𝑚𝑁𝑎𝐶𝑙 is the NaCl mass, 

𝑚𝑏𝑎𝑡ℎ is the mass of fenofibrate diffusing into the bath, 𝐶𝑏𝑎𝑡ℎ is the fenofibrate concentration 

in the bath after the dripping process, 𝑉𝑏𝑎𝑡ℎ is the bath volume. 

Drug loading content (𝜙𝐹𝐸𝑁) is estimated by: 

 𝜙𝐹𝐸𝑁 =
𝑚𝑜𝑤𝐹𝐸𝑁

𝑚𝑐𝑤𝑀𝐶 + 𝑚𝑜𝑤𝐹𝐸𝑁 + 𝜁𝑇𝑤80𝑚𝑇𝑤80 + 𝜁𝑁𝑎𝐶𝑙𝑚𝑁𝑎𝐶𝑙
 (3.5) 

where 𝑤𝑀𝐶 is the MC weight fraction in the water phase (5 wt%), 𝜁𝑇𝑤80 is the retention rate 

of Tween 80 in the dried particles, 𝜁𝑁𝑎𝐶𝑙 is the retention rate of NaCl in the dried particles. 

Drug Loading Content Measurement: The drug loading content of the dried particles was 

determined by a UV-vis spectrophotometer (Thermo Scientific NanoDrop One). A 

concentration-absorbance calibration curve was first established using fenofibrate-in-ethanol 

solutions with different concentrations ranging from 0.01 to 0.5 mg/mL. From the UV-vis 
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absorbance spectra recorded from 150 to 850 nm, the absorbance peak values occurring at 287 

nm (due to carbonyl groups of fenofibrate) was used for developing the calibration curve. For 

drug loading content determination, dried particles were first cut into fine powders using a 

razor blade. Then, 10 mg fine powders were added with 3 mL ethanol, and the mixture was 

vortexed for 1 min. After the powders settled down by gravity, the ethanol solution was 

sampled and diluted ten times for UV-Vis measurements. All measurements were done in 

triplicate. 

X-Ray Diffraction (XRD) Analysis: The crystalline structures of the as-received bulk 

fenofibrate crystals and the fenofibrate nanocrystals in the dried particles were characterized 

by XRD using an in reflection mode (Philips PANalytical X’Pert Pro MPD). The samples were 

ground and placed on a silicon crystal zero diffraction plate. The instrument is operated at 40 

kV with an anode current of 40 m with the X-ray source generated using a copper anode (Kα 

emission wavelength of 1.54 Å). The diffraction angle 2θ was swept from 4 to 40° with a step 

size of 0.01671° at a scanning rate of 2°/min. 

Differential Scanning Calorimetry (DSC) Analysis: The melting points of the as-received bulk 

fenofibrate crystals and the fenofibrate nanocrystals in the dried particles were determined 

using a differential scanning calorimeter (TA Instruments Q2000). Inert environment was 

maintained in the sample chamber using a nitrogen gas flow at 50 mL/min. For each 

measurement, Tzero pans and lids were used with ~5 mg of ground sample. A temperature 

ramp was performed from −10 to 150°C at a heating rate of 10°C/min. 

Scanning Electron Microscopy (SEM): The fenofibrate nanocrystals in the dried particles were 

observed with high-resolution scanning electron microscope (Zeiss HRSEM) at 1 kV 

accelerating voltage and at a magnification of 30,000X. All samples were prepared on SEM 

specimen stubs with carbon tape. The SEM images were analyzed with ImageJ to estimate the 

nanocrystal sizes. 

Drug Release Experiment: The in vitro release of the dried particles was measured using a USP 

Dissolution Apparatus II (Agilent Technologies Varian VK 7025). A Cary 50 UV-vis 

spectrometer and an in situ probe set, which were integrated in the dissolution apparatus, 

automatically recorded the absorbance at a wavelength of 287 nm every minute. The release 
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medium was a 900 mL 25 mM sodium dodecyl sulfate (SDS) aqueous solution. The operating 

temperature and paddle rotational speed were set at 37°C and 75 rpm, respectively. For each 

dissolution test, the sample mass was adjusted based on its drug loading content to maintain 

the final fenofibrate concentration constant at 10 μg/mL. The release experiment for each 

sample was done in triplicate. 

Preparation of Nanoparticle Suspensions: A dispersed oil phase of 0.1 g fenofibrate-in-0.3 g 

ethyl acetate was first prepared and added with 3 g 5 wt% MC solution and 0.1 g Tween 80 

for preparing the nanoemulsion. After the nanoemulsion was gelled at 50°C in a capped vial 

for 5 min, the vial was uncapped to evaporate ethyl acetate until twice the mass of the added 

ethyl acetate (~0.6 g) is removed. The still hydrated thermogel was then redispersed into 

deionized water to form a MC-stabilized nanoparticle suspension. Observations of the 

nanoparticles were carried out using an FEI Tecnai G2 Spirit TWIN TEM equipped with a 

LaB6 filament, operating at an accelerating voltage of 120 kV. The nanoparticle suspensions 

were drop-cast onto carbon film supported copper grids (size 200 mesh), and bright-field 

microscopy images were taken using a Gatan CCD camera. 

Preparation of Drug-Loaded Tablets: A coffee bean silicone mold was first applied with a 

small amount of cooking oil to prevent sticking. Each slot of the mold was filled with 0.5 mL 

of the nanoemulsion. Then, the nanoemulsion was gelled and evaporated in the mold at 70°C 

for one day and drug-loaded tablets were formed. 

Preparation of Oral Thin Films: A poly(dimethylsiloxane) (PDMS) fragment (length by width: 

1.5 cm by 1 cm) was used as a substrate for thin-film casting. 0.1 mL of the nanoemulsion was 

used to coat the PDMS top surface. Then, the PDMS substrate carrying the nanoemulsion thin 

film was transferred to a 55°C air circulating oven with the nanoemulsion gelled and 

evaporated for one day. After separated from the substrate, an oral thin film was obtained. 
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3.3 Results and Discussion 

3.3.1 Synthesis and Thermal Gelation of Thermogelling MC 

Nanoemulsions 

To synthesize the thermogelling nanoemulsion, we use MC as both an emulsifier and gelling 

agent because of its dual amphiphilic and thermoresponsive properties. Fenofibrate is chosen 

as a hydrophobic model API due to its extremely low water solubility (0.3 μg/mL at 37°C).115 

Anisole is used as a solvent to dissolve fenofibrate because it is approved for pharmaceutical 

formulation and has a high solubility for hydrophobic APIs.54 The continuous water phase 

contains a 5 wt% MC and the dispersed oil phase is an anisole solution saturated with 

fenofibrate. By ultrasonicating a mixture of the water and oil phases, oil nanodroplets are 

formed with the MC hydrophobic units adsorbing on the droplet surface. The gelling 

mechanism of the MC-stabilized nanoemulsion is proposed schematically in Figure 3.1a. At 

low temperatures, the nanodroplets are uniformly dispersed and the free MC chains are soluble 

in the water phase. As the temperature increases, the MC hydrophobic units associate strongly 

into hydrophobic junctions,116 forming a gel network with the oil nanodroplets locally 

immobilized in the gel matrix. The proposed mechanism is supported by the temperature ramp 

experiment with a gel point of 29°C (Figure B.1a). Moreover, nanoemulsions with different 

formulations (Table B.1) are prepared to explore the parameter space for tuning the 

nanoemulsion properties. Introducing additional Tween 80 surfactant results in a stronger 

emulsifying ability and thus the formation of smaller nanodroplets (Figure 3.1b). The addition 

of 0.1 g Tween 80 is found to effectively reduce the nanodroplet size to ~175 nm and provide 

excess Tween 80 for increasing the oil phase in Figure 3.1c (see Appendix B.1). Because the 

nanoemulsion is stabilized by the non-ionic emulsifiers (MC and Tween 80), the incorporation 

of NaCl into the water phase does not perturb the kinetically stable nanoemulsion. The average 

droplet size and polydispersity index (PDI) remain almost identical after the NaCl addition 

(Figure 3.1b, c). The good stability of the nanoemulsion to NaCl provides another parameter 

for potential process improvement. Cl‒ ions (salt-out ions) can compete with MC molecules 

for water hydration, which facilitates and strengthens hydrophobic association of MC into a 

gel network for better material encapsulation.117 To demonstrate the thermal gelation property, 

a representative nanoemulsion (3 g MC solution, 0.3 g oil phase, 0.05 g Tween 80, 0.1 g NaCl) 
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is characterized with the results shown in Figure 3.1d-f. The liquid nanoemulsion gels and 

becomes solid-like in an inverted glass vial at an elevated temperature (Figure 3.1d). The 

apparent gel temperature is determined to be ~31°C in the temperature ramp experiment 

(Figure 3.1e). The effects of each nanoemulsion component on the gel temperature is 

discussed in Appendix B.2, where gel points below 35°C are reported for different 

nanoemulsion formulations. Furthermore, the nanoemulsion gels quickly in response to an 

abrupt temperature jump (Figure 3.1f). The combination of the low gel point and fast 

thermoresponsive nature of the nanoemulsion enables the formation of nanoemulsion 

thermogel with simple thermal processing. 

 

Figure 3.1. Overview of the nanoemulsion properties. (a) Schematic diagram of the 

thermogelling mechanism. At low temperatures, the nanoemulsion suspension is composed of 

dispersed MC-stabilized oil nanodroplets and dissolved MC molecules. At elevated 

temperatures, the hydrophobic groups of MC associate together and a gel network is formed 

with the oil nanodroplets locally locked inside the thermogel matrix. (b) Average droplet sizes 

(diameter) and polydispersity indexes (PDIs) for nanoemulsions with different Tween 80 mass 

(0, 0.01, 0.03, 0.05, 0.1 g) before and after 0.1 g NaCl addition. (c) Average droplet sizes 

(diameter) and PDIs for nanoemulsions with different oil phase mass (0.3, 0.6, 0.9 g) before 

and after 0.1 g NaCl addition. d-e) Thermal gelation property of a representative nanoemulsion 

(3 g MC solution, 0.3 g oil phase, 0.05 g Tween 80, 0.1 g NaCl). (d) Optical images of the 

nanoemulsion in an inverted glass vial at temperatures of 20 and 55°C. (e) Storage modulus 

(G’) and loss modulus (G’’) of the nanoemulsion in the temperature ramp experiment at a 

heating rate of 2°C/min (0.1% strain, 20 rad/s frequency). Apparent gel point is defined as the 

cross-over point between G’ and G’’. (f) Viscoelastic moduli of the nanoemulsion in the 

temperature jump experiment from a sol state (20°C) to a gel state (70°C) (0.1% strain, 20 

rad/s frequency). 
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3.3.2 Thermal Dripping Process to Formulate API-Loaded Particles 

Utilizing the thermal gelation property of the nanoemulsion, a facile process is developed to 

formulate the nanoemulsion into thermogel particles by dripping the nanoemulsion into a 

heated water bath. The liquid nanoemulsion gelates into thermogel particles in response to the 

sudden temperature change when contacting the water bath (Figure 3.2a). To prepare spherical 

particles by dripping a gelling material into a miscible gelation bath, the gelling material has 

to be sufficiently viscous to overcome the impact and drag forces exerted by the surrounding 

water.93 Without any additional thickening agent, the nanoemulsion system can easily achieve 

a high viscosity by decreasing the droplet size and increasing the oil fraction (Figure B.2a). 

With the addition of 0.05 g Tween 80, the nanoemulsion has a viscosity that facilitates the 

formation of spherical thermogel particles (see Appendix B.3). In this work, we choose 0.1 g 

surfactant and 0.3 g oil phase (with fixed 5 g MC solution and 0.1 g NaCl) as the canonical 

condition. Figure 3.2b shows the thermogel particles prepared with an 18-gauge dispensing 

tip using the canonical condition. The particles are nearly spherical with a diameter of 

2.72±0.12 mm. Solving for the transient heat transfer in the droplet (see Appendix B.4), the 

droplet surface quickly gels in 10 ms, and the droplet defined by the gelled surface can 

completely gel in 1.5 s (Figure B.3). Fast gelation leads to effective encapsulation with no 

nanoemulsion leakage detectable by dynamic light scattering. In addition, fenofibrate diffusion 

from the oil phase to the surrounding water bath is minimal because of the stark difference in 

fenofibrate solubility. The drug loading efficiencies for all formulations are greater than 99.4 

wt%, indicating nearly perfect drug encapsulation (see Appendix B.5). The bath water volume 

is adjusted until the water film thickness is comparable to the particle size, and then the gelation 

container is directly dried in a 70°C oven without any additional washing step. During the 

drying, the oil nanodroplets are immobilized in the MC network and define individual 

crystallization domains, locally inducing API nanocrystals embedded in the dried MC matrix 

(Figure 3.2a). The dried thermogel particles (canonical condition) have a particle size of 

1.71±0.10 mm (Figure 3.2c, d), corresponding to 75% volume shrinkage of the hydrated 

particles. The importance of NaCl addition is demonstrated in a control experiment in which 

the resulting dried particles without NaCl addition buckle due to weak MC hydrophobic 

association (Figure B.6). To observe the confined crystallization enabled by the nanoemulsion 

templating, SEM imaging is performed on dried API-loaded particles (Figure 3.2e) and 
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pristine MC particles without drug (Figure 3.2f). Compared to the pristine MC matrix, the 

API-loaded particles show clear evidence of embedded nanocrystals in the matrix. The 

observed nanocrystals have a diameter of 120.6±13.6 nm, which is similar to the predicted 

nanocrystal diameter (~131.7 nm) based on the oil nanodroplet size and API properties (see 

Appendix B.7). For different nanoemulsion formulations, the observed nanoparticle size in 

the MC matrix follows the estimated nanocrystal size (Figure B.7f), providing evidence of 

confined crystallization in the nanodroplets. The sizes of the dried particles are also 

investigated for different formulations (Figure 3.2g-i). With the same dispensing tip size, the 

particle size increases with increasing oil phase mass because a higher oil fraction can create a 

higher solid content after drying (Figure 3.2h). With the same nanoemulsion formulation, the 

particle size can be effectively controlled by varying the dispensing tip diameter (Figure 3.2i), 

and the correlation can be well described by the Tate’s law (Figure B.8g). 
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Figure 3.2. Overview of the particle formulation using the thermal dripping process. (a) 

Schematic diagram of the thermal dripping process. A nanoemulsion at room temperature 

(~20°C) is dripped into a 70°C water bath stirred at 150 rpm. Once the dripped droplet enters 

the water bath, the nanoemulsion gelates rapidly in response to the temperature jump. After 

water removal and solvent evaporation, API nanocrystals are induced locally within the 

nanodroplets locked within the thermogel network. b-e) Particle formation with the canonical 

nanoemulsion (3 g MC solution, 0.3 g oil phase, 0.1 g Tween 80, 0.1 g NaCl). (b) Optical 

image of thermogel particles formed by dripping the nanoemulsion into a 70°C water bath with 

an 18-gauge dispensing tip. The hydrated particle diameter is 2.72±0.12 mm. (c, d) Optical 

image of dried particles (c) in a glass vial and (d) on a flat surface. The dried particle diameter 

is 1.71±0.10 mm. (e) SEM image of the embedded nanocrystals in the dried particles. (f) SEM 

image of the internal structure of the dried MC particles without drug. (g-i) Correlations 

between the particle size and various parameters: (g) Tween 80 mass (with an 18-gauge 

dispensing tip), (h) oil phase mass (with an 18-gauge dispensing tip), (i) dispensing tip outer 

diameter (with the canonical formulation). Scale bars for (b), (c, d), and (e, f) are 10 mm, 5 

mm, and 500 nm, respectively. 
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3.3.3 Characterization of API Nanocrystals in the API-Loaded Particles 

Strategies to increase API loading in a drug product are important because of the great interest 

to develop smaller drug products for better patient compliance. However, iterative optimization 

of multiple processing steps are generally required for oral drug formulations with high drug 

loading contents.118 Figure 3.3a shows the drug loading contents of the dried API-loaded 

particles as a function of the oil phase mass. The measured drug loading contents lie between 

the theoretically maximal (blue dashed curve) and minimal (green dash-dotted curve) values, 

and the loading content curve with 100% and 30% retention for Tween 80 and NaCl (orange 

dotted curve) is found to well describe the measured drug loading contents (see Appendix 

B.9). With the nanoemulsion system, the drug loading content can be easily scaled up by 

adding more oil phase without any optimization required of the formulation and process. X-

ray diffraction (XRD), Raman spectroscopy, and differential scanning calorimetry (DSC) are 

used to characterize the polymorphism and crystallinity of the fenofibrate nanocrystals in the 

particles. The XRD pattern in Figure 3.3b confirms the existence of fenofibrate nanocrystals 

in the particles, with the characteristic peaks aligning with those of crystalline form I 

fenofibrate at the diffraction angles (2θ) of 12°, 14.5°, 16.2°, 16.8°, and 22.4°.119 Form I 

fenofibrate is a desirable form because of its thermodynamic stability compared to the 

metastable form II and amorphous counterparts. The Raman spectrum also supports that the 

fenofibrate nanocrystals are form I polymorph (Figure 3.3c and Figure B.11b).119,120 

Differential scanning calorimetry (DSC) analyses not only suggest the presence of fenofibrate 

nanocrystals with a single endothermic peak of melting (Figure 3.3d) but also show a high 

degree of crystallinity (~100% in Figure 3.3e) approximated with the prior knowledge of 

decreasing fusion enthalpy for lower melting points70,113 (see Appendix B.11). The Gibbs-

Thomson equation predicts that melting point depression becomes more significant for smaller 

nanocrystals. Compared to the as-received bulk fenofibrate crystals with a melting point of 

81.7°C (Figure B.11c), the nanocrystal melting point decreases with decreasing nanoemulsion 

droplet size (Figure 3.3f). The melting point depression indicates the effectiveness of 

nanoemulsion droplets for templating API nanocrystals. Moreover, a linear trend is observed 

between the melting point and the reciprocal of the droplet size (Figure 3.3g). In a prior study, 

this linear trend was predicted and experimentally realized by carefully confining API 

crystallization in the nanopores of commercial pore glass.70 However, unlike the rigid 
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templates that are limited to certain specifications, “soft” templates enabled by the 

nanoemulsion provide a flexible approach to simultaneously control the drug crystal size and 

the drug loading content (i.e., crystal density) for designing a wide range of drug products.  

 

Figure 3.3. Characterization of the fenofibrate nanocrystals in the dried API-loaded particles. 

(a) Drug loading content of the particles as a function of oil phase mass (fixed 3 g MC solution, 

0.1 g Tween 80, 0.1 g NaCl). The blue dashed curve corresponds to Equation 3.5 with 𝜁𝑇𝑤80 

= 0 and 𝜁𝑁𝑎𝐶𝑙  = 0 (complete removal of Tween 80 and NaCl). The orange dotted curve 

corresponds to Equation 3.5 with 𝜁𝑇𝑤80 = 1 and 𝜁𝑁𝑎𝐶𝑙 = 0.3 (100% and 30% retention for 

Tween 80 and NaCl). The green dash-dotted curve corresponds to Equation 3.5 with 𝜁𝑇𝑤80 = 

1 and 𝜁𝑁𝑎𝐶𝑙 = 1 (complete retention of Tween 80 and NaCl). (b) X-ray pattern and (c) Raman 

spectrum of the fenofibrate nanocrystals in the particles. The inset is the zoomed-in high 

frequency Raman spectrum. The dashed lines and black dots indicate the characteristic peaks 

for crystalline form I fenofibrate. (d) DSC thermograms and (e) crystallinity of the fenofibrate 

nanocrystals in the particles for different oil phase mass. (f) Correlation between the melting 

point and droplet size. (g) Correlation between the melting point and the reciprocal of droplet 

size. The bulk fenofibrate is assumed to be templated by an infinitely large droplet (1/droplet 

size ~ 0). 

3.3.4 Release Performance and Analyses of the API-Loaded Particles 

Next, the release performance of the API-loaded dried particles was evaluated and compared 

to that of bulk fenofibrate crystals (Figure 3.4a and complete release profile in Figure B.13a). 

The bulk crystals with a size of ~239.6 μm (Figure B.9a) are nearly insoluble — it takes 12.1 

hours to reach 80% release and another 19.4 hours to reach complete release. As expected, all 

the nanocrystal-loaded particles show a significantly faster release (Figure 3.4a, b and Figure 

B.13b). For different oil phase mass, the release profiles are nearly identical (Figure 3.4a), 
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which is ideal for maintaining the release performance when the drug loading content is 

increased. In Figure 3.4b, varying the particle size for the same nanoemulsion is shown to be 

an effective approach to engineer the release profile, with the reduction of particle size 

accelerating the drug release. Furthermore, the crushed particles with the similar size of the 

bulk fenofibrate crystals show a very fast drug release — 5.4 minutes to reach 80% release and 

another 8.6 minutes to reach complete release (purple curve in Figure 3.4b). The fast release 

is attributed to the combination of the nano-sized API crystals and fast-eroding MC matrix. 

