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ABSTRACT OF THE THESIS 

 

DEVELOPMENT OF INJECTABLE pH-DEGRADABLE POLYMERIC 

PARTICLES CONTAINING THROMBIN FOR MINIMALLY INVASIVE 

DELIVERY OF FIBRIN GLUE TO THE HEART POST-MYOCARDIAL 

INFARCTION 

 

by 

 

Sarabjit Singh Chagar 

Master of Science in Chemical Engineering 
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Professor Adah Almutairi, Chair 

The first part of this thesis presents a thorough review of the recent advances 

that have been made in the area of drug delivery, specifically in regards to the 

encapsulation of biomolecules and drugs in polymeric vehicles has been addressed in 

the this work. The purpose of this work is to provide scientists with a general 



 
 

xiv 

 

understanding of the common encapsulation techniques that are currently being used 

and the applications towards which they are being applied. Building upon the work 

demonstrated by others in the field of drug delivery, the second part of this thesis 

presents a research project designed to explore the potential for the development of 

pH-degradable particles containing thrombin as a possible avenue for the delivery of a 

scaffold to coronary artery walls to promote cardiac function after a myocardial 

infarction. The results gathered for the particles developed herein suggest that this the 

injection of thrombin-loaded polymeric particles is a viable option for the creation of a 

natural scaffold at the site of a myocardial infarct to promote cell survival and 

decrease the risk for heart failure in the future. 
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INTRODUCTION 

While the development of small molecule compounds has been prolific, 

advances in the delivery of these compounds to their intended site of application has 

not been as substantial. More than 50% of the drugs under investigation for a variety 

of ailments have been found to be insoluble, thereby eliminating the opportunity for 

these potentially novel drugs to be utilized in vivo. (Prentis et al., 1988) Drugs that are 

soluble or slightly soluble also face difficulties in vivo due to clearance by the immune 

system and low target specificity. (Ashley et al., 2011)  

The relatively recent rise in the use biodegradable and biocompatible 

polymeric particles as vehicles capable of targeting areas in which an affliction is 

present and treating this affliction with a therapeutic agent loaded within the particles 

offers an opportunity to bypass the challenges associated with conventional methods 

of administering medicines. One aspect associated with convention treatments is the 

need for repeated injections of toxic drugs that negatively affect the viability of 

healthy tissue. Particles with targeting moieties on the surface and a therapeutic agent 

encapsulated within would decrease the number of injections that would be required 

and demonstrate directed release of the payload at the disease site.  Recent advances in 

target specificity, suppressed cytotoxicity in non-targeted cells and increased loading 

efficiencies have enhanced the promise of drug-loaded and protein-loaded polymeric 

particles as effective treatments for a wide array of ailments.  

The multitude of polymers and payloads that can be selected along with a 

variety of techniques with which to encapsulate the desired therapeutic present an 
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exciting opportunity for researchers to discover diagnostic tools and treatment options 

for a host of diseases. While challenges still remain in the development of particle-

based treatments, the fundamental principles behind the pursuit of polymeric particles 

as carriers continue to be worth investigating. With multiple polymeric particle-based 

treatments already approved and many more undergoing clinical and pre-clinical 

studies, effective formulations are finding their way into hospitals. (Zhang et al., 2007) 
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Chapter 1 

Literature Review: Encapsulation Techniques 

A. Spray Drying: 

1. Background: 

Spray drying is a technique for the preparation of a drug or protein prior to 

encapsulation to preserve the therapeutic. The spray drying technique has been 

successfully employed since the 1940’s and has made inroads into a number of 

industries. The food industry has extensively utilized spray drying as a means of 

preserving food products. (Gharsallaoui et al., 2007) Examples of products that are 

preserved by the spray drying technique include coffee, antibiotics and catalysts. 

Spray drying of pharmaceutical agents is a popular technique because the products 

formed have enhanced dissolution properties and long term stability. (Broadhead et 

al., 1992) In the context of drug delivery, the encapsulation of spray dried products has 

brought about an extra dimension in the form of controlled release for pharmaceutical 

products with an added layer of protection. Commercial spray drying units have 

entered the marketplace, giving researchers the opportunity to apply this technique 

towards drug delivery applications.  

2. Mechanism: 

A typical design for the spray drying method begins with a liquid feed solution 

containing the intended product. The solution is then atomized at the top of an 

enclosure known as a drying chamber. Simultaneously, air that has been filtered and 

heated is pumped into the chamber near the site of atomization. The heated air dries 
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the product of any moisture, thereby preserving the structural properties for long-term 

storage. The process is a continuous as the heated air exits the chamber and is 

recycled, which is an advantage for scaling up the process. Drying chambers are of 

considerable height to ensure that the particles have a lengthy drying time before they 

are collected at the bottom of the drying chamber. A schematic is provided in Figure 1 

below: 

 

Figure 1: General design for spray dryers. Reproduced with permission.  (Maury et al., 

2005) 

The downside of spray drying lies in the relatively low yields that are obtained 

as compared to other encapsulation techniques. Droplets formed by atomization may 
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have some moisture content in spite of the circulating, high temperature gas. When 

these droplets come into contact with the inner walls of the chamber, they may adhere 

to the walls, thereby reducing the overall yield for the entire process. To improve 

yield, a sufficient gas temperature and flow rate must be applied, although these 

requirements would require higher operating costs. Maury et al. demonstrated this by 

showing that yield has been shown to increase when higher air temperatures and air 

flow rates. (Maury et al., 2005) 

3. Particle characteristics 

Particle size is affected by a number of operating conditions including the flow 

rate of the feed solution, air temperature and drying time. Iskander et al. presents a 

thorough description of the mechanics behind spray drying that enable precise control 

over particle morphology. (Iskandar et al., 2003) They identify the critical parameters 

affecting the morphology of the particles formed to include the size of the initial 

droplet prior to atomization, viscosity of the droplet, drying temperature, air flow rate, 

and addition of surfactant. A significant aspect noted is that a high flow rate for the 

gas stream can lead to the formation of irregular particles due to instability on the 

surface of the droplets.  

In most applications, the particle size obtained from spray drying is on the 

order of a few microns to tens of microns with fairly low polydispersity. (Masters, 

1985) When the encapsulation of a desired product is considered, the addition of a 

polymer to the feed solution leads to larger particle sizes. (Palmeri et al., 1994) 

Increases in polymer concentration, polymer molecular weight and spray-mesh size 

also lead to larger particles. (Beck-Broichsitter et al., 2012) Here, spray-mesh is 
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similar to a membrane that separates a droplet into smaller droplets in order to obtain 

small particles. Particles tend to be smaller and less porous than those obtained by 

spray-freeze drying due to the evaporation of water from the product, leading to 

particles that have decreased in size and become more compact. (Amorij et al., 2007a) 

Particles may exhibit spherical or raisin-like morphologies depending upon the 

concentration of the feed solution and drying time. To overcome raisin-like particles, 

the addition of PEG (polyethylene glycol) to an encapsulation process has been shown 

to assist in generating smooth particle surfaces. (Kumar et al., 2001) The addition of 

surfactant has also been found to be helpful in producing smooth microparticles. (Lee 

et al., 2011b) Johansen and colleagues evaluated the effect of varying some of the 

parameters above and the resulting effect on particle size and yield, the results of 

which are presented below. 

 

 

Figure 2: Effect of varying flow rate (emulsion feed) and polymer concentration on 

product yield, particle size, loading efficiency and burst release. Reproduced with 

permission. (Johansen et al., 2000)  
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Spray drying limits the loss of protein activity or drug stability, yet not to the 

extent of alternative techniques such as SFD and SFL. Jensen et al. report no change in 

the stability of encapsulated siRNA compared to a control of free siRNA. (Jensen et 

al., 2010) In contrast, a comparison of an influenza subunit vaccine revealed that the 

spray-freeze drying of the vaccine led to virtually no loss in antigenic potency, 

whereas the spray dried vaccine lost 17.5% of its antigenic potency and this loss was 

attributed to conformational changes associated with the heated air present in the spray 

drying process. (Saluja et al., 2010) The sensitive of the payload to be encapsulated to 

heat is a concern to the quality of the end product as proteins may deform. 

4. Applications: 

The use of a three-nozzle system has been explored to emulate double layered 

particles that have been developed through conventional double emulsion techniques. 

(Pabari et al., 2012) Here, diclofenac sodium served as the core of the microparticles 

with ethyl cellulose serving as the coating. Such a system could be expanded to 

provide added stabilization, longer release times and targeting in a manner that can be 

scaled for mass production using a continuous system. 

The use of spray drying for the encapsulation of anticancer agents is an active 

area of research, yielding particles with high encapsulation efficiencies and controlled 

release. Encapsulation of paclitaxel, a potent anticancer agent, in polyester 

nanoparticles was achieved and these particles were tested in vitro. (Lopez-Gasco et 

al., 2011) Encapsulation efficiency was >80% and the release of paclitaxel from the 

nanoparticles resulted in cell viability under 20% after 35 days. The particles ranged in 
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size from 0.8-1 µm. Doxorubicin, a commonly used chemotherapeutic agent for 

cancer, was used to develop microspheres to encapsulate albumin by the use of a spray 

drying technique. (Jones et al., 2011) The in vitro results demonstrated a high 

concentration of doxorubicin in the drug resistant tumor cells. The in vivo results 

indicated longer doxorubicin half-life and increased plasma concentration of the 

anticancer agent in mice after 24 hours compared to free doxorubicin. 

Using the spray drying technique to produce microparticles for pulmonary 

drug delivery continues to be active area of research for several reasons. (Seville et al., 

2007) Pulmonary drug delivery is advantageous for reasons that include reduced side 

effects, larger dose levels due to targeted delivery and avoidance of first pass 

metabolism, which is commonly attributed with oral formulations. (Sham et al., 2004) 

Encapsulation by spray drying provides particles that are ideal for deposition in the 

deep lungs and slow release. (Beck-Broichsitter et al., 2012) Alpar et al. demonstrated 

the encapsulation of stable BSA in chitosan chloride microspheres, with improved 

immune response compared to free BSA. (Alpar et al., 2005) Encapsulation of 

fexofenadine hydrochloride in hyaluronic acid-based microspheres for intranasal 

delivery yielded microparticles between 20-30 μm and a loading efficiency of 95%. 

(Huh et al., 2010) The fexofenadine hydrochloride-loaded microspheres exhibited 

enhanced drug release compared to free fexofenadine hydrochloride powder. The 

microspheres, with the addition of a bile salt(NaTC) for enhanced permeation through 

cell membranes, showed greater release with bioavailability up to 47.6% compared to 

a fexofenadine hydrochloride solution with bioavailability of 3.1%.  
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Encapsulation of genes by spray drying has a unique set of advantages that 

have intrigued researchers. The combination of high encapsulation efficiency and 

overall stability associated with spray drying has led to the adoption of the technique 

for gene delivery. Takashima et al. utilized PLGA as a coating for pDNA in 

combination with a cationic material such as polyethylenimine(PEI) to develop nano-

emulsions that were subsequently spray dried. (Takashima et al., 2007) The resulting 

nanoparticles had high luciferase activity when compared to empty cationic PLGA 

nanoparticles and higher uptake in vitro. The use of cationic materials served to inhibit 

particle aggregation, promoting cellular uptake of the submicron particles. An 

alternative approach involves siRNA-loaded PLGA nanoparticles that are formed into 

micron-sized nanocomposites. (Jensen et al., 2010) As a pulmonary approach to 

delivering siRNA, the composites developed have a Mean Median Aerodynamic 

Diameter (MMAD) between 1-5 μm, which is ideal for delivery by inhalation. These 

microparticle nanocomposities readily disperse without negatively impacting the 

siRNA.  

 A common concern with spray drying is the inability to produce monodisperse 

particles with high yields directly from the spray drying process. (Vehring, 2008) A 

novel spray dryer, Büchi Nano Spray Dryer B-90, intended for pharmaceutical 

applications, is a bench scale spray dryer that achieves higher yields than conventional 

spray dryers and produces particles under 5 µm with low polydispersity. The unique 

design incorporates vibration mesh spray technology that produces uniform particles. 

(Büchi Incorporation) While maintaining the integrity of the feed components, yields 

between 70-90% were attained. (Li et al., 2010)  Particle size and size distribution 
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vary according to the wall material used for encapsulation, concentration of the inlet 

solution and spray mesh size. (Lee et al., 2011b) Schmid et al. have demonstrated that 

the concentration of solids, viscosity and surface tension have minimal impact on 

particle size. (Schmid et al., 2011) The Büchi Nano Spray Dryer B-90 has managed to 

provide a great deal of control over process conditions to generate drug-loaded 

microparticles.   

 

Figure 3: Diagram of the Büchi Nano Spray Dryer B-90 (Büchi Corporation) 

B. Spray-Freeze Drying: 

1. Background: 
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Spray-freeze drying (SFD) is a well-established technology for producing 

dehydrated products. This technique of preserving products began in the middle part 

of the last century when investigations into the surface area of proteins sprayed into 

the vapor of liquid nitrogen and freeze-drying were explored. (Benson, 1948) 

Depending on the application, the properties of a freeze-dried sample include 

dehydrated and structurally stable particles that are similar in size to the initial frozen 

sample and have rapid solubility when added to aqueous solutions. To remove the 

constraint of operating under vacuum conditions throughout the entire process, 

atmospheric spray-freeze drying was developed as a favorable alternative. 

(Mumenthaler and Leuenberger, 1991) Later works have focused on the development 

of powders for a variety of applications including gene delivery (Kuo and Hwang, 

2004), protein delivery (Maa et al., 1999); (Sonner et al., 2002), influenza vaccine 

(Amorij et al., 2007b; Maa et al., 2004) and various food products such as milk and 

coffee. (Mumenthaler and Leuenberger, 1991) The commercialization of spray-freeze 

drying equipment has grown, with various companies offering spray drying equipment 

for any production scale. Corporations such as PowderPro, Pulse Combustion Systems 

Inc., Penn-Century Inc. and others have developed bench-scale and pilot-scale systems 

capable of producing fine micron-sized protein powders.  

The encapsulation of spray-freeze dried proteins and pharmaceutical drugs is 

an alternate method of developing drug deliverable therapeutics that presents 

advantages such as high encapsulation efficiency and protein bioavailability. Control 

over particle size continues to be elusive, although progress is being made to approach 

the ideal goal of producing monodisperse particles by developing refined atomization 
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methods. (Eggerstedt et al., 2012) With high encapsulation efficiency and product 

stability, spray-freeze drying is poised to make inroads in pulmonary drug delivery 

and vaccine development. 

2. Mechanism: 

Spray-freeze drying is a three-part process that begins with the formation of 

uniform droplets by atomization, solidification of the resulting droplets and 

lyophilization to remove any remaining moisture.  The first part begins with a solution 

containing the protein, polymer and an appropriate organic solvent that is atomized by 

using one or more fluid nozzles, ultrasound or vibrating orifice droplet generators. 

Atomization occurs over a compressed gas or cryogenic fluid, such as liquid nitrogen, 

to freeze the droplets and the droplets are subsequently dried, using a lyophilizer. 

