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Since the HIV epidemic of the 1990s, researchers have attempted to develop a red blood 

cell analog.  Even though some of these substitutes are now in Phase III of clinical trials, their 

use is limited by side effects and short half-life in the human body.  As a result, there is still a 

need for an effective erythrocyte analog with minimum immunogenic and side effects, so that it 

can be used for multiple applications.  Finding new approaches to develop more efficient blood 

substitutes will not only bring valuable advances in the clinical approach, but also in the area of 

in vitro testing of medical devices.   

We examined the feasibility of creating a deformable multi-functional, biodegradable, 

biocompatible particle for applications in drug delivery and device testing.  As a preliminary 

evaluation, we synthesized different types of microcapsules using natural and synthetic 

polymers, various cross-linking agents, and diverse manufacturing techniques.  After fully 

characterizing of each system, we determined the most promising red blood cell analog in terms 

of deformability, stability and toxicity.  We also examined the encapsulation and release of 

bovine serum albumin (BSA) within these deformable particles.   

After removal of cross-linkers, zinc- and copper-alginate microparticles surrounded by 

multiple polyelectrolyte layers of chitosan oligosaccharide and alginate were deformable and 
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remained stable under physiological pressures applied by the micropipette technique.  In 

addition, multiple coatings decreased toxicity of heavy-metal crosslinked particles.  BSA 

encapsulation and release from chitosan-alginate microspheres were contingent on the 

crosslinker and number of polyelectrolyte coatings, respectively.  Further rheological studies are 

needed to determine how closely these particles simulate the behavior of erythrocytes.  Also, 

studies on the encapsulation and release of different proteins, including hemoglobin, are needed 

to establish the desired controlled release of bioactive agents for the proposed delivery system. 
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CHAPTER 1 
INTRODUCTION 

For the past century there has been an interest in blood substitutes.  However, it was not 

until the mid 1980s that efforts to find a commercially available product scaled up.  Numerous 

groups tried to develop a red blood cell analog due to the HIV epidemic of the time [1, 2].  

Another reason that drove many researchers into the area was US Army concern about blood 

supplies in the battlefield [1, 3].  Large investments were made by the military in search for the 

ideal red blood cell analog.  This “ideal blood analog” would carry oxygen, provide rapid 

expansion of the blood space, eliminate infectious risks of transfusion, have universal 

compatibility, and be available for immediate use without need for special storage [4].   

However, about 10 years, all efforts and support were dropped since the developed analogs 

did not meet the desired requirements [1].  Nowadays, some of those developed blood substitutes 

are commercially available or in Phase III of clinical trials.  Although many of them can fulfill 

essential functions of transfused blood, providing expansion of the plasma volume and carrying 

oxygen; their use is still limited due to side effects and short half-life time within the human 

body [4].   

The blood substitutes that have been studied more extensively can be grouped into two 

classes: modified hemoglobin solutions and perfluorocarbon emulsions.  The native human 

hemoglobin molecule has a number of advantages as an oxygen carrier, including high capacity 

for oxygen, the lack of antigens after purification, a prolonged shelf life, and the ability to 

withstand harsh purification procedures [2, 4].  However, it needs to be modified in order to 

decrease its oxygen affinity and to prevent rapid dissociation of the native α2-β2 tetramer into α-

β �yperbo which are very toxic [4, 2].  Modifications of the hemoglobin molecule have included 

inter- and intra-molecular cross-linking, conjugation to polymers, and more recently lipid or 
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polymeric encapsulation.  Even though modification of hemoglobin prevents toxicity due to 

breakdown of the molecule, other side effects have been observed with all modified hemoglobin 

solutions.  The main side effect, due to nitric oxide scavenging, is vasoconstriction resulting in 

an increase in the mean arterial blood pressure and decrease in the cardiac index [4]. 

Perfluorocarbons have a molecular structure very similar to hydrocarbons’, differing in the 

replacement of hydrogen by fluorine atoms and their electron affinity [5].  Perfluorocarbons are 

excellent carriers of oxygen and carbon dioxide; in addition, they can be mass-produced fairly 

easily and source-independently.  However, since they are not miscible in aqueous systems, they 

have to be prepared as emulsions which leads to unwanted side effects due to surfactants [5, 6].  

Complement activation is the major problem with perfluorocarbon-based products.  Patients 

present flu-like symptoms, including increased body temperatures and decreased platelet counts 

[6, 5].  In addition to side effects, perfluorocarbon emulsions have shown poor efficacy and very 

short half-life within the bloodstream [6]. 

New strategies to develop more efficient blood substitutes are necessary since all current 

approaches lack effectiveness and patients normally depend on donated blood as the only source 

for transfusion.  Upcoming new potential blood-borne pathogens are always a concern regarding 

blood transfusions; even though today that blood supply is much safer in developed countries 

due to improved screenings [3, 5, 7].  Another ongoing problem is shortage of blood reserve due 

to an annual increase of blood demand at a much faster pace than blood donations [5, 8].  In 

addition to aging, worldwide population has been affected in the recent years by an increased 

number of natural disasters, acts of terrorism, and civil and international conflicts, leading to a 

steep increment in blood demand.  Indeed, according to the American Association of Blood 

Banks, a shortage of packed red blood cells is estimated by 2030 [3].  Other limitations to blood 
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collected for transfusion include: recipient immune suppression, short-term storage, and 

decreased oxygenation capabilities [7].  

The use of artificial erythrocytes could solve all the problems related to traditional 

transfused blood.  In addition to carrying oxygen, the new generation of erythrocyte analogs 

could also be used as controlled-release delivery systems for the intravenous administration of 

therapeutic agents.  This new class of therapeutics should meet the following criteria: be non-

immunogenic, have long-term storage stability and an intravascular half life of weeks to months, 

have no significant side effects, and be simple to manufacture and sterilize at permissible wide-

scale production costs.   

Finding new approaches for the development of more efficient blood substitutes will not 

only bring valuable advances in the clinical approach, but also in the area of in vitro testing of 

medical devices and products.  Certainly, many medical equipment and products have been 

engineered with the purpose to interact directly with blood, e.g., dialysis machines, ventricular 

assist devices, heart-lung machines, heart valves, catheters, grafts, stents, among others.  Since 

blood will be in direct contact and, sometimes, even subject to mechanical stress with these types 

of devices and products, it is necessary to test their effect on blood in vitro before moving on to 

clinical trials.  However, in vitro testing with real blood carries a whole set of problems such as 

cost, increment in rules and regulations, availability, variability among donors, and inconsistency 

with storage time.  As a result, particles with deformability properties and dispersed in fluids 

with viscosities similar to blood will represent an invaluable innovation for the testing of devices 

and products.    

This study proposes to examine the feasibility of creating a multi-functional, 

biodegradable, biocompatible particle with deformable properties for applications in in-vitro 
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testing of medical devices and products, and in drug delivery.  The proposed method is based on 

the hypothesis that: (1) polymeric microspheres with a highly porous inner structure or 

microcapsules with a dissolvable gel core can be designed and synthesized so that they attain 

appropriate deformability properties, and (2) that the ability of encapsulating and releasing 

proteins within these microparticles, while still keeping some deformability capability, will allow 

practical use.  The aim of this dissertation is to conduct feasibility studies on the synthesis and 

preliminary testing of different types of microcapsules using natural and synthetic polymers, 

various cross-linking agents and solvents, and diverse manufacturing techniques.  The aim will 

also include discerning the most promising red blood cell analog, in terms of deformable 

capability, to eventually be tested in an in vivo study.  The deformability property of the 

microcapsules will be based on the well-established micropipette aspiration technique.   

In addition to finding microcapsules with correct deformability properties, another aim is 

to develop a novel drug delivery system by using these deformable particles.  The focus of this 

second aim is on examining the delivery system feasibility: encapsulation, storage, and release of 

proteins from microcapsules without affecting the protein bioactivity and the particle elastic 

property.  All components of the system will be designed to be non-toxic, and use materials 

already approved for human contact.  They will be combined in a novel way to test the 

hypothesis through two specific aims.  Each aim will have defined thresholds for measuring 

acceptable outcomes, and if successful, will demonstrate the feasibility of developing a simple 

technology for the manufacturing of a red blood cell analog for in vitro testing of medical 

devices and products, and as a drug delivery system.  
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CHAPTER 2 
BACKGROUND 

Blood: Composition, Properties, and Functions 

Composition 

Blood is a specialized type of connective tissue composed of a suspension of living cells in 

an aqueous solution of electrolytes and non-electrolytes called plasma [9, 10].  The cellular 

portion of blood is composed of erythrocytes, leukocytes, and platelets.  Erythrocytes normally 

composed about 45 percent of the total blood volume; this percentage is known as hematocrit 

[10].  In adults, the hematocrit ranges from 0.38 to 0.54: in females is slightly lower compared to 

males, ranging between 0.38 – 0.46 and 0.42 – 0.54 respectively [11].  Conversely, not even one 

percent of the total blood volume is constituted of leukocytes and platelets, while the remaining 

volume (about 55%) is made up by plasma [10].    

Blood plasma is a straw-colored fluid composed of about 90% (w) H2O, 8% (w/v) 

proteins, and 2% (w/v) inorganic and organic substances [9, 10].  Plasma makes approximately 

4% of an individual’s total body weight (40 to 45ml/Kg) [11].  The majority of proteins found in 

plasma are produced in the liver and this makes about 7% of total plasma solutes (6.5 to 8g/dl) 

[11].  The three main plasma proteins include: albumin, accounting for 60%; globulins; and 

fibrinogen (Tables 2-1 and 2-2) [10, 11, 12].  Most of the blood functions are actually performed 

by plasma proteins.  The rest of plasma solutes include nutrients, gases, hormones, various cell 

metabolic waste products, and ions [10].  Table 2-3 shows a list of all the electrolytes present in 

plasma whose normal concentration is essential for nerve conduction, muscle contraction, blood 

clotting, fluid balance and acid-base regulation [11, 12].  Other organic compounds found in 

plasma are listed in Table 2-4 [12]. 
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Properties 

Although, the total amount of blood varies with age, sex, weight, and body build among 

other factors; on average, blood accounts for approximately eight percent of the total body 

weight.  Also, the normal blood volume in healthy adult males is 5 – 6 liters whereas it is slightly 

less for adult females (4 – 5 liters) [11].  The pH of blood ranges between 7.35 and 7.45 and its 

temperature of 38°C (100.4°F) is a little higher than the body temperature [10].  Blood is denser 

than water and has a viscosity approximately five times higher [10].  Although plasma is 

considered a Newtonian viscous fluid, having a linear relationship between the shear stress and 

strain rate; whole blood is considered non-Newtonian, showing both viscous and elastic 

properties [9, 13, 14].  Thus, the non-Newtonian property of blood is acquired from the cellular 

portion, and more specifically from the red blood cells or erythrocytes.  The viscoelastic property 

of blood is affected by blood compositional parameters, such as hematocrit and certain plasma 

proteins.  Other factors affecting blood viscoelasticity include changes in osmotic pressure, pH 

and temperature; as well as administration of blood volume expanders and pathologies such as 

myocardial infarction, peripheral vascular disease, cancer and diabetes [9, 15, 16, 17]. 

Functions 

Blood performs several functions which can all be classified in three categories: 

distribution, regulation, and protection.  Blood transports oxygen and nutrients to all cells, 

metabolic waste products to elimination sites, and hormones to target organs [10, 3, 11].   

Diffusion and partial pressure are fundamental processes involved in the transport and 

exchange of oxygen and carbon dioxide [11].  While the oxygen partial pressure (pO2) in the 

alveoli is approximately 100 mm Hg, pulmonary capillaries have a pO2 of 40 mm Hg [10, 11]; 

resulting in a 60-mm-Hg diffusion gradient in favor of pulmonary capillaries.  On the contrary, 

systemic capillaries have a pO2 of 100 mm Hg as opposed to 40 mm Hg pO2 in tissues.  In this 
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case, the 60-mm-Hg diffusion gradient is in favor of tissues, resulting in oxygen diffusion from 

systemic capillaries to tissues.   

In addition to distribution of substances, blood is in charge of maintaining appropriate 

body temperatures, pH, osmotic pressure and fluid volume in the circulatory system [11, 10].   

Blood disseminates heat throughout the body and deals with the excess by transporting it to the 

skin surface.  Regarding normal pH maintenance, many blood proteins act as buffers providing 

an alkaline reserve of bicarbonate atoms [10].  Besides prevention of sudden pH changes, blood 

proteins in conjunction with platelets also help stopping excessive fluid loss from the 

bloodstream, maintaining an optimal fluid volume in the circulatory system.  The protecting 

action of blood includes prevention of blood loss and infections.  Antibodies, complement 

proteins, and white blood cells circulating in the blood help defend the body against foreign 

aggressors [10].    

Red Blood Cell: Morphology, Functions, Rheology, and Hematopoiesis 

Morphology and Functions 

Red blood cells (RBCs), or erythrocytes, are fully differentiated, anucleated, non-dividing 

cells present in normal blood at high concentrations, with a hematocrit ratio (cell volume/blood 

volume) of approximately 0.45 in large vessels, and 0.25 in small arterioles or venules [9, 10].  

Matured erythrocytes are bound by plasma membrane and have essentially no organelles.  They 

are composed of approximately 97% hemoglobin, not including water, and they have other 

proteins whose mainly function is to maintain the plasma membrane or support changes in the 

RBC shape [11, 10].  The biconcave shape of erythrocytes is sustained by a net of fibrous 

proteins (mainly spectrin) which is deformable, giving erythrocytes enough flexibility to change 

shape as needed [10, 9].  
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The red cell’s structural characteristics contribute to its extraordinary flexibility and 

respiratory functions.  Its fibrous-protein membrane is unstressed in the normal biconcave 

configuration and large deformations of the cell can occur without stretching of the membrane 

and without any change in the pressure differential between the interior and the exterior [10, 11, 

9].  In addition to the RBC deformable membrane, its small size and biconcave disk shape, with 

a diameter of approximately 7.5 μm and a thickness of 2 μm, provide a vast surface area ideal for 

gas exchange [11, 9, 10].  Due to the lack of mitochondria, red blood cells generate ATP by an 

anaerobic mechanism; as a result, they do not use any of the oxygen they transport, making them 

very efficient oxygen carriers [10].  

As mentioned earlier, most of the erythrocytes’ content is composed of hemoglobin.  

Hemoglobin (Hb) exists in a tetrameric form, consisting of two alpha (α) and two beta (β) 

polypeptide chains each bound to a ringlike heme group [18, 11].  Each heme group carries an 

atom of iron which can combine reversibly with one molecule of oxygen.  Since a single red 

blood cell contains about 250 million hemoglobin molecules, each cell can carry about 1 billion 

molecules of oxygen [18].   

Erythrocytes provide a protective environment for hemoglobin, preventing it from 

breaking down into �yperbo which adversely affects the kidneys, blood viscosity, and osmotic 

pressure [18, 11].  In addition, erythrocytes protect the Hb molecule from undergoing an 

unhindered oxidation process of its iron center, resulting in the transition of Hb from the ferrous 

(HbFe2+) functional to the ferric nonfunctional form (HbFe3+) [19].  Along with the oxidative 

process, damaging and toxic species can form, including the ferryl protein (HbFe4+) which can 

peroxidize lipids, degrade carbohydrates, and cross-link proteins [19].  Indeed, the red blood cell 
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offers a reductase system rich in the enzymes catalase and superoxide dismutase which takes 

care of the spontaneous oxidation of the ferrous iron [11, 19, 18, 1]. 

Rheological Properties 

Erythrocytes are the major factor contributing to blood viscosity.  G. B. Thurston was the 

first to show that human blood exhibits elasticity and viscosity [20].  While blood viscoelasticity 

depends on the elastic behavior of erythrocytes, blood rheology is governed by cell aggregation, 

flow-induced cell organization and deformability [21].  One of the defining characteristic of 

RBCs is that they form aggregates, known as rouleaux (Figure 2-1) [22], depending on the 

presence of certain plasma proteins and on blood flow rates [9].  These aggregates are space 

efficient since, at normal hematocrit levels, the available plasma space is extremely limited for 

free cell motion without deformation.  At very slow blood flows, shear rates on the cells are very 

small and human blood becomes a big aggregate with the properties of a viscoelastic solid [9].  

Although increasing blood flows will break up the rouleaux and reduce blood viscosity, further 

rearrangement of erythrocytes is needed to optimize the plasma space for cell motion. 

RBC deformation becomes important in reducing blood viscosity even further at shear 

rates greater than 100 s-1 (Figure 2-2) [9, 23].  From a mechanical viewpoint, the red blood cell is 

composed of an elastic membrane surrounding an incompressible Newtonian viscous fluid [24].  

Since it lacks a nucleus and organelles, the intracellular matrix is considered as a protein rich, 

low viscous solution which facilitates deformation [25].  As a result, the cell can undergo an 

unlimited number of large deformations without changing its volume, surface area, and 

stretching or tearing of the membrane [24].   

Hematopoiesis 

Hematopoiesis refers to the process of blood cell formation which occurs in the bone 

marrow [10].  This process is specific to each type of blood cell and depends on the body needs 
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and different regulatory factors [10].  All of the cellular elements in blood arise from the 

pleuripotent hematopoietic stem cell or hemocytoblast [11].  Once a cell is committed to a 

specific blood cell type by the appearance of membrane surface receptors, its maturation 

pathway is unique to the cell type [10, 11].  As cells mature, they migrate through the thin walls 

of the sinusoids to enter the blood, resulting in an average of one ounce of new blood produced 

daily [10].   

Erythrocyte production, known as erythropoiesis, involves three distinct phases: 

preparation for hemoglobin production, hemoglobin synthesis and accumulation, and nucleus 

ejection [10].  During the first two phases, cells produce large amounts of ribosomes 

(proerythroblast to erythroblast) and divide many times (erythroblast to normoblast) [10].  After 

the cell reaches a hemoglobin concentration of approximately 35%, its nuclear function ends and 

its nucleus degenerates and is ejected, causing the cell to collapse inward and adopt the 

biconcave shape (reticulocyte) [10].  Reticulocytes still contain a small amount of clumped 

ribosomes and rough endoplasmic reticulum which are degraded later by intracellular enzymes 

[10].  The entire process from hemocytoblast to erythrocyte takes approximately five to seven 

days [10, 11].   

 In healthy people, new erythrocytes are produced at a rapid rate of more that 2 million per 

second [11].  Erythropoiesis is controlled hormonally and depends on appropriate supplies of 

iron and certain B vitamins; however, its direct stimulus is provided by erythropoietin (EPO) [11, 

10].  EPO stimulates stem cells in the bone marrow to produce red cells blood and the kidneys 

play the major role in EPO synthesis [10, 11].  When there is a drop in normal blood oxygen 

levels due to reduced number of red blood cells, decreased oxygen availability or increased 

tissue demands for oxygen; kidneys accelerate their EPO release [11, 10].  Kidneys are so 
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important in the red blood cell formation process that a renal pathology reflects directly in the 

erythrocyte production.  To cite an example, dialysis patients do not produce enough 

erythropoietin to support normal erythropoiesis, resulting in RBC counts less than half that of 

healthy individuals [10].  

Matured erythrocytes are unable to synthesize proteins, grow, and divide and they lose 

their flexibility, becoming increasingly rigid and fragile as they age [10].  Red blood cells have a 

useful life span of approximately 120 days.  Mature erythrocytes swell and are engulfed and 

destroyed by macrophages in the spleen.  The heme of their hemoglobin is separated from the 

globin and it is degraded to bilirubin while the globin is metabolized and broken down into 

amino acids which are released back to the circulation [10].  At the same time, the iron core is 

recycled, bound to protein (as ferritin or hemosiderin) and stored for reuse [10, 11].   

Red Blood Cell as a Model for Drug Delivery 

Erythrocytes are major candidates for drug delivery applications due to their abundance 

and some unique characteristics such as long life-span in circulation, excellent biocompatibility 

and biodegradability, and non-immunogenecity [26, 27].  As a result, they have been explored 

extensively for two potential applications: (1) the sustained delivery of therapeutic agents in the 

blood stream for a relative long term; and (2) the continuous and targeted delivery of drugs or 

enzymes to organs of the reticulendothelial system (RES) [26, 28].  Certainly, using erythrocytes 

as biological carriers offers an alternative to other carrier systems such as liposomes or 

polymeric micro- and nano-particles that have been used for encapsulation of various drugs, 

enzymes and peptides with therapeutic activity [29]. 

Encapsulation Methods 

In general, the steps to prepare carrier erythrocytes include blood collection, erythrocyte 

separation, drug encapsulation, resealing of the RBC carrier, and finally re-injection to the 
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organism [26].   Different techniques have been suggested to accomplish drug encapsulation 

within erythrocytes along with a proper delivery.  The osmotic methods, which are based on the 

encapsulation under reduced osmotic pressure conditions, are the most widely used.  Some of 

these methods include hypotonic dilution, hypotonic pre-swelling, osmotic pulse, hypotonic 

hemolysis and hypotonic dialysis [29, 26, 28].  Other techniques used for drug encapsulation 

within erythrocytes consist of endocytosis and chemical and electrical processes [26, 29]. 