Figure 3.4c shows the 80% release time (t80) with respect to the drug loading content. The t80 

can be easily tuned by varying the particle size with the same formulation (vertical change in 

Figure 3.4c) and is maintained nearly constant with increasing drug loading content 

(horizontal change in Figure 3.4c). The constant t80 over a wide range of drug loading content 

can facilitate the design of drug products with a good control over the release performance. 

Although we have previously shown that alginate hydrogels formulations have fast release that 

performs very well against the commercial fenofibrate product, the release rate plummets as 

the drug loading content exceeds 40% (Figure B.13g).55 The release mechanism of alginate 

hydrogels is through dissolution and diffusion,112 and above a certain drug loading content 

threshold the dissolved drug molecules cannot diffuse out effectively for further dissolution. 

In contrast, the MC particles not only show an even faster release than alginate particles at 

lower loading contents but also maintain the good performance at high loading contents using 

both the erosion rate (a/t80) and diffusivity (a2/t80) metrics (Figure B.13h, i). To understand 

the release mechanism of the particles with the MC matrix, a power law model (Figure 3.4d 

with Equation B.26) is used to fit the release profiles.121 The exponent n values are greater 

than 1.2 for all cases (Figure B.14a), indicating the drug release is strongly erosion-

controlled.122 This finding agrees well with the observation that the drug release occurs with 

the eroding matrix and is complete once the particles are fully eroded. The synchronous 

behavior of the drug release and particle erosion implies that nanocrystals dissolve very fast 

and the drug dissolution is no longer a rate-determining step. To further analyze the release 

kinetics, an erosion model for an erodible sphere (Figure 3.4d with Equation B.32) is used to 

determine the erosion constant and lag time.123 The lag time is introduced to account for the 

release suppression due to the initial wetting of the dried particles when they first contact 

water.124 The lag time is positively correlated with the particle size (Figure 3.4e). The smaller 
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particles have a larger surface area for faster hydration before the erosion plays an important 

role. For the crushed particles, the wetting and erosion almost happen simultaneously with the 

lag time approaching zero. Moreover, the erosion model accounting for the particle size can 

help explain the convoluted effects on the release profiles. Increasing the oil phase mass 

corresponds to a larger ratio of the dispersed to continuous phases, and the resulting dried 

particles have a higher drug loading content and a lower MC polymer content. Therefore, 

although the particles are larger for more oil phase addition (Figure 3.2h), the lower polymer 

content leads to a faster erosion rate (Figure 3.4f). The two factors offset each other and 

maintain a nearly constant performance when the oil phase is increased (Figure 3.4a).  

 

Figure 3.4. Release performance and analyses of the dried API-loaded particles. (a) 

Cumulative release profiles of the as-received bulk fenofibrate crystals (diameter ~239.6 μm) 

and the particles with different oil phase addition (fixed 3 g MC solution, 0.1 g Tween 80, 0.1 

g NaCl). (b) Cumulative release profiles of particles with different diameters (obtained via 

crushing and varying dispensing tip size for the canonical formulation). The legend includes 

the particle diameter and tip specification. (c) Time at 80% drug release (t80) plotted versus the 

drug loading content for different conditions. (d) Fitting the release profile of the canonical 

condition with the power law and erosion models. (e) Correlation between the lag time (tlag) 

and particle size. (f) Correlation between the erosion constant (𝑘𝑒) and drug loading content. 

  



76 

3.3.5 Versatility of the Thermogelling MC Nanoemulsion to Formulate 

Various Dosage Forms 

In addition to the aforementioned particle formulation, the thermogelling nanoemulsion with 

“smart” responsiveness to temperature can be easily crafted into versatile dosage forms by 

simple thermal treatment. For the preparation of nanoparticle suspensions, conventional 

processes are typically time-consuming and can take more than 10 hours to mill down API 

crystals to a desirable nanoscale range.64 In contrast, soft oil droplets can be easily broken up 

into nanodroplets in five minutes and approach the minimum droplet size in 20 minutes.125 

Ethyl acetate is chosen as a fast-evaporating solvent (boiling point of 77.1°C) to load 

fenofibrate in order to induce API nanocrystals before the water phase has dried out. With the 

same water phase (3 g 5 wt% MC) and 0.1 g Tween 80, the oil phase of a 0.1 g fenofibrate-in-

0.3 g ethyl acetate solution is used to form a thermogelling nanoemulsion (Figure 3.5a). Gelled 

at 50°C, the nanoemulsion is then evaporated at the same temperature (Figure 3.5b) until twice 

the mass of the added ethyl acetate (~0.6 g) is removed to ensure the complete removal of ethyl 

acetate. The still hydrated thermogel is redispersed into deionized water to form a polymer-

stabilized nanoparticle suspension, and the uniform nanoparticles can be not only detected by 

dynamic light scattering but also observed by TEM (Figure 3.5c). The nanoparticles (~216.7 

nm) are found to be larger than the nanoemulsion droplets (~129.5 nm), suggesting that more 

MC molecules adsorb on the nanocrystals for better stability after redispersion (Figure B.15). 

To demonstrate the utility of the thermogel in producing nanocrystals, a control evaporation 

test conducted at room temperature (below the gel point) shows undesirable nanoemulsion 

destabilization (Figure 3.5d) and large crystal precipitation (Figure 3.5e). Moreover, a thermal 

molding method is developed to prepare drug tablets (Figure 3.5f, g). Instead of relying on the 

multistep mixing/transport of API crystals and excipient powders as in the conventional 

manufacturing,107,108 drug tablets with embedded API nanocrystals can be directly formulated 

in a facile and powderless manner. Without the issue about stimulus penetrability,126 heat flux 

from the environment can easily penetrate through the nanoemulsion in the mold and ensure 

the complete gelation. The gelled nanoemulsion is then evaporated in situ for one day and the 

drug tablets are formed (Figure 3.5g). Lastly, the nanoemulsion can be thermally cast into oral 

thin films, which are novel dosage forms that have gained considerable attention in recent years 

because of their exceptional acceptability for geriatric and pediatric patients.127 The use of the 
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thermogelling nanoemulsion can avoid dealing with drug crystal agglomeration that is still a 

common problem in the conventional casting process.128 By gelling and evaporating a liquid 

film of the nanoemulsion on a poly(dimethylsiloxane) (PDMS) substrate (Figure 3.5h-j), a 

paper-like oral thin film with a thickness of ~20 μm can be easily prepared (Figure 3.5k). 

 

Figure 3.5. Versatility of the thermogelling nanoemulsion in pharmaceutical formulations for 

various dosage forms. (a) Optical image of the nanoemulsion with the oil phase of a 

fenofibrate-in-ethyl acetate solution (0.1 g fenofibrate, 0.3 g ethyl acetate). The resulting 

nanoemulsion has a diameter 𝑑𝑑𝑟𝑜𝑝 of 129.5 nm and PDI of 0.195. (b) Optical image of the 

nanoemulsion thermogel after ethyl acetate is evaporated at 50°C. The redispersed nanoparticle 

suspension has a diameter of 216.7 nm and PDI of 0.218 (measured by dynamic light 

scattering). (c) TEM image of the redispersed nanoparticle suspension (diameter 201.4±34.2 

nm). (d) Optical image of the nanoemulsion after ethyl acetate is evaporated at room 

temperature in a circulating fume hood (~20°C). Large fenofibrate crystals precipitate out as 

droplets are not held in place via a gel network. (e) Bright-field microscopic image of the large 

crystals from (d). (f) Optical image of a coffee bean mold loaded with the thermogelling 

nanoemulsion (0.5 mL in one slot). (g) Optical image of the drug tablets in a coffee bean shape 

after solvent evaporation of the thermogel at 70°C. (h-k) Formulation of oral thin films. (h) 

Pristine PDMS acts as a platform for thin-film casting. (i) The platform is applied with a 

nanoemulsion thin film of 0.1 mL. (j) The thin film is gelled and dried at 55°C on the platform. 

(k) Separated from the platform, an oral thin film with a thickness of ~20 μm is formed. Scale 

bars for (c), (e), and (f-k) are 1 μm, 0.5 mm, and 5 mm, respectively. 



78 

3.4 Conclusions 

In summary, we developed a new thermogelling nanoemulsion system that can be easily 

formulated into composite solid dosage drug products with well-controlled API nanocrystals 

embedded in the MC matrix. The nanoemulsion suspension has a low gel temperature and fast 

response to temperature changes which enable the realization of effective particle formulation 

with a thermal dripping method. The thermally gelled nanoemulsion can be directly dried with 

the precise formation of API nanocrystals templated by the nanodroplets. The API nanocrystals 

are characterized to be the most stable polymorph and their presence is validated by SEM, 

XRD, Raman spectroscopy, and DSC analyses. The significantly improved solubility of the 

nanocrystals is demonstrated in release tests. The fast drug release is not limited by the 

dissolution of the API nanocrystals and directly controlled by the fast erosion of the MC matrix. 

Moreover, the release can be easily tuned by varying the particle size, and fast release is 

maintained for a wide range of drug loading contents. To demonstrate the versatility of the 

nanoemulsion formulation, various dosage forms (nanoparticle suspension, drug tablet, and 

oral thin film) are prepared with a simple and efficient thermal treatment. Overall, the 

thermogelling nanoemulsion holds significant potential for more efficient formulation of oral 

drug products with high quality and tunable fast release. 
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Chapter 4  Thermogelling Hydroxypropyl Methylcellulose 

(HPMC) Nanoemulsions as Templates to Formulate Poorly 

Water-Soluble Drugs into Oral Thin Films Containing Drug 

Nanoparticles 

Oral thin films are an emerging solid dosage form for the delivery of poorly water-soluble 

drugs. Typical thin film formulations require nanomilling of drugs to improve their poor water 

solubility, followed by incorporating the drug nanoparticles in a polymer solution for casting. 

However, these formulations are not only inefficient and multistep, but also limited to 

moderate drug loading capacity and susceptible to irreversible nanoparticle aggregation. Based 

on a widely used film-forming polymer, hydroxypropyl methylcellulose (HPMC), we 

developed thermogelling nanoemulsions with drug-loaded oil nanodroplets dispersed in a 

HPMC-loaded water phase. The nanoemulsions can directly act as film precursors for casting 

and provide robust templates to formulate oral films with uniform drug nanoparticles 

embedded in a dried HPMC matrix. The thermally gelled network effectively immobilizes the 

oil nanodroplets for confined nanoparticle crystallization and avoids potential irreversible 

nanoparticle aggregation, which enables high drug loading contents up to 63 wt%. The oral 

films also possess a tunable immediate release because the films have large surface-to-volume 

ratios and the drug nanoparticles are fast-dissolving. Overall, the thermogelling nanoemulsions 

show great promise for a more efficient and effective process to formulate HPMC and poorly 

water-soluble drugs into highly potent oral films with tunable immediate release. 

This chapter has been adapted with permission from L.-H. Chen and P.S. Doyle. 

Thermogelling Hydroxypropyl Methylcellulose (HPMC) Nanoemulsions as Templates to 

Formulate Poorly Water-Soluble Drugs into Oral Thin Films Containing Drug Nanoparticles. 

Chemistry of Materials (Accepted). Copyright (2022) American Chemical Society. 
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4.1 Introduction 

Solubility of drug molecules is a crucial parameter to consider during the design and 

formulation of new drug products. Nearly 40% of marketed drugs and 90% of drug candidates 

in the pipeline are poorly water-soluble (i.e., hydrophobic).3 The hydrophobic nature makes 

these drugs difficult to be absorbed in the gastrointestinal tract, resulting in limited 

bioavailability.129 Among different strategies to overcome the solubility limitation, particle 

size reduction has gained the most attention for formulation of poorly water-soluble drugs. By 

reducing the size of hydrophobic drugs to the nanometer range, the dissolution rate of 

hydrophobic drugs can be significantly improved compared to their bulk counterparts because 

of the increased surface area and increased saturation solubility.59,74 However, nanoparticle 

suspensions are thermodynamically unstable and susceptible to sedimentation, agglomeration, 

and crystal growth.130 Moreover, the suspensions are in a liquid form and should be accurately 

measured and carefully shaken before administration.131 Motivated by these issues, 

tremendous efforts have been made to formulate nanoparticles into oral solid dosage forms 

that possess improved stability and dosage accuracy,132 such as tablets and capsules. However, 

these solid dosage forms are considered difficult to swallow by 37% of the population, which 

can lead to non-adherence and inappropriate drug modifications.133  

In the past decade, oral films have emerged as a novel solid dosage form that show great 

potential over other solid dosage forms for delivery of poorly water-soluble drugs.127,131,134 

Their large surface-area-to-volume ratios enable rapid dissolution and absorption of drugs in 

the gastrointestinal tract,131 leading to significantly increased bioavailability.134 In addition, 

they are easy to swallow and thus show exceptional acceptability for geriatric, pediatric, and 

dysphagic patients.127,131 In a typical film-forming process, a nanosuspension is first prepared 

and then mixed with a film-forming polymer solution to form a film precursor for casting and 

drying.128,135–140 Wet stirred media milling is one of the most extensively used techniques to 

formulate nanoparticle suspensions, because it is a robust and well-established process that can 

be applied to many hydrophobic drugs.61,62 However, it generally involves long milling 

durations (3-12 h),63,64 and erosion of milling media may cause severe contamination of 

drugs.65,66 In addition, irreversible nanoparticle aggregation during long-time processing and 

drying is still a common problem that can reduce the dissolution rate of drug nanoparticles and 
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negatively affect the drug uniformity in oral films.128,141 The aggregation problem becomes 

even more prominent when more drug nanoparticles are incorporated in oral films,141 rendering 

the oral film technology limited to low drug loading capacity.131,134 Other film-forming 

technologies involve the incorporation of amorphous solid dispersions142–144 and solid lipid 

nanoparticles,145–147 both of which provide improved bioavailability of poorly water-soluble 

drugs. However, amorphous solid dispersions are susceptible to recrystallization that 

undermines the drug efficacy,142,148 and the recrystallization becomes more significant with 

increasing drug loadings.148 Solid lipid nanoparticles also possess stability issues, such as drug 

expulsion during storage149 and polymorphic transformation.147 Therefore, development of an 

alternative film-forming technology that addresses the above limitations is imperative.  

Hydroxypropyl methylcellulose (HPMC) is one of the most prevalent hydrophilic additives in 

the food and pharmaceutical industries. HPMC is a naturally sourced biopolymer derived from 

cellulose42 and is classified as a safe and non-toxic material by the United States Food and 

Drug Administration (FDA).150 The non-ionic nature of HPMC ensures reproducible pH-

independent drug release profiles in gastrointestinal fluids with varying pH conditions.151 With 

many ideal pharmaceutical features, HPMC has become an excellent film-forming polymer for 

incorporating hydrophobic drug nanoparticles.128,135–140 However, formulating HPMC and 

hydrophobic drugs into oral film products generally requires inefficient and ineffective 

conventional processes. In addition to inefficient nanoparticle formulations, further mixing of 

nanoparticle suspensions and a HPMC solution can take another 3-12 h before the mixture is 

ready for casting.128,135–139 Moreover, the mixing can dilute the concentration of drug 

nanoparticles and compromise the drug loading capacity.152 Therefore, a more effective and 

efficient film-forming process needs to be developed based on HPMC. From the material 

fundamentals, HPMC is a well-known emulsifier that has been used to produce oil-in-water 

emulsions for hair care153 and eye drop formulation.154 In addition, it possesses an interesting 

thermogelling property155 that has been applied to form injectable gels for drug delivery156. 

Although these two properties have been widely used to develop liquid dosage forms for 

delivery of drug, they are generally overlooked in oral film formulations that involve 

incorporating hydrophobic drugs into a HPMC matrix. 

In this work, we report a more efficient and effective film-forming formulation that is enabled 

by thermogelling HPMC nanoemulsions. We leverage the dual emulsifying and thermogelling 
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properties of HPMC to design the thermogelling nanoemulsions, which provide robust 

templates to formulate poorly water-soluble drugs into oral films loaded containing drug 

nanoparticles. HPMC and a surfactant are used to emulsify an oil phase loaded with poorly 

water-soluble drug for preparing nanoemulsions. The nanoemulsions are thermogelling 

because the hydrophobic groups of HPMC can associate together to form a gel network upon 

heating. The thermally gelled nanoemulsions involve drug-loaded oil nanodroplets that are 

immobilized in a HPMC hydrogel, which ensures confined formation of drug nanoparticles in 

a HPMC matrix. With the proposed mechanism, the thermogelling nanoemulsions can directly 

act as film precursors to produce oral films with uniform drug nanoparticles embedded in a 

dried HPMC matrix. To demonstrate the versatility of the proposed formulation, we develop 

simple predictive rules and correlations to control the oral film thickness for nanoemulsions 

with different oil weight fractions, which later correspond to different drug loading contents. 

The efficacy of the proposed approach is supported by electron microscopy and solid-state 

characterization techniques. The drug nanoparticles are successfully observed, and the most 

stable solid-state structure is attained after the oral film formation. Moreover, high drug loading 

contents of the oral films are achieved by increasing the nanoemulsion volume fraction in the 

precursor solution without the need to modify any other film formulation steps. We also 

provide evidence that the drug nanoparticles are uniformly distributed in the oral films without 

irreversible nanoparticle aggregation. For the release performance, the oral films possess a 

tunable immediate release that has a strong correlation with the film thickness. We present 

release models to elucidate the release mechanism of the oral films, and develop a scaling rule 

for designing their release profiles. Overall, the developed thermogelling nanoemulsions 

address many limitations that are still common in conventional film-forming processes, such 

as inefficient formulation steps, low drug loading capacity, and irreversible nanoparticle 

aggregation.  
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4.2 Experimental Section 

Materials. Hydroxypropyl methylcellulose (HPMC, viscosity of 40-60 cP for 2 wt% in H2O 

at 20°C, molecular weight ~22,000 g/mol, methoxyl content of 28-30%, hydroxypropoxyl 

content of 7-12%), Tween 80 (polysorbate), fenofibrate, anisole, ethanol, sodium dodecyl 

sulfate (SDS) were purchased from Sigma-Aldrich and used without further purification steps. 

Synthesis of Thermogelling HPMC Nanoemulsions. The thermogelling HPMC 

nanoemulsions consist of a continuous water phase and a dispersed phase oil phase. The 

continuous water phase was a 4 wt% HPMC aqueous solution. The dispersed oil phase was a 

saturated fenofibrate-in-anisole solution, which was prepared by adding bulk fenofibrate 

crystals into anisole until excessive crystals could not be further dissolved and settled down at 

the bottom. To prepare the nanoemulsions, a pre-emulsion was first prepared by vortexing a 

mixture of the continuous phase, dispersed phase, and Tween 80 in a 50 mL Falcon conical 

centrifuge tube. The nanoemulsion compositions for different oil phase mass are summarized 

in Table C.1. The surfactant-to-oil (SOR) ratio was fixed at 1:20 to fix the nanoemulsion 

droplet size. The pre-emulsion was then ultrasonicated at a 30% amplitude in an ultrasonicator 

with a 24 mm diameter horn (from Cole Parmer) at a frequency of 20 kHz for 30 min. A cooling 

circulating water bath was used to keep the ultrasonicator at 10°C.  

Dynamic Light Scattering (DLS). The droplet sizes and polydispersity indexes (PDIs) of the 

nanoemulsions were measured by dynamic light scattering (Brookhaven NanoBrook 90Plus 

PALS), which was operated at a fixed scattering angle of 90° and a temperature of 25°C. The 

sample was prepared by diluting 5 μL of the nanoemulsion solution with 3 mL deionized water 

in a cuvette. The dilution is performed to avoid multiple scattering effects and ensure a 

consistent baseline. For each sample, five sets of one-minute measurements were done to 

determine the nanoemulsion size distribution. 

Rheological Characterization of Thermogelling Nanoemulsions. The rheological 

properties of the nanoemulsions were characterized using a stress-controlled rheometer (DHR-

3, TA instrument) equipped with a plate geometry (diameter = 40 mm and gap = 500 μm) and 

a temperature-controlled Peltier lower-plate. To minimize the evaporation, a small amount of 

water was added on top of the cone geometry, and a solvent trap was used. Before each 
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measurement, a conditioning procedure was performed: a pre-shear at a constant rotational 

speed of 10 rad/s for 60 s at 20°C, followed by an equilibration for 60 s at 20°C. Temperature 

ramp measurements were conducted from 20°C to 70°C with a heating rate of 2°C/min, a strain 

amplitude of 0.1%, and frequency of 10 rad/s.  