(Constantino et al., 2000) Lyophilization is achieved by atmospheric freeze-drying 

using a cold desiccant gas stream or sublimation at low temperature and pressure. A 

two-fluid nozzle system is common in which the feed solution is passed through one 

nozzle and the atomizing gas is passed through a separate nozzle. Ultrasound nozzles 

produce droplets with a specified resonance frequency that provides greater control 

over particle size versus conventional nozzles by adjusting frequency. (Schiffter et al., 

2010) Vibrating orifice droplet generators provide the most control over particle size 

as the vibration is applied with a constant frequency to yield uniform particles. (Brenn 

and Lackermeier, 1997) The regime in which atomization occurs is dictated by the 

Reynolds number and Weber number for a particular solution, indicating that flow rate 

is a contributing factor to the size of the particles formed. (Korsunov and Tishin, 

1971)  
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A general schematic is given below: 

Figure 4: A comparison of the spray drying and spray-freeze drying encapsulation 

techniques. Reproduced with permission. (Burke et al., 2003) 

3. Particle characteristics: 

Particle size is highly dependent upon the diameter of the nozzle, viscosity, 

surface tension, and the flow rates of the feed solution and cold vapor. The most 

critical parameters affecting particle size are the mass flow ratio of the gas feed 

relative to the feed solution and viscosity.(Constantino et al., 2000; Maa et al., 2004) 

As the feed solution is atomized, rapid cooling prevents particle agglomeration. If the 

flow rate of the gas feed is insufficient to initiate rapid cooling, larger particles are 
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consequently generated.  Lengthy drying times are often required to ensure that the 

product is sufficiently dehydrated. (Leuenberger, 2002) Particle size varies depending 

upon the protein being encapsulated and atomization conditions, with the median 

particle size in the range of micrometers or tens of micrometers. Compared to spray 

drying (SD), the particles generated by SFD exhibit higher porosity, larger surface 

area, increased diameter, and lower density. Median particle size has been shown to be 

smaller for SFD encapsulation versus SD encapsulation, while the yield is 

significantly higher for SFD compared to SD (50-70% vs. >95%). (Burke et al., 2003; 

Maa et al., 1999) report SFD microspheres with a median particle size of 29 μm, 

compared with SD microspheres with a median particle size of 69 μm.  Particles can 

be tuned to improve their mechanical properties by the addition of sugars and 

polymers to generate highly dense SFD particle prior to encapsulation. (Maa et al., 

2004; Sonner et al., 2002) The size distribution of particles produced by SFD is small 

for micron-size particles. One example of the particle size distribution from SFD is 

from Sonner et al. who report particle sizes in the range of 20-90 μm. (Sonner et al., 

2002) Encapsulation efficiencies for SFD encapsulation are high, with reports of 80-

95%. (Burke et al., 2003; Constantino et al., 2000; Johnson et al., 1997) This is due in 

part to the solidification of the protein, prior to encapsulation, similar to SD.  

Protein encapsulation strategies revolve around the focus of retaining protein activity 

after encapsulation for maximum effectiveness. This has presented a challenge 

considering that a number of encapsulation techniques rely on the addition of harmful 

solvents, changes in temperature and surfactants. (Putney and Burke, 1997)  
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The spraying of a protein solution directly into a gas stream derived from a 

cryogenic liquid, leading to rapid cooling, is a significant aspect of the SFD process 

that prevents unwanted protein denaturation at ambient conditions. (Maa et al., 2004) 

Johnson and colleagues investigated the change in protein structure that may result 

from SFD. After the encapsulation of recombinant human growth hormone(rhGH) in 

PLGA, a comparison of the protein structures for encapsulated and unencapsulated 

protein was conducted by chromatographic analysis, revealing an insignificant 

difference (<2%) in the structures, indicating that the native protein structure was 

virtually unaffected by the encapsulation process. (Johnson et al., 1997); Constantino 

et al. report that without the application of excipients, the α-helix content of BSA after 

SFD of 31 ± 3%, while the addition of trehelose provides an α-helix content of 46% as 

compared with ~50% for native BSA in aqueous solutions. (Constantino et al., 2001) 

4. Applications: 

For spray-freeze drying as it applies to the encapsulation of biological agents, 

there is a great deal of promise for the commercialization of new therapeutics. 

Currently, commercial products already exist in the market such as Nutropin Depot™, 

developed by Genentech. The formulation consists of recombinant human growth 

hormone (rhGH) encapsulated in poly(lactide co-glycolide) (PLG) microspheres 

prepared in a two-part process where the first part involves spray-freeze drying the 

protein and the second part is the encapsulation of the dehydrated protein solid in the 

polymer. (Genentech Incorporated) 

Microparticles generated using SFD are promising for pulmonary delivery, 

especially for the treatment of the influenza virus. (Amorij et al., 2007b) Particles with 
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diameters between 1-5 μm have been found to be ideal for deposition in the deep lung. 

(Heyder et al., 1986) The effectiveness of vaccines delivered by inhalation versus 

injection by needle has been shown to be comparable. (Waldman et al., 1969) In the 

case of the delivery of 23-valent pneumococcal capsular polysaccharide vaccine (23-

PPV) by injection or inhalation, Gordon et. al. discovered that the inhaled form of the 

vaccine produces no significant increase in human mucosal immunoglobulin levels in 

the bronchoalveolar lavage or serum as compared to the injected form of the vaccine, 

which demonstrated a meaningful rise in immunoglobulin levels. (Gordon et al., 2008) 

Numerous studies have demonstrated that aerosol delivery of vaccines are more 

effective than vaccine delivery by injection subcutaneously. Cutts et al. identified that 

the group of human subjects that were administered the measles vaccine by inhalation 

in the Mexico during the measles outbreak in 1989-1990 had the least likelihood of 

contracting measles compared to those administered with the vaccine by injection. 

(Cuffs et al., 1995) In a separate study, Terskikh and colleagues found that children 

given the vaccine in aerosol form were 50% less likely to die from measles compared 

to those who were injected with the vaccine. (LiCalsi et al., 1999; Terskikh et al., 

1971) 

The conventional two-nozzle system has recently been modified to a 4-nozzle 

system to address the issue of incompatible solvents for the payload and carrier. (Niwa 

et al., 2009; Ozeki et al., 2005) In the two nozzle system, a suitable solvent that 

dissolves both the protein and polymer must be chosen for encapsulation. This can be 

difficult in cases where no common solvent that exists.  For a four-nozzle system, one 

nozzle feeds the drug in an appropriate solvent and is combined with a second nozzle 
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providing compressed air in tandem with the delivery of the drug. The remaining two 

nozzles contain the carrier in an appropriate solvent and another compressed air feed.   

All the nozzles meet at a singular point where atomization occurs as a result of 

the collision of the components, leading to the development of microparticles. The 

benefit of using a four nozzle system resides in the finding that >40% of the drug 

candidates being pursued for development are poorly soluble, leading to reduced 

uptake and efficacy. (Sharma et al., 2009) The use of a four-nozzle design for the 

encapsulation of phenytoin in either Eudragit L-100 or hydroxylpropylmethylcellulose 

led to the creation of small microparticles with honeycomb-like morphology, thereby 

enhancing the dissolution of the particles and payload release. (Niwa et al., 2009) 

 

Figure 5: 4-nozzle SFD Design. Reproduced with permission. (Ozeki et al., 2005) 
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C. Spray-Freeze-in-Liquid:  

1. Background: 

The poor solubility of pharmaceutical drugs in either aqueous or organic 

solutions leads to reduced bioavailability and consequently presents a stumbling block 

for the progress of these drugs to advanced stages. (Grau et al., 2000; Türk et al., 

2002) Similar to spray-freeze drying, the SFL technology was developed by Rogers et 

al. to enhance the solubility of poorly soluble active pharmaceutical ingredients (APIs) 

such as danazol and carbamazepine. (Hu et al., 2002; Rogers et al., 2002a) The highly 

porous protein powders produced by the application of the SFL technology had 

significantly improved dissolution and yield compared to alternative methods, such as 

spray-freeze drying (SFD). Since the introduction of this technology, the process has 

been patented and commercialized by the Dow Chemical Company. (Hu et al., 2004) 

This technology also serves a second purpose by stabilizing proteins that are very 

sensitive to operating conditions such as organic solvents, temperature and agitation, 

prior to encapsulation. (Leach et al., 2005a) From prior art, solid proteins have been 

found to have greater stability compared to proteins preserved in solution. (Giteau et 

al., 2008; Rogers et al., 2002a; Rogers et al., 2003) The SFL technology provides a 

means by which the encapsulated protein remains active and soluble post-

encapsulation.  

2.  Mechanism: 

Leach et al. developed a novel encapsulation process by combining the SFL 

technology with a standard solid-in-oil-in-oil(s/o/o) emulsion to yield protein-loaded 
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microparticles. (Leach et al., 2005a)  Briefly, the SFL technology was applied to 

bovine serum albumin (BSA) by dissolving the protein in an aqueous solution and 

passing this solution through an insulated nozzle. The tip of the nozzle was placed 

directly beneath a large volume of liquid nitrogen, leading to rapid atomization and 

dispersion of the protein in the cryogenic liquid. (Figure 5)  To ensure rapid protein 

solidification and avoid protein agglomeration, the protein solution should be fairly 

dilute. (Leach et al., 2005a) The protein solids generated are lyophilized to remove 

any remaining solvent or moisture. After lyophilization, the protein solids are added to 

a water-miscible solvent in preparation for the s/o/o emulsion. Compressed gases such 

as CO2, helium, ethane, propane, or alternative cryogenic liquids such as argon and 

hydrofluoroethers may be used as a substitute for liquid nitrogen. (Hu et al., 2004) The 

polymer of choice is dissolved in an appropriate organic solvent and the protein solids 

are subsequently added. The suspension is sonicated and emulsified in paraffin oil 

containing a surfactant which is then stirred for a period of 24 hours. The application 

of a surfactant limits particle coalescence. Afterward, the particles are washed with 

hexanes and allowed to dry. 
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Figure 6: A general schematic of the SFL technology. Reproduced with permission. 

(Rogers et al., 2002b) 

3. Particle characteristics: 

For the SFL-s/o/o encapsulation technique, particle size mainly resides on the 

scale of micrometers and is dependent upon a number of processing factors. 

Parameters such as flow rate and viscosity were shown to be significant in controlling 

particle size. (Barron et al., 2003) Protein solutions with low viscosity and high flow 

rates generated smaller particles ( ̴ 45 μm) as compared to systems with high viscosity 

and/or low flow rates ( ̴ 60 μm). (Barron et al., 2003) Highly viscous polymer 

solutions led to a delay in atomization thereby yielding large protein solids. Leach et 

al. produced microparticles with diameters of 80-120 μm, while Barron et al. produced 

microparticles with diameters ranging between 25-600 μm. (Barron et al., 2003; Leach 

et al., 2005a) Particle morphology is mainly dependent upon the polymer solution 
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flow rate with slow flow rates (2-5 mL/min) generating spherical particles and higher 

flow rates producing irregularly-shaped particles. (Barron et al., 2003)  

A major concern associated with the encapsulation of proteins is the release of 

protein via diffusion during the initial phase. (Okada et al., 1993; Yeo and Park, 

2004); Encapsulation of solid protein is the primary reason that SFL-s/o/o 

microparticles exhibit very small initial burst release. (Yu et al., 2004) Leach et al. 

report an initial burst release of less than 5% over 25 hours. (Leach et al., 2005a) The 

reasons for the absence of a significant burst release for the SFL-s/o/o encapsulation 

technique are multifold. Firstly, through the SFL process, the protein is in a rigid, solid 

state which prevents protein adsorption to the microparticle surface. Secondly, Leach 

et al. report that a cross-sectional view of the microparticles reveals a dense 

microsphere, lacking pores which have been shown to contribute to burst release. 

(Leach et al., 2005a; Wang et al., 2002) Similarly dense microspheres with smooth 

outer surfaces have been described previously and are believed to be the result of 

utilizing a s/o/o emulsion for encapsulation of the therapeutic. (Jiang and 

Schwendeman, 2001) 

Another advantage of the SFL-s/o/o process is the high encapsulation 

efficiencies that can be achieved.  The encapsulation efficiency of albuterol sulfate, a 

model drug, within PEG particles was 96% (Barron et al., 2003), while the 

encapsulation efficiency of BSA in PLGA was greater than 80%. (Leach et al., 2005a) 

High encapsulation efficiencies from the SFL-s/o/o process can be attributed to the use 

of SFL technology. The solid state of the protein ensures that the vast majority of the 

protein loaded is contained within the microparticles.  
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One of the major advantages associated with this encapsulation technique is 

the retention of protein activity. This is due in large part because the protein was 

directly injected into the cryogenic liquid, thereby avoiding agitation, meaningful 

temperature change and the onset of an air-liquid interface associated with the spray-

freeze drying method which has been found to denature proteins. (Yu et al., 2004) The 

α-helix content of the BSA encapsulated by this method was shown to be comparable 

to the α-helix content obtained by others methods, such as a solid-in-oil-in-water 

(s/o/w) emulsion. (Castellanos et al., 2001; Leach et al., 2005a) Castellanos et al. 

report a BSA α-helix content of 36 ± 3% after encapsulation in poly(lactide-co-

glycolide) (PLG), while Leach et al. report a BSA α-helix content of  34 ± 2%. 

(Castellanos et al., 2001) Also, the protein solids exhibit a higher degree of stability 

compared to protein in solution, leading to reduced protein mobility. (Putney and 

Burke, 1997) Another reason for the retention of protein activity derives from the 

application of the s/o/o emulsion. Proteins have been found to agglomerate at water-

organic interfaces, leading to protein denaturation. (Carrasquillo et al., 2001) The 

application of a s/o/o emulsion eliminates the presence of a water-organic interface, 

which safeguards protein structure and activity throughout the encapsulation process. 

4. Applications: 

The SFL technology was then applied to the development of polyethylene 

glycol particles containing a model drug, albuterol sulfate, for application in drug 

delivery, achieving an encapsulation efficiency of 96%. (Barron et al., 2003) The SFL 

technology in combination with a s/o/o emulsion (SFL-s/o/o process) was 
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subsequently refined by W. Thomas Leach and colleagues to encapsulate bovine 

serum albumin (BSA) within DL-lactide/glycolide copolymer (PLGA) and poly(lactic 

acid) (PLA). (Leach et al., 2005a) There has been no further work related to this 

technique, in spite of the unique advantages that are associated with this technique. 

Table 1: A Comparison of the Encapsulation Efficiencies Obtained for Encapsulation 

Techniques Involving Spray 

Encapsulation Technique Encapsulation Efficiency Reference 

Spray Drying (SD) 40.6 – 80%  (Lopez-Gasco et 

al., 2011; Prior et 

al., 2000) 

Spray-Freeze Drying (SFD) 80 – 95% (Burke et al., 2003; 

Constantino et al., 

2000; Johnson et al., 

1997) 

Spray-freeze in Liquid (SFL) 80 – 96% (Barron et al., 2003; 

Leach et al., 2005b) 

 

D. Nanoprecipitation: 

1. Background: 

Nanoprecipitation, also known as solvent diffusion and solvent shifting, is a 

well-known method of encapsulation that is commonly used for the preparation of 
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nanoparticles in a variety of applications. The use of the dropping and dialysis 

methods to produce nanoparticles are common encapsulation methods that derive from 

nanoprecipitation. (Hornig et al., 2009) Unlike alternative methods of encapsulation 

that require the use of surfactants and large energy inputs, this facile, benign, one-step 

encapsulation technique requires little equipment, minute operating costs and can be 

readily scaled-up. The general process was originally developed in the late 1980’s and 

continues to be an actively employed technique, especially in the generation of 

nanocapsules from amphiphilic block copolymers. (Fessi et al., 1989) Investigations 

into optimizing processing parameters have continued alongside the rise in the 

adoption of this encapsulation technique.  