Advantages and Disadvantages of Red Blood Cells in Drug Delivery 

As mentioned, erythrocytes present unique characteristics that made them a desirable 

system for drug delivery.  In addition to being a natural, biocompatible, biodegradable, and non-

immunogenic system; carrier RBCs offer the chance of loading a fairly high amount of drug in a 

small volume, assuring dose sufficiency using a limited volume of erythrocyte samples [27, 30].  

Other advantages in using erythrocytes as drug delivery systems include: their abundance, size, 

morphology and inert intracellular environment; providing drug protection from endogenous 

factors and cell metabolic activities, as well as the organism protection against toxic drug effects 

[26, 27].  However, the two main advantages of carrier erythrocytes are that they act as a true 

drug delivery system by modifying the drug’s pharmacokinetic and pharmacodynamic 

parameters, and their selective distribution to the RES organs [26, 28, 29].  The latter property of 

the carrier RBCs is of great therapeutic importance in drugs such as antibiotics, enzymes or anti-

HIV peptides, among others [28, 26].    

The clinical application of carrier erythrocytes has been limited by two main factors.  The 

lack of reliable and appropriate in-vitro storage methods for maintenance of cell survival and 

drug content has become a major limiting factor [26].  Furthermore, autologous applications 

might be limited depending on the disease state since the RBC morphology is directly affected 

by certain pathologies.  Although, the use of allocarriers could solve the problem, a whole set of 
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complications arises from this solution such as loss of the non-immunogenic property and 

insufficient blood donors.  

Drug Delivery Systems 

The Food and Drug Administration (FDA) has approved a number of proteins, including 

monoclonal antibodies, growth factors, cytokines, soluble receptors, and hormones, to treat a 

variety of diseases [31, 32, 33].  However, conventional oral and intravenous (IV) delivery of 

these drugs is usually not effective because of the inherent instability of many proteins [33, 31, 

32, 34, 35].  Proteins have a very short in vivo half-life, are incapable of diffusing through 

biological membranes and are unstable in the body environment [33, 36, 37].  Although 

intravenous protein administration is most effective, daily injections and high protein 

concentrations are required to achieve an effective local concentration for a prolonged time [33, 

38].  Frequent systemic doses increase treatment cost, patient discomfort, and side effects. 

To improve delivery of proteins, many controlled-release delivery systems composed of 

polymeric biomaterials have been developed [39, 40, 41].  The main goal of developing these 

systems is to control the release of drugs so that a therapeutic level is achieved for long periods 

of time.  Besides the therapeutic advantage, there is a business aspect for the great interest in 

controlled-delivery systems.  Due to increasing FDA regulations, pharmaceutical companies 

need to invest more than $800 million for introducing a new drug in the market in addition to 

spending more than 10 years of research and development work [42].  Therefore, creating new 

devices or systems that deliver the same drug in a controlled manner is an economical strategy of 

extending the license of the same drugs [42].   

Controlled-release delivery systems are classified depending on the mechanism controlling 

the drug release (Table 2-5) [42].  The most promising delivery approach is the encapsulation of 

protein drugs within biodegradable polymers processed in a form that facilitates administration 
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through a syringe needle (particulate systems) [33, 41, 43].  Currently, three injectable polymer 

configurations are used: nano- or microspheres, which are spherical matrix particles with the 

drug uniformly distributed in the matrix; nano- or microcapsules which are conformed of a well-

defined core containing the therapeutic agent and a polymer membrane surrounding the core; and 

cylindrical implants of approximately 0.8-1.5 mm in diameter [42, 43].  Microspheres and 

microcapsules have several advantages over cylindrical implants, including less painful and a 

more simplified administration [43].      

Besides decreasing cost and frequency of injections, encapsulation of proteins and peptides 

within biodegradable polymeric particulates has three key advantages over conventional drug 

delivery systems [44]: 

• localization of the drug at the site of action, 

• continued and prolonged release of the therapeutic drug, 

• and protection of proteins and peptides against chemical or enzymatic degradation from 

the physiological environment. 

Microspheres and Microcapsules 

Microencapsulation has been widely used not only to develop controlled-release drug 

delivery systems; but to masquerade tastes and odors, reduce toxicity, and protect cells from the 

host immune response in the absence of immunosuppression drugs [45, 46].  Among all the 

microencapsulation systems, biodegradable polymeric nano- and micro-sized particulates are the 

most promising ones for controlled delivery of different drugs, either hydrophobic or hydrophilic 

ones.  Microspheres are considered polymeric matrices with no superficial membrane.  In this 

system, the drug is relatively distributed homogeneously through the entire polymer matrix, 

resulting in a release kinetic governed by erosion and diffusion [42].  Although microspheres 

have been made with different kinds of polymers such as polyesters, polymethacrylates, and 
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celluloses; poly(lactide) or poly(lactide-co-glicolide)-based microspheres have been the most 

studied systems due to the excellent biocompatibility and biodegradability properties of the 

polymers [42, 47].  Table 2-6 shows a number of commercially available poly(lactide-co-

glycolide) (PLGA) microspheres used for drug delivery [42]. 

On the contrary, microcapsules present a well-defined core-shell structure where the core 

is loaded with the therapeutic agent and the shell provides the pharmacokinetic-release limiting 

factor [42, 48].  The release kinetics for this type of system is governed by diffusion from the 

core through the degrading shell [48].  To date a diversity of materials has been employed as 

shell components (i.e. synthetic and natural polyions, proteins, nucleic acids, lipids, 

nanoparticles, etc) while biological cells, latex and inorganic particles, oil dispersion, and 

organic crystals have been used as core templates [49, 48].   

Microencapsulation Techniques 

Several microencapsulation approaches with biodegradable polymers have been 

developed, which are currently used in numerous applications in industry, agriculture, medicine, 

pharmacy, and biotechnology [50].  Some of these methods include emulsion solvent 

evaporation, solvent extraction, coacervation, spray-drying, interfacial complexation, coating, 

and hot melt coating [46, 51].  Although, each method has both advantages and disadvantages in 

the elaboration of polymeric microparticles, a common problem with all the approaches is the 

preparation of truly efficient sustained-release delivery systems.   

The most commonly used methods of preparing protein-loaded microspheres are the water-

in-oil-in-water (W/O/W) double emulsion and the oil-in-water (O/W) single emulsion solvent 

evaporation techniques [47, 52].  Both methods involve the polymer dissolution in an organic 

solution; mixing (shake, vortex, or sonication) of the drug, either in the powder or liquid form, 
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with the organic phase; and dispersion of the emulsion/solution into a continuous aqueous phase 

followed by solvent evaporation or extraction.  Although these techniques are fairly simple, cost 

effective, and easily up-scalable for mass production; they lack effectiveness in producing a 

linear controlled-release system.  The main drawbacks of these methodologies include 

denaturing of some encapsulated proteins due to the manufacturing process conditions (such as 

intimate contact with organic solvent, heating, and mechanical forces), poor encapsulation 

efficiency for hydrophilic drugs, and the polydispersed size of prepared microspheres generally 

ranging from 10 to 100 μm.  Although some of these technological problems have been 

addressed by the use of milder organic solvents and surfactants, the process still needs 

improvement. 

In addition to the emulsion solvent evaporation methods, the polymer phase separation and 

spray-drying techniques have also being used for the preparation of protein-loaded microspheres.  

The advantages of the polymer phase separation method are that no aqueous phase is involved, 

eliminating the loss of protein through the aqueous phase as in the emulsion techniques, and that 

the whole process takes place at room temperature, which avoids heat-induced denature of the 

protein [47].  However, elevated concentrations of residual solvents have been found in the 

microspheres [47], making them highly toxic and immunogenetic.  Spray-drying has also being 

used to encapsulate hydrophilic and hydrophobic drugs within several polymers [53, 54].  The 

major advantages of this technique are the one-step process and ease of parameter control as well 

as of scale-up [54]. 

On the other hand, the preparation of micro- and nano-sized capsules involves a wide 

variety of manufacturing techniques.  For this kind of system, fabrication of the core is not as 

important as the shell preparation since the system’s defining properties will depend on the latter.  
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While any of the techniques mentioned earlier could be applied to manufacture the core, the most 

common approach used to fabricate the shell involves self-assembly strategies [55].  This 

method, initially applied to planar surfaces, employs oppositely charged nanocomposite 

multilayer films assembled onto templates of charged colloidal particles [55, 56].   

The layer-by-layer (LbL) absorption technique, originally introduced by Decher [57], is the 

method currently used to fabricate the core-shell particle system known as polyelectrolyte 

complex (PEC).  The LbL method is based on the electrostatic interaction between polyanions 

and polycations that are consecutively absorbed on a charged planar or spherical surface [49, 58, 

55].  The LbL method provides an effective and simple approach to manufacture PEC systems 

with customized chemical and physical properties significantly different to those of the colloidal 

template [51, 58].  In addition to customization of particle properties, the LbL approach permits 

one to control the thickness of PEC layers with nanometer precision [55, 56, 48, 59, 7]. 

An important feature of PEC particles is the successive dissolution of the colloidal 

template, resulting in free-standing, polyelectrolyte-shell capsules with the shape and size 

determined by the template [7, 56, 58, 48].  The core removal is attained in a case-specific 

manner since it depends on the template’s chemical nature [51].  The major disadvantage of 

polyelectrolyte capsules is their instability, depending on pH, temperature, and salt 

concentrations [51, 60].  However, this disadvantage can be used to develop controlled-release 

drug delivery capsules.  In addition, capsules with prolonged release properties can be obtained 

by increasing the number of polyelectrolyte layers [58, 48].  Another significant property of 

these capsules is the selective permeability of their polyelectrolyte shell: permeable for small 

molecules and ions and impermeable for higher molecular weight compounds [56, 58, 61].  

Certainly, PEC capsules offer very attractive properties for the encapsulation of proteins, 
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peptides, oligonucleotides, genes, and cells for many applications in biotechnology, medicine, 

pharmaceutics, cosmetics, and the food industry. 

Immune System Response to Foreign Elements 

The immune system is a complex network composed of many proteins, cells, and a few 

well-defined organs [62].  Its main function is to protect us against pathogenic agents and 

diseases by recognizing bacteria, fungi, viruses, parasites, cancerous cells, and foreign elements 

[42, 62].  The immune system actually recognizes macromolecules (such as proteins or 

polysaccharides) of foreign elements and the degree of immunogenecity of these structures will 

depend on their foreignness, molecular size, chemical composition and complexity, and the 

ability to be processed and presented with a major histological complex molecule [62].  

Depending on the foreign agent’s location in the body, different organs and cells will be involved 

in the immune response.   

The immune system response represents the major limiting factor in the efficacy of long-

term, controlled- release delivery particulates.  Intravenously administered particulate carriers are 

rapidly recognized by cells of the reticuloendothelial system (RES) and, consequently, removed 

from the systemic circulation within minutes [62, 63, 64, 65].  The efficient elimination of 

particulate systems by the RES is known for a long time.  Depending on the surface chemistry, 

charge and hydrophilicity, the removal process is initiated by opsonization.  A set of plasma 

proteins, known as opsonins, absorbs onto the surface of particulates and make them 

recognizable to the RES [64].  Classical opsonin molecules include immunoglobulins, 

complement proteins (such as C1q, C3b, and iC3b), apolipoproteins, von Willebrand factor, 

thrombospondin, fibronectin, and mannose-binding protein [63, 64].  Opsonized particulates are 

then phagocytosed by hepatic midzonal and periportal Kupffer cells [63, 66].  The spleen and 

bone marrow might also participate in the particle clearance process from the bloodstream 
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depending on the pathophysiological conditions and the physicochemical characteristics of the 

particulate carriers [66].   

When particulate carriers are small and have a neutral-charged surface, they are not 

efficiently opsonized and, therefore, they are poorly recognized by Kupffer cells [63].  However, 

they might still go through a clearance process from the vasculature by fenestrations in the 

hepatic sinusoidal endothelium, the spleen or bone marrow [63, 66].  Particles with diameters of 

less than 100 nm get trapped by extrusion through endothelial fenestrations in the space of Disse 

and the hepatic parenchyma [63].  The size, deformability, and sphericity of drug delivery 

particulates also play a crucial role in their removal by the sinusoidal spleen [63].  Particles 

larger than 200 nm and their aggregates can be physically trapped in the spleen fenestrations, 

unless they are deformable as in the case of erythrocytes [63, 65].  On the other hand, the particle 

elimination mechanism by the bone marrow is more complex and species-dependent, capable of 

removing particles from the circulation by transcellular and intercellular paths [66].  

Certainly, physicochemical factors of drug delivery particulates are critical for their 

recognition and removal from the bloodstream by the RES.  For the past 30 years, it has been 

known that hydrophilic particles remained in the circulation longer than hydrophobic ones due to 

rapid opsonization of the latter [67].  The particle’s surface charge is another factor influencing 

the clearance process due to electrostatic interactions with blood components and cell surfaces.  

Although, there are conflicting viewpoints regarding the surface charge, it is believed that neutral 

charged particulates have a longer half-life in the bloodstream [67, 64].  The other major factor 

determining the RES removal of particulate systems is the size of the particles.  A narrow 

particle diameter range, between 100 and 200 nm, is preferred to avoid particle entrapment in 

hepatic and splenic fenestrations [66]; unless, the particulates are deformable in which case 
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larger diameter particles could be administered, increasing the drug loading potential.  Indeed, a 

fuller understanding of the physicochemical properties of drug delivery particulates and their 

effects on the immune response will make it possible to design particle carriers with reduced 

affinity to the cells of the RES.
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Table 2-1.  Plasma protein concentrations (mg/100 mL) 
Protein Plasma 

Total 6500-8000 

Albumin 4000-4800 

α1-globulins 380-870 

α2-globulins 570-940 

β-globulins 730-1380 

γ-globulins 590-1450 

Fibrinogen 200-400 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 

  Table 2-2.  Physicochemical properties of the major plasma proteins 
Species Concentration 

(mg/ml) 
Mol 
weight 
(Da) 

pI Sedimentation 
const in water 
at 20°C (10-3 

cm/dyn*s) 

Diffusion 
coeff in 
water at 
20°C (10-7 

cm2/s) 

Partial 
specific 
volume of 
protein at 
20°C (ml/g) 

Prealbumin 10-40 5.5x104 4.7 4.2 --- --- 

Albumin 35-45 6.6x104 4.9 4.6 6.1 0.733 

Α1-seromucoid 0.5-1.5 4.4x104 2.7 3.1 5.3 0.675 

Α1-antitrypsin 2.0-4.0 5.4x104 4.0 3.5 5.2 0.646 

Α2-macroglobulin 1.5-4.5 7.2x105 5.4 19.6 2.4 0.735 

Α2-haptoglobin       

    Type 1.1 1.0-2.2 1.0x105 4.1 4.4 4.7 0.766 

    Type 2.1 1.6-3.0 2.0x105 4.1 4.3-6.5 --- --- 

    Type 2.2 1.2-2.6 4.0x105 --- 7.5 --- --- 

Α2-Ceruloplasmin 0.15-0.60 1.6x105 4.4 7.08 3.76 0.713 

Transferrin 2.0-3.2 7.6x104 5.9 5.5 5.0 0.758 

Lipoproteins       

    LDL (ρ<1.019) 1.5-2.3 1.5x107 --- >12 5.4 --- 

    LDL (ρ<1.063) 2.8-4.4 3.2x106 --- 0-12 --- --- 

    HDL2 (ρ=1.093) .37-1.17 4.4x105 --- 4-8 --- --- 

    HDL3 (ρ=1.149) 2.17-2.70 2.0x105 --- 2-4 --- --- 

IgA (monomer) 1.4-4.2 1.6x105 --- 7 3.4 0.725 

IgG 6-17 1.5x105 6.8 6.5-7.0 4.0 0.739 

IgM 0.5-1.9 9.5x105 --- 18-20 2.6 0.724 

C1q 0.1-0.25 4.0x105 --- 11.1 --- --- 

C3 1.5-1.7 1.8x105 6.4 9.55 4.5 --- 

C4 0.2-0.5 2.1x105 --- 10.1 --- --- 

Fibrinogen 2.0-4.0 3.4x105 5.5 7.6 1.97 0.723 
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Table 2-3.  Concentrations of major electrolytes (mEq/L) in whole blood and plasma 
Electrolyte Whole blood Plasma 

Bicarbonate 19-23 24-30 

Calcium 4.8 4.0-5.5 

Chloride 77-86 100-110 

Magnesium 3.0-3.8 1.6-2.2 

Phosphate 0.76-1.1 1.6-2.7 

Potassium 40-60 4.0-5.6 

Sodium 79-91 130-155 

Sulfate 0.1-0.2 0.7-1.5 

 
Table 2-4.  Concentrations of various organic compounds (mg/100mL) in whole blood and 

plasma 
Species Whole blood Plasma 

Amino acids 38-53 35-65 

Bilirubin 0.2-1.4 0.2-1.4 

Cholesterol 115-225 120-200 

Creatine 2.9-4.9 2.5-3.0 

Creatinine 1-2 0.6-1.2 

Fat, neutral 85-235 25-260 

Fatty acids 250-390 150-500 

Glucose 80-100 60-130 

Lipids, total 445-610 285-675 

Nonprotein N 25-50 19-30 

Phospholipids 225-285 150-250 

Urea 20-40 20-30 

Uric acid 0.6-4.9 2.0-6.0 

Water 81-86g 93-95g 

 



 

38 

 

Figure 2-1.  Scanning electron micrograph of red blood cell aggregates, rouleaux. 

 

Figure 2-2.  Shear rate dependence of normal human blood viscoelasticity at 2 Hz and 22 °C. 
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Table 2-5.  Controlled release drug delivery systems 
• Diffusion-controlled 
         Reservoir and monolithic systems   
• Water penetration-controlled 
         Osmotic and swelling-controlled systems 
• Chemically-controlled 
         Biodegradable reservoir and monolithic systems 
         Biodegradable polymer backbones with pendant drugs 
• Responsive 
         Physically- and chemically-responsive systems (T, solvents, pH, ions) 
         Mechanical, magnetic- or ultrasound-responsive systems 
         Biochemically-responsive; self-regulated systems 
• Particulate 
         Microparticulates 
         Polymer-drug conjugates 
         Polymeric micelle systems 
         Liposome systems 
  

 
Table 2-6.  Examples of commercialized PLGA copolymers microspheres 

Trade Name Drug 
Decapeptyl Depot® Triptorelin 
Enantone LP® Leuprorelin 
Somatulin LP® Lanreotide 
Parlodel LAR® Bromocriptine 
Sandostatin-LAR® Ocreotide 
Nutropin® Recombinant Human Growth Factor 
Lupron® Leuprolide Acetate 
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CHAPTER 3 
CHARACTERIZATION OF THE DEFORMABLE BEHAVIOR OF PLURONIC®-PLA AND 

POLYELECTROLYTE CHITOSAN-ALGINATE MICROPARTICLES 

Introduction 

Since the1980s numerous groups have tried to develop a red blood cell analog due to the 

HIV epidemic of the time [1, 2].  Even though some of these substitutes are now in phase III of 

clinical trials, their use is very limited due to side effects and short half-life time within the 

human body [4].  As a result, there is still a need for an effective erythrocyte analog with 

minimum immunogenic and side effects, so that it can be used for multiple applications.  Besides 

the imperative need of a blood substitute for in vivo use, there is also a need of it for in-vitro 

testing of medical devices and products.   

Many types of medical equipment and products have been engineered with the purpose to 

interact directly with blood.  To illustrate, some of the these devices include dialysis machines, 

ventricular assist devices, heart-lung machines, heart valves, catheters, grafts, stents, among 

others.  Since blood will be in direct contact and, sometimes, even subject to mechanical stress 

with this type of devices, it is necessary to test their effect on blood in vitro before moving on to 

clinical trials.  However, testing with real blood involves an array of complications such as cost, 

increment in rules and regulations, availability, variability among donors, and inconsistency with 

storage time.   

Particles with deformability properties and dispersed in fluids with viscosities similar to 

blood will represent a valuable advance for the testing of medical devices and products.   In this 

study we investigated the use of synthetic and natural biodegradable polymers as possible 

materials for the development of biodegradable, biocompatible, and multi-functional particles 

with deformability properties for applications in device testing and drug delivery.  The main goal 
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is to attain particles capable to deform under micropipette suction pressures used to aspirate 

erythrocytes.  