Preparation of Oral Films. A microscope slide (plain glass, VWR VistaVisionTM) with 

dimensions of 75×25×1 mm (length×width×height) was used a substrate for oral film 

formulation. The thermogelling nanoemulsion was poured on a glass slide, and the required 

nanoemulsion mass for different conditions to achieve the targeted thickness is summarized in 

Table C.2. Then, the glass slide carrying a layer of the nanoemulsion was quickly transferred 

to a 70°C oven and dried overnight to evaporate anisole and water. After drying, an oral film 

was detached from the glass slide and stored at room temperature for further characterization 

and release tests.  

Film Thickness Measurement. The thickness of the oral films was measured using a 

digimatic micrometer (Series No. 293, Mitutoyo) with an accuracy of 0.001 mm. Thickness 

values were measured at ten different locations across each oral film and were used to calculate 

the average and standard deviation. 

Scanning Electron Microscopy (SEM). The surface and cross-section of the oral films were 

observed using a high-resolution scanning electron microscope (Zeiss HRSEM) at an 

accelerating voltage of 1.3 kV. All samples were prepared on SEM specimen stubs with carbon 

tape. The SEM images were analyzed with ImageJ to estimate the drug nanoparticle size. 

Transmission Electron Microscopy (TEM). Observation of the dispersed nanoparticles from 

the oral films was carried out using an FEI Tecnai G2 Spirit TWIN TEM equipped with a LaB6 

filament, operating at an accelerating voltage of 120 kV. The dispersed nanoparticle 

suspension was drop-cast onto a carbon film supported copper grid (size 200 mesh), and bright-

field microscopy images were taken using a Gatan CCD camera. 

Drug Loading Measurement. The drug loadings of the oral films were determined using a 

UV-Vis spectrophotometer (Thermo Scientific NanoDrop One). According to the UV-Vis 

absorbance spectrum from 150 to 850 nm (Figure C.7a), the absorbance peak occurs at λ = 
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287 nm for the carbonyl groups of fenofibrate. A concentration-absorbance calibration curve 

was developed using fenofibrate-in-ethanol solutions with different concentrations ranging 

from 0.01 to 0.5 mg/mL at λ = 287 nm (Figure C.7b). For drug loading content measurements, 

a 10 mg small piece of the oral film was soaked in 3 mL ethanol and vortexed for 1 min. The 

ethanol solution was sampled and diluted ten times to lie in the range of the calibration curve 

for UV-Vis measurements. All measurements were done in triplicate. 

X-Ray Diffraction (XRD) Analysis. The crystal structures of the as-received bulk fenofibrate 

crystals and the fenofibrate nanoparticles in the oral films were characterized by XRD using 

an in reflection mode (Philips PANalytical X’Pert Pro MPD). The oral film was ground and 

placed on a silicon crystal zero diffraction plate. The X-ray source was generated using a 

copper anode (Kα emission wavelength of 1.54 Å) at 40 kV and 40 mA. The diffraction angle 

2θ was swept from 4 to 40° with a step size of 0.01671° at a scanning rate of 2°/min. 

Differential Scanning Calorimetry (DSC) Analysis. The melting points of the as-received 

bulk fenofibrate crystals and the fenofibrate nanoparticles in the oral films were determined 

using a differential scanning calorimeter (TA Instruments Q2000). Inert environment was 

maintained in the sample chamber with nitrogen flowing at 50 mL/min. For each measurement, 

a set of Tzero pan and lid was used with ~5 mg of the ground oral film. A temperature ramp 

was performed from −10 to 150°C at a heating rate of 10°C/min. 

Raman Spectroscopy. Raman spectroscopy was performed using a Horiba Jobin Yvon 

LabRAM HR800 system that involves a 633 nm excitation laser, 100× objective lens, and 1800 

lines per mm grating. Prior to the measurement, the system was calibrated using the standard 

521 cm−1 band of Si. The Raman spectra were analyzed using the LabSpec 5 software. The 

baseline correction of the spectra was implemented using a line with a degree of two. Raman 

mapping was performed at a step increment of 1 μm in both x and y directions over 51 μm×51 

μm area of the oral film. The Raman mapping was based on the signal at 1650 cm−1. 

Tensile Testing. Tensile properties of the oral films were measured using an Instron 8848 

MicroTester. Each oral film was first glued onto a hollow cardboard using 5-minute epoxy. 

The gauge length and width of the thin film were 14 mm and 5 mm, respectively. The 

cardboard with the oral film was then held between the two clamps, and the connecting parts 
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of the cardboard were cut. The tensile testing was performed at a constant crosshead 

displacement rate of 0.005 mm/s until the point of film fracture. A stress-strain curve was 

obtained for each oral film. The stress (engineering stress) was calculated by normalizing the 

tensile force over the initial cross-sectional area of the oral film. The strain (engineering strain) 

was calculated by dividing the difference between the initial and final lengths by the initial 

length of the oral film. From the stress-strain curve, the tensile strength and the elongation at 

break were obtained from the maximum stress and the strain corresponding to the maximum 

stress. The Young’s modulus was obtained from the initial elastic deformation region of the 

stress-strain curve. 

Drug Release Experiment. The release profiles of the oral films were measured using a USP 

Dissolution Apparatus II (Agilent Technologies Varian VK 7025). Integrated in the dissolution 

apparatus, a Cary 50 UV-vis spectrometer and an in situ probe set automatically recorded the 

absorbance at a wavelength of 287 nm every minute. The release medium was a 900 mL 25 

mM sodium dodecyl sulfate (SDS) aqueous solution, which is recommended by the FDA 

Dissolution Methods Database for fenofibrate dosage forms157 to simulate in vivo 

solubilization of hydrophobic fenofibrate by biorelevant surfactants.158,159 Each oral film (15 

mm×10 mm) was placed into a USP compliant Japanese Pharmacopoeia sinker basket to 

decrease the variability of the release results caused by potential floating of the oral films.160 

The operating temperature and paddle rotational speed were set at 37°C and 75 rpm, 

respectively. The release experiment for each sample was done in triplicate. 

4.3 Results and Discussion 

4.3.1 Preparation and Thermal Gelation of Thermogelling HPMC 

Nanoemulsions 

Synthesizing the thermogelling HPMC nanoemulsions requires three key elements: continuous 

water phase, dispersed oil phase, and surfactant. The continuous water phase is a 4 wt% HPMC 

aqueous solution (Figure 4.1a). HPMC molecules are based on a linear polysaccharide 

cellulose chain with ether-linked methoxy (OCH3) and hydroxypropyl (OCH2CH(OH)CH3) 

side groups. The dispersed oil phase is an anisole solution saturated with fenofibrate. 

Fenofibrate is selected as a hydrophobic model drug because of its extremely low water 
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solubility (0.3 μg/mL at 37°C).115 Anisole is chosen as an organic solvent because it has a high 

solubility for hydrophobic fenofibrate and is approved for pharmaceutical formulations. In 

addition to the HPMC molecules in the water phase, a small amount of Tween 80 surfactant 

(1/20 the mass of the oil phase) is added to help emulsify the oil phase. The mixture of all the 

above materials is vortexed quickly to form a pre-emulsion, which is then placed in an 

ultrasonicator kept at 10°C for 30 min. The ultrasonication provides energy to break the large 

oil droplets into nanoscale droplets. The as-prepared nanoemulsions comprise oil nanodroplets 

that are uniformly dispersed in the continuous water phase with free HPMC molecules (Figure 

4.1b). These oil nanodroplets are stabilized by both the HPMC and Tween 80 molecules. The 

nanoemulsions are thermogelling because of the thermoresponsive nature of HPMC. Upon 

heating, the hydrophobic methoxy groups of HPMC molecules can associate together to form 

hydrophobic junctions,53,161–164 as shown by the red points in Figure 4.1c. The hydrophobic 

association forms a hydrogel network that immobilizes the oil nanodroplets.  

 

Figure 4.1. Overview of the thermogelling HPMC nanoemulsion preparation. (a) Dispersed 

oil phase (saturated fenofibrate-in-anisole solution) and continuous water phase (4 wt% HPMC 

and a small amount of Tween 80 surfactant). The surfactant-to-oil (SOR) ratio is 1:20. (b) As-

prepared themogelling nanoemulsion after ultrasonication. The nanoemulsion consists of oil 

nanodroplets that are stabilized by both the HPMC and Tween 80 molecules, which are 

illustrated as a diffuse halo around the oil nanodroplets. (c) Gel structure formed by the 

thermogelling nanoemulsion upon heating. The hydrophobic groups of HPMC associate 

together to form hydrophobic junctions that lead to a gel structure and immobilize the oil 

nanodroplets. The hydrophobic junctions are illustrated as red points. 

Figure 4.2a shows the average droplet diameters and polydispersity indexes (PDIs) 

characterized by dynamic light scattering (DLS) for the thermogelling nanoemulsions with 

different oil phase mass. With the same 3 g continuous water phase, different mass (0.2 g, 0.4 

g, 0.6 g) of the dispersed oil phase and a small amount of Tween 80 (1/20 of the oil mass) are 

added to prepare the nanoemulsions. The surfactant-to-oil ratio (SOR) is fixed at 1:20 to enable 
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similar nanoemulsion droplet sizes (~350 nm) for different oil mass conditions. The 

polydispersity indexes (PDIs) of the nanoemulsions vary between 0.1 and 0.2, which lie in the 

typical range for uniform nanoemulsion droplet sizes.13,77 To quantify the gel temperatures, 

temperature ramp experiments are conducted for the pure HPMC and the nanoemulsions 

(Figure 4.2b and Figure C.1). In addition, the sol-gel transition is qualitatively demonstrated 

in a vial inversion test (Figure 4.2c). Figure 4.2d summarizes the gel temperatures of the pure 

HPMC and the thermogelling nanoemulsions. Compared to the gel temperature of the pure 

HPMC (59.4°C), the nanoemulsion with 0.2 g oil has a slightly increased gel temperature 

(61.3°C). The small change in the gel temperature can be attributed to two competing factors. 

One is that the oil nanodroplets act as crosslinking points for hydrophobic association upon 

heating, leading to faster gelation and a lower gel temperature. The other is that amphiphilic 

Tween 80 molecules can cloak the hydrophobic units of HPMC chains. This cloaking 

phenomenon delays the gelation and increases the gel temperature, because more energy is 

required to break away the surfactant molecules and expose the hydrophobic groups for 

association.165 With the increasing oil mass from 0.2 g to 0.6 g, the gel temperature of the 

nanoemulsion decreases. A higher density of the oil nanodroplets provides more crosslinking 

points that dominate the cloaking effect of surfactant, which facilitates the hydrophobic 

association and accelerates the gelation upon heating. The elastic moduli and viscous moduli 

at 70°C of the pure HPMC and the thermogelling nanoemulsions are summarized in Figure 

4.2e, f. The elastic modulus is higher than the viscous modulus for each condition, indicating 

solid-like behavior of the gel. The gel becomes stronger with a larger elastic modulus as the 

oil phase mass increases, because more crosslinking points created by the oil nanodroplets are 

able to reinforce the gel network. 
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Figure 4.2. Overview of the nanoemulsion properties. (a) Average droplet sizes 

(hydrodynamic diameters from DLS) and polydispersity indexes (PDIs) for the thermogelling 

nanoemulsions with different oil phase mass (0.2, 0.4, 0.6 g). (b) Elastic modulus (G’) and 

viscous modulus (G’’) of the nanoemulsion (0.4 g) in a temperature ramp experiment at a 

heating rate of 2°C/min (0.1% strain, 10 rad/s frequency). Apparent gel temperature is defined 

as the cross-over point between G’ and G’’. (c) Vial inversion test for the nanoemulsion (0.4 

g oil) at temperatures of 20 and 55°C. (d) Gel temperatures of the pure HPMC (gray bar) and 

the nanoemulsions with different oil mass (red, blue, brown bars). (e) Elastic moduli (G’) at 

70°C of the pure HPMC (gray bar) and the nanoemulsions with different oil mass (red, blue, 

brown bars). (f) Viscous moduli (G’’) at 70°C of the pure HPMC (gray bar) and the 

nanoemulsions with different oil mass (red, blue, brown bars). 
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4.3.2 Preparation of Oral Films with Adjustable Thickness 

The proposed film-forming process based on the thermogelling nanoemulsion is shown in 

Figure 4.3a-c. A glass slide is first loaded with a layer of the thermogelling nanoemulsion in 

the sol state at ~20°C (Figure 4.3a, d). The nanoemulsion is then heated to form a gel with 

immobilized hydrophobic oil nanodroplets (Figure 4.3b). The heating temperature is chosen 

to be 70°C, which is greater than the gel temperatures of the nanoemulsions with different oil 

phase mass. The drying process then proceeds at the same elevated temperature to evaporate 

both the water and organic solvent (anisole). During the drying process, the nanoparticles are 

locally induced within the oil nanodroplets, and the continuous phase hydrogel becomes a dried 

HPMC matrix (Figure 4.3c). Because the thermally gelled network protects the oil 

nanodroplets from coalescence, each nanodroplet is expected to become a single nanoparticle. 

Therefore, the dried film (i.e., oral film) involves uniform drug nanoparticles embedded in a 

dried HPMC matrix. The oral film detached from the glass slide has a white appearance, as 

shown in Figure 4.3e, f. To demonstrate the advantages of the proposed film-forming process, 

we summarize the conventional methods for preparing oral films that are loaded with 

fenofibrate microparticles or nanoparticles in Table 4.1. The conventional milling methods 

(wet stirred media milling and fluid energy milling) typically take at least 2 h to mill down 

solid crystals128,136–138,140. Among the conventional methods, fluid energy milling is difficult to 

reach the desirable nanoscale range (<1 µm).136,137 Although melt emulsification provides a 

faster way to form a nanoparticle suspension (~15 min), it requires extreme temperatures 

(melting at 95°C and sudden cooling to ‒3°C for fenofibrate), and it can be difficult to avoid 

irreversible nanoparticle aggregation during cooling.135 After a nanoparticle suspension is 

made using the conventional methods, it has to be mixed with a HPMC film-forming polymer 

solution to form a film precursor for casting. The mixing process is time-consuming (typically 

3-12 h)128,135–139 and can compromise the drug loading content because of the dilution effect.152 

In contrast, the film-forming process enabled by the thermogelling nanoemulsions is more 

efficient and effective. Because the oil droplets are soft, a thermogelling nanoemulsion can be 

easily formed in 5 min and reach the minimum droplet size in 20 min.125 Moreover, the 

thermogelling nanoemulsion can directly act as a film precursor without further mixing with a 

film-forming polymer. 



91 

 

Figure 4.3. Overview of the film-forming process based on the thermogelling nanoemulsion. 

(a) Thermogelling nanoemulsion loaded on a glass slide at room temperature. (b) 

Thermogelling nanoemulsion on a glass slide at 70°C. The HPMC moleclules associate 

together and form a gel network that immobilizes the oil nanodroplets. (c) Oral film on a glass 

slide after drying at 70°C. Drug nanoparticles are induced locally within the oil nanodroplets 

during drying and are embedded in a dried HPMC matrix after drying. (d) Optical image of 

the thermogelling nanoemulsion loaded on a glass slide before drying. The dimensions of the 

glass slide are 75×25 mm2. (e, f) Optical images of the oral film detached from the glass slide 

after drying. The film condition is 0.4 g oil and the thickness is 111.8 μm. 
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Table 4.1. Previous oral films loaded with fenofibrate microparticles/nanoparticles vs. the 

oral films loaded with fenofibrate nanoparticles in this work. 

Method (before casting & 

drying) 

Demonstrated 

max drug load 

Particle size Oral film 

thickness 

Reference 

Wet stirred media milling (2 h) 

+ mixing with a polymer solution 

(time not shown) 

37.1 wt% ~210 nm 85-165 μm Kevadiya et 

al.140 (2018) 

Wet stirred media milling (2 h) 

+ mixing with a polymer solution 

using a dual-propeller mixer (3 h) 

29.3 wt% ~256 nm 20-120 μm Sievens-

Figueroa et 

al.128 (2012) 

Wet stirred media milling (time 

not shown) + mixing with a 

polymer solution dual-propeller 

mixer (3 h) 

26 wt% Not shown Not shown Zhang et 

al.139 (2014) 

Fluid energy milling (~2 h)  

+ mixing with a polymer solution 

using a dual-propeller mixer (3 h) 

22.8 wt% ~4.53 µm 

(Large size) 

113-148 μm Zhang et 

al.137 (2018) 

Wet stirred media milling (2 h) 

+ mixing with a polymer solution 

using a dual-propeller mixer  

(6-12 h) 

17.0 wt% ~280 nm 93-102 μm Krull et al.138 

(2015) 

Fluid energy milling (~2 h) 

+ mixing with a polymer solution 

using a dual-propeller mixer (3-6 

h) 

15.8 wt% ~4.20 µm 

(Large size) 

50-60 μm Zhang et 

al.136 (2018) 

Melt emulsification (~15 min 

with melting at 95°C and sudden 

cooling to ‒3°C) + mixing with a 

polymer solution using a dual-

propeller mixer (5 h) 

5.0 wt% ~900 nm 65-70 μm Bhakay et 

al.135 (2016) 

Thermogelling nanoemulsion 

synthesis (30 min) 

63 wt% ~600 nm 55-150 μm This work 
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Because the film formation involves removal of both the water and organic solvent, solid 

content (𝑤𝑠𝑜𝑙𝑖𝑑) of the nanoemulsion becomes an important parameter to describe the weight 

fraction of the non-volatile components after drying, which includes HPMC, fenofibrate, and 

Tween 80. The solid content (𝑤𝑠𝑜𝑙𝑖𝑑) of the nanoemulsion is described by Equation 4.1, and 

the result is shown in Figure 4.4. 

 𝑤𝑠𝑜𝑙𝑖𝑑 =
𝑚𝑐𝑤𝐻𝑃𝑀𝐶 + 𝑚𝑜𝑤𝐹𝐸𝑁 + 𝑚𝑇𝑊

𝑚𝑐 + 𝑚𝑜 + 𝑚𝑇𝑊
 (4.1) 

where 𝑚𝑐 is the mass of the continuous water phase, 𝑤𝐻𝑃𝑀𝐶 is the HPMC weight fraction in 

the water phase (4 wt%), 𝑚𝑜 is the oil phase mass, 𝑤𝐹𝐸𝑁 is the fenofibrate weight fraction in 

the oil phase (≈45 wt%)55. Because the oil phase has a high concentration of fenofibrate, a 

small incremental addition of the oil phase can increase the solid content effectively (≈2.5 wt% 

increase per 0.2 g oil addition). With the estimated solid content, the oral film mass is predicted 

from the mass of the nanoemulsion loaded on a glass slide (Figure 4.4b). The predicted oral 

film mass (𝑚𝑑𝑟𝑖𝑒𝑑,𝑝) is expressed as follows:  

 𝑚𝑑𝑟𝑖𝑒𝑑,𝑝 = 𝑚𝑁𝐸𝑤𝑠𝑜𝑙𝑖𝑑 (4.2) 

where 𝑚𝑁𝐸 is the mass of the nanoemulsion loaded on a glass slide. To compare the oral films 

made from the nanoemulsions with three different oil phase mass conditions, prediction is 

made for these nanoemulsions to form the oral films with approximately the same mass (~92 

mg). To validate the prediction, the oral film mass is measured and compared with the 

predicted film mass (Figure 4.4c). The measured film mass agrees well with the predicted film 

mass. In addition, a good correlation (R2 = 1.00) is observed between the oral film thickness 

and the measured oral film mass (Figure 4.4d). The result suggests that the film thickness is 

adjustable by varying the mass of the nanoemulsion loaded on the glass slide. The 

nanoemulsion can be loaded on a glass slide up to 5 g, which corresponds to at least 200 μm 

for the resulting oral film. The optical images of the resulting oral films for the six conditions 

are shown in Figure C.2. 
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Figure 4.4. (a) Predicted solid contents from mass balance for the nanoemulsions with 

different oil phase mass (described by Equation 4.1). The three markers indicate the three 

compositions chosen in this work. (b) Predicted oral film mass after drying based on the 

nanoemulsion (NE) mass loaded on the glass slide. The three lines represent the nanoemulsions 

with three different oil phase mass conditions (described by Equation 4.2). The markers 

represent the six conditions chosen in this work. (c) Correlation between the predicted oral 

film mass and the measured oral film mass (R2 = 0.99). (d) Correlation between the oral film 

thickness and the measured oral film mass (R2 = 1.00). From the slope, the densities of the oral 

films are 0.88 g/cm3. 