2. Mechanism: 

Bilati et al. provide a very detailed account of the mechanism and parameters 

that affect particle formation and particle size using PLGA and PLA. 

Nanoprecipitation can be used to encapsulate both hydrophilic and hydrophobic drugs 

as well as proteins. An appropriate solvent must be chosen that dissolves both the 

polymer and drug. This polymer solution is then added to a non-solvent, usually water, 

that is being stirred, which leads to the precipitation of the polymer and encapsulation 

of the drug. Adjustments in a number of parameters associated with nanoprecipitation 

were examined by Bilati et al. The results from their investigations revealed the 

significant influence of the type of non-solvent and the difference between the 

dielectric constants of the solvent and non-solvent to induce nanoparticle formation 

and the issues that may arise from using water as non-solvents such as nanoparticle 

coalescence and unstable suspensions. (Bilati et al., 2005)  
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The selection of the non-solvent had a significant impact on the size of the 

particles formed. Using methanol, the particle size was 102 ± 2 nm, whereas the use of 

ethanol and propanol under the same conditions yielded particle sizes of 224 ± 3 nm 

and 358 ± 2 nm, respectively. (Bilati et al., 2005)  Lee et al. developed gelatin 

nanoparticles using nanoprecipitation and obtained results that were different in some 

respects to those from Bilati et al. (Lee et al., 2011a) Particle size varied according to 

the type of non-solvent selected, with methanol yielding the smallest particles and 

propanol yielding the largest particles. However, upon examination of the morphology 

of the particles, the choice of ethanol or propanol as the non-solvent provided 

spherical particles, whereas methanol had adverse effects on the morphology, leading 

to irregular shapes. This observation was not seen with PLGA or PLA nanoparticles 

developed by Bilati et al. 

 

Figure 7: General outline of the process of nanoprecipitation. Reproduced with 

permission. (Mistlberger et al., 2010) 

The spontaneous creation of polymeric particles by the addition of a polymer 

in solvent to a non-solvent is not fully understood. The concentration of the polymer 

solution required for the formation of nanoparticles has been described by the “Ouzo 
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effect,” which leads to the nucleation of the polymer. (Schubert et al., 2011) The basic 

premise of the Ouzo effect is that the addition of water to a solute that is dissolved in 

an appropriate solvent will cause the solute to form small droplets or dispersions. 

(Vitale and Katz, 2003) The addition of a large volume of non-solvent, a solvent in 

which the solute or polymer does not dissolve, leads to the supersaturation of the 

system thereby promoting the nucleation of the polymer. (Vitale and Katz, 2003) The 

Ouzo effect is attained only when a specific set of conditions are present which 

include a dilute polymer solution that is added to a large volume of non-solvent. 

Outside of the Ouzo boundary, particle formation with low polydispersity is difficult. 

The Ouzo effect can be achieved by introducing a large volume of non-solvent for 

nucleation. To encapsulate a desired protein or drug, the payload is placed in the 

solvent containing the polymer. The non-solvent, usually water, is added to the solvent 

to produce protein-loaded particles. Conversely, the solvent containing the polymer 

and drug can be added to the non-solvent to produce nanoparticles. 

3. Particle Characteristics: 

Aubry et al. demonstrate that polymer concentration is the primary factor that 

dictates particle size, with an increase in the mass fraction of polymer from 0.0001 to 

0.001 causing an increase in particle size from ~100 nm to ~250 nm. (Aubry et al., 

2009) Polymer concentrations between 2-10% are usually sufficient for the production 

of nanoparticles, depending on the polymer used. Increasing the drug loading within 

PLGA-based particles from 1% to 10% has been shown to increase the size 

distribution of the particles formed from 0.154 to 0.212. (Cheng et al., 2007) The 

volume of non-solvent is another leading factor that affects particle size, with larger 
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volumes enabling the production of smaller particles as nuclei are more readily able to 

separate. The solvent containing the polymer of choice must be miscible with water, 

examples of such water-miscible solvents include DMSO (Dimethyl sulfoxide) and 

acetone. For protein encapsulation, the use of DMSO with nonsolvents such as ethanol 

has been identified as an effective combination to generate small nanoparticles with 

high protein loading and protein activity. (Bilati et al., 2005) 

Related parameters such as the difference between the dielectric constants of 

the solvent and non-solvent, volume of non-solvent and droplet size can affect the 

resulting mean particle size. Factors including aggregation and Ostwald ripening have 

been shown to lead to large particle sizes with large size distributions, especially in the 

absence of stabilizing agents or surface charge. (Johnson et al., 2006) Legrand et al. 

report an improvement in the quantity of small nanoparticles produced when using 

polymers with low molecular weight and polar solvents. (Legrand et al., 2007) They 

were also successful in attaining fairly monodisperse nanoparticles with low batch-to-

batch variability, indicating that the nanoparticles produced by nanoprecipitation are 

reproducible in terms of particle size, especially with the addition of surfactants, 

which was shown to aid in the generation of nanoparticles under 100 nm in diameter. 

(Legrand et al., 2007) Particle morphology tends to be smooth and spherical because 

of the insolubility of the polymer in the non-solvent, leaving a rigid interface between 

the polymer and non-solvent. (Legrand et al., 2007) 

Encapsulation of hydrophilic drugs presents a challenge that has yet to be fully 

addressed for this encapsulation technique. Barichello et al. synthesized nanoparticle 

between 160-170 nm with low polydispersity, yet the nanoparticles formed had low 



28 

 

 

encapsulation efficiency with 80% of the protein captured by the nanoparticles 

residing on the surface. (Barichello et al., 1999) Encapsulation efficiencies and 

particle recovery have been shown to dramatically improve when basic water, the non-

solvent, is applied instead of neutral or slightly acidic water. (Govender et al., 

2000)This change in the pH led to an increase in the encapsulation efficiency from 

11% to 58%. (Govender et al., 2000) 

4. Applications: 

The implementation of active targeting using nanoparticles to increase the 

efficacy of therapeutics loaded within the nanoparticles has become a very important 

avenue of research. There are numerous examples displaying a variety of targeting 

mechanisms in combination with nanoparticles obtained by nanopreciptitation. A few 

of these examples are briefly summarized in the following paragraphs.  

The use of nanoprecipitation in the development of multifunctional 

nanoparticles is becoming more common to incorporate drug delivery, imaging and 

targeting within nanoparticles. Le Droumaguet et al. combine the biodegradable 

polymer poly(alkyl cyanoacrylate) (PACA) linked with a fluorescent rhodamine B-

based dye and PEG on the surface of the nanoparticles for particle stability and 

reduced clearance. (Le Droumaguet et al., 2012) Biotin ligands were also added to the 

surface for the targeting of cancer cells. The development of nanoparticles with sizes 

ranging from 85-106 nm and low polydispersity improves the uptake of the particles 

into cells. For application to Alzeimer’s disease, nanoparticles were prepared with 

curcumin, a natural phenol shown to be effective in the treatment of Alzeimer’s 

disease, functionalized to the surface. The biotinylated particles demonstrated higher 
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uptake in cancer cells as well as reduced cell viability compared to nonbiotinylated 

particles. Fluorescence microscopy supported the finding of enhanced uptake of the 

biotinylated nanoparticles into cancer cells. 

To target the mitochondria for the purpose of addressing mitochondria 

dysfunction, Marrache and Dhar developed mitochondria-targeting nanoparticles for 

the effective delivery of therapeutics into cells. Using a copolymer containing a 

specific cation that is known to interact with the mitochondrial matrix space, the 

targeted nanoparticles displayed enhanced uptake into the mitochondria versus 

nontargeted nanoparticles, especially for particles with high zeta-potentials. (Marrache 

and Dhar, 2012)Particle size also played a role, with particles having diameters in the 

range of 80-100 nm showing the highest uptake. (Marrache and Dhar, 2012) 

Liu et al. demonstrate the encapsulation of a drug using nanoprecipitation by 

the dissolution of a coblock polymer PLGA-PEG in combination with PLGA and 

Docetaxel in acetone followed precipitation in stirred ultrapure water. (Liu et al., 

2010) The protein-loaded particles varied in size between 150-250 nm. These particles 

were subsequently conjugated with Herceptin, an antibody used for targeting breast 

cancer cells by linking the PEG from the coblock polymer with Herceptin. Here, 

control over ligand density on the particle surface was achieved by adjusting the ratio 

of PLGA-PEG with PLGA to modify the concentration of PEG on the particle surface 

and the amount of Herceptin introduced.  Conjugation after particle formation has 

been shown to provide a high level of control over targeting with the use of ligands 

such as PEG as well as aptamers and antibodies with much success. (Cheng et al., 
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2007; Tong and Cheng, 2008) The Herceptin-conjugated nanoparticles were 79.4% 

more effective when compared to nanoparticles without any targeting mechanism. 

 

Figure 8: Development of Herceptin-conjugated nanoparticles containing Docetaxel. 

Reproduced with permission. (Liu et al., 2010) 

Robert Langer’s group at MIT have pioneered the design of multifaceted 

nanoparticles using flow-focusing microfluidic devices that improve the drug loading 

and monodispersity of the nanoparticles produced by nanoprecipitation. Microfluidic 

devices offer greater control over operating parameters compared with conventional 

nanoprecipitation. Particle sizes of less than 100 nm and encapsulation efficiencies 

greater than 95% were obtained. (Kolishetti et al., 2010) Along with greater control 

over particle size, controlled release and effective drug delivery were demonstrated by 

the particle formed. The targeted nanoparticles exhibited greater toxicity to cancer 

cells and this has been reported with other nanoprecipitation methods focused on 

cancer therapies in vitro and in vivo. (Dong and Feng, 2007) Langer and colleagues 

have been able to extend their microfluidic platform to incorporate the encapsulation 

of imaging agents such as quantum dots and gold nanoparticles as well as aptamers for 
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specific targeting with precise control. (Farokhzad et al., 2006; Gu et al., 2008; 

Marrache and Dhar, 2012; Valencia et al., 2010) They have shown extensive in vivo 

and in vitro results indicating the effective targeting and delivery of the nanoparticle 

payload for cancer therapy. Separately, other groups have pursued the use of 

microfluidic designs for nanoparticle development and identified conditions that limit 

particle growth including high flow rates, uniform spatial concentration distributions, 

small droplet diameters and short residence times. (Ali et al., 2009; Xie and Smith, 

2010; Zhao et al., 2007) 

 

Figure 9: Microfluidic device developed by the Dr.Langer’s research group control the 

parameters associated with nanoprecipitation. Reproduced with permission. (Kolishetti 

et al., 2010) 
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As an alternative form of control over nanoprecipitation, Perevyazko et al. 

present a high-throughput nanoprecipitation method for examining the effect of 

making small adjustments in relevant parameters on nanoparticle formation. 

(Perevyazko et al., 2011) With each set of polymer, solvent and non-solvent, the 

challenge of finding the operating conditions required to obtain the Ouzo effect, where 

nanoparticles with a small size distribution can be attained, can be tedious and 

expensive. Here, a pipetting robot was used to test the impact of polymer 

concentration and solvent/non-solvent ratio on particle size in a quick and efficient 

manner using small volumes of solvent and non-solvent. (Perevyazko et al., 2011) The 

use of a high-throughput system allows for the analysis of a wide range of polymer 

concentrations and solvent/non-solvent ratios which can be used to identify the 

optimal conditions necessary for the Ouzo effect to take place. 

A novel offshoot of nanoprecipitation, known as flash nanoprecipitation, was 

pioneered by the Robert K. Prud’homme’s research group to enhance the general 

nanoprecipitation process by exercising more control over nucleation and particle 

growth. (Johnson and Prud'homme, 2003) Amphiphilic copolymers combined with 

rapid mixing were implemented to promote polymer nucleation while reducing 

particle growth and aggregation using a confined impinging jet (CIJ) mixer. 

Prud’homme’s group went on to develop and characterize a multi-inlet vortex mixer 

(MIVM) that reduces the particle growth further by hindering Ostwald Ripening. (Liu 

et al., 2008; Shen et al., 2011; Zhang et al., 2012a) 

Nanoprecipitation has proven to be useful in the design of nanoparticles for 

application to intracellular infections. Semiramoth et al. describe the application of 
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nanoprecipitation for the encapsulation of squalenoylate penicillin bioconjugates with 

strong antibacterial capabilities and a mean particle size of 140 nm with low 

polydispersity. (Sémiramoth et al., 2012) In gene delivery, nanoprecipitation has 

become a viable encapsulation method for the delivery of siRNA and plasmid DNA 

because of the absence of agitation and temperature change that are normally 

prevalent in encapsulation techniques such as solvent evaporation as well as high 

encapsulation efficiencies of >95%. (Niu et al., 2009; Yang et al., 2012) 

The delivery of drugs to the brain was explored by Wang et al. using the 

nanoprecipitation method. (Wang et al., 2010) Trimethylated chitosan surface-

modified PLGA particles were used to deliver Coenzyme Q10, a model drug. 

Trimethylated chitosan was added to the nanoparticles to aid in the transport of the 

nanoparticles across the blood-brain barrier via absorptive-mediated transcytosis. The 

particles were approximately 150 nm in size and had an encapsulation efficiency of 

nearly 100%. The removal of senile plaque in mice by these particles and fluorescence 

imaging using 6-Coumarin demonstrated the effectiveness of the particles to pass 

through the blood-brain barrier. 

E. Electrospray: 

1. Background: 

Electrospray is a unique method of encapsulation using electricity as a means 

of forming nanoparticles with low polydispersity and high encapsulation efficiency. 

Zeleny first recognized the instability of liquids passing through an electric field. 

(Zeleny, 1917) Electrospray has been utilized in a number of applications, one in 
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particular is the ionization in the field of mass spectrometry in which John Bennett 

Fenn shared the Nobel Prize in Chemistry in 2002. (Yamashita and Fenn, 1984) 

Electrospray is an efficient technique for generating monodisperse particles as well as 

the preservation of protein activity when compared with other methods such as solvent 

condensation or emulsion polymerization methods. (Gomez et al., 1998; Xie et al., 

2008) The highly-charged nature of the particles that are formed by electrospray 

prevents the aggregation of particles. Similar to nanoprecipitation, electrospray is 

relatively benign process that does not require high temperatures or vigorous mixing, 

although the process is tedious considering the slow flow rates that are necessary to 

induce a stable spray of the feed solution. 

2. Mechanism: 

Conventional electrospray requires a syringe pump for the delivery of an 

organic solution containing the polymer and therapeutic. The polymer solution is then 

passed through a needle attached to a power source. An electric current is applied from 

the power source to the needle, causing the polymer solution to break into small 

droplets that undergo solvent evaporation followed by Coulombic explosion, the rapid 

separation of highly charged droplets, before making contact with a grounded 

collecting plate. (Rosell-Llompart and Fernández De La Mora, 1994) Coaxial 

electrospray has become more popular form of electrospraying for encapsulation as 

the desired biomacromolecule and polymer may not dissolve into the same solvent. 

(Wu et al., 2009b; Zhang et al., 2011) In the case of encapsulating proteins, the protein 

is placed in an aqueous solution, whereas the polymer is dissolved in an organic 
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solution. The aqueous solution is passed through the inner nozzle and the polymer 

solution is delivered by the outer nozzle. This design ensures that the protein solution 

is enveloped by the polymer solution as the process proceeds, preventing the 

therapeutic from escaping to the surface of the small droplets that form and achieving 

high encapsulation efficiencies. A general schematic of the process Figure 10 below: 

Figure 10: A schematic of a standard electrospray setup. Reproduced with permission. 