Poly(Lactic Acid) 

In the development of medical devices, especially for controlled-release delivery systems, 

synthetic biodegradable polymers are frequently used as carriers for protein drugs.  Synthetic 

polymers are preferred over biological materials because of their biocompatibility, minimal 

immunogenecity, biodegradability, and high manufactured reproducibility.  The polymers most 

often used for the fabrication of drug delivery systems are poly(glycolic acid) (PGA), poly(lactic 

acid) (PLA), and the copolymer poly(lactide-co-glycolide) (PLGA) [33, 68] due to their good 

biocompatibility, variable mechanical processability, and a wide range of biodegradable 

properties [33, 41].  Among these three polyesters, PLA (Figure 3-1) with the chemical formula 

(C3H4O2)n is the most hydrolytically stable in addition to its long history of safe and 

biodegradable use as resorbable suture materials [69, 43, 70, 71].   

PLA degrades by a well-known erosion process into natural lactic-acid metabolites that are 

easily eliminated by the body.  Hydrolysis of the ester bond initiates the erosion process; 

followed by a reduction in molecular weight and an increase in the acidic environment which, in 

turns, accelerates degradation [42].   The PLA erosion rate is controlled by varying the molecular 

weight and type of polylactide monomer used [71, 68, 72, 42].  These factors determine the 

hydrophilicity and crystallinity, which govern the rate of water penetration [68, 44].  The higher 

the molecular weight, the longer the polymer retains its structural integrity, the slower its 

degradation rate [68].  In this study, DL-PLA was the polymer used since it is completely 

amorphous and its lack of crystallinity causes it to degrade faster than L-PLA.  In addition, it has 

a lower tensile strength which makes an attractive property when trying to manufacture 

deformable microspheres.    
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Pluronics® 

Surfactants are an important constituent for many colloidal suspensions, governing 

rheological properties and stability against phase separation of many commercial dispersions in 

the cosmetic, food, and medical field [73].  Poloxamers, also known by the commercial name 

Pluronics® (BASF, Wyandote, USA), are commonly used as stabilizers in the preparation of 

emulsions and colloids.  Pluronics® are triblock ABA-type copolymers composed of 

poly(ethylene oxide)-poly(propyleneoxide)-poly(ethylene oxide) (PEO-PPO-PEO) blocks 

arranged in a basic structure.  Table 3-1 shows a list of the commercially available Pluronics® 

which can be classified as hydrophobic or hydrophilic depending on the EO/PO ratio [74].   

Pluronics® are soluble in water and polar solvents.  In aqueous solutions, they exhibit 

temperature-dependent rheological properties due to their amphiphilic structures [74].  Gelation 

of Pluronics® solutions will occur above a certain temperature and it will also depend on the 

polymer concentration and EO/PO ratio [74].  Moreover, Pluronics® in aqueous solutions are 

capable of self-assembling into multi-molecular aggregates (micelles), which makes them 

attractive for drug delivery applications [75].   Micelle formation will also depend on block 

copolymer concentrations, EO and PO unit lengths as well as temperature and type of solvent 

used [76, 77].    

In addition to unique gelation and micelle formation properties, some of the Pluronics® 

exhibit minimal toxicities in vivo, allowing their clinical use [78].  Furthermore, modification of 

polymeric surfaces with PEO to reduce non-specific protein adsorption and undesired 

bioadhesion in biological environments has been proven effective for the past 30 years [64, 36].   

The valuable properties of PEO surface modifications are associated to the distinctive structure 

of  PEO molecules which show greatly hydrated, non-ionic, and mobile chains in an aqueous 

environment [64].  However, using Pluronic® copolymers, instead of the PEO homopolymer, for 
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surface modification is preferred due to the improved stabilization of the system, provided by 

anchoring of the PPO units to the solid surface [36, 64].  In this study, conjugations of DL-PLA 

and Pluronics® with different compositions and molecular weights were used to investigate the 

system’s feasibility in the development of deformable particles. 

Alginate 

Alginates are random, anionic, linear, polysaccharides derived from brown algae.  These 

natural block copolymers are conformed by varying ratios of unbranched chain 1,4’-linked β-D-

mannuronic acid (M) and α-L-guluronic acid (G) residues (Figure 3-2) [79, 80, 81, 82].  

Frequency and distribution of these monomers along the polymer chain are irregular and 

dependent on the source of origin [83].  Although alginates have been isolated from bacteria, 

three species of brown algae (Laminaria �yperborean, Ascophyllum nodosum, and Macrocystis 

pyrifera) are the primary source for commercially available alginates [84].  Approximately 40% 

of the algae dry weight is alginate which is found in the intracellular matrix as a mixed salt of 

diverse cations from the sea water (i.e. Mg2+, Ca2+, Sr2+, Ba2+, and Na+) [84].  

Though alginates have several unique properties, gelation and swellability are the two most 

significant.  Alginate forms a gel in the presence of divalent cations and calcium-crosslinked gels 

are the most abundant in nature [84].  The affinity of alginates for divalent cations depends 

mostly on the electronic structure of the cation, with the highest affinity for copper ions and the 

least for manganese ions [85].  Metal ions, especially calcium, are more commonly used to 

crosslink gel alginates since toxicity has been a limitant factor in the use of transition metals.   

The sol-gel transformation begins with the exchange of monovalent ions from the G residues of 

water-soluble alginate salts with divalent cations [80, 86].  Binding of divalent cations to G 

blocks is highly cooperative, forming stacks of more than 20 monomers [84].  Martinsen et al. 

described the physical orientation of the stacks as the egg-box structure, being more abundant for 
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high G alginates than for low G ones [83].  However, Wang et al. found that transition metal ions 

bind to both G and M residues with a binding distribution dependent on solvent conditions [85].  

As a result, alginate composition as well as cation affinity will play a significant role in the 

properties of the crosslinked gel matrix.   

The swelling property of crosslinked alginate gels depends on solutes present in the 

solution [85].  Sequestering agents form stable complexes with bound cations, resulting in a 

polymer chain relaxation and volume expansion [61].  Calcium-alginate gel matrices start 

swelling and are further destabilized upon contact with solutions containing chelators such as 

phosphate, lactate, citrate, ethylenediamine tetraacid (EDTA) or high concentrations of non-

gelling cations like sodium or magnesium ions [61, 84].  Swelling and degradation of alginate 

gels due to removal of crosslinker ions, time, pH, or temperature are determining features in the 

development of controlled-release systems.  As a result, alginate matrices have been commonly 

used for a variety of delivery systems including gels, films, beads, microparticles, and sponges.   

In addition to alginates’ unique properties, their chemistry and relatively mild crosslinking 

conditions, fairly easy processability, source abundant, low price, biocompatibility, and 

biodegradability have enabled their used in a wide variety of biomedical applications [80, 81, 

82].  Some of these applications include immunoprotective containers in cell transplantation, cell 

scaffolds, controlled-release drug delivery systems, and surgical dressings for the treatment of 

adhesion problems in tissue repair, capillary hemorrhage blockage, and burns [45, 61, 83, 84]. 

Certainly, a wide range of matrices with different morphologies, pore size, water content, and 

release rates can be manufactured by selecting determined alginate compositions, crosslinkers, 

additives, gelation conditions, and coating agents.   
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Chitosan 

Chitosan is a cationic, linear, naturally occurring polysaccharide with structural 

characteristics similar to glycosaminoglycans [87, 88].  This polycationic biopolymer is 

fundamentally composed of (1-4)-linked D-glucosamine units with some percentage of N-acetyl-

D-glucosamine units (Figure 3-3) [50].  Chitosan is commonly obtained by alkaline 

deacetylation of chitin since it is rarely found in nature [89].  Conversely, chitin is the second 

most abundant natural polysaccharide [90], present in the exoskeleton of crustaceans, mollusks, 

the cell walls of fungi, and the cuticle of insects [87].  Chitin is a homopolymer consisting of 

β(1-4)-linked N-acetyl-D-glucosamine units, which can be specifically modified by controlled 

chemical reactions [50].   

The degree of deacetylation of chitin will determine the functional properties of chitosan.  

A low-molecular-weight, highly-deacetylated chitosan, known as chitosan oligosaccharide 

(COS), is obtained when chitosan is further hydrolyzed [89].  COS has very promising properties 

which can be utilized in a wide range of applications.  While chitosan is only biologically active 

in acidic environments due to poor solubility, COS is water soluble at neutral pH as it maintains 

its cationic nature.  This property allows COS to electrostatically interact with polyanionic 

polymers and molecules in diverse aqueous environments, forming polyelectrolyte materials 

optimal for drug delivery [83, 91].   

Besides the physicochemical features, many useful biological properties of chitosan have 

been recognized, including biocompatibility; biodegradability; low toxicity; mucoadhesion; and 

antifungal, antimicrobial, anticoagulant, antitumoral and hipolipidemic activity [50, 87, 92].  

Chitosan is metabolized and degraded into non-toxic products by enzymes, such as lysozyme, 

lipase and chitosanase [50].  While the latter is found in plants and insects, the other two are 

present in mammals [50].  All these interesting characteristics have led to the recognition of 
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chitosan and its derivatives as potential materials in numerous applications in agriculture, 

environment, food industry, medicine, pharmacy, and biotechnology.  Some of the applications 

in the medicine and pharmaceutical fields include: surgical sutures, sponges and bandages, 

matrices and coatings for drug delivery systems, orthopedic and dentistry materials, cell 

scaffolds, and immunoprotective barriers for cell transplantation [50, 88].   

To attain microcapsules with deformable properties, we studied different concentrations of 

alginate and chitosan for the development a polyelectrolyte complex (PEC) system consisting of 

multiple-layer microcapsules with a dissolvable gel core.  

Materials and Methods 

Preparation of PLA-Pluronic® Particles 

Polyester microspheres were prepared by the water-in-oil-in-water (W/O/W) double-

emulsion solvent extraction/evaporation technique.  The polymer used was D,L-poly lactic acid 

(DL-PLA) (Mw 350 kDa) from Birmingham Polymers.  In addition to PLA, Pluronics® with 

different HLB (kindly donated by BASF) were used as surfactants (Table 3-2).  Pluronic® was 

dissolved at different concentrations in phosphate buffer saline (PBS), pH 7.4, and emulsified in 

methylene chloride containing 2% (w/w) DL-PLA.  This first water-in-oil emulsion was 

generated by ultrasonication for 60 seconds in an ice water bath.  This emulsion was added to 

1.5% polyvinyl alcohol (PVA) solution at 4°C under continuous stirring at 1500 rpm for 30 min.  

Microspheres were collected by filtration, through a 300-μm nylon mesh, and centrifugation.  

PLA-Pluronic® microparticles were washed three times with deionized water, lyophilized, and 

stored at -20ºC until use.   

Preparation of Alginate Particles 

Natural polymeric microspheres were prepared by a water-in-oil emulsion crosslinking-

gelation technique [93].  The polymer used was alginate from Keltone (LV, food grade).  
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Calcium chloride and copper nitrate at different concentrations were used as crosslinking 

solutions (Table 3-3).  The aqueous phase consisted of sodium alginate dissolved in deionized 

water at different concentrations.  The oil phase consisted of soybean oil.  The first emulsion was 

obtained by ultrasonication of two phases at 60W for 1 min in an ice bath.  A second aqueous 

solution containing different concentrations of crosslinking agent was added to the emulsion by 

air-spray (40 psi, 20ml/hr) at a 4-cm dropping distance while stirring the whole medium slowly 

with a magnetic stirrer.  Particles were allowed to cure for ten minutes under continuous stirring.  

Then medium was allowed to rest for 24 hr so that particles would drop to the bottom of the 

container while the oil phase was left at the top.  After separation of the two phases, particles 

were collected by filtration through a 45-μm mesh and washed copiously to remove the oil.  

Particles were stored at 4°C until future use. 

Coating of Alginate Particles 

Ca- and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption 

technique.  The coating always started and ended with the positive polymer.  Microcapsules with 

zero, one, five, and nine alternating layers were fabricated. The cationic polymer used was a 

high-molecular-weight chitosan and a high-deacetylated, low-molecular-weight chitosan 

oligosaccharide lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic 

polymer used.  A chitosan solution containing CaCl2 or alginate solution was added to 

crosslinked-alginate particles dispersed in deionized water.  Different batches were made 

differing in the concentrations of chitosan and alginate solutions. 

After allowing the particles to coat for 30 minutes, they were collected by centrifugation 

and washed three times with deionized water to ensure that all free polyelectrolytes were 

removed.   Following the washes, particles were ready for the next coating or stored at 4°C until 



 

48 

use.  Table 3-3 shows all the formulations used to make the different batches of chitosan-alginate 

microcapsules. 

Decomposition of the Particles’ Core 

Decomposition of the particles’ core was achieved in a case-specific manner by treating 

particles with sequestrant agents specific to each crosslinking ion.  The agents used to remove 

calcium and copper ions were phosphate (Cellgro) and bovine serum albumin (Cellgro) 

respectively.  An initial concentration of 5% (w/v) chelating media with or without supplemental 

ions was prepared.  Multiple-layer particles, at a 5% (w/v) concentration, were incubated at room 

temperature in the chelating medium specific to each crosslinking ion.  After close observation, 

old medium was replaced by same amount of fresh medium if core was not dissolved.  Medium 

was replaced until the core was decomposed.  Gel-core particles were then stored at 4°C until 

further use. 

Measurement of Particles’ Deformability 

The micropipette aspiration technique was applied to assess particles’ deformability.  In 

this technique, a portion of a single microcapsule is drawn into a pipette by applying a pressure 

difference between the inside of the pipette and the chamber containing the particle suspension 

[94, 95].  The Plexiglas, home-built chamber open at one side, allowing for the pipette entry, was 

prepared by fixing with vacuum grease a glass coverslip to the top and the bottom of the 

chamber.  Micropipettes were pulled from glass capillaries of 1 mm diameter using a pipette 

puller.  To attain the desired diameters, micropipettes were forged subsequently.   Micropipette 

tips with inside diameters approximately 20% smaller than the particles’ diameter were 

fabricated.  Previous to their use, pipettes were backfilled with 0.9% NaCl solution using a 

plastic syringe with a 97-mm long, 28G backfiller (Microfil, World Precision Instruments, 

Sarasota, FL).   
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Before particles were used for deformability studies, they were incubated in sequestrant-

containing media until the core was decomposed.  The prepared chamber was then filled with 

microparticles suspended in sequestering media and mounted on the microscope stage.  An initial 

negative pressure of 5 cm H2O (approximately -4.9x103 dynes/cm2) was applied and pressure 

was augmented in increments of five.  After a section of the particle had been aspirated, the 

negative pressure was decreased and the particle was unloaded.  The whole aspiration process 

was monitored and recorded using an inverted light microscope (Axiovert 100, Zeiss), a Carl 

Zeiss video camera system, and a VCR.  The recorded images were converted into digital images 

using the Matrox software.  Since the main goal of the study was to attain particles capable to 

deform under micropipette suction pressures used to aspirate erythrocytes [96], particles were 

considered deformable only when using pressures up to -40x103 dynes/cm2 (-41 cm H2O).  

Scanning Electron Microscopy (SEM) Analysis 

Surface morphology of the microcapsules was examined by SEM after gold-palladium 

coating of microcapsule samples on an aluminum stub. Samples for scanning electron 

micrographs were obtained after 0, 1, 5, and 9 coatings.  Droplets of microsphere solutions were 

mounted on aluminum stubs, let air dried and sputter-coated with gold and palladium particles.  

The stubs were mounted in a scanning electron microscope at 10.0 kV and imaged at x500, 

x1000, and x5000.    

Results and Discussion 

PLA-Pluronic® Particles 

Microspheres made with PLA and Pluronics® were not deformable when using the 

micropipette technique, except for particles made with PLA and P105.  Pluronics® used had 

different molecular weights and HLB ratios ranging from the most hydrophilic to the most 

hydrophobic copolymer.  The first type of Pluronic® used was F127 which is a hydrophilic 
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copolymer very commonly used for drug delivery systems.  F127 has a high PPO molecular 

weight (4000 Da) and a PEO content of approximately 70 % (w).  Pluronics® were dissolved in 

phosphate buffered saline (PBS, pH 7.4) at different concentrations ranging from 1% to 20% 

(w/v).  At concentrations below 20%, Pluronic® solutions did not gel at room temperature.  In 

addition, particles obtained at lower concentrations were not uniform; therefore, 20% was the 

Pluronic® solution concentration used for all further experiments.  

Besides variation of Pluronic® solution concentration, particles with formulations of 

different PLA/Pluronic® ratios were synthesized.  The ratios used were the following: 1:1, 1:2, 

and 1:3.  Microspheres were not obtained with the 1:1 formulation; thus we only continued using 

the last two formulations for the preparation of following batches.  Even though, F127-PLA 

microspheres presented a morphology with a thick shell and an empty core (Figure 3-4A), none 

of the batches obtained resulted in deformable microspheres.  Negative aspiration pressures of up 

to 60 cm H2O (-58.8 x103 dynes/cm2) were applied to the particles and no signs of deformation 

were observed.  As a result, we decided to use L101 which is another high-PPO molecular 

weight Pluronic® (3300 Da), but in the hydrophobic range with a 10 % (w) PEO content.  All 

the L101-PLA formulations yielded microspheres with morphology similar to the F127-PLA 

particles’ (Figure 3-4B) and deformability was not achieved either.   

Since the idea of using Pluronics® was to increase the water content in the PLA 

microsphere system so that particles become softer, we decided to use a surfactant with higher 

hydrophile content and lower lipohilic content.  The next Pluronic® used was F68 containing 80 

% (w) PEO and a very low PPO molecular weight (1800 Da).  F68-PLA microspheres presented 

a different morphology compared to the F127- and L101-PLA particles’.  F68-PLA particles 

presented a capsular morphology with a large PLA core and a very thin Pluronic® shell (Figure 
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3-4C).  After applying an aspiration pressure of -45 cm H2O (-44.1 x103 dynes/cm2), it was 

found that the thin shell was deformable but not the core.  Pressures of up to -60 cm H2O were 

applied with no change in the deformable capability of the particles.  All the F68-PLA 

formulations showed similar morphology and deformability properties; therefore, we decided to 

keep testing other Pluronics®.   

P105 with a 3300-Da PPO molecular weight and approximately 50% hydrophile content 

was used next.  P105-PLA microspheres presented a defined core-shell structure (Figure 3-5).  

The PLA core was very porous as well as the P105 shell (Figure 3-6).  The difference in 

morphology seen in F68- and P105-PLA systems is attributed to the molecular weight of the 

PPO parts.  Previous studies have shown that a high molecular weight of the PPO content is 

necessary to provide enough anchoring of the copolymer to the particle surface [36, 64].  

Particles made with F68 displayed a very thin shell due to poor attachment of the surfactant to 

the PLA core.   

In addition to a different surface morphology, P105-PLA particles displayed a higher 

deformable capability compared to the particles made with PLA and all the previous Pluronics®.    

During micropipette experiments, it was clearly seen that the shell was very deformable although 

the core was not.  A portion of the shell was drawn into the pipette forming a “tongue” when 

applying a negative aspiration pressure of 25 cm H2O (-24.5 x103 dynes/cm2).  However, no 

additional change in deformability of the particle was observed even after increasing the pressure 

to -60 cm H2O.   All batches made with P105 were very consistent. 

Pluronics® P105, P103, P104, and F108 were used next; all with a fixed propylene oxide 

content (3300 Da) and variations of the ethylene oxide content: 50, 30, 40, and 80% respectively.  

It was hypothesized that the difference in ethylene oxide content would have an influence on the 
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shell thickness; longer PEO units would yield particles with thicker shells.  The goal was to 

attain particles with a very thick, deformable shell and a small core.  However, only P105-PLA 

microspheres presented the core-shell structure, indicating that a 50 % PEO content is ideal for 

the synthesis of capsular systems.  Since we were not able to modify the shell and core size, we 

decided to focus on other materials.  Table 3-4 summarizes the deformability properties of 

Pluronic®-PLA particles. 

Chitosan-Alginate Particles 

Crosslinked alginate particles were made using the water-in-oil emulsion crosslinking 

gelation technique.  No particles were obtained when using a 0.5% (w/v) sodium alginate 

solution.  The best morphology was obtained when using a concentration of sodium alginate 

solution at 3% (w/v) and a CaCl2 concentration of 5% (w/v).  To coat the particles, different 

concentrations of high-molecular-weight chitosan and chitosan oligosaccharide (COS) solutions 

containing 0.1% (w/v) CaCl2 were used.  Crosslinked-alginate particles coated with high 

molecular weight chitosan did not yield good results; therefore, only chitosan oligosaccharide 

was used for all further coatings.  Also, different concentrations of alginate solutions were used 

for the polyanionic coating; although only 0.1% (w/v) solution seemed to work.  We were unable 

to collect the particles when higher alginate concentrations were used.   

Figure 3-7 shows optical and scanning electron micrographs of polyelectrolyte multiple 

layer Ca-crosslinked alginate particles.  The core-shell structure of the particles can be seen from 

the SEM pictures.  The evident invagination in the center of the particles (Figure 3-7B) is due to 

loss of water from the gelatinous Ca-alginate core.  After water removal, alginate chains 

collapsed as opposed to P105-PLA microcapsules which kept their spherical shape (Figure 3-6).  