4.3.3 Characterization of Drug Nanoparticles in Oral Films 

The surface and the cross-section of the oral film are observed using scanning electron 

microscopy (SEM), as shown in Figure 4.5. A drug-free pure HPMC film is prepared as a 

control for comparison (Figure C.3). For the oral film templated by the nanoemulsion, the 

surface is flat and does not have distinct nanostructures (Figure 4.5a, b), which is similar to 

the case of the pure HPMC film (Figure C.3a, b). To observe the cross-section, an oblique cut 

is applied on the films. The cross-sectional images are very different for the nanoemulsion-

templated oral film and the pure HPMC film. The pure HPMC film has a flat and smooth cross-

section (Figure C.3c), while the nanoemulsion-templated oral film has evident nanoparticles 

embedded in the porous HPMC matrix (Figure 4.5c). The embedded nanoparticles have an 

average diameter of 599.8±71.6 nm, which is larger than the oil nanoemulsion droplet diameter 

(~350 nm). The size increase could result from the adsorption of more HPMC molecules to 
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stabilize the drug nanoparticles. To further investigate the ability of the HPMC polymer to 

stabilize the drug nanoparticles, the oral film is tested for nanoparticle dispersibility in water. 

In Figure 4.5d (also Figure C.4), the dispersed drug nanoparticles can be directly observed 

using transmission electron microscopy (TEM), and dynamic light scattering (DLS) shows that 

the dispersed nanoparticles are stable and have a uniform size distribution (Figure 4.5e). The 

average nanoparticle diameter and PDI are 597.7 nm and 0.169, respectively. The above results 

demonstrate that the thermogelling nanoemulsion can effectively template the formation of 

uniform drug nanoparticles in the HPMC matrix. 

 

Figure 4.5. (a, b) SEM images of the oral film surface. (c) SEM image of the oral film cross-

section (0.4 g oil and 150.2 µm). The embedded drug nanoparticles have an average diameter 

of 599.8±71.6 nm. (d) TEM image of the dispersed drug nanoparticles. (e) Size distribution 

(hydrodynamic diameter) of the dispersed drug nanoparticles determined by dynamic light 

scattering (DLS). The average diameter and PDI are 597.7 nm and 0.169, respectively. 

The amount of poorly water-soluble drugs that can be loaded into an oral film is generally 

limited with conventional film-forming technologies,131,134 because irreversible aggregation of 

drug particles can easily occur during processing and drying, especially for oral films with high 

drug loading contents.128,141 In contrast, the film-forming process based on the thermogelling 

nanoemulsion can effectively avoid the aggregation problem, because the thermogelling 

mechanism ensures confined formation of drug nanoparticles in the immobilized oil 

nanodroplets. From the aspect of process development, the drug loading content can be easily 

scaled up by increasing the oil-to-water ratio of the nanoemulsion without any further 

modifications on the film formulation steps. Adding more oil leads to a higher density of the 

nanoemulsion droplets, which corresponds to a higher drug nanoparticle density (i.e., higher 
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drug loading content) after drying. Figure 4.6a shows the drug loading contents of the oral 

films as a function of the oil phase mass. The measured drug loading contents agree well with 

the estimated drug loading (𝜙𝐹𝐸𝑁) curve that is predicted by Equation 4.3.  

 𝜙𝐹𝐸𝑁 =
𝑚𝑜𝑤𝐹𝐸𝑁

𝑚𝑐𝑤𝐻𝑃𝑀𝐶 + 𝑚𝑜𝑤𝐹𝐸𝑁 + 𝑚𝑇𝑊
 (4.3) 

The high drug loading content is tunable from 40.4 to 63.0 wt% by adding oil from 0.2 g to 

0.6 g, which is higher than the highest value (37.1 wt%) demonstrated in the prior studies that 

used conventional methods to prepare oral films loaded with fenofibrate particles (Table 

4.1).140 In order to monitor the fenofibrate crystal structure before and after the formulation, 

X-ray diffraction (XRD) patterns are measured for the oral film, as-received bulk fenofibrate 

crystals, and pure HPMC powders (Figure 4.6b). The latter two are the starting materials that 

are dissolved in the dispersed oil and continuous water phases for preparing the nanoemulsions. 

The nanoparticles in the oral films share the same characteristic peaks of the bulk fenofibrate 

crystals, which corresponds to crystalline form I fenofibrate at the diffraction angles (2θ) of 

12°, 14.5°, 16.2°, 16.8°, and 22.4°. Form I fenofibrate is a desirable form because it has the 

highest thermodynamic stability compared to the metastable polymorphs and the amorphous 

form.166 The high stability can avoid recrystallization under ambient storage conditions and 

during dissolution.55,100 In Figure 4.6c, differential scanning calorimetry (DSC) identifies a 

single endothermic peak of melting for the oral films with different oil mass. Compared to the 

as-received bulk fenofibrate crystals with a melting point of 81.7°C (Figure C.8a), the oral 

films have melting points of ~77.4°C (Figure 6c). The melting point depression is a typical 

feature of nanocrystals compared to bulk crystals, and the phenomenon can be described by 

the Gibbs-Thomson equation.167 The similar decreased melting points of the oral films show 

that crystalline drug nanoparticles are successfully formed with similar sizes for different oil 

phase mass, which again supports the effectiveness of using the nanoemulsions as templates. 

Based on the DSC results, drug crystallinity in the oral films can be estimated with the prior 

data that correlates the fusion enthalpies and melting points of fenofibrate nanocrystals (see 

Appendix C.4).70,113 The estimation shows that the drug in the oral films has a high degree of 

crystallinity that is close to complete crystallization for different oil mass conditions (Figure 

4.6d). The Raman spectra also suggest that the solid-state form of fenofibrate in the oral film 
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is crystalline form I (Figure 4.6e, f). The most prominent peaks occur at 1147, 1599, and 1650 

(Figure 4.6e), which correspond to C–O stretching, in-plane benzene ring stretching, and C=O 

stretching, respectively.168 Moreover, in the CH-stretching region between 2900 and 3100 cm−1 

(Figure 4.6f), there are three peaks between 3050 and 3100, which are fingerprints for 

crystalline form I fenofibrate.168 

 

Figure 4.6. Characterization of the fenofibrate nanoparticles in the oral films. (a) Drug loading 

content of the oral films as a function of oil phase mass. The estimated drug loading content 

(gray dashed curve) is described by Equation 4.3. (b) X-ray diffraction (XRD) patterns of the 

fenofibrate nanoparticles in the oral films, as-received bulk fenofibrate crystals, and HPMC 

powders. The gray dashed lines correspond to the XRD characteristic peaks for crystalline 

form I fenofibrate. (c) DSC thermograms and (d) crystallinity of the fenofibrate nanoparticles 

in the oral films. (e) Raman spectra of the fenofibrate nanoparticles in the oral films with the 

spectral range between 1000 and 1800 cm−1. (f) Raman spectra of the fenofibrate nanoparticles 

in the oral films within the spectral range 2900 to 3100 cm−1. The gray dashed lines in (e) and 

(f) correspond to the Raman characteristic peaks for crystalline form I fenofibrate. 
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To investigate the uniformity of the drug nanoparticles in the oral films, Raman mapping 

images are taken for the oral films with different oil mass (Figure 4.7a-c). The Raman intensity 

becomes higher (i.e., brighter color according to the heat map) as the oil mass increases, which 

corresponds to a higher density of fenofibrate nanoparticles in the oral film. In addition, no 

aggregation of pixels (1×1 µm2) is observed from the Raman mapping images, indicating the 

fenofibrate nanoparticles are uniformly distributed in the film. Figure 4.7d shows the intensity 

histograms associated with the images in Figure 4.7a-c. The average intensity increases with 

increasing oil mass, and the standard deviation is similar for different oil mass (~15 a.u.). In 

Figure 4.7e, the coefficients of variation (CV) for different oil mass are further calculated, 

which are 8.5%, 6.4%, and 5.6% for 0.2, 0.4, and 0.6 g oil, respectively. The CV value becomes 

smaller as the drug loading content increases, which is consistent with a previous finding that 

increasing the density of nanostructures can enhance the Raman signal uniformity.169 To set a 

benchmark, for highly uniform nanostructure arrays reported in previous studies, the CV 

values of the Raman mapping signals typically lie between 4.3% and 14.8%.169–171 This 

quantitatively supports that the oral films templated by the thermogelling nanoemulsions have 

a high drug content uniformity. The average Raman intensity is roughly proportional to the 

drug loading content (Figure 4.7f), which is consistent with a previous result that the Raman 

signal of a drug product is linearly correlated with the drug concentration.172  
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Figure 4.7. Raman mapping images for the oral films with different oil phase mass: (a) 0.2 g 

oil, (b) 0.4 g oil, (c) 0.6 g oil. Color bar values represent Raman peak intensities at 1650 cm−1. 

The Raman mapping area is 51×51 µm2, and each pixel is 1×1 µm2. (d) Intensity histograms 

associated with the Raman mapping images in (a-c). (e) Coefficients of variation (CV) 

determined from the intensity histograms. CV represents the ratio of the standard deviation to 

the mean. (f) Correlation between the intensity and the drug loading content. 

4.3.4 Release Profiles of Oral Films 

Fenofibrate belongs to Biopharmaceutics Classification System (BCS) Class II drugs that have 

high permeability and low solubility.173 This means that absorption of dissolved fenofibrate is 

much faster than fenofibrate dissolution, causing sink conditions to prevail in vivo. A 25 mM 

sodium dodecyl sulfate (SDS) aqueous solution recommended by the FDA157 is used to 

simulate in vivo solubilization by biorelevant surfactants158,159 and create a sink condition 

during the dissolution, which provides a good proxy of in vivo condition.158 As suggested in 

the literature, a sinker basket is used to load and transfer the oral film (Figure 4.8a).160 This 

can prevent the oral film from floating or sticking to the paddle or the vessel wall. To 

deconvolute the effects of drug loading content and thickness, we first studied the release 

profiles for the oral films with the same oil mass (0.4 g) and different thickness. Figure 4.8b 

shows that varying the oral film thickness leads to different release profiles. It takes longer 

time to finish the release as the oral film thickness increases (Figure 4.8b). In contrast to the 
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as-received bulk fenofibrate crystals (~240 µm), which takes as long as ~12 h to reach the first 

80% release (Figure C.10a), the oral films exhibit a tunable immediate release (>80% release 

in 7 min and ~100% release in 11 min for all conditions). The fast release rates are attributed 

to the large surface-to-volume ratios of the oral films and the successful formation of drug 

nanoparticles. The surface-to-volume ratios of the oral films can achieve 133 to 361 cm2/cm3 

for the film thickness range between 55.4 and 150.2 µm, which are much larger than the values 

of ~10 cm2/cm3 for drug tablets.174,175 Then, the release profiles for the oral films with the same 

thickness (~55.4 µm) and different oil phase mass are compared (Figure 4.8c). The release 

profiles are nearly identical, indicating that the release does not depend on the drug loading 

content at the same thickness. In addition, the thin films (~55.4 µm) possess a large surface-

to-volume ratio to achieve very fast release rates—3 min to reach 80% release and another 4 

min to complete the release. In prior studies, irreversible nanoparticle aggregation can easily 

lead to a distinct reduction of the release rate,176,177 because the improved dissolution resulting 

from the high surface area of the nanoparticles is lost. In this work, the same fast release rates 

for different oil mass provide evidence that irreversible nanoparticle aggregation is not a 

problem when the drug loading content is increased. To elucidate the release mechanism of the 

oral films, a power-law model is first used to fit the release profiles (as the red curve in Figure 

4.8d):178  

 
𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 (4.4) 

where 𝑀𝑡 and 𝑀∞ are the amount of drug released at time t and infinite time, k is the kinetic 

constant (with the unit of 𝑡−𝑛), and n is the diffusional exponent that indicates the drug release 

mechanism. From the fitting results (Figure C.11a-f), the exponent 𝑛 values are greater than 

1.4 for all the release profiles (Figure C.11g), suggesting that the drug release from the oral 

film is erosion-controlled.179 Our observations also indicate that the film matrix erodes over 

time, and the release is complete once the oral film is fully dissolved. The erosion-controlled 

mechanism indicates that the dissolution of drug nanoparticles is as fast as the film erosion, 

and poor dissolution of hydrophobic fenofibrate is no longer a rate-limiting barrier for the drug 

release. To further analyze the release kinetics, an erosion model for a thin film (half thickness 
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= a) expressed by Equation 4.5 is used to determine the erosion constant (𝑘𝑒, with the unit of 

m/s) and lag time (𝑡𝑙𝑎𝑔),123 as the blue curve in Figure 4.8d (see the details in Appendix C.7). 

 
𝑀𝑡

𝑀∞
=

𝑘𝑒(𝑡 − 𝑡𝑙𝑎𝑔)

𝑎
 (4.5) 

The lag time is introduced to account for release suppression due to the initial wetting of the 

oral film when it first contacts the release medium.180 In Figure 4.8e, the lag time (𝑡𝑙𝑎𝑔) is 

proportional to the film thickness (2a), which can be explained by the fact that a thinner film 

has a larger surface-to-volume ratio for faster water hydration before the erosion plays an 

important role. Because the erosion constants (𝑘𝑒) are similar for different oral film conditions 

(Figure C.12g) and the lag time is proportional to the film thickness (Figure 4.8e), a scaling 

behavior is found mathematically between the fractional release 
𝑀𝑡

𝑀∞
 and the 

𝑡

𝑎
 (see Appendix 

C.8). With the scaling rule, the release profiles for various conditions can be collapsed into 

one master curve (Figure 4.8f), which provides a simple design rule for engineering the release 

profiles of oral films. 

  



102 

 

Figure 4.8. Release profiles and analyses of the oral films. (a) Schematic diagram of the United 

States Pharmacopeia (USP) Dissolution Apparatus II with an automated UV-Vis probe. The 

inset photo is a USP compliant sinker basket loaded with an oral film (15 mm×10 mm). (b, c) 

Cumulative release profiles for the oral films with different compositions: (b) varying the oil 

mass with a constant thickness (~55.4 μm), (c) varying the thickness with a constant oil phase 

mass (0.4 g oil). (d) Fitting the release profile of the oral film (0.4 g oil and 150.2 µm) with 

the power-law model (Equation 4.4) and erosion model (Equation 4.5). (e) Correlation 

between the lag time (tlag) and the oral film thickness. (f) Rescaling of the release profiles with 

different compositions onto a universal curve. 
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4.4 Conclusions 

We have developed thermogelling HPMC nanoemulsions as robust templates to formulate 

poorly water-soluble drugs into oral films containing drug nanoparticles. The thermogelling 

nanoemulsions are prepared using HPMC and Tween 80 to emulsify saturated fenofibrate-in-

anisole solution. The nanoemulsions can gelate upon heating with the hydrophobic groups of 

HPMC associating together to form hydrophobic junctions, which lead to a hydrogel network 

with immobilized oil nanodroplets. In contrast to inefficient conventional film-forming 

processes, the thermogelling nanoemulsions can directly act as film precursors for casting and 

drying. The thermally gelled nanoemulsions can effectively template the formation of uniform 

drug nanoparticles in a dried HPMC matrix to produce oral films. The oral film thickness is 

predictable and adjustable by varying the mass of the nanoemulsion loaded on a glass substrate. 

The uniform drug nanoparticles (~600 nm) in the oral films have been successfully observed 

using SEM, TEM, and DLS. The proposed film-forming technology enables a tunable high 

drug loading content of the oral films up to 63 wt% without any further modifications on the 

film formulation steps. After the oral film formulation, the most stable crystalline form I 

fenofibrate is attained as validated by XRD, Raman spectroscopy, and DSC analyses. The 

melting point depression for the fenofibrate in the oral films demonstrates the formation of 

crystalline drug nanoparticles. Raman mapping results further show that the oral films have a 

high drug content uniformity. In the release tests, the oral films display a tunable immediate 

release because the films have large surface-area-to-volume ratios and the drug nanoparticles 

are fast-dissolving. Moreover, increasing the drug loading content at the same film thickness 

does not affect the release profiles, which supports that irreversible nanoparticle aggregation 

is not a problem even when the high drug loading content is achieved. Finally, we present that 

the drug release from the oral film is erosion-controlled, indicating the drug dissolution has 

been significantly improved and is no longer a rate-limiting step. Based on the erosion 

mechanism, a scaling rule is developed to provide simple design rule for engineering the 

release profiles of oral films. Overall, the thermogelling nanoemulsions enable a more efficient 

and effective film-forming process to formulate HPMC and poorly water-soluble drugs into 

oral films with high drug loading capacity. 
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Chapter 5  Conclusions and Outlook 

In this thesis, we simultaneously utilized two promising building blocks, functional 

nanoemulsions and hydrogels, to enable more efficient and effective formulations for oral drug 

products, including tablets, capsules, particles, nanoparticle suspensions, and oral thin films. 

Moreover, the oral drug products possess improved dissolution and absorption of hydrophobic 

drugs, high drug content uniformity, and versatile release controls (e.g., delayed release and 

tunable fast release). 

5.1 More Versatile Nanoemulsion Carriers 

We developed a method to encapsulate nanoemulsions in alginate capsules for more versatile 

delivery of lipophilic active ingredients (Chapter 2). The intrinsically high viscosity of the 

nanoemulsions ensures the formation of spherical capsules and high encapsulation efficiency 

during the synthesis. By carefully analyzing the release profiles, we showed that the capsule 

systems possess a tunable, delayed-burst release. The proposed encapsulation methodology 

can be further generalized to other functional nanoemulsions with various active ingredients, 

oil phases, nanodroplet sizes, and chemically crosslinked inner hydrogel cores. The versatile 

nanoemulsion-loaded capsules show great promise for delivering lipophilic active ingredients 

and can find use in a wide range of applications in the food, pharmaceutical, and cosmetic 

industries. 

5.2 More Efficient Oral Drug Formulations 

We designed a new thermogelling nanoemulsion system that can be easily formulated into 

composite solid dosage drug products with well-controlled API nanocrystals embedded in a 

MC matrix (Chapter 3). The nanoemulsion suspension has a low gel temperature and fast 

response to temperature changes which enable the realization of effective particle formulation 

with a thermal dripping method. The thermally gelled nanoemulsion can be subsequently dried 

with the precise formation of stable API nanocrystals templated by the nanodroplets in situ. 

Moreover, a fast and tunable release performance is achieved with the combination of a fast-

eroding MC matrix and fast-dissolving API nanocrystals. Using the versatile thermal 

processing approach, we formulated the thermogelling nanoemulsion into various dosage 
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forms (nanoparticle suspension, drug tablet, and oral thin film) which all contain stable 

nanocrystals generated in situ.  

Because the concept of using thermogelling nanoemulsions is promising for more efficient oral 

film formulations, and oral films have emerged as a novel dosage form with many advantages, 

we further developed thermogelling nanoemulsions based on ideal HPMC to formulate oral 

films (Chapter 4). The nanoemulsions that are stabilized by HPMC and Tween 80 can directly 

act as film precursors for casting and provide robust templates to formulate oral films with 

uniform drug nanoparticles embedded in a dried HPMC matrix. The nanoemulsions gelate 

upon heating with immobilized oil nanodroplets that can enable confined nanoparticle 

crystallization and avoid potential irreversible nanoparticle aggregation even for high drug 

loading contents. The oral films also possess a tunable immediate release because the films 

have large surface-to-volume ratios and the drug nanoparticles are fast-dissolving. 

5.3 Outlook 

5.3.1 From Batch to Continuous Formulations 

Continuous formulations are more efficient than batch formulations, because they can provide 

higher throughput per unit volume and per unit time.181 In this thesis, the nanoemulsion 

syntheses and the corresponding gelation methods belong to batch formulations. To enable 

large-scale production for commercialization, the next step is to develop continuous 

formulations to produce the same products as in the batch formulations. The nanoemulsion 

syntheses can be achieved in a continuous manner with high pressure homogenization. 

Continuous dripping methods can be realized by developing a setup in which a nanoemulsion 

is dripped by a pump into a flowing channel loaded with a gelation medium (e.g., alginate 

solution and heated water). For tablet molding and thin film casting, continuous processes can 

be developed with the use of conveyor belts. 

5.3.2 Generalization to Various Hydrophobic Drugs 

In this thesis, we used fenofibrate as a hydrophobic model API for confined crystallization. 

We believe the versatile thermogelling nanoemulsion system can be generalized to various 

hydrophobic drugs. To find other suitable hydrophobic drug candidates, we can investigate 
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other well-known hydrophobic APIs have benefitted from nanocrystal technologies, such as 

danazol, naproxen, ketoprofen, cilostazol, aprepitant, cyclosporine, and itraconazole.102 For 

these hydrophobic APIs that can stably exist in their crystalline form, we should be able to find 

suitable organic solvents to dissolve them and directly generate the API nanocrystals in situ in 

the MC/HPMC matrix using the proposed formulation technology. Our group has done in-

depth fundamental studies and proposed general design strategies for nanoemulsion syntheses 

with different oil phases.13,83,125 This can help us make informed decisions and broaden the 

possibility to synthesize a wide variety of API-loaded nanoemulsions for different API/solvent 

pairs. 