(Zhang et al., 2011) 

The theory behind electrospray centers on the generation of the Taylor Cone 

Jet. Sir Geoffrey Taylor experimented with the concept of a water droplet at the end of 
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a needle with an applied electric field and mathematically analyzed and identified the 

onset of a stable cone jet that is now known as the Taylor Cone Jet. (Taylor, 1964; 

1969) The Taylor Cone Jet is a spray mode that is achieved by adjusting operating 

parameters including solution viscosity, solvent conductivity and applied voltage. A 

number of investigations have been focused on the various spraying modes that may 

be encountered depending upon the solution flow rate and voltage applied. (Jaworek 

and Krupa, 1998; Jayasinghe and Edirisinghe, 2002)  As with most solutions passing 

through a nozzle at slow flow rates, a droplet forms at the tip of the nozzle. Applying 

sufficient voltage to the nozzle forces the droplet to take on a conical shape at the end 

of which fine droplets are ejected towards the collecting plate. Applied voltage is not 

only critical in the development of a Taylor Cone Jet, but also in the final particle size 

as larger electric fields lead to smaller particles. (Xie et al., 2008) This can be 

attributed to the Rayleigh limit, predicted by Lord Rayleigh in 1882, which is the 

maximum charge a droplet can sustain. (Rayleigh, 1882) When higher voltage is 

applied, droplets with charge above their Rayleigh limit disintegrate into smaller 

droplets, leading to smaller particles. (Almería et al., 2010; Gañán-Calvo et al., 1997; 

Jaworek, 2007; Yamashita and Fenn, 1984) 

The addition of a guard plate has been found to be useful in establishing the 

Taylor Cone Jet for a wide range of applied voltage. Park et al. report the application 

of a conducting guard plate attached to the nozzle to control the electric field near the 

tip of the nozzle and reduce electric interference, resulting in a more confined and 

steady Taylor Cone Jet compared to the use of a nonconducting guard plate. (Park et 

al., 2004) 
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3. Particle characteristics: 

The major parameters that influence the ability to obtain the Taylor Cone Jet 

and the mean particle size include solution viscosity, nozzle diameter, flow rate, 

polymer concentration, distance from nozzle to collecting plate and conductivity. 

Mathematical models and calculations on the subject of electrospray have been 

extensive studied in relation to particle size and onset of the Taylor Cone Jet and will 

not be mentioned here in great detail as they are outside the scope of this paper. 

(Barrero and Loscertales, 2007; Gañán-Calvo et al., 1997; Loscertales et al., 2002; 

Rezvanpour and Wang, 2011; Smith, 1986) Electrospraying solutions with low 

viscosity is challenging, as an unstable spray develops at the end of the nozzle, thereby 

producing particles of varying sizes. One reason for this instability is the low surface 

tension exhibited by the droplet which prevents the formation of the conical shape that 

is inherent to the Taylor Cone Jet. (Jaworek and Krupa, 1998; Zhang and Kawakami, 

2010) Nozzle diameter is a determining factor that affects the resulting mean particle 

size with nozzles of larger diameters producing larger particles compared to nozzles 

with smaller diameters, yet current increases as the diameter of the nozzle decreases. 

(Hartman et al., 1999; Hartman et al., 2000; Jaworek, 2007) Also, nozzles with smaller 

diameters require a lower voltage to initiate electrospray. (Xie et al., 2008) Flow rate 

is critical for the development of a stable Taylor Cone Jet. Flow rates near 1 mL/hr are 

usually sufficient to generate a stable droplet that is polarized by the electric field 

leading to the ejection of small, charged particles. (Yao et al., 2008; Young et al., 

2012) Higher flow rates lead to unstable sprays and larger particle sizes as droplet 

formation and release is far too rapid for effective polarization. (Young et al., 2012) 
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Polymer concentration has been shown to have in impact on particle size 

because of the direct correlation that exists between polymer concentration and 

solution viscosity with higher polymer concentration leading to larger particles and 

requiring higher voltage. (Jayasinghe and Edirisinghe, 2002) High polymer 

concentration leads to higher chain entanglements, which aids in the production of 

spherical particles. (Almería et al., 2010) Yet, if the viscosity of the polymer solution 

is too high, the formation of monodisperse particles is suppressed and replaced by the 

formation of fibers, a process known as electrospinning. (Zhang et al., 2011) Low 

solution concentrations can have adverse effects on the morphology of the particles 

produced, leading to wrinkled or collapsed particles. (Wu et al., 2009a) The distance 

from the nozzle to the collecting plate plays a significant role in determining the final 

size and charge of the particles formed. The breakup of the Taylor Cone Jet yields 

small, charged droplets containing the polymer, drug and solvent. As the particles 

approach the collecting plate, the residual solvent evaporates. Adequate time is 

required for the solvent to evaporate, thus the distance from the nozzle to the plate is 

on the order of tens of centimeters, to ensure complete solvent evaporation. (Park and 

Lee, 2009) If the distance between the nozzle and the plate is insufficient to fully 

evaporate the solvent, the solvent-containing droplets make contact with the plate and 

the resulting particles will have larger diameters and a “pancake-like” morphology due 

to aggregation as compared to droplets that experienced longer evaporation times. 

(Park and Lee, 2009) Park and Lee also examined a number of different solvents, 

including tetrahydrofuran and methylene chloride, to test the impact on particle size in 

relation to the choice of solvent. (Park and Lee, 2009) The authors show that solvents 
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with higher boiling points produced smaller particles and note that droplets 

undergoing Columbic fission as a result of surpassing their Rayleigh limit leads to 

greater polydispersity of the particles formed. 

Solution conductivity also has a profound impact on both particle size and 

Taylor Cone Jet development. The conductivity of the solvent dictates the threshold 

voltage necessary to produce monodisperse particles. It has been shown that solvents 

with higher conductivity require smaller electric fields and produce smaller particles. 

(Tang and Gomez, 1994; Xu and Hanna, 2006) Xu and Hanna mention the generation 

of wrinkled particles due to low viscosity of the emulsions being electrosprayed as 

well as decreased encapsulation efficiency with increasing protein loading. In 

application, electrospraying solutions with low viscosity and high conductivity is 

challenging due to the rapid dispersion of the solution into polydisperse particles by 

the applied electric field. (Zhang and Kawakami, 2010) 

Solvent evaporation is an aspect that requires some attention as it has been 

identified as a contributor to the presence of pores on the surface of particles formed 

by electrospray. Bohr et al. describe the effect of solvent residing within the particles 

formed by electrospray that is subsequently released. (Bohr et al., 2012) If solvent 

evaporation occurs at a quicker rate compared to diffusion, then the outer shell of the 

particles forms rapidly. This leaves some quantity of solvent within the particle that is 

eventually released as the solvent converts from a liquid to a gas, leading to the 

creation of pores. Pores limit the efficacy of particles containing therapeutics as the 

payload is exposed and immediately interacts with its environment, resulting in rapid 
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release. To reduce residual solvent within the particles, longer drying times combined 

with low flow rates are effective changes to the process. (Bohr et al., 2012) Lower 

flow rates produce smaller particles with corresponding higher surface-to-volume 

ratios that allow for longer particle drying times. Additionally, greater distance 

between the nozzle and the collection plate promotes more uniform particle drying. 

(Park and Lee, 2009) 

A number of research groups have encapsulated a variety of proteins with high 

protein activity post-encapsulation. Xie et al. have conducted a range of studies on 

various particles produced by electrospray for protein entrapment. Evaluating 

microparticles containing BSA prepared by creating a water-in-oil emulsion and 

electrospraying this emulsion, 80% bioactivity was sustained for the released protein. 

For encapsulated lysozyme, bioactivity of 92% was achieved. (Xie and Wang, 2007) 

They achieved an encapsulation efficiency of 94.6% for the entrapment of lysozyme in 

PLGA microparticles with effective controlled release for up to one month. (Xie et al., 

2008) Lee et al. optimized operating parameters to achieve high encapsulation 

efficiency, achieving encapsulation efficiencies greater than 90% with either a 

hydrophilic or lipophilic drug as the core encapsulated by the polymer, PLGA. (Lee et 

al., 2010b) 

Gomez et al. demonstrate the retention of protein activity using electrospray as 

the method of generating solid protein particles. Here, Gomez and colleagues 

electrosprayed insulin in a water-ethanol mixture that demonstrated no significant 

decrease in receptor binding compared to native binding, exemplifying the relatively 
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benign nature of electrospray as a method of encapsulating proteins in polymeric 

particles. (Gomez et al., 1998) 

4. Applications: 

Taxol-loaded particles produced by electrospray was achieved by Ding et al. 

using poly(q-caprolactone) (PCL) as the polymer of choice. (Ding et al., 2005) Particle 

size was on the order of a few to tens of micrometers with low polydispersities. The 

particles displayed a burst release, indicating the presence of the drug on the surface of 

the particles, yet uptake of the particles within Glioma C6 cells was fairly quick with 

an uptake efficiency of 60% in the span of two hours. The enhanced uptake of these 

particles led to larger release of the payload, Coumarin-6, into Glioma C6 cells leading 

to effective targeting of these cells for apoptosis in vitro. 
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The development of a multi-nozzle system has been sought after to improve 

particle yield and scalability, yet the obstacle of space charge associated with a multi-

nozzle system has proven to be challenging as the electric field associated with one 

nozzle interferes with the electric field of a nearby nozzle. (Gomez et al., 1998) To 

address the issue of slow production rates, a multi-spray setup with equal distribution 

of applied voltage and polymer solution was developed, as seen Figure 11, which 

resulted in uniform particles with a small size distribution being formed from all 

nozzles. Such a system provides a promising foundation for the future of electrospray 

in large-scale designs. (Almería et al., 2010; Almería et al., 2011)  

Figure 11: Scalable Electrospray Design with Multiple Nozzles. Reproduced with 

permission. (Almería et al., 2010) 

The development of multi-axial systems for electrospraying nanocapsules with 

two or more layers surrounding the payload has been successfully achieved. (Ahmad 
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et al., 2008; Kim and Kim, 2010) Here, the thickness of each layer can be dictated by 

the flow rate of each nozzle, yet the challenge is that a change in the flow rate of one 

nozzle may lead to a deviation in the spray mode form the cone jet mode. (Kim and 

Kim, 2010) This may, in turn, lead to the generation of polymeric particles. Clearly, 

the bottleneck that exists is to maintain the Taylor Cone Jet when changes in flow 

rates, polymer concentration and composition. Such a system expands the potential for 

particle modifications to meet drug delivery criteria with the ability to have two layers 

that would result in longer circulation times or additional loading of another 

therapeutic into these nanocapsules by using electrospray.  
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Figure 12: Nozzle of a multi-axial electrospray design. Reproduced with permission. 

(Kim and Kim, 2010)  

F. Nanogel: 

1. Background:  

Nanogels have become an increasing exciting area of research for the transport 

of therapeutics and worthy of mention. Nanogels consist of water-soluble cross-linked 

polymers, where gel size can be modified by the cross-linking density, initiator and 

type of polymer. Nanogels present similar advantages to polymeric particles in that 

they can be modified to degrade in the presence of certain stimuli such as pH, light or 

temperature, releasing their payload. . Depending on the encapsulation method used, 

the encapsulation of water-soluble payloads by polymeric particles generally suffers 

from low loading efficiencies. Nanogels provide a means of overcoming low loading 

efficiencies with their porous structure that allows for greater loading capacity. 

(Torchilin, 2006) The porous nature of nanogels also enable the loading of the desired 

biomolecules by electrostatic or covalent interactions. (Nukolova et al., 2011) With 

increased capacity, the ability to deliver a larger concentration of a therapeutic or more 

than one therapeutic is less challenging compared to accomplishing the same task with 

polymeric particles. 

2. Mechanism: 

Although nanogels can be derived from emulsions, their characteristics and 

behavior can be modified in ways that are not entirely feasible with particles formed 

by emulsion polymerization. Depending on the method used, nanogels can be formed 
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in one or more steps. One method is the self-assembly of nanogels, usually in aqueous 

solutions. Other methods utilize emulsion techniques such as free-radical 

polymerization in an inverse emulsion and atom-transfer radical polymerization to 

crosslink monomers or polymers. (Murthy et al., 2003; Oh et al., 2006) While these 

tend to be the most widely used avenues for nanogel creation, there are variants. 

Bahadur et al. report the use of dialysis to produce drug-loaded nanogels with the 

addition of the cross linker. (Bahadur and Xu, 2012) 

Encapsulation efficiencies obtained for nanogels are relatively high, due to 

binding of the nanogel to the drug by either electrostatic interactions or functional 

groups that exist on the payload. Pan et al. achieved loading efficiencies between 73.2-

95.7% for the encapsulation of doxorubicin. (Pan et al., 2012) 

3. Particle characteristics: 

Gel size is the range of tens to hundreds of nanometers with narrow size 

distribution. Takahashi et al. developed glycogen-based nanoballs with diameters 

ranging from 20-30 nm that serve as molecular chaperones for enzymes. (Takahashi et 

al., 2011) Particle size can be tightly controlled according to the cross-linking density 

and concentration of the monomer. Increasing the concentration of the cross-linker is 

associated with a decrease in gel size. (Wu et al., 2010b) 

4. Applications: 

Active targeting and release of payload in response to stimuli are two main 

aspects that have inspired scientists to pursue nanogels as drug delivery vehicles. 

Selection of the cross-linking polymer along with additional functionalization enables 



46 

 

 

nanogels to become complex structures that are able to fit virtually any application.   

A novel design of nanogels for cancer treatment is the development of a virus-like 

nanogel by Lee et al. (Lee et al., 2008) The nanogels contain a hydrophobic core made 

up of a pH-sensitive polymeric particle containing doxorubicin surrounded by a layer 

of PEG that was formed by a water-in-oil emulsion, which links to a layer of BSA 

forming the outer shell. The outer layer serves to as a shield to protect against 

clearance by the immune system. Active targeting of cancer cells was achieved by 

linking folic acid ligands to the outer shell, which has been identified as an effective 

approach for targeting tumors, as cancer cells overexpress folate receptors compared 

to healthy cells. (Lu and Low, 2002) The nanogels swell in acidic pH, leading to 

higher drug release, while in basic pH the nanogels shrink and drug release is reduced.  

This switch in particle size according to pH provides a mechanism for particles 

to migrate from one cell to another, demonstrating enhanced drug delivery efficiency 

that may otherwise not be achievable using standard polymeric particles. A recent 

example where light has been used as the stimulus is from the work of Kang et al. 

where swelling and shrinking of the nanogels was controlled by the application of 

Near-Infrared (NIR) light. (Kang et al., 2011) Oligonucleotides were used as cross-

linkers on the outer surface that dissolved in response to a rise in the temperature of 

the surrounding solution by the application of NIR light.  Au-Ag nanorods and 

fluorescein were integrated into the nanogels to absorb the NIR light. Upon NIR 

irradiation, the nanogels displayed a large release of the dye and an obvious decrease 

in the gel diameter, indicating hydration of the outer shell and payload release. Release 
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was shown to be controllable by varying the length and composition of the DNA 

sequence used to form the outer layer.   

Multifunctional nanogels are becoming more popular as they are able 

incorporate imaging, drug delivery and targeting in one system. Wu et al. generated 

nanogels with an Ag-Au nanoparticle bimetallic core surrounded by a PEG hydrogel. 