Uncoated and coated calcium-alginate particles were not deformable when using the 
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micropipette technique before removal of crosslinking ions.  Furthermore, uncoated, mono-layer 

and multiple-layer coated particles were not stable after removing the calcium ions.   

Alginate particles crosslinked with copper ions presented smaller diameters than Ca-

crosslinked particles (Figure 3-8).  This could be explained by a faster crosslinking reaction, 

resulting in less time for destabilization of the emulsion to take place and less coalition of small 

particles into large ones.  After water was removed from the Cu-alginate core, capsules collapsed 

similar to Ca-alginate particles (Figure 3-8B). 

Coated Cu-alginate particles were not deformable when using the micropipette as well.  

However, when copper ions were removed, particles presented deformable properties.  Particles 

deformed and were completely aspirated into the micropipette tip after applying a 20-cm-H2O 

negative pressure (-19.6x103 dynes/cm2).  While uncoated Cu-alginate particles were not stable 

after removal of crosslinking ions; mono-layer particles were stable mostly in static conditions.  

Some of the mono-layer particles ruptured under pressures of -20 cm H2O.  Best results were 

obtained with Cu-alginate particles coated five times.  Penta-layer particles were able to deform 

under a 20-cm-H2O negative aspiration pressure several times while recovering their shape.  

Removal of crosslinking ions was not as efficient for the nine-layer particles as for the lower-

layer ones under the conditions tested.  As a result, only portions of the particles were 

deformable under a 20-cm-H2O negative pressure.  Particles were completely aspirated into the 

micropipette only after applying negative pressures of 30-cm-H2O (-29.4 x103 dynes/cm2).  

Table 3-5 summarizes the deformability properties of PEC chitosan-alginate capsules. 

The ion exchange properties of alginate gels have been studied by many research groups.  

This ion exchange process depends on several factors such as the amount of crosslinking ions 

forming the gel, physical properties of the gel, competing ion concentration, pH and ionic 



 

54 

strength of the solution [97, 98, 99].  In addition, the order affinity of alginate for divalent ions 

has been found to be Pb2+>Cu2+>Cd2+>Ba2+>Ni2+>Ca2+>Zn2+>Co2+>Mn2+>Sr2+ [85, 100, 101, 

102].  After removal of calcium ions from the particles by phosphate ions present in the cell 

culture medium, the polyelectrolyte complex system was not stable anymore.  The calcium PEC 

system collapsed regardless of the number of PEC layers because alginate had no affinity for the 

other electrolytes present in the medium.  On the contrary, when copper ions were chelated by 

albumin, the alginate binding sites left were occupied by calcium ions present in the cell culture 

medium.  As a result, the ion exchange process along with the PEC layers kept the pre-

crosslinked Cu-alginate particles stable. 

Conclusion 

Only P105-PLA microspheres presented a well-defined core-shell structure with a highly 

porous PLA core and a P105 shell.  In addition to a different surface morphology, P105-PLA 

particles displayed higher deformable capability compared to the particles made with PLA and 

all the other Pluronics®.    During micropipette experiments, it was clearly seen that the shell 

was very deformable although the core was not.  The differences in morphology and 

deformability properties are associated to the copolymer composition, indicating that a 50 % 

PEO content as well as a high PPO molecular weight are ideal for the synthesis of capsular 

systems.   

Regarding PEC chitosan-alginate systems, only multiple-layer coated copper-alginate 

particles presented deformability properties under micropipette aspiration after removal of 

crosslinking ions.  An ion exchange process along with the PEC layers kept the pre-crosslinked 

Cu-alginate particles stable.  Instability of Ca-alginate particles, subsequent to chelation of 

calcium ions, was independent of the number of PEC layers.  Particle strength after ion removal 

can be enhanced by multiple coatings with low molecular weight (high percent deacetylation) 
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chitosan oligosaccharide.  Further studies need to be conducted to compare the effects of various 

divalent cations on the rheological properties of PEC chitosan-alginate particles.  In addition, 

new techniques for the synthesis of particles need to be explored so that a size range of 5-10 μm 

is attained.  Finally, cell studies are needed to assess the particles’ immunogenic effects for their 

application in drug delivery. 
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Figure 3-1.  PLA molecular structure. 

 

 

Table 3-1.  List of commercially available Pluronics® 
Chemical Name Structure BASF (USA) Trade Name 
Poloxamer 123 HO(C2H3O)7(C3H5O)21(C2H3O)7H Pluronic L43 
Poloxamer 124 HO(C2H3O)11(C3H5O)21(C2H3O)11H Pluronic L44 
Poloxamer 181 HO(C2H3O)3(C3H5O)30(C2H3O)3H Pluronic L61 
Poloxamer 182 HO(C2H3O)8(C3H5O)30(C2H3O)8H Pluronic L62 
Poloxamer 182 LF HO(C2H3O)8(C3H5O)30(C2H3O)8H Pluronic L62 LF 
Poloxamer 183 HO(C2H3O)10(C3H5O)30(C2H3O)10H Pluronic L63 
Poloxamer 184 HO(C2H3O)13(C3H5O)30(C2H3O)13H Pluronic L64 
Poloxamer 185 HO(C2H3O)19(C3H5O)30(C2H3O)19H Pluronic P65 
Poloxamer 188 HO(C2H3O)75(C3H5O)30(C2H3O)75H Pluronic F68 
Poloxamer 212 HO(C2H3O)8(C3H5O)35(C2H3O)8H Pluronic L72 
Poloxamer 215 HO(C2H3O)24(C3H5O)35(C2H3O)24H Pluronic P75 
Poloxamer 217 HO(C2H3O)52(C3H5O)35(C2H3O)52H Pluronic F77 
Poloxamer 231 HO(C2H3O)6(C3H5O)39(C2H3O)6H Pluronic L81 
Poloxamer 234 HO(C2H3O)22(C3H5O)39(C2H3O)22H Pluronic P84 
Poloxamer 235 HO(C2H3O)27(C3H5O)39(C2H3O)27H Pluronic P85 
Poloxamer 237 HO(C2H3O)62(C3H5O)39(C2H3O)62H Pluronic F87 
Poloxamer 238 HO(C2H3O)97(C3H5O)39(C2H3O)97H Pluronic F88 
Poloxamer 282 HO(C2H3O)10(C3H5O)47(C2H3O)10H Pluronic L92 
Poloxamer 284 HO(C2H3O)21(C3H5O)47(C2H3O)21H Pluronic P94 
Poloxamer 288 HO(C2H3O)122(C3H5O)47(C2H3O)122H Pluronic F98 
Poloxamer 331 HO(C2H3O)7(C3H5O)54(C2H3O)7H Pluronic L101 
Poloxamer 333 HO(C2H3O)20(C3H5O)54(C2H3O)20H Pluronic P103 
Poloxamer 334 HO(C2H3O)31(C3H5O)54(C2H3O)31H Pluronic P104 
Poloxamer 335 HO(C2H3O)38(C3H5O)54(C2H3O)38H Pluronic P105 
Poloxamer 338 HO(C2H3O)128(C3H5O)54(C2H3O)128H Pluronic F108 
Poloxamer 401 HO(C2H3O)6(C3H5O)67(C2H3O)6H Pluronic L121 
Poloxamer 402 HO(C2H3O)13(C3H5O)67(C2H3O)13H Pluronic L122 
Poloxamer 403 HO(C2H3O)21(C3H5O)67(C2H3O)21H Pluronic P123 
Poloxamer 407 HO(C2H3O)98(C3H5O)67(C2H3O)98H Pluronic F127 
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Figure 3-2.  Alginate molecular structure. 

 

 

 

Figure 3-3.  Chitosan molecular structure. 
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Table 3-2.  List of Pluronic®-PLA particles made. 
Pluronic®-PLA Ratio (Pluronic®/PLA) Pluronic® Solution Concentration 
F127-PLA 1:3 1.0 % w/v 
F127-PLA 1:2 1.0 % w/v 
F127-PLA 1:3 5.0 % w/v 
F127-PLA 1:2 10 % w/v 
F127-PLA 1:3 10 % w/v 
F127-PLA 1:3 20 % w/v 
F127-PLA 1:2 20 % w/v 
F127-PLA 1:1 5.0 % w/v 
L101-PLA 1:2 20 % w/v 
L101-PLA 1:3 20 % w/v 
F68-PLA 1:2 20 % w/v 
P105-PLA 1:2 20 % w/v 
P103-PLA 1:2 20 % w/v 
P104-PLA 1:2 20 % w/v 
F108-PLA 1:2 20 % w/v 
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Table 3-3.  List of chitosan-alginate particles made 

Sodium Alginate 
Solution 

CaCl2 or 
Cu(NO3)2 
Solution 

Number of 
Coatings 

Chitosan or COS 
Solution 

Alginate Solution 

0.5 % w/v 0.5 % w/v    
0.5 % w/v 1.0 % w/v    
0.5 % w/v 5.0 % w/v    
1.0 % w/v 0.5 %w/v    
1.0 % w/v 1.0 % w/v    
1.0 % w/v 5.0 % w/v    
3.0 % w/v 0.5 % w/v    
3.0 % w/v 1.0 % w/v    
3.0 % w/v 5.0 % w/v 0   
3.0 % w/v 5.0 % w/v 1 0.3 % w/v  
3.0 % w/v 5.0 % w/v 5 0.3 % w/v 0.3 % w/v 
3.0 % w/v 5.0 % w/v 9 0.3 % w/v 0.1 % w/v 
3.0 % w/v 5.0 % w/v 0   
3.0 % w/v 5.0 % w/v 1 1.0 % w/v  
3.0 % w/v 5.0 % w/v 5 1.0 % w/v 0.1 % w/v 
3.0 % w/v 5.0 % w/v 9 1.0 % w/v 0.1 % w/v 
3.0 % w/v 5.0 % w/v 0   
3.0 % w/v 5.0 % w/v 1 3.0 % w/v  
3.0 % w/v 5.0 % w/v 5 3.0 % w/v 0.1 % w/v 
3.0 % w/v 5.0 % w/v 9 3.0 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 0   
3.0 % w/v 0.5M 1 0.3 % w/v  
3.0 % w/v 0.5M 5 0.3 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 9 0.3 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 0   
3.0 % w/v 0.5M 1 1.0 % w/v  
3.0 % w/v 0.5M 5 1.0 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 9 1.0 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 0   
3.0 % w/v 0.5M 1 3.0 % w/v  
3.0 % w/v 0.5M 5 3.0 % w/v 0.1 % w/v 
3.0 % w/v 0.5M 9 3.0 % w/v 0.1 % w/v 
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Figure 3-4.  Optical micrograph of 20% Pluronic®-PLA (1:2) microspheres A) F127-PLA, B) 
L101-PLA, and C) F68-PLA.  Original magnification = 100X; bars denote 50 μm. 

 

 

 A                             B                                   C 
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Figure 3-5.  Optical micrograph of 20% P105-PLA (1:2) microspheres.  Original magnification = 
100X. 

 

 

 

 

Figure 3-6.  Scanning electron micrograph of  20% P105-PLA Particles.  A) 400X, bar denotes 
100 μm; B) 1000X, bar denotes 50 μm; and C) 800X, bar denotes 50 μm. 

 

 

Table 3-4.  Composition and deformability properties of Pluronic®-PLA microspheres 

Pluronic®-PLA (Ratio) Max Negative Suction 
Pressure  x 103 (dynes/cm2) Deformation 

F127-PLA (1:3) -58.8 No 
F127-PLA (1:2) -58.8 No 
L101-PLA (1:2) -58.8 No 
L101-PLA (1:3) -58.8 No 
F68-PLA (1:2) -44.1 Only the shell 
P105-PLA (1:2) -24.5 Only the shell 
P103-PLA (1:2) -58.8 No 
P104-PLA (1:2) -58.8 No 
F108-PLA (1:2) -58.8 No 

A                              B                           C 
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Figure 3-7.  Optical and scanning electron micrographs of 0.3% COS Ca-crosslinked alginate 
particles: A) 400x, 5 coatings; B) 1000x, 1 coating; C) 1000x, 5 coatings; and D) 
1000x,9 coatings. Bars denote 50 μm. 

 

 

 

 

 

 

 

 

 

Figure 3-8.  Optical and scanning electron micrograph of 3% COS Cu-crosslinked alginate 
particles, 5 coatings: A) 400x and B) 1000x. Bars denote 50μm. 

 

A B

DC 

A B



 

63 

Table 3-5.  Composition and deformability properties of PEC chitosan-alginate microcapsules. 

Code Max Negative Suction 
Pressure  x 103 (dynes/cm2) Deformation 

Ca-0 0 Disintegrated 
Ca-1 0 Disintegrated 
Ca-5 0 Disintegrated 
Ca-9 0 Disintegrated 
Cu-0 0 Disintegrated 
Cu-1 -19.6 Yes. Some particles ruptured 
Cu-5 -19.6 Yes.  Particles completely aspirated 
Cu-9 -19.6 Yes.  Portions of the particles aspirated 
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CHAPTER 4 
SYNTHESIS AND CHARACTERIZATION OF PHYSICO-CHEMICAL AND RHEOLOGY 

PROPERTIES OF POLYELECTROLYTE CHITOSAN-ALGINATE MICROPARTICLES 
CROSSLINKED WITH CALCIUM, ZINC, OR COPPER IONS 

Introduction 

Microencapsulation techniques have been widely used to develop controlled-release drug 

delivery systems, masquerade tastes and odors, reduce toxicity, and protect cells from the host 

immune response in the absence of immunosuppression drugs [45, 46].  Some of these 

techniques include emulsion solvent evaporation, solvent extraction, coacervation, spray-drying, 

interfacial complexation, coating, and hot melt coating [46, 51].  Each method has both 

advantages and disadvantages in the elaboration of polymeric microparticles.   

The most frequently used method for the fabrication of alginate particles is the air-spray 

crosslinking technique.  Briefly, this method consists of spraying an alginate solution into a 

collecting bath containing the crosslinking agent.  As soon as the alginate droplets are in contact 

with the crosslinking solution, particles are formed by gelation.  The system for the development 

of alginate microspheres can vary from very simple to more complex setups.  The spray 

approach can be attained by using a spray bottle or a more complicated micro-fluid device.  The 

latter is based on the extrusion of the alginate solution through an inner lumen while air or a 

secondary solution is flowing on the outer lumen of the system.  Alginate drops forming at the 

ending tip of the inner lumen are detached by the air shear forces exerted on them.   

The other method used to prepare alginate particulates is based on an emulsion-gelation 

technique.  The approach involves mixing of the alginate solution with an organic solvent to 

create a water-in-oil (W/O) emulsion, followed by the addition of the crosslinking solution.  This 

technique can be varied by mixing the corsslinking solution with the organic phase before 

creating the W/O emulsion.  Even though both methods are fairly simple, cost effective, and up-
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scalable for mass production to some degree; they also have drawbacks which limit their 

application.  

This study is focused on the synthesis and characterization of polyelectrolyte complex 

(PEC) chitosan-alginate microparticles.  Deformability, particle size, and toxicity are the main 

goals of the study.  Several variables, i.e. cross-linking agents, solvents and manufacturing 

techniques, were studied to determine the set of parameters that would yield the most promising 

red blood cell analog, in terms of deformable capability.   In addition to deformability, the aim 

was to obtain particles with a size range between 5 and 10 micron so that they are small to 

deform and pass through capillaries as well as spleen fenestrations, while having a great drug 

loading potential compared to the existing nano-size drug delivery particulates.  

In this study we examined the application of two frequently used techniques in the 

development of alginate particles.  The air-spray crosslinking technique and an emulsion gelation 

technique were applied for the synthesis of particles.  Besides discerning the most appropriate 

manufacturing process, the effect of different crosslinkers in the development of PEC 

microparticulates was also studied.  Calcium, zinc, and copper were the divalent cations used as 

crosslinking agents and their effect on particles’ morphology, deformability, stability, and 

toxicity was analyzed.  

Materials and Methods 

Preparation of PEC Particles  

Air-spray crosslinking technique 

Natural polymeric microspheres were prepared by an air-sprayed crosslinking technique 

[93].  The polymer used was alginate from Keltone (LV, food grade).  From preliminary 

experimentation, an initial concentration of 0.5M calcium chloride, zinc chloride and copper 

nitrate solutions were used as the crosslinking baths.  Sodium alginate was dissolved in 
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deionized water at a 3% (w/v) concentration.  A double-lumen device was used to air-spray the 

alginate solution into the stirred gelling bath.  To control the size of the droplets, the following 

parameters were studied: needle gauge, alginate solution flow rate, air pressure, and distance 

between the needle tip and the gelling bath.  While studying one parameter, all the others 

remained constant in addition to alginate and gelling ion concentrations. 

The alginate solution was extruded through a syringe needle (gauge range: 16G – 30G) at a 

constant rate of 1.2, 6, or 12ml/h using a Harvard dual-syringe pump (Harvard Apparatus, 

Holliston, Massachusetts).   Air was infused through the outer lumen at constant pressures 

ranging from 40 to 60 psi, in 10-psi increments.  Finally, the drop fall distance was varied from 5 

to 15 cm, in increments of five.  After alginate droplets were extruded into the crosslinking bath, 

they were stirred at room temperature for 10 minutes and cured overnight.  Alginate 

microcapsules were then collected by centrifugation.  Particles were washed three times with 

deionized water (dH2O) and stored at 4°C for future coating. 

W/O emulsion gelation technique 

Sodium-alginate was dissolved in dH2O at a 3% (w/v) concentration and emulsified in an 

organic phase containing soybean oil or cyclohexane (Aldrich, St. Louis, MO) and surfactant at 

different concentrations (0.5 and 5.0 %, w/w).  Pluronics® L61, L121, L101, L64, L43 (kindly 

donated by BASF) and Tween 80 were the surfactants tested.  The first emulsion was obtained 

by ultrasonication of the two phases at 60W for 1 min in an ice bath.  A second aqueous solution 

containing 0.5M of the crosslinking agent was added to the emulsion by air-spray (40 psi, 

20ml/hr) at a 4-cm dropping distance while stirring the whole medium slowly with a magnetic 

stirrer.  Particles were allowed to cure for ten minutes under continuous stirring.  Then medium 

was allowed to rest for 24 hr so that particles would drop to the bottom of the container while the 

oil phase was left at the top.  After separation of the two phases, particles were collected by 
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filtration through a 45-μm mesh and washed copiously to remove the organic solvent.  When 

soybean oil was used, the bead slurry was collected by centrifugation; washed ten times with 

10% ethanol, once with 0.1% Triton solution and three times with dH2O.  When cyclohexane 

was used, the particle solution was warmed at 37°C to induce solvent evaporation.  After 

removal of the organic phase, particles were stored at room temperature for future coating. 

Coating of alginate particles 

Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) 

absorption technique.  The coating always started with the cationic polymer and ended with the 

anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. 

The cationic polymer used was a high-deacetylated, low-molecular-weight chitosan 

oligosaccharide lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic 

polymer used.  A 3 % (w/v) chitosan solution containing CaCl2 or a 0.1 % (w/v) alginate solution 

was added to crosslinked-alginate particles dispersed in deionized water.  After allowing the 

particles to coat for 30 minutes, they were collected by centrifugation and washed three times 

with deionized water to ensure that all free polyelectrolytes were removed.   Following the 

washes, particles were ready for the next coating or stored at 4°C until use.  Table 4-1 shows the 

different batches made; each batch was repeated three times. 

Decomposition of the particles’ core 

Decomposition of the particles’ core was achieved by incubating particles in cell culture 

medium, DMEM/F12 50:50 or RPMI 1640, (Cellgro, Herndon, VA) supplemented with 5% 

(w/v) bovine serum albumin, BSA (Sigma, St. Louis, MO).  Multiple-layer particles, at a 5% 

(w/v) concentration, were incubated at room temperature in the two types of chelating media, 

differing in their electrolyte concentrations.  After close observation, old medium was replaced 

by same amount of fresh medium if core was not dissolved.  Medium was replaced until 



 

68 

decomposition of the core was achieved.  Gel-core particles were then stored at 4°C until further 

use. 

Characterization of PEC Particles 

To characterize the efficacy of the two manufacturing processes used, analyses of the 

particles’ surface morphology and size distribution were carried out.  To characterize the effects 

of using calcium, zinc, and copper as crosslinker agents in the development of alginate particles, 

more tests were performed, including: surface morphology analysis, particle size distribution, 

deformability assessment, particle stability and viscosity, coating adsorption, ion exchange, and 

biocompatibility. 

Surface morphology analysis 

Surface morphology and stability of the microcapsules were examined by light microscopy 

and scanning electron microscopy (SEM).  Samples for scanning electron micrographs were 

obtained after 0, 2, 6, and 10 coatings.  Droplets of microsphere solutions were mounted on 

aluminum stubs, let air dried and sputter-coated with gold and palladium particles.  The stubs 

were mounted in a scanning electron microscope at 10.0 kV and imaged at x500, x1000, and 

x5000.    