5.3.3 More Versatile Release Controls (Delayed Release and Two Release 

Times) 

Tableting coating is critical in food and drug formulations because it can introduce many 

important functionalities, such as taste-masking, protection layer, delayed release, and 

different release times in a single dosage form. However, conventional technologies are 

generally inefficient and require many steps (e.g., milling, blending, granulation, and tableting) 

to first prepare drug tablets, which then have to undergo a coating process to introduce an 

additional layer. Motivated by the above limitations, we can combine the nanoemulsion 

encapsulation technique with the thermogelling nanoemulsion technology to form core-shell 

composite particles. To realize the idea, we can introduce calcium ions in the thermogelling 

methylcellulose nanoemulsion. The nanoemulsion with a dual gelation capability can gelate 

upon heating and ionically crosslink the neighboring alginate molecules when contacting an 

alginate bath. The dried core-shell particles have an outer shell of alginate matrix and an inner 

core of methylcellulose matrix that is embedded with drug nanocrystals. The shell is expected 

to delay the release of the drug that is embedded in the core. In addition, the dual gelation 

technique can be applied for drug coformulation by encapsulating another drug-loaded 

nanoemulsion in the alginate shell. In this case, we should be able to have two drugs released 

at two different times or the same drug released at two different times. The coformulation 

technology can lower the dosage forms that should be taken by a patient, which can greatly 

improve patient compliance.  
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Figure 5.1. Schematic diagram of the dual gelation technique to formulate core-shell particles. 

 

Figure 5.2. Proposed release profiles for core-shell particles with different drug encapsulation 

schemes: (a) delayed release for one drug, (b) two different release times for one drug, (c) two 

different release times for two drugs. 
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5.3.4 Polymorph Controls 

Polymorphism of drugs has been widely studied in the pharmaceutical industry, because 

different drug polymorphs can lead to different drug efficacy, bioavailability, and safety.182 

Different strategies have been proposed to control drug polymorphs, including surfactant 

addition,6 solvent choices,182 and confinement.182 The thermogelling nanoemulsion system 

should be generalizable to other surfactants and different organic solvents. Moreover, the 

nanoemulsion droplet size can be easily adjusted to create different confinement effects. By 

tuning the composition and the droplet size of the thermogelling nanoemulsion system, we 

expect to control polymorphs of hydrophobic drugs. For example, we have observed the 

addition of Tween 80 is crucial for fenofibrate crystallization, and the thermogelling 

nanoemulsions with and without Tween 80 can lead to crystalline and amorphous oral films, 

respectively.  
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Appendix A Supporting Information for Chapter 2 

A.1 Conditions for the Formation of Spherical Capsules 

When a liquid (calcium precursor) droplet penetrates into a gelation bath, the viscous and 

surface tension forces have to overcome the impact and drag forces to ensure the formation of 

spherical capsules. The Ohnesorge number ( 𝑂ℎ ) can be used to measure the relative 

importance of inertial, viscous, and surface tension stresses.93 

 𝑂ℎ =
𝜂

√𝜌𝑑𝛾
 (A.1) 

where 𝜂 is the viscosity of the liquid, 𝜌 is the density of the liquid, 𝑑 is the diameter of the 

liquid droplet, and 𝛾 is the surface tension of the liquid.  

For alginate bead formation (dripping an alginate solution into a CaCl2 solution), prior work 

found that the 𝑂ℎ of alginate solution had to exceed 0.24 (a critical value) to overcome the 

impact and drag forces for forming spherical beads.93 However, for alginate capsule formation 

(dripping a calcium precursor into an alginate bath), the critical value of 𝑂ℎ should be higher 

than 0.24 because of the large viscosity of the alginate bath. In this work, the calcium 

nanoemulsion has a high viscosity (301 mPa-s) and a low surface tension (35.7 mN/m). Both 

of these properties favor a large value of 𝑂ℎ, and the 𝑂ℎ for dripping the nanoemulsion with 

18G and 22G dispensing tips are 0.79 and 0.89, respectively (Table A.1).  

Table A.1. Determination of 𝑂ℎ numbers for dripping the nanoemulsion with 18G and 22G 

dispensing tips (𝑑𝑑𝑟𝑜𝑝 is approximated by 2𝑟𝑐𝑜𝑟𝑒). 

 𝜂𝑁𝐸 (mPa-s) 𝜌𝑁𝐸 (g/cm3) 𝑑𝑑𝑟𝑜𝑝 (mm) 𝛾𝑁𝐸 (mN/m) 𝑂ℎ (-) 

18G 301 1.09 3.75 35.7 0.79 

22G 301 1.09 2.97 35.7 0.89 
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A.2 Viscosity-Shear Rate Flow Curves 

Figure A.1 shows the viscosity-shear rate flow curves for the different fluids measured in this 

study. The water, 25 wt.% sucrose solution, and 1% w/v alginate solution are Newtonian over 

the measured shear rate range. The sucrose-surfactants mixture is a complex fluid and displays 

minor shear thinning. The calcium nanoemulsion remains Newtonian up to a shear rate of 100 

s-1 and transitions to a moderate shear thinning region at higher shear rates.  

 

Figure A.1. Viscosity-shear rate flow curves at 20°C for water, 25 wt.% sucrose and 1% w/v 

alginate solution, 25 wt.% sucrose with surfactants, and calcium nanoemulsion. Experimental 

details are shown in Chapter 2. 

A.3 Optical Image of Nanoemulsion-Loaded Capsules 

 

Figure A.2. (a-b) Optical images of capsules against (a) white and (b) black backgrounds. 
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Figure A.3. (a-d) Optical images of capsules for different preparation conditions: (a) 𝑤𝐶𝑎𝐶𝑙2
= 

0.02 and 18G dispensing tip, (b) 𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 22G dispensing tip, (c) 𝑤𝐶𝑎𝐶𝑙2

= 0.04 and 

18G dispensing tip, (d) 𝑤𝐶𝑎𝐶𝑙2
= 0.06 and 18G dispensing tip. Scale bars are 5 mm. 

A.4 Design of Capsule Dimensions 

The radius of a capsule can be estimated by the sum of the inner core radius and the shell 

thickness. In this work, the capsule thickness and size are easily controlled by varying the 

calcium concentration and the dispensing tip size, respectively. As shown in Figure 2.2h, the 

shell thickness is linearly correlated with the calcium concentration. Further extrapolation of 

this linear correlation (Figure A.4) shows that it passes through the origin, which is reasonable 

because no shell can be formed without CaCl2 being added. For the lower limit, the shell 

thickness should be further decreased by decreasing the 𝑤𝐶𝑎𝐶𝑙2
 until the point where the 

capsules are too fragile to be collected. For the upper limit, the linear correlation is extrapolated 

up to the point where the continuous phase is saturated with CaCl2 (star symbol). The star 

symbol corresponds to the theoretically maximum CaCl2 concentration (𝑤𝐶𝑎𝐶𝑙2,𝑚𝑎𝑥) that can 

be achieved in the nanoemulsion system. With the solubility of CaCl2 in water (74.5 g/100 mL 

at 20°C)183 and the water volume in the continuous phase (3 g sucrose solution × 75 wt.% = 
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2.25 g water ~ 2.25 mL water), 𝑤𝐶𝑎𝐶𝑙2,𝑚𝑎𝑥 can be approximated as Equation A.2. The shell 

thickness is extrapolated to be 6.44 mm for the 𝑤𝐶𝑎𝐶𝑙2,𝑚𝑎𝑥. 

 𝑤𝐶𝑎𝐶𝑙2,𝑚𝑎𝑥 =
2.25×0.745

5
= 0.335 (g CaCl2/g nanoemulsion) (A.2) 

 

Figure A.4. Linear correlation between shell thickness and 𝑤𝐶𝑎𝐶𝑙2
 with extrapolation to both 

saturated conditions and zero 𝑤𝐶𝑎𝐶𝑙2
. 

Since we use a dripping method to generate droplets, the inner core radius (𝑟𝑐𝑜𝑟𝑒) can be 

described by Tate’s law93: 

 𝑟𝑐𝑜𝑟𝑒 ∝ (
𝑑𝑇𝛾𝑁𝐸

𝜌𝑁𝐸𝑔
)

1
3
 (A.3) 

where 𝑑𝑇  is the outer diameter of the dispensing tip, 𝛾𝑁𝐸  is the surface tension of the 

nanoemulsion, 𝜌𝑁𝐸 is the density of the nanoemulsion, 𝑔 is the acceleration of gravity (9.8 

m2/s). Figure A.5 shows the linear correlation for the origin and the four data points (five 

points in total, R2 = 0.99). This correlation can provide a criterion for designing the inner core 

radius of capsules. Alternatively, one could use centrifugal forces to produce even smaller 

droplets and hence inner cores. We have a previous publication which describes the centrifugal 

particle generation process in detail.184 
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Figure A.5. Linear correlation between core radius (𝑟𝑐𝑜𝑟𝑒) and the cube root of the tip outer 

diameter (𝑑𝑇
1/3

). 

 

Figure A.6. UV-Vis spectra for the nanoemulsion and its components.  
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Figure A.7. (a-d) Determination of effective diffusivities (Deff) from the slope in the early 

diffusion regime (R1): (a) 𝑤𝐶𝑎𝐶𝑙2
= 0.02 and 18G dispensing tip, (b) 𝑤𝐶𝑎𝐶𝑙2

= 0.04 and 22G 

dispensing tip, (c) 𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 18G dispensing tip, (d) 𝑤𝐶𝑎𝐶𝑙2

= 0.06 and 18G dispensing 

tip. (e-h) Determination of bursting time for different preparation conditions: (e) 𝑤𝐶𝑎𝐶𝑙2
= 0.02 

and 18G dispensing tip, (f) 𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 22G dispensing tip, (g) 𝑤𝐶𝑎𝐶𝑙2

= 0.04 and 18G 

dispensing tip, (h) 𝑤𝐶𝑎𝐶𝑙2
= 0.06 and 18G dispensing tip. 

A.5 Fitting the Bursting Events with Cumulative Distribution 

Functions 

The bursting events occurring in the bursting regime (R2) should be statistically random, and 

the release profile should follow the behavior of a cumulative distribution function (CDF). To 

fit a CDF to the bursting regime (R2) of the release profile, we extracted the release profile 

R(𝑡) from 10% to 100% (excluding the early diffusion release), and rescaled this 90% release 

into a CDF 𝜑(𝑡) ranging from 0 to 100%. The 𝜑(𝑡) represents the cumulative probability of 

capsule bursting. The 𝜑(𝑡)  is then transformed into 𝜑(𝜏)  with 𝜏 = 𝑡 − 𝑡𝑎𝑣𝑔  to shift the 

distribution mean to 𝜏 = 0. With the above setting, the only unknown parameter required to 

be fitted is the standard deviation 𝜎 in the following CDF 𝜑(𝜏):  

 𝜑(𝜏) =
1

2
[1 + erf (

𝜏

𝜎√2
)] (A.4) 

The results of the CDF fitting are shown in Figure A.8a-d. When the 𝑤𝐶𝑎𝐶𝑙2
 or the dispensing 

tip size increases, a larger 𝜎 is observed. The fitted CDF can be further transformed into a 

probability density function 𝑓(𝜏) (PDF) to represent the release rate in the bursting regime. 

The 𝑓(𝜏) is transformed back to 𝑓(𝑡), which is further rescaled back to R(𝑡). Figure A.8e 
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shows the release rate profiles of capsules for different preparation conditions. The PDF 

accurately follows the bursting release rates calculated from the experimental data.   

 𝑓(𝜏) =
1

𝜎√2𝜋
exp [−

𝜏2

2𝜎2
] (A.5) 

 ∆𝑅(𝑡)

∆𝑡
= 𝑓(𝑡 − 𝑡𝑎𝑣𝑔) × 90% 

(A.6) 

 

Figure A.8. (a-d) Fitting the bursting regime (R2) with a cumulative distribution function 

(CDF): (a) 𝑤𝐶𝑎𝐶𝑙2
= 0.02 and 18G dispensing tip, (b) 𝑤𝐶𝑎𝐶𝑙2

= 0.04 and 22G dispensing tip, (c) 

𝑤𝐶𝑎𝐶𝑙2
= 0.04 and 18G dispensing tip, (d) 𝑤𝐶𝑎𝐶𝑙2

= 0.06 and 18G dispensing tip. (e) Release 

rates (∆𝑅 ∆𝑡⁄ ) of capsules for different preparation conditions: the connected points are 

calculated from the experimental data, and the solid lines are probability density functions with 

the standard deviations (𝜎) obtained from the CDF fitting. 

A.6 Preparation of Alginate Beads for Nanoemulsion Encapsulation 

Nanoemulsion-loaded alginate beads were prepared by dripping alginate nanoemulsions into 

a calcium gelation bath (Figure A.9a). The alginate nanoemulsions with three different 

alginate concentrations show droplet sizes between 50 to 55 nm (Figure A.9b). The droplet 

size slightly decreases as the alginate concentration increases, because the continuous phase 

becomes more viscous, which provides a larger shear to create smaller droplets. The 
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nanoemulsion-laden alginate beads are shown in Figure A.9c-e. The bead radii are similar for 

different alginate concentrations (Figure A.9f). The sphericity factors (SFs) for the three 

conditions are no greater than a threshold of 0.05 (Figure A.9g). The SF slightly decreases 

with increasing alginate concentration because of a higher viscosity to favor the formation of 

more spherical alginate beads. 

 

Figure A.9. (a) Schematic diagram of the formation of alginate beads for nanoemulsion 

encapsulation: the calcium ions diffuse in and ionically crosslink the alginate molecules. (b) 

Droplet size and polydispersity index for the alginate nanoemulsions prepared with sodium 

alginate concentrations 𝐶𝑁𝑎𝐴𝑙𝑔 of 1, 2, and 4% w/v. (c-e) Optical images of beads prepared 

with an 18G dispensing tip and different sodium alginate concentrations: (c) 𝐶𝑁𝑎𝐴𝑙𝑔= 1% w/v, 

(d) 𝐶𝑁𝑎𝐴𝑙𝑔 = 2% w/v, and (e) 𝐶𝑁𝑎𝐴𝑙𝑔 = 4% w/v. f) Bead radii for different preparation 

conditions. g) Sphericity factors (SF) of the beads for different preparation conditions. All 

scale bars are 5 mm. 
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A.7 Release Behavior of Nanoemulsion-Loaded Beads 

With the linear calibration curve (Figure 2.3c), release tests are conducted to obtain the release 

profiles of beads for the three different alginate concentrations (Figure A.10a). Based on the 

observation of the release profiles, we separate each release curve into three regimes: diffusion-

controlled (R1), erosion-controlled (R2), and post-release (R3) regimes. During the diffusion-

controlled (R1) regime, no significant bead erosion was observed, and the release profile has a 

tendency to level off over time. The transition time point (𝑡𝑡𝑟𝑎𝑛𝑠) from the R1 to R2 is defined 

as the point where the slope of the release R(𝑡) stops decreasing and starts to increase again. 

The 𝑡𝑡𝑟𝑎𝑛𝑠 is determined to be 15, 30, and 45 s for the 𝐶𝑁𝑎𝐴𝑙𝑔 of 1, 2, and 4% w/v, respectively. 

Finally, the release process enters the R3 as the absorbance signal reaches a saturated value 

indicating complete release of the cargo. Figure A.10b shows the release rates for the three 

different alginate beads. For each alginate concentration, the release rate increases and 

develops a peak after the release mechanism transitions to the R2 regime. In the R2 regime, the 

alginate beads degrade significantly, which accelerates the nanoemulsion release. The 

sharpness of the peaks depends on the crosslinking density of the alginate beads. The alginate 

beads prepared from a lower alginate concentration possess a lower crosslinking density, which 

leads to a sharper peak of the release rate. Figure A.10c shows the retention of the 

nanoemulsion suspension in beads for different preparation conditions. The retention rate 

increases as the alginate concentration increases, and the best retention is about 58.8% for the 

4% w/v alginate beads. To further analyze the release profiles, Equation A.7 and Equation 

A.8 based on Peppas power law are used to fit the R1 and R2 regimes, respectively.121 

 𝑅(%) = 𝑘𝑡𝑛 (A.7) 

 𝑅(%) = 𝑘(𝑡 − 𝑡𝑡𝑟𝑎𝑛𝑠)𝑛 + 𝑅𝑡𝑟𝑎𝑛𝑠(%) (A.8) 

where k is a geometric constant for a hydrogel system, and n is the diffusional exponent 

representing the release mechanism, 𝑅𝑡𝑟𝑎𝑛𝑠(%) is the 𝑅(%) at 𝑡𝑡𝑟𝑎𝑛𝑠. For spherical matrices, 

the values of n = 0.43, 0.43 < n < 0.85, n = 0.85, and n > 0.85 represent Fickian diffusion, 

anomalous (non-Fickian) transport, Case II transport, and Super Case II transport, 

respectively.121 The results of the power law fitting are shown in Figure A.10d-f. The exponent 

n values are 0.43 < n < 0.85 and n > 0.85 for the R1 and R2 regimes, respectively. This indicates 
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that the R1 and R2 regimes belong to anomalous (non-Fickian) transport and Super Case II 

transport, respectively. In the R1 regime, the release is mainly diffusion-controlled with some 

anomalous behavior due to relaxation and erosion. In contrast, the release is mainly erosion-

controlled in the R2 regime.185  

 

Figure A.10. (a) Release profiles using a USP Dissolution Apparatus II of beads for different 

preparation conditions. The schematic images below the release profiles depict the release 

mechanisms for different regimes corresponding to the 𝐶𝑁𝑎𝐴𝑙𝑔= 2% w/v (which also apply to 

other curves). R1, R2, and R3 are diffusion-controlled, erosion-controlled, and post-release 

regimes. (b) Release rates (∆𝑅 ∆𝑡⁄ ) of beads for different preparation conditions. (c) Retention 

of the nanoemulsion suspension in beads for different preparation conditions. (d-f) Fitting the 

release profiles with time-dependent power law functions: (d) 𝐶𝑁𝑎𝐴𝑙𝑔= 1% w/v, (e) 𝐶𝑁𝑎𝐴𝑙𝑔= 

2% w/v, and (f) 𝐶𝑁𝑎𝐴𝑙𝑔= 4% w/v. 
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A.8 Tables for Retention Calculation 

Table A.2. Retention calculation for alginate capsules. 

𝑤𝐶𝑎𝐶𝑙2
(tip size) 0.02 (18G) 0.04 (22G) 0.04 (18G) 0.06 (18G) 

𝑛𝑐 40 70 40 40 

𝑚𝑑 (mg) 13.0±0.2 7.0±0.1 12.8±0.3 12.7±0.2 

𝑚𝑜𝑝𝑡  (mg) 518.6±8.8 488.3±5.6 513.1±11.1 506.6±9.8 

𝐼𝑠𝑎𝑡 0.484±0.007 0.522±0.003 0.508±0.006 0.516±0.004 

𝑚𝑎𝑐𝑡 (mg) 443.3±6.4 465.4±5.6 477.5±2.7 472.2±3.4 

𝑅𝑡 (%) 85.5±1.9 95.3±1.6 93.1±2.1 93.2±1.9 

 

Table A.3. Retention calculation for alginate beads. 

𝐶𝑁𝑎𝐴𝑙𝑔 (% w/v) 1 2 4 

𝑛𝑐 40 40 40 

𝑚𝑑 (mg) 12.6±0.5 12.6±0.4 12.7±0.3 

𝑚𝑜𝑝𝑡  (mg) 502.4±18.8 502.9±14.5 506.9±14.0 

𝐼𝑠𝑎𝑡 0.127±0.007 0.296±0.022 0.326±0.031 

𝑚𝑎𝑐𝑡 (mg) 116.3±6.7 270.5±20.1 298.1±28.5 

𝑅𝑡 (%) 23.1±1.6 53.8±4.3 58.8±5.8 
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Appendix B Supporting Information for Chapter 3 

B.1 Reduction in Nanodroplet Size with Tween 80 Addition 

Hydrophilic-lipophilic balance (HLB) of an emulsifier is a critical parameter to control the 

droplet size of an emulsion. For an anisole-in-water system, it has been reported that larger 

HLB values favor the formation of smaller droplets.83 With the prior knowledge that 

methylcellulose (MC) as an emulsifier has a HLB of 10.5,186 Tween 80 surfactant with a HLB 

of 15 is chosen as an additional emulsifier to increase the overall HLB of the nanoemulsion 

system. The nanodroplet size decreases constantly with increasing addition of Tween 80 

(Figure 3.1b).  