(Wu et al., 2010a) With these nanogels, the authors were able to integrate optical 

imaging via the bimetallic core, delivery of Temozolomide (an anticancer drug), 

targeting by hyaluronic acid bound to cluster determinant 44 that has been shown to be 

overexpressed in in tumors, thermo-/photo-responsive release of the drug. A schematic 

of the nanogel design is provided in Figure 13. A separate example by González-Toro 

et al., successfully developed multifunctional nanogels for the delivery of lipophilic 

small molecules along with proteins. (Gonzalez-Toro et al., 2012) Here, the lipophilic 

molecule was a fluorescent dye, 1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine perchlorate, and the protein was β-galactosidase.  The 

dye was encapsulated within the nanogel and electrostatic interaction between the 

negatively charged protein and positively charged polymer led effective protein 

binding. Protein activity was retained and encapsulation efficiency of the dye was 

85%. Cell internalization of the nanogels was demonstrated along with the release of 

both the lipophilic dye and the protein as a result of the high concentration of 

glutathione present in the cells.  
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Figure 13: A representation of a multi-functional hydrogel. Reproduced with 

permission. (Wu et al., 2010c) 

For application to bacterial infections, polyphosphoester cross-linked nanogels 

with mannosylated PEG arms containing the antibiotic vancomycin were developed. 

(Xiong et al., 2012) To integrate active targeting, polyphosphoester was chosen as the 

core material for the nanogels because bacteria have been shown to produce 

phospholipase and phosphatase, an enzyme that degrades phosphoesters. (DeVinney et 

al., 2000; Schmiel and Miller, 1999) The nanogels displayed rapid release of 

vancomycin in the presence of bacteria, with more than 80% release in 24 hours. The 

mannosyl ligands were added to enable the nanogels to enter bacteria-infected cell. 

With macrophages exhibiting mannose receptors as well as the small size of the 
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nanogels (~ 30 nm), nanogel uptake into cells was achieved. The effectiveness of the 

nanogels was further tested in vivo in zebra fish and the antibiotic-loaded nanogels 

demonstrated a significant increase in the survival rate compared with an isolated 

vancomycin treatment. 

Nanogels used as intranasal vaccines have been developed as an alternative to 

spray-freeze drying and spray drying vaccines for intake by inhalation. Nochi et al. 

designed nanogels using cationic cholesteryl-group-bearing pullulan that self-

assembles in water containing a subunit fragment of Clostridium botulinum type-A 

neurotoxin. (Nochi et al., 2010) There was significant uptake of the neurotoxin into 

the nasal mucosa and improved survival rate without aggregation in the brain or 

olfactory bulbs. 

As with any drug delivery vehicle, toxicity and payload preservation are 

critical factors that must be considered. In these regards, nanogels have been shown to 

relatively non-toxic and protect the payload from denaturation and degradation. 

Biodegradable nanogels prepared by inverse miniemulsion atom transfer radical 

polymerization with disulfide linkages were shown to be virtually non-toxic. (Oh et 

al., 2007) The addition of the nanogels to HeLa cells exhibited 95% viability, while 

isolated HeLa cells had a cell viability of 96%. After degradation of the nanogels by 

the addition of a glutathione tropeptide, the cell viability remained high, at 91%, 

indicating the benign nature of both the reducing agent, glutathione, as well as the 

resulting degradation products. Glutathione is a common reducing agent for nanogels 

because of the high concentration of glutathione that is present within cells as 

compared to the bloodstream and the ability for this reducing agent to degrade the 
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disulfide linkages that are usually used in the development of nanogels. (Bae et al., 

2008) For nanogels loaded with doxorubicin, tunable release of doxorubicin is dictated 

by the concentration of the reducing agent as higher concentration of the glutathione 

lead to more rapid degradation of the nanogels. 

Electrostatic interactions between nanogels and biomolecules provide a means 

for high loading efficiency, without the need for binding agents, thereby avoiding 

possible instability and/or degradation of the payload. With DNA and most proteins 

being anionic in nature, cationic nanogels are promising carriers for the delivery of 

multiple biomolecules and bind more readily to cells compared to anionic nanogels. 

(Naeye et al., 2011) Gou et al. designed cationic heparin-polyethyleneimine(PEI) 

nanogels for the delivery of pDNA using low molecular weight PEI to induce 

apoptosis in C-26 colon carcinoma cells. (Gou et al., 2010) Here, the use of heparin 

enhanced the biocompatibility of the nanogel as well as improving the transfection of 

pDNA.   

 

The Akiyoshi group has been particular prolific in their research of nanogels as 

molecular chaperones to enhance protein refolding with a number of publications 

resulting from their work. (Hirakura et al., 2004; Morimoto et al., 2005; Nomura et al., 

2003; Sasaki et al., 2010) A recent example of this group’s work was the use of a cell-

free system to produce proteins. Nanogels were designed using cholesteryl-group 

bearing pullulan (CHP), which has been shown to be effective in trapping denatured 

protein. (Akiyoshi et al., 1999; Sasaki et al., 2010) With the nanogels present in a 

solution the rhodanese gene plasmid and a translation mixture, rhodanese was 
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produced. Cyclodextrins (CD) provided a means of initiating release as cyclodextrins 

have been shown to incorporate hydrophobic compounds in a manner similar to an 

envelope, thus making the entire system hydrophilic. Post-encapsulation, the addition 

of 4.0 mM cyclodextrin led to the dissociation of the nanogels, leading to the release 

the payload from the nanogel. Rhodanese exhibited high protein activity, suggesting 

correct folding of the protein on the nanogels. The protein also aggregated on the 

nanogels, thereby avoiding aggregation of multiple rhodanese proteins, which would 

lead to denaturation. This procedure was replicated for ten different proteins with 

similar degrees of success.  

One unique application of nanogels was demonstrated by Chang et al. (Chang 

et al., 2011) Chang and colleagues formulated a thermoreversible poloxamer nanogels 

for sutureless anastomoses. Using a small quantity of the nanogel formulation at the 

end of two vessels, anastomosis was achieved between the vessels by increasing the 

temperature to 40°C to solidify the gel and adding cyanoacrylate as an adhesive. The 

gels formed met the required minimum elastic modulus of 7,500 Pa. BSA was 

included in the formulation of the nanogels to have a higher transition temperature to 

prevent the dissolution of the gels at homeostatic temperature. Results from in vivo 

tests on rats yielded a 100% survival rate, a reduced inflammatory response and a 5-

fold decrease in the time needed to conduct the procedure compared to the use of 

sutures.  

Zhang et al. allude to a mechanical advantage that may exist in favor of 

nanogels. (Zhang et al., 2012b) The authors utilize a zwitterionic cross-linker to 

develop zwitterionic nanogels that are flexible to extend the circulation time of these 
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drug delivery vehicles by avoiding clearance gateways. Red blood cells were used a 

basis for this study as red blood cells tend to be flexible, yet as they age, their structure 

becomes rigid, which leads to clearance by filtration. Also, non-spherical 

nanoparticles were found to have longer circulation time than their spherical 

counterparts. (Geng et al., 2007; Park et al., 2009) In vivo studies in rats indicated that 

soft nanogels had longer circulation times compared to rigid nanogels due to their 

ability to squeeze through filtration mechanism. Nanogels inherently have a dynamic 

structure that contracts and expands which is suitable for long-term drug delivery 

applications on the order of months. 

 

G. Emulsion Condensation: 

1. Background: 

Emulsion condensation, also known as solvent evaporation, is a very common 

encapsulation method used to generate nanoparticles. There are variant of this system, 

most notably emulsion-solvent evaporation, and thin-film hydration. PLGA particles 

are commonly developed using the solvent evaporation technique, as it is a fairly 

simple method of generating monodisperse nanoparticles. (Shiga et al., 1996) The 

simplicity of this technique is one of the main reasons that this technique is readily 

employed to encapsulate a biomolecule or drug to test the release profile associated 

with a particular polymer. 

2. Mechanism: 
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For a given solvent evaporation method, the first step is the addition of the 

polymer and therapeutic to an organic solvent. (Bodmeier and McGinity, 1987) Next, 

the organic solution is added to aqueous media, thereby promoting the precipitation of 

the polymer into droplets. Afterward, the residual solvent that remains in the particles 

is evaporated and the particles are collected. (Bodmeier and McGinity, 1987) Though 

one may find some similarity with the nanoprecipitation process, it is important to 

note that the organic solvent must be immiscible in water for this encapsulation 

method, unlike nanoprecipitation. 

Removal of the solvent after the formation of droplets is critical factor 

affecting many of the properties of the particles formed such as burst release, 

encapsulation efficiency and particle size.  A number of groups have submitted models 

to predict the rate of solvent evaporation for generic systems. Li et al. provide a 

mathematical model based on the solvent concentration and the solvent evaporation 

rate on the morphology and release of peptide-loaded PLGA microparticles. (Li et al., 

1995) Wang and Schwendeman provide a theory to predict the solvent evaporation 

rate by accounting for a number of operating parameters such as temperature and mass 

transport, supported by experiments to confirm the solvent evaporation rate. (Wang 

and Schwendeman, 1999) Yeo and Park (2004) provide an outline for the operating 

conditions that are likely to promote high encapsulation efficiency and reduce initial 

burst release, such as fast evaporation rate and high polymer concentration. (Yeo and 

Park, 2004) 
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The type of emulsion chosen when selecting the emulsion-solvent evaporation 

method is dependent upon the hydrophilicity of the protein chosen for encapsulation. 

For poorly water-soluble drugs, the choice of an oil-in-water (O/W) emulsion may be 

preferred whereas for proteins, a water-in-oil (W/O) emulsion may be more 

appropriate. Double emulsions may also be used. A solid-in-oil-in-water (S/O/W) 

emulsion can be chosen if the protein or drug is in a solid state. Kakizawa et al. 

utilized a S/O/W emulsion to prepare microparticles with tuned release and small burst 

release using lyophilized, human growth factor-loaded nanoparticles synthesized by a 

W/O emulsion. (Kakizawa et al., 2010) An oil-in-oil (O/O) emulsion was 

implemented by Mahdavi et al. to protect the diffusion of hydrophilic therapeutics that 

is generally associated with the presence of an aqueous phase during encapsulation. 

(Mahdavi et al., 2010)  

Rosca et al. describe the differences in the morphology of particles produced 

using either a single emulsion (O/W) or double emulsion (W/O/W). (Rosca et al., 

2004) From this work, it was found that single emulsions yield particles that are 

spherical with smooth surfaces, while double emulsions yield collapsed or porous 

particles depending on the diameter of the internal water phase. If the diameters of the 

internal water phase is large, the polymer coating will collapse, forming collapsed 

particles. If the internal water phase is small in diameter, the honeycomb structures 

form.    

The diffusion of protein to the oil-water interface presents a challenge for 

maintaining active proteins after the encapsulation process is complete. Wong et al. 
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report a stark decrease in the α-helix structure of deamidated gliadins (from 35% to 

16.3%) in an oil-in-water emulsion (O/W). (Wong et al., 2012) In the same study, the 

authors prepared the same type of emulsion with the protein β-casein and showed a 

marked increase in the α-helix structure (from 5.5% to 20%). (Wong et al., 2012) 

Here, the protein chosen for encapsulation plays an important part in determining the 

effectiveness of the final product. Protein present at the interface of organic and 

aqueous solutions has been shown to suffer from denaturation, with a decline in the α-

helix structure of up to 50% when compared to the same protein present in pure 

organic solvent. (Griebenow and Klibanov, 1996) 

3. Particle characteristics: 

Particle size is attributed to the operating parameters present in any solvent 

evaporation process. The stirring rate, solvent evaporation rate, drug loading, volume 

of organic solvent, choice of polymer and polymer concentration. Jeffery et al. show 

an increase in particle size as the drug loading is increased for ovalbumin in 

poly(lactide-co-glycolide) (PLG) particles. (Jeffery et al., 1993) Kakizawa et al. and 

Mahdavi et al. show an increase in particle size as the stirring rate of the emulsion is 

decreased. (Kakizawa et al., 2010; Mahdavi et al., 2010) Exemplifying the range of 

particle sizes that can achieved using solvent evaporation, Kuehne and Weitz 

developed a polydimethylsiloxane (PDMS) substrate to generate particles using 

polyfluorene, attaining particle sizes between 150 nm-2 μm by varying polymer 

concentration. (Kuehne and Weitz, 2011) Particle size distribution is fairly uniform in 

most cases because of the introduction of the organic phase into the aqueous phase is 
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accompanied by stirring to separate the droplets in a uniform manner. Shen et al. 

report particles containing paclitaxel and surviving shRNA ranging in size from 150-

180 nm and Quaglia et al. developed docetaxel-loaded particles made up of non-ionic 

amphiphilic cyclodextrin with a particle size of 95 ± 5nm. (Quaglia et al., 2009; Shen 

et al., 2012)  

Burst release is a troublesome problem that plagues the emulsion condensation 

technique. Budhian et al. report that the addition of the oil phase to the aqueous phase 

leads to the development of nanodroplets containing the polymer and therapeutic and 

solvent diffusion out of the droplets is initiated, causing the diffusion of the 

therapeutic from the core to the surface. (Budhian et al., 2007) They go on to state that 

this diffusion also contributes a decrease in encapsulation efficiency as drug escapes 

from the droplets. After the particles have hardened, the burst release of these particles 

is significant. (Budhian et al., 2007) Yang et al. show increased burst release with 

higher drug loadings while Quaglia et al. (2000) describe a significantly quicker 

release from particles made from PCL containing the drug diclfenac versus the same 

particles containing a different drug, nicardipine, indicating that the type and amount 

of drug loaded has an impact on the release profile. (Quaglia et al., 2009; Yang et al., 

2001) 

Particle morphology is mainly spherical as the solvent escapes from the 

droplets, leading uniform particle development. When encapsulating proteins, the 

diffusion of proteins to the oil-water interface during nanoparticle formation has been 

shown to stabilize the particle because proteins are inherently amphiphilic. (Wilde, 



57 

 

 

2000) Increasing the rate of solvent evaporation was found to enhance the surface 

morphology of the particles produced, whereas longer solvent evaporation times 

produced porous particles, resulting from the escape of residual solvent outside of the 

particles. (Chung et al., 2001) Another aspect to consider is that the incomplete 

evaporation of all the solvent present inside or on the surface of the particles formed 

by this encapsulation technique has been shown to be toxic. (O'Donnell and McGinity, 

1997) Increasing protein loading from 2% to 4% resulted in the formation of irregular 

particles which is attributed to polar interactions between the polymer and payload. 

(Rafat et al., 2010) 

Similar to particle size, encapsulation efficiency varies significantly in terms of 

the processing conditions selected. For an emulsion-solvent evaporation technique 

using an oil-in-water (O/W) emulsion with PLLA, faster solvent evaporation rates 

(70.6%) were found to decrease encapsulation efficiency compared to slower solvent 

evaporation rates (45.6%). (Chung et al., 2001) Chung and colleagues also report a 

dramatic difference in the encapsulation efficiency when using a different polymer. 