Particle size distribution 

Size of microcapsules was analyzed by dispersing particles in deionized water at a 

concentration of 0.1% (w/v).  Measurements were carried out by a Beckman LS13320 Particle 

Characterization Coulter (Beckman Instruments, Fullerton, CA).  Calculation of the particle sizes 

was carried out using the standard modus of the LS13320 Particle Size Analyzer software 

(Beckman Instruments, Fullerton, CA).  Percentage of particle diameters was used to describe 

particle size.  Each sample was measured in triplicate. 
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Particle stability analysis 

To determine the particles’ stability, different approaches were used.  Initially, particles 

were suspended at a concentration of 5% (w/v) in different types of media: dH2O (negative 

control), regular RPMI 1640 and DMEM/F12 50:50 cell culture media, or 5 % BSA 

supplemented RPMI 1640 and DMEM/F12 50:50 media (Table 4-2) [12].  Particles were 

incubated at 25°C or 37°C under continuous orbital rotation to ensure constant mixing.  At 0, 

0.5, 1, 2, 4, 8, 12, 24, and 48 hours; samples were collected, visually inspected and subjected to a 

partial vacuum pressure.  Briefly, a 5-mL air-displacement pipetter and tip (Eppendorf, 

Westbury, NY) set at the maximum volume were used to aspirate the particles.  For this study, 

large particles with a diameter ranging between one and two millimeters were used to facilitate 

optical inspection.  The total number of intact particles was represented as the percentage of the 

total number of particles inspected.   

Another approach used to determine stability of the particles involved centrifugation and 

optical inspection.  The study was carried out using the Eppendorf® MiniSpin Microcentrifuge 

(Eppendorf, Westbury, NY) which provides speeds of up to 14,000g.  Particles’ weight was 

obtained to determine the centrifugal force exerted on them.  For this study large particles and 

microparticles were incubated at 25°C in dH2O, DMEM/F12 50:50, or 5 % BSA DMEM/F12 

50:50 cell culture medium.  After 0.5, 1 and 7 days, the 5 % (w/v) particle suspensions were 

centrifuged for 20 sec or 5 min at centrifugal speeds ranging from 1000 – 13,000 rpm (67 – 

11,337g).  Particles were inspected prior and post centrifugation; changes in morphology and 

ability to re-disperse were reported.   

The other method used to verify particles’ stability involved using the Wells-Brookfiled 

Cone/Plate Digital Viscometer System (Brookfield, Stoughton, MA) with a CP-52 conical 

spindle.  Microparticles suspended in 5 % BSA DMEM/F12 50:50 cell culture medium at a 12 % 



 

70 

(w/v) density were subjected to a shear rate of 200 sec-1 for one minute.  At the end of each run, 

samples were collected for light microscopic visualization.  All analyses were conducted in 

triplicate.  

Measurement of particles’ deformability 

The micropipette aspiration technique was applied to assess particles’ deformability.  

Micropipette tips with inside diameters approximately 20% smaller than the particles’ diameter 

were fabricated.  Previous to their use, pipettes were backfilled with 0.9% NaCl solution using a 

plastic syringe with a 97-mm long, 28G backfiller (Microfil, World Precision Instruments, 

Sarasota, FL).  Before particles were used for deformability studies, they were incubated in 

sequestrant-containing media until core was decomposed.  The prepared chamber was then filled 

with microparticles suspended in sequestering media and mounted on the microscope stage.   

An initial negative pressure of 5 cm H2O (approximately -4.9x103 dynes/cm2) was applied 

and pressure was augmented in increments of five.  After a section of the particle had been 

aspirated, the negative pressure was decreased and the particle was unloaded.  The whole 

aspiration process was monitored and recorded using an inverted light microscope (Axiovert 

100, Zeiss), a Carl Zeiss video camera system, and a VCR.  The recorded images were converted 

into digital images using the Matrox software.  Since the main goal of the study was to attain 

particles capable to deform under micropipette suction pressures used to aspirate erythrocytes 

[96], particles were considered deformable only when using pressures up to -40x103 dynes/cm2.  

Assessment of particles’ viscosity 

The viscosity of the particles in simulating plasma medium (DMEM/F12 50:50 

supplemented with 5% BSA) was measured using the Wells-Brookfiled Cone/Plate Digital 

Viscometer System (Brookfield, Stoughton, MA) with a CP-52 conical spindle.  The principle of 

the system is based on the rotation of the conical spindle at an accurate speed and detection of 
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the torque needed to overcome the viscous resistance caused by the sample fluid between the 

cone and a fixed flat plate [103].  Since the cone/plate viscometer exerts a shear rate on the 

particle suspension, this test in combination with light microscopy was also used to determine 

particle stability.   

Particles were suspended in simulating plasma media at a 12% (w/v) density and incubated 

at room temperature for 2 hours prior to obtaining the rheological measurements.  After filling 

the chamber with the required 0.5-mL sample volume, measurements were taken at a fixed 

spindle speed of 100 rpm.  At the end of each reading, samples were collected for visualization 

of the particles’ stability.  Viscosities were calculated using the formulas and ranges found in the 

instruction manual: 

Factor = Range/100 
Viscosity = Display Reading x Factor 
 

where, the range is specific to the cone and speed used.  For the cone CP-52 rotating at a 

constant speed of 100 rpm, the range is 983 cps (983 mPa•sec) while the shear rate exerted on 

the fluid sample is 200 sec-1.     

Coating adsorption analysis 

Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring 

the particle surface charge changes. Samples were dispersed in dH2O at a concentration of 0.1% 

(w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer (Brookhaven 

Instruments Corp.,USA).  The zeta potential was calculated from the solution conditions and the 

measured electrophoretic mobility.  Each sample was measured in triplicate and the values 

reported were the mean value for the three replicate samples.  
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Ion exchange analysis 

This analysis was only performed for Cu-crosslinked particles due to the toxicity concerns 

regarding this transitional metal.  To determine the amount of copper ions removed by albumin, 

a modified bicinchoninic acid (BCA) protein assay was used.  Cell culture media, RPMI 1640, 

supplemented with 1% (v/v) penicillin/streptomycin and 5% (w/v) bovine serum albumin (BSA) 

was used.  Microparticles were suspended in supplemented media at a concentration of 5% 

(w/v).  Particles were incubated at 25°C under continuous orbital rotation to ensure constant 

mixing.  At 24, 48, and 72 hours, samples were removed from the incubator and centrifuged at 

3,000 rpm for 5 min.  Supernatant was then removed and stored at 4°C for future analysis.   

The removed solution was replaced with an equal volume of fresh supplemented media.  

Sample tubes containing microspheres were returned to the rotating incubator at previous 

temperatures until the next time point.  Analysis of the stored supernatant was conducted using 

the bicinchoninic acid reagent from a BCA kit (Pierce, Rockford, IL).  A purple-colored reaction 

product was yielded by this assay with a strong absorbance at 562 nm.  Concentrations of 

albumin-reduced copper cations were determined by comparison to a standard curve.  All 

analyses were conducted in triplicate. 

Assessment of particle cytotoxicity  

Human dermal fibroblasts (HDF, passage 10) from ATCC (Manassas, VA) were used to 

determine the level of toxicity of uncoated and coated calcium-, zinc-, and copper-crosslinked 

particles.  The type of test performed was indirect meaning extracts from the particles were 

added to the cells instead of adding particles directly.  To determine cell survival and recovery, 

the MTT cell proliferation assay (Promega, Madison, WI) was used which measures the ability 

of cells to convert the tetrazolium compound MTT by the action of succinate dehydrogenase to 

water-insoluble formazan crystals.  Two time points were studied: a short-term test to 
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demonstrate particles’ toxic effects on cells and a long-term test to demonstrate survival, the 

retention of cell regenerative capacity.  

Previously made particles (all batches from Table 4-1) were dried so that a predetermined 

particle concentration could be obtained.  Different concentrations of copper powder were used 

as positive controls.  Particles and controls were incubated in DMEM (Cellgro, Herndon, VA) 

cell culture medium supplemented with 5 % fetal bovine serum (FBS) and 1 % 

antibiotic/antimycotic solution at 37°C under continuous orbital rotation for 24 hr.  Samples 

were then removed from the incubator and centrifuged at 12,225g for 10 min. The supernatant 

was collected, sterilized by membrane filtration (0.2 μm; Whatman), and stored at −80°C for 

future analysis. 

HDF cells were seeded onto 96-well plates (Costar, Corning, NY) at a 1,000 cells/well 

density.  Initially cells were incubated in DMEM cell culture medium supplemented with 10 % 

FBS and 1 % antibiotic/antimycotic (Ab/Am) solution.  Cells were incubated at 37°C, in a 95 % 

O2/5 % CO2 atmosphere for 24 hr before adding any treatment.   

Extracts from the particles and positive controls were thawed and diluted in 2 % FBS and 1 

% Ab/Am cell culture medium to desired concentrations.  The particle and control concentrations 

used were: 0.1, 1.0, 10, 100, and1000 μg/ml (w/v).  Cells incubated in 10 % and 2 % FBS culture 

medium and exposed to zero treatment were used as negative controls.  Old cell medium was 

aspirated and replaced by 100 μl of cell culture medium containing treatments.  Cells were 

exposed to the different conditions for 24 hr.  When exposure time was over, cells were either 

collected for MTT assay (short-term test) or culture medium containing treatments was replaced 

by 10 % FBS medium (long-term test).  For the long-term test, cells were allowed to recover for 

2 days before performing the MTT assay.  After completion of the cell viability/proliferation 
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assay, optical densities of each well were measured by a microplate reader set at 490 nm.  All 

conditions were done in replicates of six.  

 Data Interpretation 

Data were expressed as mean values ± standard error of the mean (SEM).  To describe 

statistical differences, one-way analysis of variance (ANOVA) and Tukey-Kramer multiple 

comparison post test were used.  Statistical significance was defined as p≤ 0.05. 

Results and Discussion 

The standard method of forming alginate beads by extruding alginate drops into a 

crosslinking bath for gelation generates large particles with a diameter range between two and 

five millimeters.  To synthesize smaller alginate particles, two methods were employed: the air-

spray crosslinking technique and the water-in-oil (W/O) emulsion gelation technique.  A 3 % 

(w/v) alginate concentration and crosslinking ion solutions of 0.5M concentrations were used.  

To control the size of the particles in the air-spray crosslinking technique, the following 

parameters were studied: needle gauge, alginate solution flow rate, air pressure, and distance 

between the needle tip and the gelling bath.  For the emulsion-gelation technique, the oil phase 

was composed of soybean oil or cyclohexane and diverse surfactants; also different stirring rates 

were used to determine the optimal particle size.     

Particles made with the air-spray crosslinking technique presented a monodispersed size 

distribution depending on the parameter studied.  The size of particles diminished significantly 

when the inner diameter of the needle decreased (Figures 4-1 and 4-3) as expected.  Likewise, 

reducing the speed of alginate extrusion or increasing the pressure of air infused through the 

outer lumen caused a significant reduction in the particle’s diameter (Figures 4-2, 4-4, and 4-4).  

The particle-forming properties were not altered significantly with changes in the distance 

between the needle tip and the gelling bath tested in this study.  These results are consistent with 
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many studies from other research groups since it is well-known that the particle size in the air-

spray method is not only determined by the needle gauge but more importantly by the air flow 

rate [104, 105, 106].   

Tables 4-3, 4-4, and 4-5 illustrate the particle sizes and standard error of the means under 

various conditions using different needle gauges, alginate flow rates, and air pressures, 

respectively.  The smallest particles were obtained when alginate was extruded through a 30G 

needle while the air pressure in the outer lumen was increased to 60 psi.  Under these conditions, 

the smallest average particle size formed was 44 ± 3 μm in diameter.  Although, we were able to 

decrease the particle sizes, the capability to produce monodispersed batches was lost at the air 

pressure of 60 psi, in agreement with optical observations (Figure 4-5).  The lost of 

monodispersity due to increased outer lumen air pressures could be explained by drop coalition 

at higher pressures.  This observation was also reported by Haas mainly for the production of 

smaller particles [107]. 

Another parameter tested in the formation of alginate particles was the usage of different 

divalent cations as crosslinkers.  Figure 4-6 shows a histogram of particle diameters as a function 

of crosslinking ions obtained with the 30G needle, a 50-psi outer lumen air pressure, and a 1.2-

mL/h alginate extrusion rate.  Using different crosslinkers altered significantly the size of 

particles formed (Table 4-6).  For alginate particles crosslinked with copper or zinc, the average 

particle size obtained was 48 ± 4 and 71 ± 4 μm, respectively.  This difference in the mean size 

of the particles between copper- and zinc-crosslinked alginate beads could be explained by the 

polymer cation affinity.  Even though the crosslinking mechanisms of copper and zinc ions are 

not understood, it is well-known that the affinity of alginates for divalent cations depends mostly 

on the electronic structure of the cation, with a higher affinity for copper ions than for zinc ions 



 

76 

[85, 100, 101, 102].  Copper is able to crosslink more densely with sodium alginate, resulting in 

smaller particles with reduced water content as opposed to zinc-crosslinked alginate particles. 

Particles made with the emulsion-gelation technique presented a poly-dispersed size 

distribution, with diameters ranging from 2 to 60 μm (Figure 4-7B).  The best results were 

obtained when using the Pluronic® L61 concentration of 0.5% and a stirring speed of 2000 rpm.  

Pluronic® L61 is considered a hydrophobic surfactant with a 10 % (w) PEO content and a PPO 

molecular weight of 1800 Da.  Big agglomerates were obtained when using other hydrophobic 

Pluronics®: L101 and L121, both with a 10% (w) PEO content and PPO molecular weights of 

3300 and 4000 Da, respectively.  Indeed, the difference in morphology is attributed to the 

molecular weight of the PPO parts.  Hydrophobic, low-molecular-weight PPO Pluronics® are 

preferred for the production of alginate particles as opposed to Pluronic®-polyester systems 

where a high molecular weight of the PPO content is necessary to provide enough anchoring of 

the copolymer to the particle surface [36, 64].   

Variations in the stirring speed during the gelation process altered the morphology of the 

particles.  An increment in the average of particles’ diameters was observed as the stirring speed 

was augmented.  This observation could be explained by an increased coalition of particles prior 

to a complete matrix gelation.  While the use of soybean oil as the organic phase was very 

appealing due to its mild condition, complete oil removal was extremely hard to achieve. 

Although samples were copiously washed, oil was still present in the particles.  Microparticles 

made using cyclohexane as the organic phase presented a narrower size distribution with the 

majority of particles’ diameters ranging from 5-15 μm.  Solvent removal was successfully 

achieved by evaporation.   
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The particles-forming properties in the emulsion-gelation technique were significantly 

altered with changes in the crosslinking ions.  Particles crosslinked with copper presented a tear-

drop shape as oppose to the spherical shape of particles crosslinked with zinc and calcium 

(Figure 4-8).  In addition to variations in the particles’ shape, the size of the particles was also 

affected by the different crosslinking ions.  Table 4-7 illustrates the fractions of particles within 

different size ranges.  Also, size distribution histograms of Ca-, Zn-, and Cu-crosslinked particles 

are shown in Figure 4-9.  Although the majority of all the microspheres made were 0 – 20 μm in 

diameter, the smallest uniform microspheres were obtained with calcium and zinc.  They had the 

largest fractions, 69.7 ± 9.77% and 77.2 ± 0.50% respectively, in the size range of 5 – 10 μm; 

while copper-crosslinked microparticles had the largest fraction (46.6 ± 0.96%) in the size range 

of 15 – 20 μm.   

The difference in particles’ morphology and size was not only dependent on the crosslinker 

but also on the solvent used as the organic phase of the emulsion.  The sizes of Ca-, Zn-, and Cu-

crosslinked particles were larger when soybean oil was used.  However, Cu-crosslinked alginate 

particles presented the smallest diameters (data from Chapter 3) and a spherical morphology.  

The contradictory results between the use of soybean and cyclohexane could be explained by 

differences in the solvents’ viscosities and in the alginate’s affinity for the cations.  Since 

alginate has the highest affinity for copper ions, the crosslinking reaction occurs a lot faster than 

for the other ions.  With high viscous solvents, such as soybean oil, a fast crosslinking reaction 

prevents destabilization of the emulsion and, therefore, less coalition of small particles into large 

ones.  In addition, phase separation takes more time in highly viscous solvents, which slows 

down particles’ settlement into the aqueous phase resulting in spherical particles.  On the 
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contrary, in low viscous solvents (i.e. cyclohexane) copper-crosslinked particles form rapidly and 

settle quickly into the aqueous phase, generating the tear-drop shape.   

Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) 

absorption technique.  The coating always started with the cationic polymer and ended with the 

anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. 

Figure 4-10 shows photographs of alginate beads made with the conventional dripping 

mechanism: by extruding alginate as drops into a crosslinking solution for gelation.  These 2 – 3 

mm beads presented a spherical shape and size that were independent of the type of crosslinker 

used.  However, beads’ mean diameter decreased with multiple coatings and their shape changed 

from spherical to biconcave.  Zinc-crosslinked particles showed a more pronounced biconcave 

configuration as opposed to calcium- and copper-crosslinked particles.  These observations could 

be explained also by the affinity of alginate for divalent ions in the order of 

Pb2+>Cu2+>Cd2+>Ba2+>Ni2+>Ca2+>Zn2+>Co2+>Mn2+>Sr2+ [85, 100, 101, 102].  The new shape of 

the coated particles was very similar to the biconcave shape of red blood cells, which represents 

a great advance in the drug delivery field.  It is well-known that the extraordinary flexibility and 

respiratory functions of red blood cells are attributed to their structural characteristics [11, 9, 10].  

The biconcave disk shape of our particles provides a greater surface area ideal for gas exchange 

as opposed to the traditional spherical shape of the existing drug delivery particulates. 

The surface morphology of microparticles made with the gelation-emulsion technique was 

determined by SEM analysis for uncoated and bilayer PEC alginate particles.  A difference in 

morphological structure can be observed among alginate particles formed with calcium, zinc or 

copper cations.  As shown in Figure 4-11 (C,D,E,F), the surface morphology of the Zn- and Cu-

microparticles looked smoother before any coating was applied.  On the contrary, the calcium-
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alginate microspheres looked very rough on the surface even prior to any coating (Figure 4-11 

(A,B).  This sponge-like structure of the uncoated calcium-alginate microspheres could be an 

artifact created by collapsing of the pore walls due to dehydration.  Although the order affinity of 

alginates for cations has been established as Cu2+>Ca2+>Zn2+, binding sites for these cations are 

different [108].  Zinc is able to crosslink less selectively than calcium and hence produces more 

extensive crosslinking of alginate [109, 108].  As a result, calcium cations generate a more 

permeable alginate matrix with a high water content that is more susceptible to morphological 

changes after dehydration.   Bilayer PEC microparticles presented a very rough surface 

morphology with some aggregations which is attributed to the PEC coatings.   

Size distribution histograms of Ca-, Zn-, and Cu-crosslinked uncoated and coated 

microparticles are shown in Figure 4-12.  Although the majority of all the microspheres made 

were 0 – 20 μm in diameter, the size distributions changed significantly with the number of 

coatings.  Uncoated calcium- and zinc-alginate microspheres had a very narrow size distribution 

with more than 70% of the particles in the 5 – 10 μm range; while coated particles presented a 

more polydispersed size distribution.  Differences in size distribution between uncoated and 

multiple coated microparticles could be a consequence of particle agglomeration which increased 

with the number of coatings. 

Stability of the particles was determined by the three different methods previously 

described.  Initially, particles were suspended at a concentration of 5% (w/v) in dH2O, RPMI 

1640 and DMEM/F12 50:50 cell culture media supplemented with different concentrations of 

BSA.  Particles were incubated at 25°C or 37°C under continuous orbital rotation and at 

predetermined intervals samples were collected, visually inspected and subjected to a partial 

vacuum pressure.  All particles incubated in dH2O looked intact independent of the number of 
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coatings or crosslinkers at the end of the study.  Uncoated Ca-, Zn-, and Cu-alginate particles 

dissolved after one hour incubation in both 5% BSA cell culture media at 37°C (Figure 4-13).  

By day 1, all calcium-alginate uncoated and coated particles were dissolved regardless of the cell 

culture medium (Figure 4-13 A, B).   

It is apparent from the histograms shown in Figure 4-13 (C,D,E,F) that the stability of 

zinc- and copper- alginate particles depended on the number of coatings and the incubation 

medium.  Stability of these particles was directly proportional to the number of coatings.  Also, 

particles were more stable in DMEM/F12 50:50 cell culture medium than in RPMI 1640.  These 

results were expected due to the electrolyte content difference of each media.  DMEM/F12 50:50 

electrolyte content is very similar to human plasma (Table 4-2); however, RPMI 1640 has 

approximately a 6-fold reduction of Ca2+ and a 10-fold excess of phosphate ions.  This difference 

in ions is detrimental for the stability of PEC alginate particles.  The ion exchange properties of 

alginate gels have been studied by many research groups and the process depends on several 

factors such as: the amount of crosslinking ions forming the gel, physical properties of the gel, 

competing ion concentration, pH and ionic strength of the solution [97, 98, 99].   