To evaluate the effectiveness of Tween 80 on the dispersed droplet formation, we estimate 

surface area values occupied by a single Tween 80 for different formulations and compare the 

results to the theoretical limiting area for a Tween 80 molecule on an interface.187 Assuming 

that all the Tween 80 molecules adsorb on the oil nanodroplets in the nanoemulsion, the 

“effective area” occupied by one Tween 80 molecule (𝐴𝑝𝑒𝑟 𝑇𝑤80) can be estimated as follows: 

 𝑁𝑑𝑟𝑜𝑝𝑠 =
𝑉𝑜𝑖𝑙

𝑉𝑝𝑒𝑟 𝑑𝑟𝑜𝑝
=

𝑚𝑜𝑖𝑙

𝜌𝑜𝑖𝑙

1
6 𝜋𝑑𝑑𝑟𝑜𝑝

3
=

6𝑚𝑜𝑖𝑙

𝜌𝑜𝑖𝑙𝜋𝑑𝑑𝑟𝑜𝑝
3  (B.1) 

 𝐴𝑝𝑒𝑟 𝑇𝑤80 =
𝑁𝑑𝑟𝑜𝑝𝑠𝐴𝑝𝑒𝑟 𝑑𝑟𝑜𝑝

𝑁𝑇𝑤80
=

𝑁𝑑𝑟𝑜𝑝𝑠𝜋𝑑𝑑𝑟𝑜𝑝
2

𝑚𝑇𝑤80

𝑀𝑇𝑤80
𝑁𝐴

=
𝑀𝑇𝑤80𝑁𝑑𝑟𝑜𝑝𝑠𝜋𝑑𝑑𝑟𝑜𝑝

2

𝑚𝑇𝑤80𝑁𝐴
 (B.2) 

where 𝑁𝑑𝑟𝑜𝑝𝑠  is the number of the oil nanodroplets in the nanoemulsion, 𝑉𝑝𝑒𝑟 𝑑𝑟𝑜𝑝  is the 

volume of the oil phase, 𝑚𝑜𝑖𝑙 is the oil phase mass, 𝜌𝑜𝑖𝑙 is the density of the oil phase (~1.2 

g/mL for a saturated fenofibrate-in-anisole solution), 𝑑𝑑𝑟𝑜𝑝  is the nanoemulsion droplet 

diameter (experimentally determined via dynamic light scattering), 𝐴𝑝𝑒𝑟 𝑑𝑟𝑜𝑝  is the surface 

area of one oil nanodroplet, 𝑁𝑇𝑤80 is the number of Tween 80 molecules, 𝑚𝑇𝑤80 is the Tween 

80 mass, 𝑀𝑇𝑤80  is the molecular weight of Tween 80 (1,310 g/mol), 𝑁𝐴  is the Avogadro 

constant (6.02×1023). 
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The calculated effective surface area for a Tween 80 molecule decays quickly with increasing 

Tween 80 addition (Figure B.1b). The effective surface area per Tween 80 value for 0.1 g 

Tween 80 is below the theoretical limiting area values reported in the literature (gray region),187 

indicating potential excess of free Tween 80 in the system. Therefore, 0.1 g Tween 80 is used 

to scale up the oil phase mass for a better emulsifying ability. With increasing oil phase mass 

(fixed 0.1 g Tween 80), the occupied surface area for a Tween 80 increases and levels off at a 

value close to the lower bound of the theoretical limiting area values (Figure B.1c). This 

indicates the emulsifying limit of Tween 80 could be reached with most Tween 80 molecules 

adsorbing on the nanodroplets.  

Table B.1. Nanoemulsion formulations used in this work. The oil phase is a saturated 

fenofibrate-in-anisole solution. 

 5 wt% MC (g) Oil phase (g) Tween 80 (g) NaCl (g) Code 

Vary 

Tween 80 

mass 

3 0.3 0 0.1 No Tw80 

3 0.3 0.01 0.1 0.01 g Tw80 

3 0.3 0.03 0.1 0.03 g Tw80 

3 0.3 0.05 0.1 0.05 g Tw80 

3 0.3 0.1 0.1 0.1 g Tw80/0.3 oil/Canonical 

Vary 

oil phase 

mass 

3 0.3 0.1 0.1 0.1 g Tw80/0.3 oil/Canonical 

3 0.6 0.1 0.1 0.6 g oil 

3 0.9 0.1 0.1 0.9 g oil 

 

B.2 Effects of Each Component on Gel Temperature 

Figure B.1d summarizes the apparent gel temperature for various nanoemulsions with 

sequential changes in formulations. Apparent gel point is defined as the cross-over point 

between G’ and G’’ at 20 rad/s frequency (0.1% strain) during a temperature ramp experiment 

at a heating rate of 2°C/min. Compared to the continuous water phase (blue bar), the 

incorporation of the oil phase (purple bar) results in a lower gel temperature. Oil nanodroplets 

can be considered as large hydrophobic junctions that already exist at low temperatures. With 
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the pre-formed hydrophobic junctions that provide a large surface area for further hydrophobic 

association upon heating, the gelation can complete faster and a lower gel temperature is 

observed. After Tween 80 is added to the nanoemulsion, the gel temperature slightly increases 

(from purple to orange bars). The small change in the gel temperature can be attributed to two 

competing factors. The addition of Tween 80 reduces the nanodroplet size, providing a larger 

surface area for MC to adsorb and form hydrophobic junctions at low temperatures. This 

phenomenon should facilitate the gelation and lower the gel temperature. However, 

amphiphilic Tween 80 molecules can protect the hydrophobic units of MC chains from 

associating together, which delays the gelation and increases the gel temperature. Lastly, with 

the surfactant-to-oil (SOR) ratio fixed to have a similar emulsifying ability and droplet size, 

the addition of more oil phase results in a higher density of oil nanodroplets, providing more 

hydrophobic junctions that facilitate the gelation and decrease the gel point (from orange to 

green bars). 

 

Figure B.1. (a) Storage modulus (G’) and loss modulus (G’’) of the nanoemulsion (no Tw80) 

in a temperature ramp experiment at a heating rate of 2°C/min (0.1% strain, 20 rad/s 

frequency). (b, c) Estimation of the effective surface area occupied by one Tween 80 molecule 

for nanoemulsions with different formulations: (b) varying Tween 80 mass (0, 0.01, 0.03, 0.05, 

0.1 g) and (c) varying oil phase mass (0.3, 0.6, 0.9 g). The gray area indicates the range of 

theoretical limiting area occupied for one Tween 80 molecule on an interface.187 (d) Gel 

temperature of the continuous phase (blue bar) and the nanoemulsions with different 

formulations (purple, orange, green bars). 
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B.3 Conditions for Preparing Spherical Thermogel Particles 

Figure B.2a shows the viscosity-shear rate flow curves at 20°C for the continuous phase and 

the nanoemulsions with different formulations. The observed trend for the nanoemulsion 

system is that decreasing the droplet size (more Tween 80 addition) and increasing the oil 

fraction result in a higher viscosity and a stronger shear-thinning effect. In contrast to 

macroemulsion systems, nanoemulsions can easily achieve high viscosities by simple changes 

in formulations. As the dispersed droplet size reaches the nanoscale, the thickness of the 

adsorbed surfactant layer (𝛿) with respect to the droplet radius (𝑟𝑑𝑟𝑜𝑝) becomes significant, 

leading to a higher effective dispersed phase concentration than the nominal dispersed phase 

concentration by a factor of (1+ 𝛿/𝑟𝑑𝑟𝑜𝑝)3.89 A prior study shows that a droplet can experience 

a maximal shear rate of ~290 s-1 when it enters a gelation bath.188 Therefore, the viscosity at 

290 s-1 for each condition is chosen for comparison (Figure B.2b). For the nanoemulsion 

without the addition of Tween 80 (purple bar), the droplet size is relatively large (~756 nm) 

and the resulting viscosity is not sufficient to overcome the impact and drag forces exerted by 

the surrounding water in the gelation bath, as demonstrated by the thermogel particles with a 

long tail in Figure B.2c. In this work, a small addition of 0.05 g Tween 80 is found to facilitate 

the formation of spherical thermogel particles (Figure B.2d). In addition to viscosity, dripping 

height is also an important parameter for controlling the geometry of gel particles. A prior 

study showed that for a typical dripping gelation process where a droplet penetrates into a 

miscible liquid, there is a competition between vortex ring evolution and gelation speed.188 

Mitigating vortex ring evolution and enhancing gelation speed can both favor the formation of 

spherical gel particles. One simple way to mitigate vortex ring evolution is reducing the 

momentum of droplet entering the bath. In this work, a dripping height of 1 cm is found to be 

optimal to prevent the vortex ring evolution (Figure B.2d). With increasing dripping height, a 

larger impact force can be experienced by the droplets, and the thermogel particles gradually 

evolve from spherical into jellyfish-like shapes (Figure B.2e, f). 
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Figure B.2. (a) Viscosity-shear rate flow curves at 20°C for the continuous phase and the 

nanoemulsions with different formulation conditions. Experimental details are shown in 

Chapter 3. (b) Viscosity values at a shear rate of 290 s-1 for the continuous phase and the 

nanoemulsions with different formulation conditions. (c) Dangling gel particles with a long 

tail for the no Tw80 formulation due to the insufficient viscosity to overcome the drag force 

exerted by the water bath. (d-f) Optical images of the thermogel particles formed with different 

dripping heights (D.H.): (d) D.H. = 1 cm; (e) D.H. = 3 cm; (f) D.H. = 5 cm. Scale bars are 10 

mm.  
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B.4 Estimation of Time-Dependent Temperature Profiles in a 

Thermogel Particle 

The thermal dripping process can be framed into a one-dimensional transient conduction 

problem (Figure B.3a). A dripped droplet containing the nanoemulsion is initially at 𝑇𝑖 = 20°C 

and enters a water bath with a constant temperature 𝑇∞ = 70°C. The impact velocity (𝑈0) of a 

dripped droplet can be calculated using Newton’s second law based on air friction and 

gravitational force.189  

 𝑈0 = √
𝑔(1 − 𝑒−2𝐴𝐻)

𝐴
 (B.3) 

 𝐴 =
3𝐶𝑓𝜌𝑎𝑖𝑟

𝜌𝑁𝐸𝑅
 (B.4) 

where 𝑔 is the gravitational acceleration (9.8 m/s2), 𝐻 is the dripping height (1 cm), 𝐶𝑓 is the 

friction coefficient (~0.7796), 𝜌𝑎𝑖𝑟 is the air density (~1.225 kg/m3), 𝜌𝑁𝐸 is the nanoemulsion 

density (~1.1 g/cm3), 𝑅  is the radius of the dripped droplet (1.36 mm for the canonical 

condition with an 18 gauge dispensing tip). 

The thermal diffusivity of the nanoemulsion (𝛼𝑁𝐸) is described by: 

 𝛼𝑁𝐸 =
𝑘𝑁𝐸

𝜌𝑁𝐸𝐶𝑝,𝑁𝐸
 (B.5) 

where 𝑘𝑁𝐸  and 𝐶𝑝,𝑁𝐸  are the thermal conductivity and specific heat of the nanoemulsion. 

Because the nanoemulsion is mostly composed of water phase, the 𝑘𝑁𝐸  and 𝐶𝑝,𝑁𝐸  are 

approximated with the properties of 20°C water, which are 0.598 W/m-K and 4.18 kJ/kg-K. 

The convective heat transfer coefficient (h) is estimated by the empirical relationship between 

Nusselt number (Nu), Reynolds number (Re), and Prandtl number (Pr).190  

 𝑁𝑢 =
2ℎ𝑅

𝑘𝑏
= 0.69𝑅𝑒

1
2𝑃𝑟

1
3 (B.6) 
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 𝑅𝑒 =  
2𝜌𝑏𝑈0𝑅

𝜇𝑏
 (B.7) 

 𝑃𝑟 =  
𝐶𝑝,𝑏𝜇𝑏

𝑘𝑏
 (B.8) 

where 𝜌𝑏, 𝜇𝑏, 𝐶𝑝,𝑏, and 𝑘𝑏 are the density, viscosity, specific heat, and thermal conductivity of 

the 70°C water bath. Their values are 0.978 g/cm3, 0.402 mPa-s, 4.19 kJ/kg-K, and 0.660 W/m-

K. 

The one-dimensional transient conduction problem can be described by the following 

differential equation in a dimensionless form: 

 
∂𝜃(𝑋, 𝜏)

∂𝜏
=

1

𝑋2

𝜕

𝜕𝑋
[𝑋2

𝜕𝜃(𝑋, 𝜏)

𝜕𝑋
] (B.9) 

where 𝜃 =
𝑇−𝑇∞

𝑇𝑖−𝑇∞
, 𝜏 =

𝛼𝑁𝐸𝑡

𝑅2 , and 𝑋 =
𝑟

𝑅
 are the dimensionless temperature, time, and distance 

from the center.  

Initial condition is: 

 𝜃(𝑋, 0) = 1 (B.10) 

Boundary conditions are: 

 
∂𝜃(𝑋 = 0, 𝜏)

∂𝜏
= 0 (B.11) 

 
∂𝜃(𝑋 = 1, 𝜏)

∂𝜏
= −𝐵𝑖 × 𝜃 (B.12) 

 𝐵𝑖 =
ℎ𝑅

𝑘𝑁𝐸
 (B.13) 

where 𝐵𝑖 is Biot number, also known as dimensionless heat transfer coefficient. 

The analytical solution to Equation B.9 can be expressed by the following infinite series: 
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 𝜃 = ∑
4(sin 𝜆𝑛 − 𝜆𝑛 cos 𝜆𝑛)

2𝜆𝑛 − sin 2𝜆𝑛
𝑒−𝜆𝑛

2 𝜏
sin 𝜆𝑛𝑋

𝜆𝑛𝑋

∞

𝑛=1
 (B.14) 

where 𝜆𝑛’s are the roots of  

 1 − 𝜆𝑛 cot 𝜆𝑛 = 𝐵𝑖 (B.15) 

In this study, the first 100 𝜆𝑛’s are used to calculate the 𝜃, and the temperature profiles are 

shown in Figure B.3b, c. The important parameters are summarized in Table B.2. 

 

Figure B.3. (a) Schematic diagram of the one-dimensional transient conduction problem with 

a dripped droplet containing the nanoemulsion in a water bath. (b) Time-dependent 

temperature profiles across the radius of the droplet from 0.01 to 5 s. (c) Temperature at the 

droplet surface (r = R) within 500 ms. 

Table B.2. Summary of important parameters and their values. 

Parameter Value 

𝑈0 0.439 (m/s) 

𝛼𝑁𝐸 1.304×10-7 (m2/s) 

ℎ 1.231×104 (W/m2-K) 

𝐵𝑖 28.03 (-) 
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B.5 Estimation of Drug Loading Efficiency 

To determine the drug loading efficiency, 𝑚𝑁𝐸 (= 3 g) of the nanoemulsion is dripped into the 

heated water bath (with 1% w/v Tween 80). For this dripping setup, the optimal fenofibrate 

mass (𝑚𝑜𝑝𝑡) carried by the as-prepared nanoemulsion is: 

 𝑚𝑜𝑝𝑡 = 𝑚𝑁𝐸𝜓𝐹𝐸𝑁/𝑁𝐸 (B.16) 

 𝜓𝐹𝐸𝑁/𝑁𝐸 =
𝑚𝑜𝑤𝐹𝐸𝑁

𝑚𝑐 + 𝑚𝑜 + 𝑚𝑇𝑤80 + 𝑚𝑁𝑎𝐶𝑙
 (B.17) 

where 𝜓𝐹𝐸𝑁/𝑁𝐸 is the fenofibrate weight fraction in the as-prepared nanoemulsion, 𝑚𝑜 is the 

oil phase mass, 𝑤𝐹𝐸𝑁 is the fenofibrate weight fraction in the oil phase (~45 wt%55), 𝑚𝑐 is the 

mass of the continuous water phase, 𝑚𝑇𝑤80 is the Tween 80 mass, and 𝑚𝑁𝑎𝐶𝑙 is the NaCl mass.  

The drug loss from the gelled nanoemulsion could come from: 1) the leakage of the drug-

loaded nanoemulsion from the gelled matrix, and 2) the drug diffusion from the nanoemulsion 

to the gelation water bath.  

Leakage of the drug-loaded nanoemulsion from the gelled matrix 

However, for all the formulations used in this work, dynamic light scattering shows that the 

nanoemulsion is not detectable in the gelation water bath. Instead, only a trace amount of 

Tween 80 micelles initially in the gelation water bath can be detected with the average size of 

11.13±0.85 nm (PDI = 0.144±0.039). The effectiveness of the thermal dripping process is also 

demonstrated in a turbidity test. An 80 mL clear cold water bath at 20°C (Figure B.4a) is 

sequentially added with the hydrated thermogel particles taken out from the gelation bath. The 

thermogel particles dissolve quickly in the cold water bath. The cold water bath quickly 

becomes turbid even though the volume of a single thermogel particle is only 0.01 mL (~10‒4 

of the bath volume). The cold water bath appearances after the sequential addition of 1 to 3 

thermogel particles are shown in Figure B.4b, c, d. Given that a small thermogel particle can 

change the turbidity significantly, if the thermal gelation is not effective and there is a small 

amount of the nanoemulsion leakage, the gelation bath should become turbid easily. The 

gelation bath water after particle formation is sampled out in a cuvette for comparison as shown 
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in Figure B.4e. The water sample is very clear, demonstrating effective encapsulation of the 

nanoemulsion in the gelled matrix.  

 

Figure B.4. (a-d) Appearances of a 20°C 80 mL cold water bath with sequential addition of 

hydrated thermogel particles: (a) clear water bath with no particles dissolved; (b) one particle 

dissolved; (c) two particles dissolved; (d) three particles dissolved. The volume of one 

thermogel particle is approximately 0.01 mL. (e) Optical image of the bath water in a cuvette 

sampled after the gel particles are formed in Figure 3.2b. 

Drug diffusion from the nanoemulsion to the gelation water bath 

To investigate the drug diffusion from the gelled nanoemulsion to the gelation water bath (with 

0.1% w/v Tween 80), a concentration-absorbance calibration curve is developed for fenofibrate 

in a 0.1% w/v Tween 80 aqueous solution (Figure B.5). The fenofibrate concentration in the 

bath (𝐶𝑏𝑎𝑡ℎ) after the dripping process can be determined from the measured absorbance using 

the calibration curve (Figure B.5). The mass of the fenofibrate (𝑚𝑏𝑎𝑡ℎ) diffusing into the bath 

(𝑉𝑏𝑎𝑡ℎ=300 mL) is estimated by Equation B.18, and the drug loading efficiency (𝐿𝐸) is defined 

by Equation B.19. 

 𝑚𝑏𝑎𝑡ℎ = 𝐶𝑏𝑎𝑡ℎ𝑉𝑏𝑎𝑡ℎ (B.18) 

 𝐿𝐸 = 1 −
𝑚𝑏𝑎𝑡ℎ

𝑚𝑜𝑝𝑡
 (B.19) 

Summarized in Table B.3, the drug loading efficiencies for different formulations are all 

greater than 99.4 wt%, indicating minimal drug diffusion to the bath. Compared to anisole that 

is a good solvent with a high fenofibrate saturation solubility of ~480 mg/mL,55 the gelation 

water bath (with 0.1% w/v Tween 80) only has a fenofibrate saturation solubility of ~6.7×10‒
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3 mg/mL.159 Therefore, it is very unlikely for fenofibrate to partition from the nanoemulsion to 

the gelation bath. 

 

Figure B.5. Concentration-absorbance calibration curve for fenofibrate in a 0.1% w/v Tween 

80 solution at λ = 287 nm.  

Table B.3. Summary of drug loading efficiency estimation for different formulations. 

 Code 𝜓𝐹𝐸𝑁/𝑁𝐸  (wt%) 𝑚𝑜𝑝𝑡 (mg) 𝑚𝑏𝑎𝑡ℎ (mg) 𝐿𝐸 (wt%) 

Vary 

Tween 80 

mass 

No Tw80 3.97 119.12 0.47±0.03 99.61±0.02 

0.01 g Tw80 3.96 118.77 0.28±0.05 99.76±0.04 

0.03 g Tw80 3.94 118.08 0.54±0.02 99.54±0.02 

0.05 g Tw80 3.91 117.39 0.30±0.01 99.74±0.01 

0.1 g Tw80/0.3 oil/Canonical 3.86 115.71 0.60±0.01 99.48±0.01 

Vary 

oil phase 

mass 

0.1 g Tw80/0.3 oil/Canonical 3.86 115.71 0.60±0.01 99.48±0.01 

0.6 g oil 7.11 213.16 0.65±0.06 99.69±0.03 

0.9 g oil 9.88 296.34 0.90±0.02 99.70±0.01 

 

B.6 Role of NaCl in Particle Formulation 

Cl‒ ions are salt-out ions that can facilitate and strengthen the hydrophobic association,117 

which is critical for the formation of thermogel particles. The Cl‒ ions can compete with MC 

molecules for water hydration; therefore, the addition of NaCl leads to a poorer solubility of 



131 

MC in water and a stronger hydrophobic association. For the salt-free nanoemulsion (canonical 

condition without NaCl), the resulting dried particles buckle and are flat (Figure B.6a, b), 

suggesting that the hydrophobic interaction is not strong enough. 