Substituting PLLA with PDLLA provided an encapsulation efficiency of 28.8% with 

fast solvent evaporation and 20.7% with slow solvent evaporation. (Chung et al., 

2001) Higher drug loading have been shown to be detrimental to the encapsulation 

efficiency. (Yang et al., 2001) A range of 40-70% encapsulation efficiency was 

reported by Jeffery et al. (Jeffery et al., 1993) For BSA –loaded poly(ɛ-caprolactone) 

microparticles, encapsulation efficiency was reported as high as 60%. (Jameela et al., 

1997) Higher polymer concentration has been shown to be beneficial towards 
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improving encapsulation efficiency because of the increased density of the particles 

generated. (Gabor et al., 1999) 

4. Applications: 

Rafat et al. report the use of a water-in-oil-in-water (W/O/W) emulsion for the 

encapsulation of a transactivator of transcription-enhanced green fluorescent protein 

fusion (Tat-EGFP) in PEG-PLA polymer for application in retinal diseases. (Rafat et 

al., 2010) The particles demonstrate release of the payload via fluorescence 

microscopy, uptake into the cytoplasm for 661W cells and stability in the retina of rats 

9 weeks after sub-retinal injection of the particles. (Rafat et al., 2010) 

As mentioned earlier, Shen et al. devised Pluronic 85/polyethyleneimine 

nanoparticles for the delivery of paclitaxel and surviving shRNA using the thin-film 

hydration method to overcome drug resistant lung cancer. (Shen et al., 2012) The 

RNA was added to counteract the drug resistant cells, while paclitaxel was added to 

induce apoptosis. The polymer and blank nanoparticles exhibited low cytotoxicity, 

while the paclitaxel/survinin shRNA-loaded particles displayed cytotoxicity that was 

comparable to that of free paclitaxel and the IC50 of these particles was more than 30-

fold lower than free paclitaxel and paclitaxel loaded nanoparticles. This result is 

indicative of the positive effect of surviving shRNA on the uptake of the 

nanoparticles. Uptake of the particles into the cytoplasm of A549 cells as well as RNA 

interference (RNAi) was also apparent by fluorescence microscopy. Using nude mice, 

a comparison of the reduction in tumor size brought on by Taxol and the formulated 

nanoparticles was conducted. Tumors were allowed to reach a volume of 100-200 



59 

 

 

mm3 prior to injection. The volume of the tumor in which the nanoparticles was 

injected was 32.47% smaller when compared to the tumor volume of the tumor 

injected with Taxol after 25 days.  

The thin-film hydration method was first developed by Bangham et al. 

(Bangham et al., 1965) Briefly, this modified version of the solvent evaporation 

method begins with the addition of the polymer and therapeutic to an organic solvent. 

The organic solvent is evaporated, leaving a thin film that is suspended in aqueous 

media. The addition of the aqueous media leads to the self-assembly of the drug-

loaded nanoparticles. Xiao et al. make use of this method to develop paclitaxel-loaded 

nanoparticles consisting of PEG, cholic acid and lysine for application in the treatment 

of ovarian cancer. (Xiao et al., 2009) Particles between 20-60 nm were obtained. The 

formulated particles effectively accumulated at the site of the tumor, the volume of the 

tumor using mice was reduced in an in vivo model with the paclitaxel-loaded particles 

compared to free Taxol and Abraxane without a significant reduction in body weight.  

Gene therapy has become a popular area of research, with interest mainly 

residing in the delivery of DNA. Son and Kim present a comparison of PLGA 

particles encapsulating plasmid DNA (pDNA) versus plasmid DNA that is attached to 

the surface of PLGA-branched polyethyleneimine (BPEI) particles by ionic 

interactions. (Son and Kim, 2010) With BPEI being a cationic polymer and DNA 

inherently anionic, the opportunity for DNA adsorption to the particles is present. The 

pDNA exhibited no significant degradation for the PLGA-BPEI particles from a 

Dnase I protection assay, release was slightly higher for encapsulated pDNA and the 
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gene transfection of the pDNA from the PLGA-BPEI nanoparticles was found to be 

higher.  

H. Emulsion Polymerization: 

1. Background: 

Emulsion polymerization is a well-known encapsulation technique that has 

mainly been applied in the production of plastics. The formation of latex particles was 

conceived in the early part of the last century with investigations into topics such as 

the reaction loci and kinetics of emulsion polymerization. (Harkins, 1945; 

Stockmayer, 1957) Since then much work has been performed to encapsulate drugs 

and proteins into particles formed by emulsion polymerization.  The main aspect that 

is particularly appealing to researchers trying to encapsulate a specific protein or drugs 

is the flexibility that is offered by emulsion polymerization as there are a number of 

variations in the emulsion that can be utilized allowing for a wide array of payloads, 

whether they be hydrophilic or hydrophobic, to be incorporated in polymeric particles. 

On top of the variety of emulsions that can be employed are the different types of 

emulsion polymerizations that exist. The facile and rapid nature by which the 

emulsion polymerization technique is able to encapsulate proteins or drugs is an added 

reason for the implementation of emulsion polymerization.  

2. Mechanism: 

Emulsion polymerization is a flexible process that can manipulated to fit 

particular formulation requirements. The flexibility can be seen in the different types 
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of emulsion polymerizations available for use, including inverse polymerization, free 

radical polymerization, microemulsion polymerization, seeded polymerization and 

reverse atom transfer radical polymerization. (Adamsky and Beckman, 1994; Delaittre 

and Charleux, 2008; Hawkett et al., 1980; Morgan et al., 1997; Qiu et al., 1999) Each 

of these polymerizations presents a unique set of benefits and drawbacks that must be 

taken into consideration. A basic procedural outline for all of these techniques starts 

with the addition of an emulsifier into the aqueous media containing monomer, 

leading to the formation of micelles. (Vanderhoff and Wiley, 1966) The introduction 

of an initiator facilitates the development of polymeric particles by providing free 

radical to encourage the attachment of monomers to one another. (Chern, 2006) Over 

time the remaining monomer present in solution is consumed and the resulting system 

contains polymeric particles. Introducing a therapeutic to the aqueous phase would 

lead to the encapsulation of the therapeutic within the polymeric particles.  

The underlying theory behind emulsion polymerization is complex, with a 

multitude of interactions that must be taken into account. Asua notes that the rate of 

polymerization is dependent upon the number of radicals present per particle, which 

may vary as radicals enter and exit particles. (Asua, 2004) The kinetics of emulsion 

polymerization have been thoroughly examined by a number of groups with specific 

attention to the impact of radicals on the rate of polymer formation. (Smith and Ewart, 

1948; Ugelstad et al., 1973) 

The emulsions used to prepare particle vary in terms of their composition and 

can become complex. Single emulsions consist of two distinct phases, while double 
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emulsions have three phases. There are advantages and disadvantages for each 

technique and these will be discussed henceforth. Double emulsions explicitly require 

more processing time by virtue of the need to conduct two separate emulsions and 

tend to produce particles with larger diameters.  

For hydrophilic drugs and proteins, the first step is to dissolve the therapeutic 

in an aqueous solution. Hence, water-in-oil (W/O) or water-in-oil-in-water (W/O/W) 

emulsions are employed. If the drug or protein is soluble in an organic solvent then the 

reverse can be implemented whereby an oil-in-water (O/W) or oil-in-water-oil 

(O/W/O) emulsion is applied for encapsulation.  

When conducting any one of the emulsions mentioned in the above paragraph, 

there is a risk of losing some of the drug or protein during emulsion polymerization as 

some of the drug or protein will not be encapsulated by the polymer, possibly residing 

on the surface of the particles or freely floating in solution. To overcome this issue, 

solid-in-oil-in-water (S/O/W) and solid-in-oil-in-oil (S/O/O) emulsions were 

developed. Having the drug or protein in solid form would ensure that the therapeutic 

is suspended and serves as a substrate upon which the polymer forms a shell around 

the solid. The advantages include a reduction in initial burst release associated with 

protein or drug adhered to the surface of the particles as well as higher encapsulation 

efficiencies. The disadvantages lie in that the drug or protein must be insoluble to the 

oil phase and there could be a loss in protein activity as emulsions require some 

agitation. 

3. Particle characteristics: 
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Particle size can be tuned by controlling the amount of initiator and monomer 

present in the emulsion. Particle size can range from tens of nanometers to hundreds of 

micrometers depending on host of parameters that include monomer concentration, 

type of initiator, initiator concentration and crosslinking monomer. (Tseng et al., 1986) 

Viscosity of the polymerization loci was found to be a parameter that negatively 

affected the formation of spherical particles. Increasing monomer concentration and 

the concentration of the initiator lead to an increase in particle size, while the type of 

initiator can vastly change the particle size. (Tseng et al., 1986) 

A great deal of research has focused on the encapsulation efficiencies and 

particle size formed by different polymers using emulsion polymerization. For 

example, Li et al. compared the use of PLGA and PEGylated-PLGA on particle size, 

zeta-potential and encapsulation efficiency. (Li et al., 2001)  The results indicated that 

particle size and encapsulation efficiency were lower for the PEGylated PLGA 

compared to PLGA, while the zeta-potential was higher. A release study in rats was 

conducted for the purpose of characterizing the release profile of the particles. The 

release from the PEGylated particles was faster as compared to the PLGA particles, 

while the clearance of the PEGylated particles from the blood occurred at a slower rate 

compared to the PLGA particles.  Tewes et al. demonstrate increased encapsulation 

efficiency using an O/W single emulsion compared to a W/O/W double emulsion, 

with encapsulation efficiency increasing from 67% to 95%, suggesting that the 

additional processing may contribute to some loss in the encapsulation of the payload. 

(Tewes et al., 2007) 
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As with emulsion condensation, the therapeutic is added to the organic phase, 

which can pose a threat to the stability of certain proteins that are sensitive to organic 

solvents. Another point to consider is the potential loss in protein activity as a result of 

the emulsification process. Emulsifying a mixture with a water phase and organic 

phase requires some form of agitation, usually by sonication or homogenization, to 

encapsulate the chosen therapeutic. This agitation can lead to a decline on protein 

activity, thereby reducing the overall efficacy of the particles.  

Ekman and Sjöholm (1978) demonstrated a novel method of retaining protein 

activity by immobilizing proteins in highly cross-linked polyacrylamide to prevent 

denaturation at temperatures as high as 110°C. (Ekman and Sjöholm, 1978) The 

highly cross-linked structure present particles with large pores that allow the proteins 

present within the particles to interact with the surrounding medium and act in a 

manner similar to free enzymes.  

4. Applications: 

Microfluidic devices have been implemented for this encapsulation technique 

to assist in the development of monodisperse particles with encapsulation efficiencies 

near 100%. (Joanicot and Ajdari, 2005) Utada et al. developed a microcapillary device 

capable of handling double emulsions. (Utada et al., 2005) The design is similar to co-

axial electrospray in that an internal stream is surrounded by an external stream. 

Control over the diameter of the core and resulting particle was demonstrated, with 

particle sizes ranging from 10-50 μm.  
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Figure 14: The microfluidic device designed by Utada et al. to produce uniform 

particles by emulsion polymerization. Reproduced with permission. (Utada et al., 

2005) 

Yang et al. present a unique modification to a double emulsion preparation of 

PLGA microparticles containing either lysozyme or doxorubicin for application in 

pulmonary drug delivery. (Yang et al., 2009) Porous particles are required to initiate 

the uptake of drugs from particles by inhalation. Emulsion polymerization is mainly 

used for the production of spherical particles with smooth surfaces. Here, Yang and 

colleagues applied a W/O/W emulsion and added ammonium bicarbonate into the 

external aqueous phase to promote the formation of pores in the microparticles. They 

achieved particles with nearly 100% encapsulation efficiency, particle sizes of 4.0 ± 

1.2 μm and controlled release of the payload. Lee et al. report the development of 

porous particles by the addition of BSA as an osmotic agent into the formulation of 

PLGA microparticles using a W/O/W emulsion. (Lee et al., 2010a) Similar to 

ammonium bicarbonate, the concentration of BSA could be controlled to dictate the 

porosity of the particles. Encapsulation efficiency was reduced when compared to 

Yang et al., with values under 70% for the encapsulation of insulin. The particles were 
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readily visible in vivo for mice, with significantly higher deposit efficiencies obtained 

with the porous microparticles compared to non-porous microparticles. 

With the large variability that is afforded by the emulsion polymerization 

technique, the need to narrow down the parameters that provide the highest 

encapsulation efficiency and ideal particle morphology becomes tedious. To overcome 

this challenge, Siegwart et al. developed a high throughput system that is capable of 

generating nanoparticles using a RAFT (reversible addition-fragmentation chain 

transfer) polymerization to encapsulate siRNA. (Siegwart et al., 2011) With an 

automated system, nanoparticles with diverse characteristics were synthesized using a 

variety of block copolymers, amines and siRNA concentrations. The shells of the 

particles were modified to be hydrophobic, hydrophilic, anionic, cationic or 

zwitterionic. Varying the shell type led to dramatic differences in the concentration of 

siRNA encapsulated. Shells that were either hydrophilic or cationic displayed higher 

siRNA encapsulation efficiencies or higher expression of the RNA in HeLa cells. 

Giving consideration to the fact that siRNA has a slightly negative charge, the 

attraction to the cationic shell is in-line with electrostatic attraction that inherently 

exists between the shell and the siRNA. The result from this work is that the 

development of a large number of samples with varying characteristic enables 

researchers with the ability to examine a multitude of changes to a nanoparticle system 

in parallel. This allows for more rapid sample analysis by reducing the sample 

preparation time. Alterations to the system can be introduced to remove samples that 

are no longer of interests and replaced with alternative samples for investigation. High 

throughput systems such as the one mentioned here can provide a cost-effective 
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method to produce nanoparticles with a wide array of properties for application in 

electronics, pharmaceuticals and ceramics. 

 

Figure 15: Representative example of the particles formed by a high throughput 

system. Reproduced with permission. (Siegwart et al., 2011) 

A point that has been mentioned at various points throughout this paper is the 

damaging effect of organic solvents on the activity of proteins. Organic solvents are 

often necessary to dissolve polymers in order to conduct encapsulations, yet the 

downside of harming the structure of the protein is an obstacle that limits the effective 

of protein-loaded nanoparticles. One interesting approach removes the presence of the 

organic phase altogether. You and Auguste present a pH-degradable polymer that 

consists of poly(N,N-dimethylaminoethyl methacrylate (DMAEMA)/2-hydroxyethyl 

methacrylate (HEMA)). (You and Auguste, 2008) The polymer swells more readily at 

acidic pH compared to neutral pH, leading a larger release of paclitaxel at tumor sites 

which have been shown to have acidic local environments. The development of these 
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particles that were designed to encapsulate paclitaxel involves the addition of 

DMAEMA and HEMA in specified ratios to the aqueous phase. The subsequent 

addition of paclitaxel, the crosslinker tetraethylene glycol dimethacrylate (TEGDMA) 

and the photoinitator, 2,2-dimethoxy-2-phenylacetophenone (DMPAP)  followed by 

sonication yields nanoparticles with a diameter of approximately 230 nm. You and 

Auguste note that the volumetric swelling of particles is a positive indicator f or the 

release of paclitaxel. (You and Auguste, 2008) The more prevalent particle swelling is, 

the greater the release of paclitaxel is. The particles exhibit a greater degree of 

swelling at pH 6.8 compared to pH 7.4, which indicates a more rapid particle 

degradation profile for the particles in acidic pH. In agreement with the data on 

particle swelling, the release of paclitaxel at pH 6.8 is at least 3-fold larger than the 

release of paclitaxel at pH 7.4. The absence of organic solvent in the synthesis of these 

particles is certainly a novel aspect that may be useful to prevent protein denaturation 

that can result from exposure to organic solvents. 