After removal of crosslinking ions from the particles by albumin and phosphate ions 

present in the RPMI 1640 cell culture medium, the polyelectrolyte complex system was not 

stable anymore.  The calcium PEC system collapsed regardless of the number of PEC layers 

because alginate had no affinity for the other electrolytes present in the medium.  The zinc and 

copper PEC systems were stable slightly longer because of the alginate affinity for the cations 

and the more extensive crosslinking of these systems.  However, the lack of calcium ions that 

would replace the alginate binding sites left by the previous crosslinkers accelerated the collapse 

of the systems.  On the contrary, when zinc and copper ions were chelated by albumin in 
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DMEM/F12 medium, the alginate binding sites left were occupied by calcium ions present in the 

cell culture medium.  As a result, the ion exchange process along with the PEC layers kept the 

pre-crosslinked Zn- and Cu-alginate particles stable.   

Figures 4-14 and 4-15 illustrate how other factors alter the ion exchange process in alginate 

gels.  Stability of the particles is directly proportional to the concentration of albumin present in 

the medium (Figure 4-14), as expected.  Temperature is another important factor influencing the 

ion exchange process.  The kinetics of ion exchange in our chitosan-alginate PEC system was 

slower at 25°C than at 37°C.  Although our results were expected, we cannot determine the 

equilibrium and kinetics of the ion exchange process taking place in the PEC coated zinc-and 

copper-alginate microparticles at this time.  Previous studies on the kinetics of metal ion uptake 

by alginates showed that uptake begins with a rapid phase (minutes to hours) followed by a 

relative slow phase (up to one day)[97].  There are many models that describe the equilibrium 

and kinetics of ion exchange in alginate gels, such as the Langmuir, Freundlich, and the surface 

complex formation models [97].  Although each of the models has advantages and 

disadvantages, it may be possible to use one of them to determine the equilibrium of our system.   

The other two approaches used to determine stability of the particles involved 

centrifugation and shear followed by optical inspection.  Zn- and Cu-alginate particles with zero, 

two, six, or ten PEC coatings were incubated in 5% BSA DMEM/F12 50:50 medium at a 5% 

(w/v) density overnight.  Particles were then exposed to centrifugal speeds ranging from 1000 – 

13,000 rpm (67 – 11,337g) for 20 seconds or 5 minutes.  Uncoated Zn-alginate particles failed 

when centrifuged at 1000 rpm for 20 sec; while uncoated Cu-alginate particles failed at 4000 

rpm.  All the coated zinc- and copper-alginate particles sustained all the centrifugal speeds, even 

at the high speed of 13,000 rpm for 5 min.  Figures 4-16 and 4-17 illustrate optical micrographs 
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of zinc- and copper-alginate PEC microparticles exposed to a shear rate of 200 sec-1 for 1 min.   

Microparticles had been suspended in 5 % BSA DMEM/F12 50:50 medium at a 12 % (w/v) 

density prior to testing.  Uncoated zinc particles were completely destroyed (Figure 4-16A); 

while pieces of very swollen uncoated copper particles could still be seen (Figure 4-17A).  

Differences between the two, six, and ten multilayer particles were not apparent from Figures 4-

16 (B,C,D) and 4-17 (B,C,D).  Although some of the bilayer zinc particles looked slightly 

swollen (Figure 4-16B), the difference was not significant.  The observations from the 

centrifugation and shear tests coincide with our previous results, showing again the strength of 

copper-alginate gels over the zinc-alginate ones.  In addition, it is evident the stabilizing role of 

PEC coatings in both systems.   

The micropipette aspiration technique was used as previously described to determine 

deformability of the calcium-, zinc-, and copper- alginate PEC particles.  Concurring with our 

previous results, all coated alginate particles suspended in dH2O were not deformable when 

using the micropipette.  However, when crosslinking ions were removed, zinc and copper 

particles presented deformable properties, while calcium particles disintegrated regardless of the 

number of PEC coatings.  As Table 4-8 and Figure 4-18 illustrate, zinc and copper particles 

deformed and were completely aspirated into the micropipette tip after applying a 20-cm-H2O 

negative pressure (-19.6x103 dynes/cm2).   

While uncoated particles were not stable after removal of crosslinking ions; bi-layer 

particles were stable mostly in static conditions.  Less pressure (-15 cm H2O; -14.7x103 

dynes/cm2) was necessary to aspirate PEC bilayer zinc-crosslinked microcapsules.  Some of the 

bi-layer zinc and copper particles ruptured under pressures of -15 and -20 cm H2O, respectively.  

Best results were obtained with microcapsules coated six times.  Hexa-layer zinc and copper 
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microparticles were able to deform under a 20-cm-H2O negative aspiration pressure several 

times while recovering their shape.  Removal of crosslinking ions was not as efficient for the ten-

layer copper microparticles as for the lower-layer ones under the conditions tested.  As a result, 

only portions of the deca-layer Cu-crosslinked microparticles were deformable under a 20-cm-

H2O negative pressure as oppose to the 10-PEC-layer zinc microcapsules which were completely 

aspirated under the same pressure.  These observations agree with our previous results, 

demonstrating once more the difference in strength of copper-, zinc-, and calcium-alginate gels 

along with the stabilizing role of the PEC coatings.   

Viscosity of the particles in simulating plasma medium (DMEM/F12 50:50 supplemented 

with 5% BSA) was measured using the Wells-Brookfiled Cone/Plate Digital Viscometer System 

with a CP-52 conical spindle.  Zinc and copper microparticles were suspended in simulating 

plasma medium at a 12% (w/v) density and incubated at room temperature for 2 hours prior to 

obtaining the rheological measurements.  Measurements were taken at a fixed spindle speed of 

100 rpm and a shear rate of 200 sec-1.  Viscosity values for blood, plasma, and serum were 

obtained from studies done in healthy adults by Rosenson et al [24].  A histogram of the 

samples’ viscosity is given in Figure 4-19 and Table 4-9 demonstrates the viscosity values and 

standard error of the means obtained under the conditions tested. 

It is apparent from the data that viscosity values of uncoated zinc and copper microparticle 

suspensions were significantly higher compared to the viscosity of blood.  The uncoated Zn and 

Cu particle suspensions presented increments in viscosity of seven and six folds, respectively.  It 

can be seen from Figures 4-16A and 4-17A that uncoated zinc particles were completely 

destroyed while there were only remaining pieces of very swollen uncoated copper particles.  

Rupture of particles followed by a release of alginate molecules into the salt-containing medium 
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caused an increment of the suspensions’ viscosities.  Solutions of bilayer PEC zinc and copper 

particles had viscosities of 4.92 and 5.90 mPa•s, respectively.  These values were not 

significantly different from the viscosity values of human blood and Figures 4-16B and 4-17B 

demonstrate the presence of particles in the solutions. 

While the viscosity average for the solutions containing copper microcapsules with six 

PEC coatings was 4.92 mPa•s, six-layer zinc-alginate microparticle solutions had a high 

viscosity value of 9.83 mPa•s for the initial 30 seconds.  The viscosity for the latter sample 

decreased to 4.92 mPa•s at 60 seconds.  The difference in viscosity values with respect to time in 

the six-PEC-layer zinc microparticle solutions could be explained by agglomeration of the 

particles.  Figure 4-16C shows some aggregation of hexa-layer Zn particles.  In static conditions, 

particles’ agglomeration was even higher, causing an initial higher resistance to the rotating 

cone.  As the sample fluid was exposed to shear rates of 200 sec-1, particles’ agglomeration was 

broken up, decreasing the solution viscosity.    

The viscosity mean value of the ten-layer copper microparticle solution was 8.19 ± 0.87, 

representing a significant increment compared to the blood viscosity.  This result correlates with 

our previous stability and deformability studies.  The ten multilayer copper-alginate systems 

formed the strongest microparticles due to the alginate high affinity for copper ions and the 

increased stability provided by the high number of coatings.  Regarding the ten-layer zinc-

alginate microspheres, suspensions containing these particles showed an extremely high 

viscosity value of 26.2 mPa•s for the initial 30 seconds.  Although, viscosity decreased with time 

to 8.85 mPa•s at 60 seconds, it was still about 2.7-fold higher than blood viscosity.  Once more, 

particles’ agglomeration seemed be the cause of the changes in viscosity with respect to time.  

Figure 4-16D shows large aggregates of deca-layer Zn particles.   
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Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring 

the particle surface charge changes.  We first examined uncoated alginate particles dispersed in 

dH2O.  There was no significant difference between the zeta potentials of uncoated zinc- and 

copper-alginate particles (Table 4-10).  It is apparent from Figure 4-20 that the zeta potential of 

microparticles with the chitosan surface layer (odd numbers) is slightly less negative than 

microparticles with the alginate surface layer (even numbers).  Although the data showed the 

presence of each polyelectrolyte layer, the difference between uncoated and chitosan-surface 

coated microparticles was not significant until the second chitosan coating for zinc particles and 

the third coating for copper particles.  Also, Figure 4-20A illustrates that the zeta potential of 

zinc microspheres with a total of eight and ten PEC layers ending in alginate differed 

significantly compared to uncoated microspheres. 

It is evident that microbeads retained a negative surface charge throughout the 

modification of the surface layer.  Thickness of the polymeric films on colloidal templates is 

considered to be in the monomolecular-layer range [110].  Since the low molecular weight (< 

5000Da) chitosan oligosaccharide was used as the cationic polymer, layer thickness was very 

thin and the polyelectrolyte molecules failed to overcharge the microbead surface.  Therefore, 

reversing of the microparticles’ surface charge did not occur.  As mentioned earlier, 

agglomeration of coated zinc-alginate microspheres increased with the number of layers.  

Eventually, the formation of aggregates resulted in an irregular coating of the multilayer zinc 

particles. 

Since the toxicity of copper ions was a concern, we decided to analyze the amount of 

copper ions released from microparticles into the chelating medium.  To determine the amount of 

copper ions sequestered by albumin a modified bicinchoninic acid (BCA) protein assay was 
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used.  Microparticles were suspended in RPMI 1640 medium, supplemented with 1% 

penicillin/streptomycin and 5% BSA, at a concentration of 5% (w/v).  Particles were incubated at 

25°C under continuous orbital rotation and supernatants were collected at predetermined 

intervals.  The removed solution was replaced with an equal volume of fresh supplemented 

medium and samples were returned to the rotating incubator until the next time point.  

Concentrations of albumin-reduced copper cations were determined by comparison to a standard 

curve.   

Figure 4-21 illustrates the amount of copper released in a period of three days.  Only 

concentrations of copper released from uncoated particles were detected.  It was determined that 

a 5% (w/v) suspension of uncoated particles released a total copper concentration of 

approximately 3 mM in 24 hours (Table 4-11).  Although no released copper from uncoated 

particles was observed on the second day, some amount was detected on the third day.  The 

results obtained for the coated samples were in agreement with visual observations.  At day 1, 

microparticles with two coatings looked very swollen as opposed to six-layer particles, while 

ten-layer beads looked unchanged.  At day 2, some of the two- and six-layer particles were 

disintegrated, whereas microparticles with ten coatings looked swollen.  Since PEC coatings 

improved the stability of particles, the ion exchange process took longer as the number of PEC 

layers increased.  Therefore, small amounts of copper ions were released into the medium during 

each time point, which were not detected by the modified BCA assay due to its sensitivity at the 

microgram level.   Since the dose limit of copper intake levels in adults is 10 mg/day (157 

μmol/day) and the prescribed IV dose for patients with copper deficiency anemia is 3 mg/day 

(47.2 μmol/day) [111], the low amounts of copper released from the 5% (w/v) suspension of 

coated particles are still below toxic levels. 
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The cytotoxicity of the uncoated and coated calcium-, zinc-, and copper-crosslinked 

particles was assessed using an in vitro cell proliferation assay.  Human dermal fibroblast cells 

were exposed to extracts from the particles and the MTT assay was used to determine cell 

survival and recovery.  Figure 4-22 shows histograms of the cell survival and recovery 

percentages as a function of extract concentration.  Absorbance readings from cells incubated in 

2% FBS medium were used to calculate the survival and recovery percentages.  Cells exposed to 

the extracts from calcium particles showed up to a 2.5-fold increment in cell growth independent 

of the coating number or the extract concentration (Table 4-12; Figure 4-22A).  Likewise, Figure 

4-22B demonstrates that a 24-hour exposure of calcium particle extracts did not alter cell 

proliferation in the long term.  While cells exposed to supernatants from the coated zinc particles 

showed also up to a 2.5-fold increase in cell proliferation, cells exposed to uncoated particles’ 

extracts at the 100 and 1000 μg/mL concentrations did not survive (Figure 4-22C).  Similar to 

calcium, exposure to zinc particle supernatants did not affect cell proliferation in the long term, 

except for cells in contact with extracts from uncoated zinc particles at the two highest 

concentrations (Figure 4-22D).  

When cells were incubated in copper particle supernatants, a 2.5-fold increase in 

proliferation was seen only for cells exposed to the 0.1 μg/ml concentration of coated particles’ 

extracts (Figure 4-22E).  Although Table 4-12 illustrates a higher proliferation for cells in 

contact with supernatants from coated particles as opposed to the control, it is apparent that cell 

proliferation decreases with the extract concentration.  In addition, cells exposed to the highest 

concentration of uncoated particle supernatants did not survive.  In contrast to cells incubated at 

high doses of uncoated zinc particle extracts, cells exposed to toxic levels of uncoated copper 

supernatants were able to slowly recover within two days (Figure 4-22F).  The long-term 
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histogram shown in Figure 4-22F also demonstrates that proliferation of cells exposed to all the 

other extracts was not compromised.     

These results are in agreement with our previous observations for the particle stability and 

the ion exchange process of our PEC chitosan-alginate particles.  It has been shown repetitively 

that particle stability is enhanced by the number of PEC coatings, except for calcium-crosslinked 

particles.  We have also demonstrated that the copper-alginate matrix is the strongest and, 

therefore, forms the most stable particles.  As a result, PEC layers not only keep the zinc and 

copper particles stable but also decrease the release rate of crosslinking ions into the medium, 

which explains differences in cell toxicity between the uncoated and coated particles.  In 

addition, higher toxicity is observed in uncoated zinc particles due to less alginate affinity for 

this cation as opposed to Cu2+.  It is apparent from the recovery histograms that the percent 

values are lower, which coincide with the values obtained for cells incubated in 10% FBS 

medium, our negative control (Table 4-12).  These observations could be explained by the cells 

reaching confluency, resulting in inhibition of cell proliferation due to cell-to-cell contact.  Since 

the MTT assay can only detect mitotic cells, the correct cell number of non-dividing cells cannot 

be determined through this assay.  

The use of copper as a crosslinker for alginate gels has always been limited due to its 

toxicity.  However, our results coincide with other research groups which have found that small 

amount of copper induces cells proliferation, differentiation, and migration in vitro [112, 113, 

114].  Hu was able to demonstrate that human umbilical vein endothelial cells incubated in 10% 

FBS medium supplemented with 500 μM copper were able to increase in cell number by 216% 

compared to a 248% increment induced by 20 ng/ml bFGF [112].  Also, Rodriguez et al showed 

that copper at the 50 μM concentration decreased the proliferation rate of human mesenchymal 
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stem cells while increasing cell differentiation into osteogenic and adipogenic cell lines.  Besides 

proliferation and differentiation, migration of keratinocytes was induced by exposure of cells to 

zinc or copper concentrations of 1.8 or 2 μg/mL, respectively [114]. 

Conclusion 

Particles made with air spray crosslinking technique presented a mono-dispersed size 

distribution; however, the smaller particle size obtained was 50 μm.  Although, particle size 

decreased with increments in the outer lumen air pressure, monodispersity was lost.  Particles 

made with W/O emulsion-gelation technique using cyclohexane as the organic phase presented a 

narrow size distribution; diameter of uncoated particles ranged from 5-15 μm.  Microparticles 

crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of particles 

crosslinked with zinc and calcium.  Particle size decreased when increasing the number of 

coatings.  After the tenth coating, there was approximately a 50% size reduction in particles with 

an initial diameter ranging between 2 – 3 mm.  Besides a decreased in size with multiple 

coatings, particles changed their shape from spherical to biconcave.  Zinc-crosslinked particles 

showed a more pronounced biconcave configuration as opposed to calcium- and copper-

crosslinked particles.   

After removing cross-linkers of coated microspheres, zinc- and copper-alginate capsules 

were deformable and remained stable using the micropipette technique under physiological 

pressures.  Best results were obtained with Zn- and Cu-crosslinked alginate particles coated six 

times.  In addition, these capsules were stable for a period of up to 10 days in sequestrant-

containing media and sustained shear rates of 200 sec-1.  Stability of the zinc- and copper-

alginate microparticles was improved by the number of polyelectrolyte coatings.  The ten 

multilayer copper-alginate systems formed the strongest particles due to the alginate high affinity 

for copper ions and the increased stability provided by the high number of coatings.  Calcium-
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crosslinked particles were not stable after removal of crosslinking ions; even multiple 

polyelectrolyte coatings did not improve stability.   

Viscosity values for solutions containing copper microcapsules with two and six PEC 

coatings were close to blood viscosity values; while only suspensions of two-layer zinc particles 

showed viscosity values similar to blood’s.  Coating microbeads with chitosan oligosaccharide 

did not affect the particles surface charge as they retained a negative surface charge throughout 

the modification of the surface layer.  From the ion exchange studies, it was determined that a 

5% (w/v) suspension of uncoated copper particles released a total copper concentration of 

approximately 3 mM in 24 hours.  Copper released from the coated particles could not be 

determined under the conditions tested.  Results from the MTT assay demonstrated that multiple 

coatings decreased toxicity of heavy-metal crosslinked particles.  The highest level of toxicity 

was shown by uncoated copper- and zinc-crosslinked particles at 1000 μg/ml.  The rest of the 

samples seemed not to affect cells under the conditions studied. 
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Table 4-1.  The PEC chitosan-alginate particle samples made 
Batch # Crosslinker # of Coatings 

1 Ca   0 
2 Ca   2 
3 Ca   6 
4 Ca 10 
5 Zn   0 
6 Zn   2 
7 Zn   6 
8 Zn 10 
9 Cu   0 
10 Cu   2 
11 Cu   6 
12 Cu 10 

 
 

 

 

Table 4-2.  Concentrations of major electrolytes (mmol/L) in human plasma and cell culture 
media 

Electrolyte Plasma RPMI 1640 DMEM/F12 50:50 
Bicarbonate 24 – 30             23.81             29.02 
Calcium 2.00 – 2.75               0.42               2.0 
Chloride 100 – 110           108.03           127.96 
Magnesium 0.8 – 1.1               0.4               0.7 
Phosphate 0.53 – 0.90               5.64               0.95 
Potassium 4.0 – 5.6               5.36               4.18 
Sodium 130 – 155           113.95           150.25 
Sulfate 0.35 – 0.75               0.4               0.703 
Nitrate ---               0.84               0.00037 
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Figure 4-1.  Particle size diameter of copper-crosslinked alginate particles made with the air-
spray crosslinking technique as a function of the needle gauge.  Particles were made 
with an alginate extrusion rate of 12 mL/h, a 10-cm dropping distance, and the outer 
lumen air pressure set at 50 psi.  Significant differences between particles made with 
the 30G needle and all the other needle gauges are reported.  

 

 

Table 4-3.  Particle size diameter of copper-crosslinked alginate particles as a function of the 
needle gauge   

   Particle Diameter (μm)
Needle 
Gauge 

Needle Inner 
Diameter (μm) Mean SEM

30G  330 85.37 4.39
22G  711 132.31 8.19
18G 1270 482.96 42.78
16G  1651 688.55 125.51
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Figure 4-2.  Particle size diameter of copper-crosslinked alginate particles made with the air-

spray crosslinking technique as a function of alginate flow rate.  Particles were made 
using a needle gauge of 30G (330 μm), a 10-cm dropping distance, and the outer 
lumen air pressure set at 50 psi.  Significant differences between particles made with 
1.2 and 12 mL/h and between 6 and 12 mL/h are reported.  

 

 

Table 4-4.  Particle size diameter of copper-crosslinked alginate particles as a function of 
alginate flow rate 

  Particle Diameter (μm)
Alginate Flow Rate 

(mL/h) Mean SEM
1.2 85.83 3.22
6.0 93.22 3.17

12.0 105.32 3.61
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Figure 4-3.  Optical photomicrographs of copper-crosslinked alginate particles made with the air-
spray crosslinking technique using A) a 1.65-mm (16G) syringe needle and extruding 
flow rate of 12 ml/hr, and B) a 0.33-mm (30G) syringe needle and extruding flow rate 
of 1.2 ml/hr.  The dropping distance set at 10 cm and the outer lumen air pressure set 
at 50 psi.  Original magnification = x50, bar denotes 200 µm. 
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Figure 4-4.  Particle size diameter of copper-crosslinked alginate particles made with the air-

spray crosslinking technique as a function of air pressure.  Particles were made using 
a needle gauge of 30G (330 μm) and a 10-cm dropping distance.  While testing air 
pressure or alginate flow rate, all other parameters remained constant.   