 

Figure B.6. (a, b) Optical images of the dried API-loaded particles (canonical condition 

without NaCl addition): (a) on a platform and (b) in a vial. Scale bars are 5 mm. 

B.7 Estimation of Nanocrystal Size with Nanodroplet Size 

By balancing the fenofibrate mass in a nanodroplet and in a nanocrystal, the size of a 

nanocrystal can be estimated as follows: 

 𝑑𝑐,𝑒𝑠𝑡 = (
𝐶𝑓𝑒𝑛

𝜌𝑐
)

1
3

𝑑𝑑𝑟𝑜𝑝 (B.20) 

where 𝑑𝑐,𝑒𝑠𝑡  is the estimated nanocrystal diameter, 𝐶𝑓𝑒𝑛  is the fenofibrate-in-anisole 

concentration (~0.48 g/mL55), 𝜌𝑐 is the nanocrystal density (1.2 g/cm3 = 1.2 g/mL), and 𝑑𝑑𝑟𝑜𝑝 

is the nanoemulsion droplet diameter.  
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Figure B.7. (a-e) SEM images of the embedded nanocrystals in the dried API-loaded particles 

for different nanoemulsion formulations: (a, b) no Tw80; (c) 0.05 g Tw80; (d) 0.6 g oil; (e) 0.9 

g oil. Scale bars are 500 nm. (f) Comparison between the measured (from the SEM images) 

and estimated (𝑑𝑐,𝑒𝑠𝑡 in Equation B.20) crystal sizes. The accuracy of the measured crystal 

size is limited by the fact that the nanocrystals are embedded and fused in the MC polymer 

matrix. 

B.8 Tate’s Law for Designing Particle Size 

The relationship between the dried particle diameter (𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) and the tip outer diameter (𝑑𝑇) 

can be described by Tate’s law. 

 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ∝ (
𝑑𝑇𝛾𝑁𝐸

𝜌𝑁𝐸𝑔
)

1
3
 (B.21) 

where 𝛾𝑁𝐸  and 𝜌𝑁𝐸  are the surface tension and density of the nanoemulsion, 𝑔  is the 

gravitational acceleration (9.8 m/s2). For the same nanoemulsion formulation, the 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is 

proportional to the cube root of the 𝑑𝑇, as shown in Figure B.8g.  
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Table B.4. Specifications of the dispensing tips used in this work. The outer diameter (O.D.) 

of the smooth-flow tapered tips are measured with a caliper. 

Gauge Type I.D. (mm) O.D. (mm) 

14 Smooth-flow tapered tip 1.54 1.97 

18 Smooth-flow tapered tip 0.84 1.26 

25 Smooth-flow tapered tip 0.25 0.68 

30 Precision stainless steel tip 0.15 0.30 

 

 

Figure B.8. (a-f) Optical images of the dried API-loaded particles for different conditions: (a) 

0.05 g Tw80 with 18-guage tip; (b) 0.6 g oil with 18-guage tip; (c) 0.9 g oil with 18-guage tip; 

(d) canonical with 30-gauge tip; (e) canonical with 25-gauge tip; (f) canonical with 14-gauge 

tip. Scale bars are 5 mm. (g) Tate’s law correlation between the particle diameter (𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) 

and the cube root of the tip outer diameter (𝑑𝑇
1/3

) for the canonical formulation. 
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Figure B.9. (a, b) Optical images of the (a) the as-received bulk fenofibrate crystals and (b) 

the crushed particles (canonical formulation) in a vial. Scale bars are 5 mm. (c, d) Particle size 

distributions and bright-field microscopy images of (c) the bulk fenofibrate crystals and (d) the 

crushed particles (canonical formulation). Scale bars in the inset figures are 500 μm. 

B.9 Estimation of Drug Loading Content 

With the concentration-absorbance calibration curve developed in Figure B.10b, the drug 

loading contents of the dried API-loaded particles can be measured using UV-Vis spectroscopy 

(Figure 3.3a and Figure B.10c). In addition, the drug loading contents can be estimated by 

Equation B.22 for comparison. Because Tween 80 and NaCl do not form hydrophobic 

junctions with MC upon heating, they are considered removable and should be able to diffuse 

out of the thermogel particles in the heated water bath. To account for this, we introduce 

retention rates for both Tween 80 and NaCl. 

 𝜙𝐹𝐸𝑁 =
𝑚𝑜𝑤𝐹𝐸𝑁

𝑚𝑐𝑤𝑀𝐶 + 𝑚𝑜𝑤𝐹𝐸𝑁 + 𝜁𝑇𝑤80𝑚𝑇𝑤80 + 𝜁𝑁𝑎𝐶𝑙𝑚𝑁𝑎𝐶𝑙
 (B.22) 

where 𝜙𝐹𝐸𝑁  is the estimated drug loading content, 𝑚𝑜  is the oil phase mass, 𝑤𝐹𝐸𝑁  is the 

fenofibrate weight fraction in the oil phase (~45 wt%55), 𝑚𝑐 is the mass of the continuous water 

phase, 𝑤𝑀𝐶 is the MC weight fraction in the water phase (5 wt%), 𝜁𝑇𝑤80 is the retention rate 

of Tween 80 in the dried particles, 𝑚𝑇𝑤80 is the Tween 80 mass, 𝜁𝑁𝑎𝐶𝑙 is the retention rate of 

NaCl in the dried particles, and 𝑚𝑁𝑎𝐶𝑙 is the NaCl mass.  
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The theoretically maximal (blue dashed curve with 𝜁𝑇𝑤80  = 0 and 𝜁𝑁𝑎𝐶𝑙  = 0) and minimal 

(green dash-dotted curve with 𝜁𝑇𝑤80  = 1 and 𝜁𝑁𝑎𝐶𝑙  = 1) drug loading contents are first 

determined for complete removal and retention for the two species. As expected, the measured 

drug loading contents lie in the region between these two curves (Figure 3.3a and Figure 

B.10c). To deconvolute the retentions for the two species, we first analyze the retention rate of 

NaCl for the nanoemulsion without Tween 80 addition (0 g Tween 80 in Figure B.10c). A 

𝜁𝑁𝑎𝐶𝑙  of ~0.3 is calculated to match the measured drug loading content for this condition. 

Assuming the effective diffusivity of NaCl is roughly constant for different formulations 

because the gel matrices are formed with the same continuous phase, a drug loading content 

curve is plotted with 𝜁𝑇𝑤80  = 1 and 𝜁𝑁𝑎𝐶𝑙  = 0.3 for different formulations (orange dotted 

curve), and a good consistency between the measured and estimated drug loading contents is 

found (Figure 3.3a and Figure B.10c). The result indicates that most Tween 80 still retains in 

the dried particles. Compared to small NaCl ions which are freely to move, Tween 80 

molecules are mostly anchored on the oil-water interface, preventing them from diffusing out. 

In addition, the bulky molecular structure of Tween 80 renders the diffusion difficult even if 

there are free Tween 80 molecules. 

 

Figure B.10. (a) UV-Vis spectra of fenofibrate-in-ethanol solutions with different 

concentrations. (b) Concentration-absorbance calibration curve developed with the absorbance 

values at λ = 287 nm. The curve has a perfect linear relationship with R2 ~ 1. (c) Drug loading 

contents of the dried API-loaded particles as a function of Tween 80 mass (fixed 3 g MC 

solution, 0.3 g oil phase, 0.1 g NaCl). The blue dashed curve corresponds to Equation B.22 

with 𝜁𝑇𝑤80 = 0 and 𝜁𝑁𝑎𝐶𝑙 = 0 (complete removal of Tween 80 and NaCl). The orange dotted 

curve corresponds to Equation B.22 with 𝜁𝑇𝑤80 = 1 and 𝜁𝑁𝑎𝐶𝑙 = 0.3 (100% and 30% retention 

of Tween 80 and NaCl). The green dashdotted curve corresponds to Equation B.22 with 𝜁𝑇𝑤80 

= 1 and 𝜁𝑁𝑎𝐶𝑙 = 1 (complete retention of Tween 80 and NaCl). 
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B.10 Characterization of Fenofibrate Nanocrystals in Thermogel 

Particles 

The XRD patterns in Figure B.11a show that the nanocrystals in the dried particles share the 

same characteristic peaks of the bulk fenofibrate crystals, which corresponds to crystalline 

form I.119 In Figure B.11b, the high frequency spectrum (1500 to 1700 cm-1) for the fenofibrate 

nanocrystals in the dried particles (canonical condition) is compared with the spectra for form 

I, form II, and amorphous fenofibrate. The solid-state form of the fenofibrate nanocrystals is 

identified to be crystalline form I by matching the three peaks at 1586, 1599, and 1650 cm-1. 

The first two wavenumbers correspond to the stretching of in-plane benzene ring, and the 1650 

cm-1 corresponds to the C=O stretching.119 DSC is also a powerful tool to identify fenofibrate 

polymorphs based on their different melting points. The as-received bulk fenofibrate shows a 

sharp melting point at 81.7°C that corresponds to crystalline form I polymorph (Figure B.11c). 

For all the formulations in this study (Figure 3.3d and Figure B.12a, d), no exothermic signal 

is observed for the fenofibrate nanocrystals in the dried particles, indicating no crystallization 

of amorphous fenofibrate during the measurement. 
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Figure B.11. (a) X-ray patterns of the fenofibrate nanocrystals in the dried API-loaded 

particles, as-received bulk fenofibrate, NaCl, and methylcellulose. (b) High frequency Raman 

spectra of the fenofibrate nanocrystals in the dried particles (this work) and three reference 

solid-state forms of fenofibrate reported in the literature.120 The dashed lines indicate the 

characteristic peaks for crystalline form I fenofibrate. (c) DSC thermogram of the as-received 

bulk fenofibrate crystals. 

B.11 Estimation of Crystallinity of Fenofibrate Nanocrystals 

Prior studies show that reduction of fenofibrate crystal size leads to decreasing melting point 

and enthalpy of fusion.70,113 The correlation between the melting point and enthalpy of fusion 

data is plotted in Figure B.12c. Assuming that each DSC curve represents a melting point 

(𝑇𝑚𝑝) distribution for a nanocrystal size distribution in the dried particles, the crystallinity 

(𝛤𝐹𝐸𝑁 ) of the fenofibrate nanocrystals in the dried API-loaded particles is estimated by 

calculating the ratio of the fenofibrate nanocrystal mass (𝑚𝐹𝐸𝑁,𝐷𝑆𝐶) to the optimal fenofibrate 

mass (𝑚𝐹𝐸𝑁,𝑜𝑝𝑡).  
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 𝛤𝐹𝐸𝑁 =
𝑚𝐹𝐸𝑁,𝐷𝑆𝐶

𝑚𝐹𝐸𝑁,𝑜𝑝𝑡
× 100% (B.23) 

 𝑚𝐹𝐸𝑁,𝐷𝑆𝐶 = ∫
𝐻̇ × 𝑚𝑠𝑎𝑚𝑝𝑙𝑒  

𝑇̇ × ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 
𝑑𝑇𝑚𝑝

∞

−∞

 (B.24) 

 𝑚𝐹𝐸𝑁,𝑜𝑝𝑡 = 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 × 𝜙𝐹𝐸𝑁 (B.25) 

where 𝐻̇ is the specific heat flow (W/g), 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 is the sample mass of the crushed particles 

for the DSC measurement (g), 𝑇̇ is the heating rate (°C/s),  ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 is the enthalpy of fusion 

(J/g), 𝜙𝐹𝐸𝑁 is the drug loading content determined by UV-Vis spectroscopy. Both the 𝐻̇ and 

∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 are a function of melting point 𝑇𝑚𝑝. 

 

Figure B.12. (a) DSC thermograms and (b) crystallinity of the fenofibrate nanocrystals in the 

dried API-loaded particles for different Tween 80 mass (fixed 3 g MC solution, 0.3 g oil phase, 

0.1 g NaCl). (c) Correlation between the enthalpy of fusion and melting point for fenofibrate 

nanocrystals. The plot is generated with the data from the previous work.70,113 (d) DSC 

thermograms of the fenofibrate nanocrystals in the dried particles prepared with different 

energy inputs. The nanoemulsion formulation is 3 g MC solution, 0.3 g oil phase, 0.1 g NaCl 

(no Tw80). 
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Figure B.13. (a) Cumulative release profiles of the bulk fenofibrate crystals and the dried API-

loaded particles with different Tween 80 mass. (b) Complete cumulative release profile of the 

bulk fenofibrate crystals. (c-e) Time at 20%, 50%, 80% drug release (t20, t50, t80) for various 

parameters: (c) Tween 80 mass, (d) oil phase mass, (e) dispensing tip size and the crushed 

particles. (f) Linear correlation between the t80 and particle size. (g) Time at 80% drug release 

(t80) of the dried MC particles and the alginate particles for different drug loading contents. (h) 

Erosion rate (a/t80) and (i) diffusivity (a2/t80) comparisons for the dried MC particles and the 

alginate particles. a is the radius of dried particles. The result for the alginate particles is from 

our previous work.55 
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B.12 Power Law Model 

Power law model121 is used to describe the fraction of drug release from 3% to 60%:  

 𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 

(B.26) 

where 𝑀𝑡 and 𝑀∞ are the amount of drug released at time t and infinite time, k is the kinetic 

constant (with the unit of 𝑡−𝑛), and n is the diffusional exponent. The value of n is indicative 

of the drug release mechanism. 

B.13 Erosion Model for an Erodible Sphere 

A model for an erodible sphere123 is also used to analyze the release of the dried particles 

(Figure B.14c). Assuming that there exists an erosion constant (𝑘𝑒, with the unit of m/s) and 

that volume dissolution rate is proportional to the sphere surface, we get the following 

differential equation. 

 
𝑑𝑉𝑡

𝑑𝑡
= 𝑘𝑒 × 4𝜋𝑟2 (B.27) 

The volume dissolved (𝑉𝑡) at time t and the volume for complete dissolution (𝑉∞) are 

 𝑉𝑡 =
4

3
𝜋(𝑎3 − 𝑟3) (B.28) 

 𝑉∞ =
4

3
𝜋𝑎3 (B.29) 

By solving Equation B.27 and Equation B.28 simultaneously, we get 

 
𝑉𝑡

𝑉∞
= 1 − [1 −

𝑘𝑒𝑡

𝑎
]

3

 (B.30) 

Because the well-dispersed nanoemulsion indicates a uniform drug content in the polymer 

matrix, the fractional mass release should be equivalent to the fractional volume dissolved: 
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𝑀𝑡

𝑀∞
=

𝑉𝑡

𝑉∞
 (B.31) 

To account for the time required to wet the surface of the dried particles, a lag time (𝑡𝑙𝑎𝑔) is 

introduced and the resulting erosion model becomes: 

 
𝑀𝑡

𝑀∞
= 1 − [1 −

𝑘𝑒(𝑡 − 𝑡𝑙𝑎𝑔)

𝑎
]

3

 (B.32) 

For the same nanoemulsion formulation, the 𝑘𝑒  gradually decreases as the particle size 

increases (Figure B.14d). The trend could be attributed to the fact that smaller particles 

provide a larger surface area for water hydration. The water hydration quickly forms a gel layer 

on the particle surface, which slows down further water penetration into the dry inner cores. 

When the drug release starts at 𝑡 = 𝑡𝑙𝑎𝑔, smaller particles are wetted and swollen to a greater 

extent. In contrast, larger particles still have a larger portion of dry inner cores which require 

further wetting before erosion. On average, larger particles have a larger volume of dry inner 

cores that is protected by the gel layer, thereby leading to a smaller 𝑘𝑒. 
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Figure B.14. (a, b) Results for power law fitting. (a) Diffusional exponents n for various 

conditions. (b) Relationship between the kinetic constant (k) and particle size. (c) Schematic 

diagram of an erodible sphere which has eroded from its initial radius a to the position r at 

time t. (d) Relationship between the erosion constant (𝑘𝑒) and particle size.  

 

Figure B.15. Procedures for preparing API-loaded nanoparticle suspensions.  
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B.14 Effects of Dissolution Medium 

In this work, a 25 mM sodium dodecyl sulfate (SDS) solution was selected as a dissolution 

medium. The use of this medium is recommended by the FDA Dissolution Methods Database 

for fenofibrate dosage forms.157 Fenofibrate is a hydrophobic API that is practically insoluble 

in water. Therefore, the addition of SDS surfactant is a valid approach to simulate in vivo 

solubilization done by biorelevant surfactants.158,159 In addition, fenofibrate belongs to 

Biopharmaceutics Classification System (BCS) Class II drugs: high permeability and low 

solubility.173 This means that absorption of dissolved fenofibrate from solution is much faster 

than dissolution of fenofibrate, causing sink conditions to prevail in vivo. The SDS solution 

creates a sink condition during the dissolution, which can be a good proxy of in vivo 

conditions.158  

Fenofibrate is neutral and has no ionizable group, so its solubility is not influenced by changes 

in medium pH.191 This explains why pH buffers are not demanded in the FDA Dissolution 

Methods Database. Moreover, the excipient selected in this study is methylcellulose (MC), 

which is also neutral and non-ionic. As reported by both Dow Inc. and Colorcon Inc., 

methylcellulose provides a matrix that exhibits a pH-independent drug release profile when 

drug solubility is pH-independent.43,192 To demonstrate the pH-independent property, in 

addition to a 25 mM SDS solution (pH~6.0), we also prepared a simulated gastric fluid (SGF) 

and a simulated intestinal fluid (SIF) by tuning the pH value of a 25 mM SDS solution to 2.0 

and 6.8 using HCl and phosphate buffered saline (PBS), respectively. As shown in Figure 

B.16, the release profiles of particles with the same preparation condition (0.6 g oil condition) 

are superimposed, indicating a pH-independent release of the fenofibrate dosage forms 

prepared in this work. 
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Figure B.16. Cumulative release profiles of particles (0.6 g oil condition) in a 25 mM SDS 

solution (pH~6.0), a simulated gastric fluid (SGF, pH=2.0), and a simulated intestinal fluid 

(SIF, pH=6.8). The SGF and SIF are prepared by tuning the pH value of a 25 mM SDS to 2.0 

and 6.8 using HCl and phosphate buffered saline (PBS), respectively. 

B.15 Stability of Fenofibrate Nanocrystals 

Different solvent (ethyl acetate) 

In Figure 3.5c, a TEM image is taken for the MC-stabilized nanoparticle suspension. Ethyl 

acetate is chosen as a fast-evaporating solvent (boiling point of 77.1°C) instead of anisole for 

the design of nanoparticle suspension. To check if the use of ethyl acetate also leads to the 

crystalline form I fenofibrate as in the anisole system, XRD is applied to characterize the dried 

nanoparticle suspension. In Figure B.17, the XRD patterns for the nanoparticle suspension 

align well with the characteristic peaks for crystalline form I fenofibrate.119 This indicates that 

the use of ethyl acetate also leads to the most stable fenofibrate polymorph. 

During the dissolution 

To check if the fenofibrate polymorphism changes in the release medium (25 mM SDS), XRD 

patterns before dissolution and after 50% dissolution are shown in Figure B.18. The two XRD 

patterns both align well with the characteristic peaks for crystalline form I fenofibrate.119 The 

agreement is a manifestation that the fenofibrate nanocrystals induced in situ in the MC matrix 

are the most stable solid-state form with the lowest free energy. 
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Long-term stability 

To demonstrate the long-term stability of the fenofibrate nanocrystals in the particles, XRD 

and DSC analyses are carried out on the particles after six-month storage under the ambient 

condition (Figure B.19). The XRD and DSC results show that the fenofibrate nanocrystals 

after six-month storage are still the most stable crystalline form I, and the crystallinity is still 

~100%. 

 

Figure B.17. X-ray pattern of the dried nanoparticle suspension prepared using ethyl acetate 

as an organic solvent. The dashed lines indicate the characteristic peaks for crystalline form I 

fenofibrate. 

 

Figure B.18. X-ray patterns of the fenofibrate nanocrystals in the dried particles: before 

dissolution (purple curve) and after 50% dissolution (blue curve). The dashed lines indicate 

the characteristic peaks for crystalline form I fenofibrate. 
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Figure B.19. (a) X-ray patterns of the fenofibrate nanocrystals in the dried particles: as-

prepared (purple curve) and after six-month storage (blue curve). The dashed lines indicate the 

characteristic peaks for crystalline form I fenofibrate. (b) DSC thermograms and (c) 

crystallinity of the fenofibrate nanocrystals in the particles for different oil phase mass after 

six-month storage. 