I. Conclusion 

As the knowledge of the parameters that influence the efficacy and intake of 

therapeutic-loaded polymeric particles and the applications of the encapsulation 

techniques broaden, the future of nanoparticles for the treatment of a range of ailments 

from bacterial infections to cancer is promising. While obstacles remain in controlling 

particle design, the overarching principle behind the use of nanoparticles as drug 

delivery vehicles is a mainstay will lead to substantial changes in the way ailments are 

treated. 
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Chapter 2 

Research Project 

A. Summary: 

Thrombin was encapsulated into polymeric microparticles using a pH-

degradable polymer using a novel encapsulation technique for application in 

preserving infarct wall thickness and cardiac function after a myocardial infarction. 

Thrombin is most notably known for its interaction with fibrinogen in the coagulation 

cascade to alleviate inflammation by forming fibrin, a biopolymer that serves as a 

scaffold for repairing tissue damage. The particles were designed for the purpose of 

developing an injectable fibrin-derived scaffold at the site of the myocardial infarct in 

the presence of fibrinogen to preserve local cell viability and overall cardiac function. 

The particles were designed using acetalated dextran, an acid-sensitive polymer with 

tunable degradation kinetics that would readily degrade at sites of inflammation that 

result from a myocardial infarct. The particles were developed by first solidifying 

thrombin to preserve its native structure, then followed by a solid-in-oil-in-oil (s/o/o) 

emulsion. The particles formed ranged in size from 20-40 μm and had irregular 

morphology. At pH 6 and ambient conditions, the particles formed a fibrin gel in the 

presence of fibrinogen in 3 ± 4 minutes, while at pH 7.4 under the same conditions, 

the time for fibrin gel formation was 141 ± 21 minutes. These particles present a 

viable option as an injectable scaffold that will effectively promote cell proliferation at 

the site of a myocardial infarction.
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B. Background on Thrombin: 

As early as the 1930s, thrombin was shown to be a crucial protein responsible 

for the formation of blood platelets in response to external injury and internal 

inflammation. (Seegers et al., 1939; Tidrick et al., 1943; Warner et al., 1939) 

Previous work focused on the characterization of thrombin in respect to its structure 

and corresponding functions. (Becker and Spencer, 1998; McClaughry and Seegers, 

1950; Shapiro and Martinez, 1969) A great deal of progress has been made in the role 

of thrombin in a number of pathways and the identification of its autolytic derivatives, 

β-thrombin and γ-thrombin. (Boissel et al., 1964; Chang, 1986) Thrombin is a 36,000 

Da serine protease that is involved in a multitude of physiological pathways, the most 

prominent being coagulation. More recent work has focused on modifying thrombin to 

have greater affinity for certain substrates such as protein C and PAR-1 to guide 

thrombin towards anticoagulant functionality. (Marino et al., 2010) Di Cera provides a 

thorough background on thrombin’s function both as a coagulant and anticoagulant, 

with specific substrates dictating which form thrombin takes on. (Di Cera, 2007) 

Thrombin, in the presence of fibrinogen, forms blood platelets that that are responsible 

for tissue repair. Other notable pathways include anticoagulation, endothelial cell 

activation and inflammation. (Licari and Kovacic, 2009) 

 Thrombin is produced by the interaction between prothrombin and Factor X, 

enzymes produced by the liver and inherently present in the bloodstream at 

hemostasis. Factor X is part of a family of serine proteases known as coagulation 

factors that are responsible for the creation of thrombin by way of the intrinsic 
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pathway. Thrombin can be generated by one of two pathways. The intrinsic pathway 

consists of a series of reaction between the coagulation factors to produce Factor Xa, 

the key enzyme responsible for cleaving prothrombin to form thrombin. The extrinsic 

pathway begins with the presence of tissue factor that has been released as a result of 

tissue damage. The release of tissue factor from the area of tissue damage sets the 

stage for a three part process where the coagulation pathway is first initiated, then 

followed by priming of the damaged area with platelet lipids and ending with the 

propagation of the cascade to suppress inflammation. (Monroe, 2002) In its native 

form, thrombin takes on the form known as α-thrombin. α-thrombin can undergo 

structural changes in response to autolysis to form β-thrombin and γ-thrombin, 

although the focus of this thesis is strictly based on α-thrombin. A summary of the 

pathways by which thrombin is formed can be seen in Figure 16. 

 

Figure 16: The intrinsic and extrinsic pathways by which thrombin is generated. 

Reproduced with permission. (Lew and Weaver, 2008) 
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The broad spectrum of physiological pathways that thrombin plays an active 

role in is a clear indication of the impact that therapeutics incorporating or targeting 

thrombin may have on treatments for a variety of ailments. While thrombin is 

responsible for the coagulation of blood at the site of tissue damage, thrombin is self-

regulating. In response to tissue damage, thrombin reacts with fibrinogen to produce 

fibrin gel that eventually repairs the damaged tissue by attracting platelets and specific 

cell types to the affected area. Once the tissue damaged has healed, anticoagulation is 

initiated by the binding of thrombomodulin to thrombin, inhibiting the binding of 

fibrinogen to thrombin. In cancerous tumors, thrombin has been shown to be 

particularly active. Here, the application of an anticoagulant could serve as a treatment 

to reduce tumor growth. At the site of inflammation, thrombin activates TAFI 

(thrombin-induced fibrinolysis inhibitor), an enzyme that acts as an anti-inflammatory 

agent. (Lane et al., 2005) Thrombin also serves as a chemotactic agent for monocytes 

and leukocytes. 

The interest in the development of novel hemostatic agents continues to be a 

very active area of research. Examples of these novel designs to replicate the 

hemostatic functions of thrombin include keratin-based systems and platelet-mimetic 

particles. (Burnett et al., 2013; Doshi et al., 2012; Modery-Pawlowski et al., 2013) The 

search for alternative hemostatic agents other than thrombin is an active area of 

research because the application of human thrombin presents the risk for the transfer 

of blood-borne pathogens. Along with the clinical risk, the scarce quantity of human 

thrombin and the short shelf-life of thrombin present further challenges that need to be 

addressed. While these works present substitutes for thrombin, the rapid binding of 
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thrombin to fibrinogen is still effective and, as shown later in this paper, there have 

been several applications of human thrombin in surgical procedures with no adverse 

effects. 

C. Current Applications of Thrombin: 

Currently, the therapeutic applications of thrombin are numerous. Lundblad 

and colleagues provide a comprehensive overview of the current applications of 

thrombin as well as potential uses of this protein for a variety of conditions. (Lundblad 

et al., 2004) As mentioned above, thrombin is the main component behind coagulation 

and is actively utilized as a hemostatic agent for surgical procedures and the treatment 

of burns. These surgical procedures include relatively benign conditions such as cuts 

to the skin to serious conditions such as heart valve treatment. (Lundblad et al., 2004) 

Commercial products containing thrombin are present on the market and 

widely used as a fibrin sealant in surgical procedures to reduce bleeding. Examples of 

these products include Tisseel® produced by Baxter Healthcare Corporation and 

Thrombin-JMI® by King Pharmaceuticals Incorporated. Each of these products 

contains thrombin and fibrinogen together such that at the site of bleeding, the 

formation of a fibrin gel is immediate.  

Aside from the use as a hemostat, thrombin has become a useful tool in the 

treatment of pseudoaneurysms by way of forming intravascular clots, with much 

success. (Lundblad et al., 2004; Webber et al., 2007) Clotting within a 

pseudoaneurysm prevents rupture and the resulting hemorrhage that would occur. The 

use ultrasound-guided thrombin injection (UGTI) has become a common procedure 
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for the treatment of pseudoaneurysms with a 91-100% success rate in 1329 injections. 

(La Perna et al., 2000; Taylor et al., 1999; Weinmann et al., 2002) 

Webber et al. injected 70 patients diagnosed with a pseudoaneurysm with a 

commercial thrombin kit using UGTI and achieved a success rate of 94%. (Webber et 

al., 2007) The most serious complication that may result from the injection of 

thrombin is if the thrombin is mistakenly injected into a vein, leading to deep venous 

thrombosis. No serious complications were noted in this study, but the administration 

of anticoagulants such as heparin or warfarin would be applied to suppress the onset of 

deep venous thrombosis. (Webber et al., 2007) Other studies using thrombin in the 

treatment of pseudoaneurysms have demonstrated similar rates of success with few 

complications. (Froehlich et al., 2012; Madaric et al., 2009) 

In cases of cerebral hemorrhage, thrombin generation at the site of injury 

increases due to reduce inflammation. To test the effect of elevating thrombin 

concentration at the hemorrhage, the intracerebral administration of a low dose of 

thrombin before inducing intracerebral hemorrhage (thrombin preconditioning) in rats 

resulted in reduced brain injury. (Licari and Kovacic, 2009) This finding suggests that 

thrombin can be applied as a form of treatment to limit the damage caused by a 

cerebral hemorrhage. 

Another instance where thrombin has been used is in the repair of a ruptured 

pulmonary artery by Dobies et al. (Dobies et al., 2009) A thrombin injection was 

combined with right heart catheterization to seal a rupture in an elderly patient caused 

by an existing catheter. No complications were observed and the patient was 
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prescribed the anticoagulant warfarin to avoid potential arterial blockage caused by 

coagulation. The doctors note that the use of thrombin is an effective technique for 

closing a rupture. 

Lastly, pH-responsive particles have been used in aneurysms to deliver 

vascular endothelial growth factor (rhVEGF) to induce the embolization of an 

aneurysm. (Pan et al., 2010) This research provides a basis for the use of pH-

degradable particles containing thrombin to be used as a form of treatment for 

pseudoaneurysm using a less invasive procedure by injection through a peripheral 

arterial in the leg to the site of the pseudoaneurysm. 

D. Potential Applications of Thrombin: 

Indirectly, thrombin has a broader therapeutic effect when the activation of 

protease-activated receptors (PARs) is considered. Thrombin is present in coagulated 

blood in concentrations adequate to activate their associated PARs and it enhances the 

proliferation of osteogenic cells at the site of bone injury, improving the recovery time 

of a fracture. PAR-1, PAR-3, and PAR-4 are receptors that are activated by thrombin 

and this activation is irreversible. As an example of their impact on a host of 

biological patheways, PAR-1 signaling stimulates angiogenesis, cell growth and 

differentiation, and smooth muscle cell, macrophage, and endothelial cell 

proliferation. (Licari and Kovacic, 2009) Coughlin notes that thrombin acts in a 

manner similar to a hormone by regulating a variety of cellular functions by way of 

activating PARs. (Coughlin, 1999) 
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In this paper, thrombin-loaded particles are developed for the purpose of 

minimizing damage to artery walls after a myocardial infarction. This work is based 

upon prior art that has demonstrated the positive impact of introducing fibrin gel at the 

site of the myocardial infarction after reperfusion of the heart. Thrombolytic therapies 

have been used in the past and present to treat a myocardial infarct with a great deal of 

success. (1988a; 1988b; Gruppo italiano per lo studio della streptochi-nasi nell'infarto, 

1987; Wilcox et al., 1988) Yet there has not been an equal amount of success in 

reversing the damage caused by a myocardial infarct by limiting the damage caused by 

reperfusion. The return of blood flow post-MI is known as reperfusion and has been 

shown to cause damage to the arteries. (Need citation) The degradation caused by a 

myocardial infarct is partly responsible for the decline in cardiac function post-MI and 

thinning of the arterial wall, thus there is a need for a treatment to repair the coronary 

arterial walls to reduce the risk of heart failure in the future. (Hutchins and Bulkley, 

1978)   

Singelyn et al. present an extensive review of the state of the art of injectable 

materials for the treatment of myocardial infarction and identify the specific 

physiological changes that occur as a result of a myocardial infarct. (Singelyn and 

Christman, 2010) The significant changes that are relevant to the work presented in 

this paper include an inflammatory response, infarct expansion and the degradation of 

the left ventricular extracellular matrix (ECM). (Thomas et al., 1998; Tyagi et al., 

1996)  
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Injectable scaffolds are a viable avenue for pursuing a therapy that can reverse 

the damage cause by myocardial infarction, yet delivery is hinder by the inability to 

pass the scaffolds through a catheter. Singelyn et al. note that clinically relevant 

scaffolds derived from natural materials must be nontoxic, biocompatible, minimally 

invasive and meet the requirements for catheter delivery. (Singelyn and Christman, 

2010) The requirements for catheter delivery present a challenge as the scaffold must 

have the proper kinetics to remain as a liquid while in the catheter, and then form a gel 

at the injection site.  

In a separate paper, Christman and colleagues demonstrated that fibrin glue is 

the first injectable biomaterial that has been shown to improve the survival of cells and 

cardiac function.  (Christman et al., 2004b) Christman and colleagues explored the use 

of fibrin sealants as a form of treatment to preserve the wall thickness of the arteries 

and minimize the loss of cardiac function after a myocardial infarction. (Christman et 

al., 2004a) In vivo studies in rats verified the use of fibrin glue as potential treatment 

option with no significant change in the infarct wall thickness and sustains local cell 

survival. (Christman et al., 2004a) Injection of skeletal myoblasts along with the fibrin 

was found to be more effective, indicating that the glue can serve as a scaffold to 

deliver healthy cells to the infarct region. (Christman et al., 2004a; Christman et al., 

2004b) The obstacle that currently hinders the application of fibrin glue in catheter 

delivery is that gel formation is extremely rapid when thrombin is in the presence of 

fibrinogen. (Singelyn and Christman, 2010) To this end, we have developed a system 

using pH-degradable polymeric particles that degrade in acidic conditions to release 

thrombin.  Myocardial infarcts lead to an inflammatory response, which leads to a 
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decrease in the local pH, thereby initiating the release of thrombin at the site of 

inflammation. (Deten et al., 2002)  

One question that may arise when considering the application of the thrombin-

loaded particles is the variability in the activity of thrombin at pH 6, which are is 

outside the . Little work has been done to quantitatively discern the change in activity 

relative to the hydrogen concentration of the medium. Figure 17, presented below, 

demonstrates that there is no significant decline in the coagulation time for a range of 

pH, indicating that the activity of thrombin is not considerably affected by a change in 

pH from 6 to 8. 
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Figure 17: Effect of pH on the Coagulation Pathway. Reproduced with permission. 

(1947) 

Having four different binding sites and a variety of substrates that can interact 

with these binding site, the challenge to encapsulate thrombin is not a simple one. 

Along with the myriad of substrates with which thrombin can interact, thrombin 

exhibits a high degree of specificity, which is an important concept that will be 

discussed later. (Becker and Spencer, 1998) In addition, the sensitivity of the protein 

to organic solvents, pH and temperature the rapid decline of thrombin in aqueous 

solutions over time make the goal of encapsulating thrombin even more difficult. To 
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further the point regarding the fragility of thrombin, both bovine-derived and human-

derived thrombin sold commercially contain a large quantity of sugars and other 

excipients to maintain the activity of the protein. The thrombin used in this work 

consisted of 90% mannitol and sodium chloride, the remaining 10% was the protein. 

(Biopharm Laboratories) 

E. Choice of Polymer: 

The choice of polymer was the first aspect of this project that was investigated 

as there was a need for a polymer with tunable degradation that could be employed to 

dictate the release of thrombin at a specified time. Another aspect that was taken into 

account was that the byproducts of the degraded polymer must be biocompatible. 

Acetalated dextran was selected as the polymer of choice because of the control that is 

possible over the rate of polymer degradation in an acidic environment and the 

byproducts are relatively innocuous. An added benefit is that the synthesis of this 

polymer is a one step process that is neither tedious nor resource intensive.   