 

 

 

Table 4-5.  Particle size diameter of copper-crosslinked alginate particles as a function of 
alginate flow rate   
   Particle Diameter (μm)
Air Pressure 
(psi) 

Alginate Flow Rate 
(mL/h) Mean SEM

40 1.2 63.58 4.78
40 12.0 81.14 6.16
60 1.2 47.63 4.04
60 12.0 44.50 3.40
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Figure 4-5.  Optical photomicrographs of copper-crosslinked alginate particles made with the air-
spray crosslinking technique: A) air pressure = 40 psi and alginate flow rate = 1.2 
mL/h; B) air pressure = 40 psi and alginate flow rate = 12 mL/h; C) air pressure = 60 
psi and alginate flow rate = 1.2 mL/h; and D) air pressure = 60 psi and alginate flow 
rate = 12 mL/h.  Original magnification = x50, bar denotes 200 µm. 
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Figure 4-6.  Particle size diameter of copper-crosslinked alginate particles made with the air-
spray crosslinking technique as a function of the crosslinking ion.  Particles were 
made using a needle gauge of 30G (330 μm), a 10-cm dropping distance, the outer 
lumen air pressure set at 50 psi, and an alginate extrusion rate of 1.2 mL/h. 

 

 

Table 4-6.  Particle size diameter of copper-crosslinked alginate particles as a function of the 
crosslinking ion 

  Particle Diameter (μm)
Crosslinking Ion Mean SEM
Copper 47.63 4.04
Zinc 71.33 4.41
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Figure 4-7.  Optical photomicrographs of calcium-crosslinked alginate particles made with the 
air-spray crosslinking technique A) and with the W/O emulsion gelation technique 
B).  A) Original magnification = x50, bar denotes 500 µm.  B) Original magnification 
= x100, bar denotes 100 µm. 
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Figure 4-8.  Optical micrographs of alginate microspheres made with the W/O emulsion gelation 
technique.  Alginate particles were crosslinked with (A, B) calcium, (C, D) zinc, or 
(E, F) copper ions.  The left row original magnification = x100, bars denote 100 µm; 
right row magnification = x200, bars denote 50 µm. 
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Figure 4-9.  Particle size distribution.  Percentage of total number of uncoated microspheres 
versus particle diameter: A) calcium-, B) zinc-, and C) copper-crosslinked alginate 
particles.  Measurements carried out by a Beckman LS Particle Characterization 
Coulter.  
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Table 4-7.  Particle size distribution of uncoated Ca-, Zn-, and Cu-crosslinked alginate particles 
 Fraction (%) 

Mean ± SEM 
Size Range (μm) Ca_0 Zn_0 Cu_0 
0.00 – 4.99 33.4 ± 7.63 5.00 ± 1.12 0.00 ± 0.00 
5.00 – 9.99 69.7 ± 9.77 77.2 ± 0.50 5.14 ± 0.29 
10.0 – 14.9 6.68 ± 2.06 14.4 ± 0.90 33.2 ± 1.72 
15.0 – 19.9 0.28 ± 0.28 3.03 ± 1.04 46.6 ± 0.96 
20.0 – 24.9 0.00 ± 0.00 0.34 ± 0.34 13.4 ± 1.78 
25.0 – 29.9 0.00 ± 0.00 0.00 ± 0.00 1.09 ± 1.09 
30.0 – 35.0 0.00 ± 0.00 0.00 ± 0.00 0.49 ± 0.49 
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Figure 4-10.  Optical photographs of Ca-, Zn-, and Cu-crosslinked alginate particles made with 
the air-spray crosslinking technique.  Particles were made using a needle gauge of 
16G (1.65 mm), a 10-cm dropping distance, no outer lumen air pressure, and an 
alginate extrusion rate of 12 mL/h.  Particles were coated with 0, 2, 6, and 10 
polyelectrolyte layers using the LbL technique.  The polycationic solution was 
composed of 3% chitosan oligosaccharide and 0.1% CaCl2 while 0.1% alginate 
solution conformed the polyanionic phase.  
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Figure 4-11.  Scanning electron micrographs of alginate microspheres made with the W/O 
emulsion gelation technique.  Alginate particles were crosslinked with (A, B) 
calcium, (C, D) zinc, or (E, F) copper ions.  The left row displays uncoated 
crosslinked alginate particles while the right row displays PEC bilayer alginate 
particles.  Magnification = x2500, bars denote 10 µm. 
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Figure 4-12.  Particle size distribution of uncoated and multiple-layer PEC particles.  Percentage 
of total number of microspheres versus particle diameter: A) calcium-, B) zinc-, and 
C) copper-crosslinked alginate particles.  Measurements carried out by a Beckman LS 
Particle Characterization Coulter. 
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Figure 4-13.  Stability studies of PEC microparticles.  (A, B) calcium-, (C, D) zinc-, and (E, F) 
copper-crosslinked alginate particles coated with 0, 2, 6, or 10 PEC layers were 
incubated at a 5 % (w/v) density in 5 % BSA supplemented RPMI 1640 (A, C, E) or 
DMEM/F12 50:50 (B, D, F) cell culture media at 37°C under continuous orbital 
rotation. At predetermined intervals; samples were collected, visually inspected and 
subjected to a partial vacuum pressure with a 5-mL air-displacement pipetter.  For 
this study, large particles with a diameter ranging between one and two millimeters 
were used to facilitate optical inspection.  The total number of intact particles was 
represented as the percentage of the total number of particles inspected.   
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Figure 4-14.  Optical photomicrographs of bilayer copper-crosslinked alginate particles 
incubated 24 hours in A) dH2O, B) 1% (w/v) BSA RPMI 1640, C) 2.5% (w/v) BSA 
RPMI 1640, and D) 5% (w/v) BSA RPMI 1640.  Original magnification = x50, bar 
denotes 200 µm. 
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Figure 4-15.  Optical photographs of uncoated zinc-crosslinked alginate particles.  Particles were 
incubated in dH2O A), 5 % BSA supplemented BSA RPMI 1640 B) or DMEM/F12 
50:50 C) cell culture media at 25°C for 1 hour.   
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Figure 4-16.  Optical micrographs of zinc-crosslinked PEC microparticles exposed to a shear rate 
of 200-sec-1 for one minute.  A) Zero, B) two, C) six, and D) ten layer microcapsules.   
Particles were incubated at a 12 % (w/v) density in 5 % BSA DMEM/F12 50:50 cell 
culture medium for 4 hrs prior to applying shear rate.  The Wells-Brookfield 
Cone/Plate digital viscometer with a CP-52 conical spindle was used at a speed of 
100 rpm.  Magnification = x100 and bars denote 100 μm.   
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Figure 4-17.  Optical micrographs of copper-crosslinked PEC microparticles exposed to a shear 
rate of 200-sec-1 for one minute.  A) Zero, B) two, C) six, and D) ten layer 
microcapsules.   Particles were incubated at a 12 % (w/v) density in 5 % BSA 
DMEM/F12 50:50 cell culture medium for 4 hrs prior to applying shear rate.  The 
Wells-Brookfield Cone/Plate digital viscometer with a CP-52 conical spindle was 
used at a speed of 100 rpm.  Magnification = x100 and bars denote 100 μm.   
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Table 4-8.  Composition and deformability properties of PEC chitosan-alginate microcapsules 

Code Max Negative Suction 
Pressure  x 103 (dynes/cm2) Deformation 

Ca-0 0 Disintegrated 
Ca-2 0 Disintegrated 
Ca-6 0 Disintegrated 
Ca-10 0 Disintegrated 
Zn-0 0 Disintegrated 
Zn-2 -14.71 Yes. Some particles ruptured 
Zn-6 -19.6 Yes.  Particles completely aspirated 
Zn-10 -19.6 Yes.  Particles completely aspirated 
Cu-0 0 Disintegrated 
Cu-2 -19.6 Yes. Some particles ruptured 
Cu-6 -19.6 Yes.  Particles completely aspirated 
Cu-10 -19.6 Yes.  Portions of the particles aspirated 
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Figure 4-18.  Optical photomicrograph of hexa-layer alginate-chitosan capsule during 
micropipette aspiration.  Original magnification = x400. 
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Figure 4-19.  Viscosity values of zinc- and copper-crosslinked PEC microparticles.  Particles 
(n=3) were incubated at a 12 % (w/v) density in 5 % BSA DMEM/F12 50:50 cell 
culture media for 4 hrs prior to taking viscosity readings.  The Wells-Brookfield 
Cone/Plate digital viscometer with a CP-52 conical spindle was used at a speed of 
100 rpm and applying a shear rate of 200 sec-1.  Measurements were taken at 30 and 
60 seconds.  Viscosity values for blood, plasma, and serum were obtained from 
Rosenson, McCormick and Uretz (p. 1191), Distribution of blood viscosity values and 
biochemical correlates in healthy adults, Clinical Chemistry 42 (1996), No. 8, 1189-
1195.  Significant differences between whole blood and all the samples are reported. 
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Table 4-9.  Viscosity values of PEC chitosan-alginate microcapsules.  Measurements at 30 and 
60 seconds were the same for all samples except for Zn-6 and Zn-10.  Viscosity 
values for blood, plasma, and serum were obtained from Rosenson, McCormick and 
Uretz (p. 1191), Distribution of blood viscosity values and biochemical correlates in 
healthy adults, Clinical Chemistry 42 (1996), No. 8, 1189-1195 

 Viscosity (mPa•s) 
Sample Mean SEM 
Blood 3.26 0.25 
Plasma 1.39 0.05 
Serum 1.27 0.03 
dH2O 0.98 0.00 
5% BSA DMEM/F12 50:50 cell culture media 1.64 0.16 
Zn-0 21.3 0.66 
Zn-2 4.92 0.00 
Zn-6 9.83 0.00 
Zn-10 26.2 3.28 
Cu-0 17.0 0.33 
Cu-2 5.90 0.57 
Cu-6 4.92 0.00 
Cu-10 8.19 0.87 
Zn-6, 60 sec 4.92 0.00 
Zn-10, 60 sec 8.85 0.00 
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Figure 4-20.  Zeta potential values of A) zinc- and B) copper-crosslinked multiple layer PEC 
particles.  Samples were dispersed in dH2O at a concentration of 0.1% (w/v) and 
measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer 
layer is composed of alginate when the number of coatings is even; while chitosan 
oligosaccharide is on the surface of particles when the number of coatings is odd.  
Significant differences between uncoated particles and all the coated samples are 
reported. 
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Table 4-10.  Zeta potential values of PEC chitosan-alginate microcapsules.  Measurements were 
carried out by the Brookhaven ZetaPlus Analyzer.  The outer layer is composed of 
alginate when the number of coatings is even; while chitosan oligosaccharide is on 
the surface of particles when the number of coatings is odd.   

 Zeta Potential (mV) Mobility Relative Residual 
Sample Mean ± SEM Mean ± SEM Mean ± SEM 
Zn-0 -39.64 ± 1.81 -3.10 ± 0.14 0.0393 ± 0.0020 
Zn-1 -32.95 ± 0.94 -2.57 ± 0.07 0.0347 ± 0.0024 
Zn-2 -33.51 ±0.90 -2.62 ±0.007 0.0401 ± 0.0021 
Zn-3 -26.63 ± 0.92 -2.08 ± 0.07 0.0369 ± 0.0024 
Zn-4 -34.26 ±1.51 -2.68 ± 0.12 0.0362 ± 0.0022 
Zn-5 -26.42 ± 2.10 -2.06 ± 0.16 0.0384 ± 0.0026 
Zn-6 -29.84 ± 2.11 -2.33 ± 0.16 0.0378 ± 0.0023 
Zn-7 -24.71 ± 1.75 -1.93 ± 0.14 0.0340 ± 0.0034 
Zn-8 -8.45 ± 3.00 -0.66 ± 0.23 0.0441 ± 0.0011 
Zn-9 -7.05 ± 2.37 -0.55 ± 0.18 0.0462 ± 0.0008 
Zn-10 5.13 ± 2.01 -0.40 ± 0.16 0.0455 ± 0.0010 
Cu-0 -34.11 ± 1.46 -2.67 ± 0.11 0.0415 ± 0.0022 
Cu-1 -27.74 ± 0.95 -2.17 ± 0.07 0.0408 ± 0.0026 
Cu-2 -35.45 ± 1.16 -2.77 ± 0.09 0.0425 ± 0.0020 
Cu-3 -29.74 ± 1.51 -2.32 ± 0.12 0.0425 ± 0.0017 
Cu-4 -32.10 ± 1.17 -2.51 ± 0.09 0.0413 ± 0.0019 
Cu-5 -25.89 ± 2.20 -2.02 ± 0.13 0.0406 ± 0.0024 
Cu-6 -28.39 ± 2.20 -2.22 ± 0.11 0.0361 ± 0.0036 
Cu-7 -26.54 ± 1.66 -2.07 ± 0.13 0.0425 ± 0.0014 
Cu-8 -36.11 ± 0.98 -2.82 ± 0.08 0.0311 ± 0.0022 
Cu-9 -22.68 ± 1.18 -1.77 ± 0.09 0.0410 ± 0.0013 
Cu-10 -38.69 ± 2.69 -3.02 ± 0.21 0.0413 ± 0.0019 
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Figure 4-21.  Concentration of copper ions released from chitosan-alginate PEC microparticles.   
Microparticles were suspended at a 5 % (w/v) density in 5% (w/v) BSA and 1% (v/v) 
penicillin/streptomycin supplemented RPMI 1640 cell culture medium and incubated 
at 37°C under continuous orbital rotation.  At 24, 48, and 72 hours, supernatants were 
collected.  The removed solution was replaced with an equal volume of fresh 
supplemented media and samples with microparticles were returned to the rotating 
incubator until the next time point.  Analysis of the supernatant was conducted using 
the bicinchoninic acid reagent from a BCA kit.  Concentrations of albumin-reduced 
copper cations were determined by comparison to a standard curve. 

 

 

 

Table 4-11.  Concentration values of copper ions released from PEC chitosan-alginate 
microcapsules.  Only values for uncoated samples are reported since no values of 
copper were detected for the coated samples 

  Copper Concentration (μM)
Sample Time Point (hr) Mean ± SEM
Cu-0 24 2989.35 ± 48.76
Cu-0 48 0.00 ± 0.000
Cu-0 72 239.53 ± 411.7
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Figure 4-22.  Survival and recovery percentages of human dermal fibroblasts.   Cells (passage 
10) were plated onto 96-well plates at a density of 1,000 cells/well and incubated for 
24 hours in 10% FBS supplemented media.  Fibroblasts were then incubated in 100 μl 
of the different types of media.  Cells incubated in 2% and 10% FBS supplemented 
media served as negative controls; whereas cells incubated in extracts from different 
concentrations of copper powder were used as positive controls (n= 6).  Fibroblasts 
were exposed to extracts from (A, B) calcium-, (C, D) zinc- and (E, F) copper-
crosslinked PEC microcapsules.  At 24 hours, cells were either collected for MTT 
assay (A, C, E) or cultured in 10 % FBS medium for 48 hours (B, D, F).  Results are 
reported as a percentage of the 2% FBS control.  Significant differences between 
uncoated particles and all the coated samples are reported. 
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Table 4-12.  Fibroblast cell survival and recovery percentages as a function of extract 
concentrations from PEC microparticles.  Results are reported as a percentage of the 
2% FBS control 

 Concentration Survival (%control) Recovery (%control) 
Sample (μg/mL) Mean ± SEM Mean ± SEM 
10% FBS --- 47.58 ± 15.70 74.67 ± 6.989 
Cu-control-1 0.1 150.7 ± 10.38 136.0 ± 15.67 
Cu-control-2 10.0 68.66 ± 9.126 85.55 ± 5.418 
Cu-control-3 1000.0 0.000 ± 0.000 59.33 ± 5.948 
Ca-0 0.1 217.6 ± 13.31 108.7 ± 10.53 
Ca-2 0.1 221.8 ±10.32 126.4 ± 15.40 
Ca-6 0.1 169.6 ± 22.17 81.82 ± 7.960 
Ca-10 0.1 249.8 ± 48.79 120.4 ± 18.51 
Ca-0 1.0 222.1 ± 10.89 108.2 ± 9.791 
Ca-2 1.0 241.2 ± 14.23 96.44 ± 17.14 
Ca-6 1.0 235.9 ± 16.55 83.83 ± 12.21 
Ca-10 1.0 225.4 ± 28.57 78.73 ± 5.387 
Ca-0 10.0 164.3 ± 14.41 141.9 ± 13.11 
Ca-2 10.0 118.3 ± 73.00 62.01 ± 11.44 
Ca-6 10.0 157.9 ± 9.497 63.29 ± 12.23 
Ca-10 10.0 181.8 ± 8.194 79.67 ± 25.25 
Ca-0 100.0 185.6 ± 17.36 89.44 ± 13.36 
Ca-2 100.0 154.2 ± 6.993 88.58 ± 12.01 
Ca-6 100.0 183.9 ± 17.85 83.28 ± 11.66 
Ca-10 100.0 172.5 ± 12.61 58.82 ± 9.785 
Ca-0 1000.0 172.5 ± 23.58 137.9 ± 22.48 
Ca-2 1000.0 222.2 ± 22.56 113.5 ± 8.090 
Ca-6 1000.0 171.7 ± 11.75 70.98 ± 5.865 
Ca-10 1000.0 161.2 ± 20.22 98.98 ± 22.60 
Zn-0 0.1 217.3 ± 7.881 108.6 ± 11.05 
Zn-2 0.1 236.5 ± 17.09 128.4 ± 8.298 
Zn-6 0.1 225.5 ± 10.86 117.4 ± 17.15 
Zn-10 0.1 218.6 ± 6.869 125.6 ± 8.678 
Zn-0 1.0 232.2 ± 11.41 98.19 ± 5.381 
Zn-2 1.0 217.9 ± 9.468 117.2 ± 10.56 
Zn-6 1.0 248.0 ± 15.65 134.4 ± 20.90 
Zn-10 1.0 213.5 ± 11.31 129.1 ± 9.863 
Zn-0 10.0 181.0 ± 23.17 68.27 ± 13.82 
Zn-2 10.0 241.6 ± 53.32 85.02 ± 10.81 
Zn-6 10.0 180.4 ± 17.29 115.7 ± 14.63 
Zn-10 10.0 153.3 ± 17.98 82.32 ± 4.997 
Zn-0 100.0 0.000 ± 0.000 0.000 ± 0.000 
Zn-2 100.0 203.0 ± 30.58 106.4 ± 9.982 
Zn-6 100.0 188.5 ± 11.06 96.93 ± 6.714 
Zn-10 100.0 167.4 ± 11.23 134.9 ± 26.72 
Zn-0 1000.0 0.000 ± 0.000 0.000 ± 0.000 
Zn-2 1000.0 210.9 ± 30.13 99.33 ± 8.423 
Zn-6 1000.0 217.2 ± 37.26 101.8 ± 14.43 
Zn-10 1000.0 163.6 ± 21.51 102.2 ± 17.42 
Cu-0 0.1 143.4 ± 18.94 145.3 ± 3.656 
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Table 4-12.  (continued) 
Cu-2 0.1 203.7 ± 9.893 115.5 ± 14.59 
Cu-6 0.1 246.5 ± 36.66 99.96 ± 6.448 
Cu-10 0.1 243.8 ± 26.83 109.2 ± 9.618 
Cu-0 1.0 189.8 ± 24.66 124.0 ± 6.700 
Cu-2 1.0 191.5 ± 17.84 121.1 ± 12.35 
Cu-6 1.0 219.1 ± 11.45 118.3 ± 2.559 
Cu-10 1.0 203.6 ± 7.226 132.2 ± 13.34 
Cu-0 10.0 108.9 ± 40.27 69.67 ± 16.10 
Cu-2 10.0 144.1 ± 10.63 77.70 ± 10.09 
Cu-6 10.0 194.7 ± 23.97 69.63 ± 8.220 
Cu-10 10.0 155.4 ± 14.86 92.87 ± 3.657 
Cu-0 100.0 104.7 ± 16.83 93.97 ± 10.24 
Cu-2 100.0 163.1 ± 10.84 103.6 ± 14.22 
Cu-6 100.0 179.5 ± 9.066 85.58 ± 10.79 
Cu-10 100.0 179.9 ± 8.059 99.56 ± 15.04 
Cu-0 1000.0 0.000 ± 0.000 23.36 ± 11.62 
Cu-2 1000.0 89.73 ± 20.61 71.86 ± 6.007 
Cu-6 1000.0 161.9 ± 15.27 94.25 ± 10.26 
Cu-10 1000.0 167.6 ± 20.71 108.2 ± 19.69 
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CHAPTER 5 
ENCAPSULATION AND RELEASE OF BOVINE SERUM ALBUMIN FROM 

POLYELECTROLYTE CHITOSAN-ALGINATE MICROPARTICLES CROSSLINKED 
WITH ZINC OR COPPER IONS 

Introduction 

A vast number of proteins, including monoclonal antibodies, growth factors, cytokines, 

soluble receptors, and hormones, have been approved by the FDA to treat a variety of diseases 

[31, 32, 33].  However, conventional oral and intravenous (IV) delivery of these drugs is usually 

not effective because of the inherent instability of many proteins [33, 31, 32, 34, 35].  Proteins 

have a very short in vivo half-life, are incapable of diffusing through biological membranes and 

are unstable in the body environment [33, 36, 37].  Although intravenous protein administration 

is most effective, daily injections and high protein concentrations are required to achieve an 

effective local concentration for a prolonged time [33, 38].  Frequent systemic doses increase 

treatment cost, patient discomfort, and side effects. 