  



147 

B.16 API Candidates for the Proposed Formulation Technology 

The proposed formulation technology is targeted for hydrophobic APIs that belong to the 

Biopharmaceutics Classification System (BCS) Class II and Class IV. In the conventional 

process, nanocrystal formation of hydrophobic APIs has been proven to greatly enhance the 

bioavailability compared to their bulk counterparts. Many well-known hydrophobic APIs have 

been benefitted from the nanocrystal technology, such as danazol, naproxen, fenofibrate, 

ketoprofen, cilostazol, aprepitant, cyclosporine, and itraconazole.102 For these hydrophobic 

APIs that can stably exist in their crystalline form, we should be able to find suitable organic 

solvents to dissolve them and directly generate the API nanocrystals in situ in the MC matrix 

using the proposed formulation technology. Our group has done in-depth fundamental studies 

and developed general design strategies for synthesizing nanoemulsions with different oil 

phases.13,83,125 This can help us make informed decisions and broaden the possibility to 

synthesize a wide variety of API-loaded nanoemulsions for different API/solvent pairs. 
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Appendix C Supporting Information for Chapter 4 

C.1 Parameter Space for the Thermogelling Nanoemulsions and Oral 

Films 

Table C.1. Nanoemulsion compositions used in this work. The water phase and oil phase are 

a 4 wt% HPMC solution and a saturated fenofibrate-in-anisole solution, respectively. 

Water phase (g) Oil phase (g) Tween 80 (g) Code 

3 0.2 0.01 0.2 g 

3 0.4 0.02 0.4 g 

3 0.6 0.03 0.6 g 

 

Table C.2. Thickness controls for the nanoemulsions with different oil phase mass. 

Oil (g) 
NE on glass 

slide (g) 

Predicted film 

mass (mg) 

Measured film 

mass (mg) 

Thickness 

(µm) 

Code 

0.2 1.3 89.1 92.7±1.1 55.2±2.9 0.2 g (55.2 µm) 

0.4 1.0 93.6 95.2±1.2 55.4±3.7 0.4 g (55.4 µm) 

0.4 1.5 140.4 142.5±0.7 80.4±5.4 0.4 g (80.4 µm) 

0.4 2.0 187.1 186.4±2.3 111.8±8.1 0.4 g (111.8 µm) 

0.4 2.5 243.0 240.7±2.3 150.2±7.9 0.4 g (150.2 µm) 

0.6 0.8 92.6 92.9±1.5 55.6±3.3 0.6 g (55.6 µm) 
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C.2 Supporting Figures for the Thermogelling Nanoemulsions and 

Oral Films 

 

Figure C.1. (a-d) Elastic moduli (G’) and viscous moduli (G’’) of the pure HPMC and the 

nanoemulsions in the temperature ramp experiment at a heating rate of 2°C/min (0.1% strain, 

10 rad/s frequency): (a) pure HPMC, (b) 0.2 g oil, (c) 0.4 g oil, (d) 0.6 g oil. 

 

Figure C.2. (a-f) Optical images of the oral films with different conditions: (a) 0.2 g oil 

(thickness = 55.2 μm), (b) 0.4 g oil (thickness = 55.4 μm), (c) 0.4 g oil (thickness = 80.4 μm), 

(d) 0.4 g oil (thickness = 111.8 μm), (e) 0.4 g oil (thickness = 150.2 μm), (f) 0.6 g oil (thickness 

= 55.6 μm). 
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Figure C.3. (a, b) SEM images of the surface of a pure HPMC film without drug. (c) SEM 

image of the cross-section of a pure HPMC film without drug. 

 

Figure C.4. (a, b) TEM images of the dispersed drug nanoparticles. 

 

Figure C.5. SEM images of the oral film cross-sections: (a) 0.2 g oil and (b) 0.6 g oil. 
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Figure C.6. SEM images of the oral film cross-sections: (a) 0.2 g oil and (b) 0.6 g oil. 

C.3 Supporting Drug Loading Data 

 

Figure C.7. (a) UV-Vis absorbance spectrum of a 0.4 g mg/mL fenofibrate-in-ethanol solution. 

The absorption peak occurs at λ = 287 nm. (b) Concentration-absorbance calibration curve 

developed for different fenofibrate concentrations in ethanol (absorbance values are recorded 

at λ = 287 nm). The curve has a perfect linear relationship with R2 ~1. 
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C.4 Estimation of Fenofibrate Crystallinity in Oral Film 

Prior studies show that smaller fenofibrate nanocrystals lead to the decreasing melting point 

and enthalpy of fusion.70,113 The prior data is plotted in Figure C.8b to build a correlation 

curve between the melting point and enthalpy of fusion for fenofibrate nanocrystals. Assuming 

that each DSC curve represents a melting point (𝑇𝑚𝑝) distribution corresponding to different-

sized fenofibrate nanocrystals in the oral film. The crystallinity (𝛤𝐹𝐸𝑁) of fenofibrate in the oral 

film can be estimated by taking the ratio of the mass of crystalline fenofibrate (𝑚𝐹𝐸𝑁,𝑐𝑟𝑦𝑠𝑡) to 

the optimal fenofibrate mass (𝑚𝐹𝐸𝑁,𝑜𝑝𝑡).  

 𝛤𝐹𝐸𝑁 =
𝑚𝐹𝐸𝑁,𝑐𝑟𝑦𝑠𝑡

𝑚𝐹𝐸𝑁,𝑜𝑝𝑡
× 100% (C.1) 

 𝑚𝐹𝐸𝑁,𝑐𝑟𝑦𝑠𝑡 = ∫
𝐻̇ × 𝑚𝑠𝑎𝑚𝑝𝑙𝑒  

𝑇̇ × ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 
𝑑𝑇𝑚𝑝

∞

−∞

 (C.2) 

 𝑚𝐹𝐸𝑁,𝑜𝑝𝑡 = 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 × 𝜙𝐹𝐸𝑁 (C.3) 

where 𝐻̇ is the specific heat flow (W/g), 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 is the sample mass of the oral film for the 

DSC measurement (g), 𝑇̇ is the heating rate (°C/s),  ∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 is the enthalpy of fusion (J/g), 

𝜙𝐹𝐸𝑁  is the drug loading content determined by UV-Vis spectroscopy. Both the 𝐻̇  and 

∆𝐻𝑓𝑢𝑠𝑖𝑜𝑛 are a function of melting point 𝑇𝑚𝑝. 

 

Figure C.8. (a) DSC thermogram of the bulk fenofibrate crystals. (b) Correlation between the 

enthalpy of fusion and melting point of fenofibrate nanocrystals. The plot is generated with the 

data obtained from the previous studies.70,113   
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C.5 Tensile Testing 

Mechanical properties are important parameters for oral film products; however, there are no 

official standards about mechanical properties of film products. The rule of thumb is that film 

products should have good enough mechanical properties so that they can be manufactured 

and handled without damage or crack.131 For the oral film images prepared in this work (Figure 

C.2), there is no observable crack on the film surface. Typical mechanical properties include 

elongation at break, Young’s modulus, and tensile strength.193 The stress-strain curves for the 

oral films with different conditions are shown in Figure C.9a. The films with different 

conditions have similar Young’s moduli (Figure C.9b), which lie in the range (0.2 to 3000 

MPa) for the fenofibrate-loaded oral films prepared using conventional methods.128,138 In 

Figure C.9c, d, the tensile strength and elongation at break depend strongly on the drug loading 

(i.e., oil mass) but weakly on the thickness. Increasing the oil mass leads to a decrease in the 

tensile strength and elongation at break. This phenomenon could be explained by the fact that 

more drug nanoparticles decrease the continuity of the polymer matrix.194 The films have 

tensile strength values ranging from 6 to 24 MPa, which lie in the range reported in the 

literature (0.6 to 49 MPa).128,138 The elongation at break values for the films with 0.2 g and 0.4 

g oil lie in the range for marketed thin film products (1.03–6.54%).193  

 

Figure C.9. (a) Stress-strain curves for the oral films with different conditions. (b-d) Tensile 

properties of the oral films with different conditions: (b) Young’s modulus, (c) tensile strength, 

(d) elongation at break.   
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C.6 Supporting Release Data 

 

Figure C.10. (a) Cumulative release profile for the bulk fenofibrate crystals. (b-c) Time at 

20%, 50%, 80% drug release (t20, t50, t80) for various parameters: (b) varying the oil mass with 

a constant thickness (~55.4 μm), (c) varying the thickness with the same oil mass (0.4 g oil). 

 

Figure C.11. (a-f) Power-law fitting for the oral films with different conditions: (a) 0.2 g oil 

(55.2 μm), (b) 0.4 g oil (55.4 μm), (c) 0.4 g oil (80.4 μm), (d) 0.4 g oil (111.8 μm), (e) 0.4 g oil 

(150.2 μm), (f) 0.6 g oil (55.6 μm). (g-h) Fitting parameters for the oral films with different 

conditions: (g) diffusional exponent (n), (h) kinetic constant (k). 
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C.7 Erosion Model for Oral Films 

A model for an erodible thin film is used to analyze the drug release from the oral film.123 

Assuming that there exists an erosion constant (𝑘𝑒, with the unit of m/s) and that volume 

dissolution rate is proportional to the surface are of the film, we have: 

 𝑉𝑡 = 2𝑘𝑒𝐴𝑡 (C.4) 

where 𝑉𝑡 is the volume dissolved at time 𝑡.  

With the half thickness of the film to be 𝑎, the volume for complete dissolution (𝑉∞) can be 

expressed as follows: 

 𝑉∞ = 2𝑎𝐴 (C.5) 

Because the drug is uniformly distributed in the polymer matrix, the fractional mass release 

(𝑀𝑡 𝑀∞⁄ ) should be equivalent to the fractional volume dissolved (𝑉𝑡 𝑉∞⁄ ): 

 
𝑀𝑡

𝑀∞
=

𝑉𝑡

𝑉∞
=

𝑘𝑒𝑡

𝑎
 (C.6) 

where 𝑀𝑡 and 𝑀∞ are the amount of drug released at time t and infinite time. 

To account for the time required to wet the surface of the oral film, a lag time (𝑡𝑙𝑎𝑔) is 

introduced and the erosion model becomes: 

 
𝑀𝑡

𝑀∞
=

𝑘𝑒(𝑡 − 𝑡𝑙𝑎𝑔)

𝑎
 (C.7) 

C.8 Scaling of Release Profiles 

Because the lag time (𝑡𝑙𝑎𝑔) is proportional to the film thickness (2𝑎), we assume there is a 

constant (𝐾𝑙𝑎𝑔) that relates the 𝑡𝑙𝑎𝑔 and 𝑎: 

 𝑡𝑙𝑎𝑔 = 𝐾𝑙𝑎𝑔𝑎 (C.8) 

Plugging Equation C.8 into Equation C.7, we get: 
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𝑀𝑡

𝑀∞
= 𝑘𝑒 (

𝑡

𝑎
) − 𝑘𝑒𝐾𝑙𝑎𝑔 (C.9) 

As shown in Figure C.12g, the 𝑘𝑒 values are similar for all conditions. Therefore, according 

to Equation C.9, different release profiles should be collapsed into one master curve by 

plotting 
𝑀𝑡

𝑀∞
 and 

𝑡

𝑎
 together.  

 

Figure C.12. (a-f) Erosion model fitting for the oral films with different conditions: (a) 0.2 g 

oil (55.2 μm), (b) 0.4 g oil (55.4 μm), (c) 0.4 g oil (80.4 μm), (d) 0.4 g oil (111.8 μm), (e) 0.4 

g oil (150.2 μm), (f) 0.6 g oil (55.6 μm). (g-h) Fitting parameters for the oral films with different 

conditions: (g) erosion constant (𝑘𝑒), (h) lag time (𝑡𝑙𝑎𝑔). 
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C.9 Organic Solvent Selection for Fenofibrate 

Table C.3 summarizes organic solvents approved by the FDA for drug formulations.54 There 

are three critical factors for an organic solvent, which are miscibility with water, density, and 

solubility of drug. An organic solvent has to be immiscible with water to ensure that the two 

phases of a nanoemulsion can exist. In addition, a small density difference between an organic 

solvent and the continuous aqueous phase is preferred to facilitate the formation of 

nanoemulsions and avoid creaming. Last, high solubility is important to load a high 

concentration of drug for effective drug products. 

 

Table C.3. Properties of organic solvents approved by the FDA for drug formulations. Green, 

yellow, and red colors represent good, ok, and bad properties for the preparation of fenofibrate-

loaded nanoemulsions.54 

Solvent Miscibility with 

water 

Density 

(g/cm3) 

Fenofibrate solubility 

(mg/mL) 

Acetic acid Miscible 1.049 200-400 

Anisole Immiscible 0.995 >400 

Pentane Immiscible 0.626 None 

Heptane Immiscible 0.6 <50 

Ethyl acetate Slightly miscible 0.897 >400 

Cumene Immiscible 0.862 None 
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C.10 Potential Versatility of the Thermogelling HPMC Nanoemulsion 

Nanoemulsions are known for their versatility, so we expect that the nanoemulsion droplet size 

can be effectively tuned by varying the surfactant-to-oil ratio,13 hydrophilic-lipophilic-balance 

(HLB) of surfactants,77 and energy input.125 Moreover, we expect the thermogelling 

nanoemulsion can be generalized to other hydrophobic drugs. The potential drug candidates 

for the thermogelling nanoemulsion system are hydrophobic drugs that have benefitted from 

conventional nanocrystal technologies, such as danazol, naproxen, ketoprofen, cilostazol, 

aprepitant, cyclosporine, and itraconazole.102 For these drugs, we should be able to find suitable 

organic solvents to dissolve these drugs and directly generate the drug nanocrystals in the 

HPMC matrix using the thermogelling nanoemulsion. Our group has done in-depth 

fundamental studies and developed general design strategies for preparing nanoemulsions with 

different oil phases.13,83,125 This can provide guidelines to prepare a wide variety of 

thermogelling HPMC nanoemulsions for different drug/solvent pairs. 

 

C.11 Scale-Up and Sterility of the Thermogelling HPMC Nanoemulsion 

Ultrasonic processing has been demonstrated for large-scale production of nanoemulsions.195 

In addition, the scale-up of nanoemulsion production has been achieved with other 

technologies, including Y-shaped mixer device196 and phase inversion methods.22 In terms of 

sterilization processes, sterile filtration or UV sterilization techniques can be performed prior 

to the formation of the nanoemulsion (under sterile condition). 
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Appendix D Preliminary Results for Composite Particles 

Prepared Using Photocrosslinkable Nanoemulsions and 

Microfluidics  

D.1 Preparation of API-Loaded Photocrosslinkable Nanoemulsions 

We used a low-energy direct emulsification method to prepare API-loaded nanoemulsions. For 

nanoemulsion synthesis, a saturated fenofibrate-in-anisole solution (the dispersed phase) was 

added dropwise into a 35% v/v PEGDA 700 solution containing a 2% v/v surfactant (HLB=12, 

a mixture of Span 80 and Tween 80). After the dispersed phase was added, the emulsion 

precursor was magnetically stirred for 5 min at 1000 rpm to form a nanoemulsion. Then, 1% 

v/v photoinitiator (Darocur 1173) was introduced to the as-prepared nanoemulsion, followed 

by vortex mixing for 30 s.  

D.2 Contact Flow Lithography 

Contact flow lithography was used to prepare hydrogel particles with different oil volume 

fractions (Figure D.1) and shapes (Figure D.2). With Nile red (a lipophilic fluorescent dye) 

introduced in the dispersed phase, effective encapsulation of the nanoemulsions in 

photocrosslinked hydrogel particles was demonstrated using fluorescence microscopy (Figure 

D.1). In addition, Figure D.3a shows the DSC results for bulk fenofibrate and fenofibrate-

loaded dried particles. The melting points of fenofibrate in the dried particles are smaller than 

that of bulk fenofibrate, indicating that fenofibrate nanocrystals are successfully formed in the 

dried particles. The nanocrystal size distributions (Figure D.3) were estimated from the DSC 

results using the MATLAB fitting algorithm developed in a previous work.113 Figure D.3 

further shows the dissolution profiles for the dried particles with different oil volume fractions, 

which correspond to different drug loading contents. 
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Figure D.1. Cylindrical nanoemulsion-loaded particles with different oil volume fractions 

prepared using contact flow lithography. The upper row is bright field microscopy images, and 

the bottom row is the corresponding fluorescence images (Nile red is added as a lipophilic 

fluorescent dye). The right figure shows the droplet sizes of the nanoemulsions before and after 

the addition of 1% v/v photoinitiator (Darocur 1173).  

 

Figure D.2. Nanoemulsion-loaded particles with different shapes prepared using contact flow 

lithography. The particles with different shapes have a fixed 10% v/v oil volume fraction. 

 

Figure D.3. (a) DSC thermograms, (b) nanocrystal size distributions estimated from the DSC 

results, and (c) dissolution profiles for the dried cylindrical particles. 
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D.3 Droplet-Based Microfluidics 

Droplet-based microfluidics was used to prepare spherical particles with an average diameter 

of ~650 m (Figure D.4). Figure D.4a shows the microfluidics setup that uses mineral oil for 

droplet pinch-off. The generated droplets containing the nanoemulsion are then illuminated 

with UV light to crosslink the droplets into hydrogel particles. The nanoemulsion is effectively 

encapsulated in the hydrogel particles as demonstrated by fluorescence microscopy (Figure 

D.4b). The dissolution profile of the dried particles is shown in Figure D.4c. 

 

Figure D.4. Spherical nanoemulsion-loaded particles (10% v/v oil volume fraction) prepared 

using droplet-based microfluidics. (a) Microfluidics setup. (b) Bright field and fluorescence 

images of the hydrogel particles. (c) Dissolution profile of the dried particles. 

D.4 Release Simulation for Particles with Different Aspect Ratios 

Using COMSOL 

Time-dependent transport of 2-D diluted species model in COMSOL was used to estimate the 

trends of the dissolution profiles for particles with the same area (same drug loading) but 

different shapes. The particles were in contact with a perfect infinite sink with zero drug 

concentration. With the same initial uniform concentration in the particles, we found that 

aspect ratios are an important factor that affects the drug release rates. In Figure D.5, the drug 

release rate increases with the decreasing aspect ratio (a/b). 
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Figure D.5. Simulated dissolution profiles for particles with the same area but different aspect 

ratios (a/b). 
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Appendix E Preliminary Results for Molecular Dynamics 

Simulation of Drug-Polymer Interactions in a HPMC 

Nanoemulsion System 

Molecular dynamics (MD) simulation was applied to explain the two interesting findings in 

the HPMC nanoemulsion system developed in Chapter 4. 

1. Without the addition of Tween 80 in the HPMC nanoemulsion, fenofibrate cannot 

crystallize, and amorphous thin films can be prepared (Figure E.1).  

2. A small amount of Tween 80 can lead to fenofibrate crystallization.  

 

Figure E.1. Schematic illustration of the polymorph control for the HPMC nanoemulsion. 

From the literature, cellulose polymers have been used to inhibit crystallization of some 

hydrophobic APIs for designing amorphous solid dispersions, because cellulose polymers can 

interact strongly with these hydrophobic APIs. To more effectively understand the interactions 

between different polymers and drugs, MD simulation has been widely applied.  

We established three molecules that exist after evaporating the water and anisole from the 

HPMC nanoemulsion (Figure E.2) and described them with the CHARMM force field 

(CHARMM36). We then built a simulation box with a centered fenofibrate agglomeration 

surrounded by Tween 80 and HPMC molecules (Figure E.3a). The MD simulation was 

conducted with the following three steps: 1) energy minimization, 2) NVT at 300 K for 100 
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ps, and 3) NPT at 1 bar for 100 ps. The resulting configurations after simulation are shown in 

Figure E.3b and Figure E.3c for the systems with and without Tween 80, respectively. The 

interaction energies were obtained for different molecule pairs (Figure E.3d). To understand 

the effect of Tween 80 addition, radial distribution function (RDF) as well as H-bond number 

between HPMC and fenofibrate for the systems with and without Tween 80 were studied 

(Figure E.3e, f). The results show that Tween 80 molecules can cloak the interaction between 

HPMC and fenofibrate, which could weaken the ability of HPMC to suppress fenofibrate 

crystallization. 

 

Figure E.2. Molecules that exist in the dried nanoemulsion system: (a) Tween 80, (b) 

fenofibrate, and (c) HPMC. 

 

Figure E.3. (a) Initial configuration of molecules in a box (nine fenofibrate, four Tween 80, 

four HPMC). (b) Molecules with Tween 80 after MD simulation. (c) Molecules without Tween 

80 after MD simulation. (d) Interaction energies between molecules for the system with Tween 

80. (e) Radial distribution function (RDF) between HPMC and fenofibrate for the systems with 

and without Tween 80. (f) H-bond number between HPMC and fenofibrate for the systems 

with and without Tween 80.  
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