 

Figure 18: The synthesis of acetalated dextran. Reproduced with permission. 

(Broaders et al., 2009) 
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Broaders et al. developed this novel polymer and outlined the advantages 

associated with using this polymer for the encapsulation of therapeutics. (Broaders et 

al., 2009) Dextran is a well-known biocompatible sugar that readily dissolves in 

aqueous solutions and is approved by the Food and Drug Administration. (Broaders et 

al., 2009) Briefly, the polymer is synthesized by reacting dextran with 2-

methoxypropene in the presence of the catalyst pyridinium p-toluenesulfonate to form 

cyclic and acyclic acetals. This also leads to a switch in the solubility characteristics 

such that it becomes hydrophobic. (Broaders et al., 2009) The reaction is quenched 

using triethylamine. The polymer is then precipitated in basic water consisting of 1% 

triethylamine. The polymer is then washed three times with the basic water and then 

lyophilized for two days. This wash step is repeated once more to ensure that the 

polymer is devoid of any other products. The cyclic acetal content of the polymer was 

examined using NMR spectroscopy. Acyclic acetals degrade to acetone, while cyclic 

acetals degrade to yield both acetone and methanol, thus the ratio of the methanol to 

acetone can be used to determine the cyclic acetal content.  

The formation of acetals proceeds from acyclic acetals to cyclic acetals as the 

reaction is allowed to proceed. (Broaders et al., 2009) The cyclic acetal content is the 

critical aspect that determines the degradation kinetics of the resulting polymer. 

Acyclic acetals hydrolyze at a faster rate compared to cyclic acetals, thus the 

degradation rate of the polymer can be tuned by adjusting the cyclic acetal content of 

the polymer. (Broaders et al., 2009) This is done by controlling the reaction time.  
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Quenching the reaction at short times (under 20 minutes) produces a polymer 

that is rich in acyclic acetals and degrades rapidly in the presence of acid. In contrast, 

if the reaction is allowed to continue for approximately one hour or more, cyclic 

acetals replace the acyclic acetals and the rate at which the polymer degrades is 

prolonged. The degradation products of this product are dextran, acetone and 

methanol, which are fairly innocuous at low concentrations. (Broaders et al., 2009) 

Recently, this polymer has been modified by substituting 2-ethoxypropene in the 

starting material instead of 2-methoxypropene. (Kauffman et al., 2012) The 

byproducts of this acetalated dextran polymer dextran, acetone and ethanol, which 

present a superior safety profile compared to the polymer used in this work as 

methanol has been shown to be toxic in higher levels. (Kauffman et al., 2012; Tephly, 

1991) The figures given below provide the acyclic acetal to cyclic acetal transition and 

degradation profile associated with this polymer. 
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Figure 19: The replacement of acyclic acetals with cyclic acetals as a function of 

reaction time. Reproduced with permission. (Broaders et al., 2009) 

 

Figure 20: The degradation profile of a set of acetalated dextran polymers at pH 5 (A) 

and pH 7.4 (B). The data labels indicate the reaction time in minutes for separate 

batches of acetalated dextran polymer. Reproduced with permission. (Broaders et al., 

2009)  
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In this work, acetalated dextran with a cyclic acetal content of 40% was used 

for all studies to ensure quick release of thrombin in acidic environments. 

F. Encapsulation Technique: 

 The choice of which encapsulation technique would be effective in preserving 

the native structure of thrombin proved to be challenging. Along with preserving the 

protein, the amount of protein loaded into the particles, measured by the encapsulation 

efficiency, was a secondary concern that was taken into consideration. A number of 

the encapsulation techniques mentioned in Chapter 1 were explored, including 

nanoprecipitation, emulsion polymerization and electrospray. Each of these methods 

proved to unsuccessful for a variety of reasons. The facile nature of nanoprecipitation 

was driving motivation for application, yet encapsulation efficiency was far too low. 

The particles formed did not demonstrate any loading of the protein. From the 

literature review, emulsion polymerization was pursued because encapsulation 

efficiencies were reported to be generally high. This technique improved the 

encapsulation efficiency, but the protein became inactive. This may have been due to 

the agitation and use organic solvents, which ultimately denatured the protein. 

Electrospray has been demonstrated to be a method that preserves the conformational 

structure of the protein to be loaded in the polymeric particles as well as produce 

monodisperse particle. The thrombin loaded into the polymeric particles was found to 

be denatured after particle development, suggesting that the application of an applied 

electric field led to the denaturation of the thrombin. 
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 The SFL technique was pursued as a means of preserving the protein structure, 

thereby preventing limiting any change in the protein structure or side reaction during 

the encapsulation process. Considering that thrombin is a water-soluble protein, a 

solid-in-oil-in-oil (s/o/o) emulsion was used to encapsulate thrombin to avoid any 

protein aggregation at an oil-water interface that is associated with emulsions having 

an aqueous phase. The mechanism mentioned in Chapter 1 related to the section on the 

SFL technique was followed here with no modifications. The encapsulation, as it 

relates to this work, is reproduced here for clarity. 

 The encapsulation technique proceeded as follows. Bovine thrombin powder 

containing 10% thrombin and 90% excipients was purified to remove the excipients. 

This was done solubilizing the powder in ultrapure water and spinning down the 

excipients using 10,000 Da filter centrifuge tubes. The protein was then extracted from 

the tubes and placed in fresh ultrapure water. This protein solution was placed into a 

syringe with a nebulizer-like nozzle. The nozzle was just under the surface of 500 mL 

of liquid nitrogen contained in a steel bowl. The protein solution was then injected into 

the liquid nitrogen, yielding protein solids. These solids were then lyophilized for two 

days to remove any residual moisture.  A representative SEM image of the protein 

solids is provided in Figure 21 below. 
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Figure 21: SEM image of purified thrombin that has been solidified using the SFL 

technique. 

                 The acetalated dextran polymer was then dissolved in acetone with a 

concentration of 10% weight-by-volume (w/v). To this polymer solution, the thrombin 

solids were added with a final concentration of 4% weight-by-weight (w/w) relative to 

the polymer. The protein solids do not dissolve in the solvent, thereby limiting the 

harm that can be brought on by the interaction of a solvent with this sensitive protein. 

The mixture was emulsified using a water bath sonicator with an amplitude of 30% for 
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30 seconds. This emulsion is then injected into paraffin oil, leading to the coating of 

the protein solids by the polymer to form thrombin-loaded polymeric particles. The 

mixture is allowed to stir for one day to evaporate the remaining solvent present. The 

particles are collected using a vacuum filtration setup in which the paraffin oil is 

removed by the addition of hexanes. After three washes with hexanes, the particles are 

collected and allowed to dry under vacuum for one day. The preparation of the 

particles is complete and is applied to a variety of tests that will be discussed in the 

next section. 

G. Results: 

1. Gelation Test: 

      The goal of this project is the release of thrombin from polymeric particles in the 

acidic environments, similar to areas of inflammation, and the formation of fibrin glue 

that will serve as a scaffold to promote cellular activity at the site of a myocardial 

infarction. To test the ability for the particles to release thrombin rapidly under acidic 

conditions as compared to basic conditions was assessed. The procedure for testing the 

particles involved taking 10 mg of the particles and placing them in 1 mL of pH 9 

phosphate-buffered saline (PBS). The particles were lightly vortexed, spun down by 

centrifugation and the supernatant was removed. This was repeated once more to 

ensure that any surface protein that may be present was removed. Then, 5 mg of the 

particles was placed in a 1 mL solution containing 35 mg/mL of fibrinogen in PBS pH 

8. Separately, the remaining 5 mg of particles was added to a 1 mL solution containing 

35 mg/mL of fibrinogen in PBS pH 6. The time that was required for the fibrin glue to 
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form was assessed qualitatively by slightly tipping the tubes containing the solutions 

on to their side as well as identifying a change in color from transparent to milky 

white. Figures 22-24 present the gelation time for the particles in acidic conditions 

(left) and basic conditions (right). 

 

Figure 22: Gelation of the particles in the presence of fibrinogen at ~3 minutes. 
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Figure 23: Gelation of the particles in the presence of fibrinogen at ~41 minutes. 
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Figure 24: Gelation of the particles in the presence of fibrinogen at ~180 minutes. 

 Clearly, the particles degrade rapidly in acidic conditions, thereby releasing 

thrombin and forming the fibrin glue in a matter of minute, while in basic conditions, 

the particles form fibrin glue in a matter of hours.  
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2. Particle Characterization: 

 The particles were characterized using a number of instruments including scanning 

electron microscopy (SEM), dynamic light scattering (DLS) and a standard plate 

reader and fluorimeter. 

The irregular morphology of the resulting particles are displayed Figure 25.  

 

Figure 25: SEM image of the general irregular morphology of the resulting thrombin-

loaded polymeric particles. 
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 The morphology of the particles is believed to be due to the polymer coating the 

protein solids, which are naturally non-spherical, thus leading to the formation of non-

spherical particles. As seen in Figure 26, the particles are very polydisperse and this is 

supported by the data from DLS. 

Table 2: Change in particle size for particles in either acidic or basic media over time. 

Time(hours) Particle size (nm) 

  pH 6 pH 8  

0 3392 3619 

1 3174 3568 

5 1181 2579 

24 865 2147 

48 121.5 1075 

Total Change  3270.5 2544 
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    Standard protein assays such as the bicinchoninic acid assay or Coomassie assay were found to be ineffective because the byproduct dextran was found to interfere. To characterize the release of thrombin from the particles, thrombin was fluorescently labeled using the  
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fluorophore Alexa Fluor 594. This fluorescently-labelled thrombin was then 

encapsulated according to the procedure mentioned above. The resulting particles 

were washed in a manner similar to those washed in the gelation tests. A schematic of 

the washing procedure is provided in Scheme 1. 

 

Scheme 1: Outline of the procedure used to test the fluorescently-labeled thrombin-

loaded particles in the presence of fibrinogen at pH 6 and pH 8. 

          As with the gelation test, 5 mg of the washed particles was placed in acidic 

media and another 5 mg of particles was placed in basic media. The protein release 

over time was measured by using a fluorimeter. The results are provided in Figure 27 

below. 

 As seen in Figure 27, the protein release is quicker under acidic conditions as 

compared to basic conditions. This supports the results seen in the gelation tests,  
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indicating that the reaction of thrombin with fibrinogen occurs more rapidly at pH 6 

versus pH 8. 
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H. Conclusion 

With few treatment options available to repair tissue damage caused by a 

myocardial infarction, we have developed thrombin-loaded, pH-degradable polymeric 

particles capable of releasing thrombin at the site of tissue damage to form a scaffold 

to support repair of the infarct region in combination with fibrinogen. The particles 

have previously been shown to be biocompatible, biodegradable and can be passed 

through a catheter from the femoral artery to the site of the myocardial infarction in a 

manner that is minimally invasive. The local environment after a myocardial 

infarction becomes acidic, thus the particles readily release thrombin, while in regions 

of healthy tissue, the release of thrombin minimal. We have demonstrated that these 

particles are pH-sensitive such that the release thrombin occurs much more rapidly in 

acidic environments, similar to that of a myocardial infarction. These particles provide 

a basis upon which a treatment can be designed for the repair of tissue damage caused 

by a myocardial infarction, thereby reducing the risk for a future heart attack.    
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Appendix 

A.  

General procedure for synthesis of 1 gram of acetalated dextran 

Reaction: 

1. Place a 50 mL reactor vessel in oven overnight. 

2. Develop Millipore water pH 8-9, require at least 400 mL. 

a. Develop solution with 0.01% triethylamine.  

b. Place 5 μL in 500 mL of Millipore water to develop a buffer solution 

c. Check pH.    

3. Prepare cork holder, stir plate and clamps. 

4. Grab the reactor vessel from oven and allow it to cool on cork holder in the 

house vacuum or a vacuum setup in the fume hood. 

5. Prepare 10 ml of DMSO using 20 mL syringe. 

6. Prepare 3.4 mL of 2-methoxypropene using a 10 mL syringe.  

7. Prepare 1g of dextran and 15.6 mg of pyridinium p-toluenesulfonate and add to 

reactor vessel.   

8. Secure rubber stopper and begin to vent oxygen with nitrogen or Argon and a 

vent needle. 

9. Add 10 mL DMSO and allow it to dissolve at 500 rpm for 20 minutes. 

10. Add 3.4 mL of 2-methoxypropene and allow the system to react. 

11. Prepare 1mL of triethylamine. 

12. Add 1mL of triethylamine after the reaction time and allow two minutes to 

quench the reaction. 

13. Check the pH of the basic water. 

14. Precipitate the 5 mL sample in a round bottom 50 mL centrifuge tube from 

Nalgene 50 mL along with 35 mL of Millipore water pH 8-9. 

15. Place the remaining sample in the -20°C freezer. 

Wash: 

1. Centrifuge the tubes containing sample at 14,800 RCF. 

2. Remove supernatant and add 20 mL Millipore water with pH 8-9 and vortex.  

3. Repeat Wash steps 1-2 three times. 

4. Lypholize samples by placing the centrifuge tubes in liquid nitrogen for one 

minute and then placing the samples in the freeze dryer. Log initial and final
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 pressure and turn knob to ensure that container is pressurized. Leave samples 

in for two days. 

Purification: 

1. Dissolve the Ac-Dex white powder in 3 mL of acetone, then precipitate in 35 

mL of pH 8 water. 

2. Repeat wash procedure two times. 

3. Then lypholize for another two days. 

Referenced Work: (Broaders et al., 2009) 

B. 

Raw data of protein release from the fluorescently-labeled thrombin-loaded particles 

at pH 6 measured on the fluorimeter. 

 

pH 6 

Sample   Fluorescence Reading at 617 nm 

      

Standard 1 (0 mg/mL)   6180 

Standard 2 (0.03125 mg/mL)   89300 

Standard 3 (0.0625 mg/mL)   229010 

Standard 4 (0.125 mg/mL)   537220 

Standard 5 (0.250 mg/mL)   1.15E+06 

      

Time (minutes)     

0   25080 

10   32630 

20   38440 

30   59020 

60   75730 

Total Loading   498950 

      

Thrombin Release   Concentration (mg/mL) 

0 minutes   0.0071 

10 minutes   0.0099 

20 minutes   0.0121 

30 minutes   0.0199 

60 minutes   0.0261 
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Total Loading   0.1720 

   Time (minutes)   Release (as a % of total loading) 

0   4.1317 

10   5.7822 

20   7.0523 

30   11.5513 

60   15.2043 

 

C. 

Raw data of protein release from the fluorescently-labeled thrombin-loaded particles 

at pH 8 measured on the fluorimeter. 

 

pH 8 

Sample   
Fluorescence Reading at 617 

nm 

      

Standard 1 (0 mg/mL)   11780 

Standard 2 (0.03125 

mg/mL) 
  122270 

Standard 3 (0.0625 mg/mL)   244030 

Standard 4 (0.125 mg/mL)   517070 

Standard 5 (0.250 mg/mL)   1.03E+06 

      

Time (minutes)     

0   15020 

10   20620 

20   27460 

30   34780 

60   45630 

      

      

Thrombin Release   Concentration (mg/mL) 

0 minutes   0.0009 

10 minutes   0.0025 

20 minutes   0.0044 

30 minutes   0.0065 

60 minutes   0.0095 
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   Time (minutes)   Release (as a % of total loading) 

0   0.5328 

10   1.4550 

20   2.5787 

30   3.7825 

60   5.5521 
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