To improve delivery of proteins, many controlled-release systems composed of polymeric 

biomaterials have been developed [39, 40, 41].  The main goal of developing these systems is to 

control the release of drugs so that a therapeutic level is achieved for long periods of time.  The 

most promising delivery approach is the encapsulation of protein within biodegradable 

polymeric nano- or microspheres, which facilitate drug administration through a syringe needle 

[33, 41, 43].  Poly(lactide) or poly(lactide-co-glicolide)-based microspheres have been the most 

studied systems due to the excellent biocompatibility and biodegradability properties of the 

polymers [42, 47].  However, the main drawbacks of these systems include: denature of some 

encapsulated proteins due to the manufacturing process conditions, poor encapsulation efficiency 

for hydrophilic drugs, and a deficient linear release of the drug.   
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In this study we examined the application of chitosan-alginate microparticles in the 

development of a controlled-release system composed of a protein-loaded core coated by a 

polyelectrolyte complex (PEC) shell.  The rationale behind this system was that the shell would 

provide the pharmacokinetic-release limiting factor [42, 48]; with a release kinetics governed by 

diffusion from the core through the degrading shell [48].  This work was focused on the 

encapsulation and characterization of bovine serum albumin, as a model protein, within zinc-or 

copper-crosslinked alginate microcores coated by multiple PEC layers composed of chitosan 

oligosaccharide and alginate.   

Materials and Methods 

Preparation of FITC-Labeled BSA (F-BSA) 

BSA was conjugated with fluorescein isothiocyanate (FITC) following the method from 

Blau et al [115].  Briefly, FITC (Sigma, St. Louis, MO) was diluted in dimethyl sulfoxide 

(DMSO) prior to use.  BSA was dissolved at a 10 mg/ml concentration in 500 mM sodium 

carbonate-bicarbonate buffer (pH 9.5) and reacted with 10-fold molar excess FITC for one hour 

in the dark.  Dialysis was performed against protein storage buffer (10 mM Tris, 1 mM EDTA, 

150 mM NaCl, 0.1wt% sodium azide) at pH 8.2 for 2 hr.  Following this, the protein storage 

buffer was replaced by fresh buffer and dialysis was continued overnight.  F-BSA obtained was 

stored at -20°C.  The molar fluorescein/protein (F/P) ratio of F-BSA was determined 

spectrofluorometrically at 280 nm and 490 nm according to the following equations: 
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where εFITC@490nm = 68,000/M-cm and εBSA@280nm = 43824/M-cm represent the molar extinction 

coefficients of FITC and BSA at 490 nm and 280 nm, respectively. 

Micro-Core Preparation  

The W/O emulsion-gelation technique was used to synthesize the alginate microcores.  A 

3% (w/v) sodium-alginate solution was prepared and F-BSA was added to this aqueous solution 

at a 1.7% (w/w) concentration.  This mixture was then emulsified in an organic phase containing 

cyclohexane (Aldrich, St. Louis, MO) and Pluronic® L61 (kindly donated by BASF) at a 0.5% 

(v/v) concentration.  The first emulsion was obtained by ultrasonication of the two phases at 

60W for 1 min in an ice bath.  A second aqueous solution containing 0.5M of the crosslinking 

agent was added to the emulsion by air-spray (40 psi, 20ml/hr) at a 4-cm dropping distance while 

stirring the whole medium slowly with a magnetic stirrer.  Particles were allowed to cure for ten 

minutes under continuous stirring.  Then medium was allowed to rest for 24 hr so that particles 

would drop to the bottom of the container while the oil phase was left at the top.  After 

separation of the two phases, particles were collected by filtration through a 45-μm mesh and 

washed copiously to remove the organic solvent.  Particle solution was also warmed at 37°C to 

induce solvent evaporation.  After removal of the organic phase, particles were stored at 4°C for 

future coating. 

Coating of Alginate Particles 

Zn- and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption 

technique.  The coating always started with the cationic polymer and ended with the anionic 

polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. The 

cationic polymer used was a high-deacetylated, low-molecular-weight chitosan oligosaccharide 

lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic polymer used.  

A 3 % (w/v) chitosan solution containing CaCl2 or a 0.1 % (w/v) alginate solution was added to 
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crosslinked-alginate particles dispersed in deionized water.  After allowing the particles to coat 

for 30 minutes, they were collected by centrifugation and washed three times with deionized 

water to ensure that all free polyelectrolytes were removed.   Following the washes, particles 

were ready for the next coating or stored at 4°C until use.  Table 5-1 shows the different batches 

made; each batch was repeated three times. 

Characterization of F-BSA-Loaded Microcapsules 

To characterize the F-BSA-loaded microcapsules, five tests were performed: surface 

morphology analysis, particle size distribution, coating adsorption, encapsulation efficiency, and 

protein release kinetics. 

Surface morphology analysis 

Surface morphology of the microcapsules was examined by light microscopy and scanning 

electron microscopy (SEM).  Samples for scanning electron micrographs were obtained after 0, 

2, 6, and 10 coatings.  Droplets of microsphere solutions were mounted on aluminum stubs, let 

air dried and sputter-coated with gold and palladium particles.  The stubs were mounted in a 

scanning electron microscope at 10.0 kV and imaged at x2500 and x10000.    

Particle size distribution 

Size of microcapsules was analyzed by dispersing particles in deionized water at a 

concentration of 0.1% (w/v).  Measurements were carried out by a Beckman LS13320 Particle 

Characterization Coulter (Beckman Instruments, Fullerton, CA).  Calculation of the particle sizes 

was carried out using the standard modus of the LS13320 Particle Size Analyzer software 

(Beckman Instruments, Fullerton, CA).  Percentage of particle diameters was used to describe 

particle size.  Each sample was measured in triplicate. 
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Coating adsorption analysis 

Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring 

the particle surface charge changes. Samples were dispersed in dH2O at a concentration of 0.1% 

(w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer (Brookhaven 

Instruments Corp., USA).  The zeta potential was calculated from the solution conditions and the 

measured electrophoretic mobility.  Each sample was measured in triplicate and the values 

reported were the mean value for the three replicate samples.  

Determination of protein loading efficiency 

  The loading efficiency, or the ratio of protein encapsulated to the initial protein mass, was 

determined by decomposition of the microcores followed by PEC shell destabilization.  Particles 

were dispersed in DMEM/F12 50:50 cell culture medium (Cellgro, Herndon, VA) supplemented 

with 5% (v/v) goat serum albumin, GSA (Sigma, St. Louis, MO), and 1% (w/v) 

penicillin/streptomycin solution (Cellgro, Herndon, VA).  Multiple-layer particles, at a 2.5% 

(w/v) concentration, were incubated at 37°C for 15 min.  The suspension was vortexed for 2 min 

to disrupt particles and extract the F-BSA.  Particle solution was incubated for another 15 min at 

37°C and vortexed again before collecting the aqueous solution by centrifugation at 10,000 rpm 

for five minutes.  The remaining pellet was resuspended in the same initial volume of chelating 

medium and the incubation and vortex process was repeated.  The supernatant collected was 

stored at -20ºC for future analysis.  

Analysis of the thawed supernatant from the microspheres was conducted using the 

enzyme-linked immunosorbent assay (ELISA) specific for bovine serum albumin (Alpha 

Diagnostic International Inc., San Antonio, TX).  Concentrations of BSA were determined by 

comparison to a standard curve.  All analyses were conducted in triplicate. 

Encapsulation efficiency, theoretical and actual protein loadings are defined as follows: 
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In vitro release kinetics of F-BSA microcapsules 

Cumulative release kinetic studies were conducted to determine temporal release of F-BSA 

from the microparticles.  F-BSA-loaded microspheres were suspended in 5% (v/v) GSA cell 

culture medium at a 5% (w/v) density.  The suspension was incubated at 37°C under continuous 

orbital rotation to ensure continuous mixing.  At predetermined intervals (12, 24, and 48 hours) 

samples were removed from the incubator and centrifuged at 13,000 rpm for 5 min.  The 

supernatant was removed, reserved in a new labeled tube, and stored at -20ºC for future analysis.  

The removed solution was replaced with an equal volume of fresh 5% GSA medium.  The 

sample tubes containing microspheres were returned to the rotating incubator at 37ºC until the 

next time point.   

Analysis of the thawed supernatant from the microspheres was conducted using an ELISA 

kit specific for BSA (Alpha Diagnostic International Inc., San Antonio, TX).  Concentrations of 

F-BSA were determined by comparison to a standard curve.  All analyses were conducted in 

triplicate. 

Bovine serum albumin ELISA 

The Bovine Albumin ELISA kit from Alpha Diagnostic Intl. Inc. is a competitive type of 

assay.  The test is based on the competitive binding of fixed concentrations of conjugated anti-

BSA-horseradish-peroxidase (anti-BSA-HRP) to BSA coated on the plate and to BSA in the 
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sample.  Therefore, the higher the BSA concentration in the samples, the less amount of anti-

BSA-HRP bound to the plate; resulting in a color development inversely proportional to the 

amount of BSA present in the sample.  The assay was performed following the kit manual.  

Twenty microliters of standards or samples was added to each well of a 96-well plate coated with 

bovine serum albumin.  Subsequent to sample addition, 80 μl of anti-BSA-HRP was added to 

each well and the plate was incubated at room temperature for one hour.  After washing the wells 

five times, 100 μl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution was added to each 

well and incubated in the dark at room temperature for 15 minutes.  The reaction was stopped by 

adding 100 μl of stop solution to all wells.  Optical density of each well was determined at 450 

nm on a microplate reader.   

Data Interpretation 

Data were expressed as mean values ± standard error of the mean (SEM).  To describe 

statistical differences, one-way analysis of variance (ANOVA) and Tukey-Kramer multiple 

comparison post test were used.  Statistical significance was defined as p≤ 0.05. 

Results and Discussion 

Bovine serum albumin was successfully conjugated to fluorescein isothiocyanate (FITC) 

with a final protein concentration of 10 mg/ml and a fluorescein-to-protein ratio of 8.1 ± 5.8 

(mol/mol).  Although BSA was labeled with FITC to facilitate the detection of released protein 

by spectrofluorometry, it was discovered that coating the particles with chitosan oligosaccharide 

made them autofluorescent (Figure 5-1).  The autofluorescence of the coated particles was very 

high and beyond the range of typical background; therefore, analyses using the fluorescence 

properties of FITC-conjugated BSA could not be used.  These observations are in agreement 

with previous studies showing the autofluorescence properties of natural forms of chitin [116, 

117, 118].   
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Figures 5-1, 5-2, and 5-3 illustrate how the fluorescence intensity of coated particles is 

dependent on the number of coatings and the crosslinker used to prepare the alginate microcores.  

The fluorescence intensity was directly proportional to the number of coatings.  In addition, it is 

evident that particles’ fluorescence decreased when F-BSA was encapsulated within copper-

crosslinked alginate microcores (Figure 5-3).  The intrinsic fluorescence of chitosan seems to be 

affected by the environment and binding to specific molecules.  The binding affinity of albumin 

for heavy metal ions, especially for copper ions, is known from previous chapters.  When F-BSA 

is encapsulated within the core, it chelates some of the copper ions in the alginate gel leaving 

some binding sites available.  As a result, the copper-alginate gel matrix is more porous and 

binding of the low molecular weight chitosan to the interior gel network is favored.  Since more 

chitosan is bound to the interior of the core than onto the surface of F-BSA-loaded copper-

alginate microcores, these microparticles present lower fluorescence intensity.    

  The particles-forming properties in the emulsion-gelation technique were significantly 

altered when F-BSA was encapsulated.  As can be seen in Figures 5-4A and 5-5A, zinc- and 

copper-alginate microcores appeared spherical in shape and displayed similar characteristics.  

Both systems showed a very rough surface morphology and high particle agglomeration.  In 

addition, it is also evident from Figures 5-4 and 5-5 that particles’ size decreased with 

encapsulation of F-BSA.  These observations differ from the surface morphology and size 

distribution presented by blank microcores.  Particles crosslinked with copper presented a tear-

drop shape as oppose to the spherical shape of F-BSA-loaded copper-alginate particles.   

Besides shape, empty zinc- and copper-alginate microparticles did not present any 

agglomeration problems at the uncoated stage.  Moreover, their size distribution was between 5 – 

10 and 15 – 20 μm for zinc and copper particles, respectively; as opposed to the 1 – 5 and 1 – 10 
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μm diameter range presented by F-BSA-loaded zinc- and copper-alginate microcapsules.  Size 

distribution of protein-loaded microparticles could not be determined by the Beckman LS13320 

Particle Characterization Coulter due to high particle aggregation.  The reported values are 

estimates obtained from scanning electron micrograph images.  The observed differences in 

particle morphology and size distribution between empty and protein-loaded particles could be 

attributed to changes in the interior core network.  Since encapsulation took place at a neutral pH 

and BSA (pI 4.9) was negatively charged, the protein could compete with the carboxylic acid 

sites on the alginate for the crosslinker ions.  As a consequence, crosslinking of the alginate cores 

took longer, increasing the coalescence of particles and causing high aggregation.  This will 

influence the release kinetics pursued later. 

Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring 

the particle surface charge changes.  We first examined uncoated F-BSA-loaded alginate 

particles dispersed in dH2O.  There was no significant difference between the zeta potentials of 

uncoated zinc- and copper-alginate particles (Table 5-2).  It is apparent from Figure 5-6A that the 

zeta potential of F-BSA-loaded zinc-microparticles with the chitosan surface layer (odd 

numbers) is slightly less negative than microparticles with the alginate surface layer (even 

numbers).  The data showed the presence of each polyelectrolyte layer with a significant 

difference between uncoated and chitosan-surface coated microparticles.  Also, Figure 5-6B 

illustrates that the zeta potential of F-BSA-loaded copper-microspheres with one and three PEC 

layers ending in chitosan differed very significantly compared to the uncoated microspheres’ 

values.  

It is evident that microbeads retained a negative surface charge throughout the 

modification of the surface layer.  Thickness of the polymeric films on colloidal templates is 
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considered to be in the monomolecular-layer range [110].  Since the low molecular weight (< 

5000Da) chitosan oligosaccharide was used as the cationic polymer, layer thickness was very 

thin and the polyelectrolyte molecules failed to overcharge the microbead surface.  Therefore, 

reversing of the microparticles’ surface charge did not occur.  In addition, the formation of 

aggregates, which increased with the number of coatings, resulted in an irregular coating of the 

particles.  The significant differences seen in F-BSA-loaded copper particles with one and three 

PEC coatings could be explained by the high binding affinity of albumin for copper ions.  During 

encapsulation, albumin competitively binds to copper ions, leaving the core alginate gel with 

binding sites available.  Therefore, more chitosan binds to the interior gel network, lowering the 

negative surface charged. 

The encapsulation efficiency of the zinc- and copper-crosslinked alginate microparticles 

was determined with an ELISA kit specific for bovine serum albumin.  Figure 5-7 and Table 5-3 

illustrate the difference in encapsulation efficiency as a function of the type of crosslinker used.  

The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 96.71% ± 

7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The 

encapsulation of proteins within an anionic polymer such as alginate depends vastly on the 

charge of the protein.  Positive charged proteins interact with alginate, forming coacervates; 

while there is no interaction between alginate and proteins with a negative charge, resulting in 

poor entrapment efficiency.   

The low amount of protein encapsulated within zinc-alginate particles could be attributed 

to the negative charge of F-BSA during encapsulation.  However, this does not hold true for 

copper-alginate particles because of the high binding affinity of BSA for copper.  BSA 

competitively binds to copper ions reducing its net negative charge; therefore, less repulsive 
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forces exist between alginate and BSA, resulting in high encapsulation efficiency.   The 

incorporation of proteins into alginate microspheres can be improved by changing sample 

preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, 

polymer molecular mass, and microsphere size.   

Figure 5-8 shows the release kinetic profiles of F-BSA from PEC chitosan-alginate 

microspheres.  Cumulative release amounts of F-BSA were determined by an ELISA kit.  The 

ELISA assay permitted us to quantify only the released fraction of BSA specific for the 

recognition of the conjugated antibody.  The release kinetics of the F-BSA microspheres was 

contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles 

showed a cumulative linear release profile (Figure 5-8C) for the 48-hr period studied.  It is 

apparent from Figure 5-8A that most of the F-BSA was released during the first 24 hours.  

Although Figure 5-8D also shows a linear release rate of the protein from uncoated copper-

alginate particles; approximately 50% F-BSA was released in the first 12 hours as opposed to 

25% release at 24 and 48 hours.  The data shown in Table 5-4 for the protein release rate of 

uncoated zinc- and copper-alginate particles do not differ significantly. 

On the contrary, F-BSA released from coated alginate particles differed significantly from 

the release rate observed for uncoated microspheres.  When zinc-alginate particles were coated 

with multiple PEC layers, there was a 2- and 10-fold reduction in F-BSA release during the 12- 

and 24-hr incubation periods, respectively (Figure 5-8A).  The observed protein release reduction 

was not affected by further increment in the number of coatings.  F-BSA release decreased by 

10-fold at 12 hours when copper-alginate particles were coated with PEC layers (Figure 5-8B).  

No released protein was detected from coated particles at the 24- and 48-hour time point. 
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The release of proteins encapsulated within alginate networks is governed by two 

mechanisms: (1) diffusion of protein through the polymer matrix pores and (2) degradation of the 

polymer [84].  While diffusion of small molecules is unaffected by the alginate matrix, porosity 

plays an important role in the diffusion of larger proteins.  Many factors vary porosity of alginate 

matrices such as polymer concentration, molecular mass, monomer ratio, gelation rate, protein 

loading, protein/polymer ratio, and the presence of salts during the crosslinking reaction.  To 

illustrate, gels made from high α-L-guluronic acid alginates presented the most open pore 

structure and, therefore, the highest diffusion rates for proteins [84].  

Although microspheres’ morphological factors (such as protein diffusion and polymer 

erosion) affect the release kinetics; protein instability problems (such as aggregation, adsorption, 

and ionic interactions), protein size, pI, solubility and its distribution within the polymer matrix 

are also important factors influencing the release trends.  As mentioned earlier, the encapsulation 

of proteins within alginate depends vastly on the charge of the protein.  Although, positive 

charged proteins interact with alginate forming coacervates and resulting in high encapsulation 

efficiency as oppose to negative charged proteins; these coacervations hinder the protein release 

profile as well.  The high molecular weight of F-BSA, its possible aggregation and adsorption 

during the formulation and/or the release period, and the low stability of the uncoated zinc- and 

copper-alginate particles in the chelating medium could explain the short release time observed.   

Besides the morphological factors of the alginate matrix and the physicochemical 

properties of the encapsulated protein, the release kinetics of our core-shell systems is also 

affected by PEC layers surrounding the alginate core.  F-BSA-loaded microspheres with multiple 

PEC coatings showed an incomplete release pattern during the 48-hr incubation time, which can 

be explained by a strong interaction between the two polyelectrolytes and a stabilization of the 
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anionic and cationic polymer by electrolytes present in the chelating medium.  Future release 

studies with longer incubation times are needed to fully understand the release kinetics of our 

chitosan-alginate PEC microparticles since no trend could be determined at this time.  

Conclusion 

BSA was successfully labeled with FITC to facilitate the detection of released protein by 

spectrofluorometry.  However, analyses using the fluorescence properties of F-BSA could not be 

performed since coating the particles with chitosan oligosaccharide made them autofluorescent. 

The fluorescence intensity was directly proportional to the number of coatings and it was 

affected by the environment and binding to specific molecules.  The particles-forming properties 

in the emulsion-gelation technique were significantly altered when F-BSA was encapsulated.  

Although zinc- and copper-alginate microcores appeared spherical in shape and displayed similar 

characteristics, both systems showed a very rough surface morphology and high particle 

agglomeration.  Also, particles’ size decreased with encapsulation of F-BSA.   

The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 

96.71% ± 7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The 

incorporation of proteins into alginate microspheres can be improved by changing sample 

preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, 

polymer molecular mass, and microsphere size.  The release kinetics of the F-BSA microspheres 

was contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles 

showed a cumulative linear release profile for the 48-hr period studied; while F-BSA-loaded 

microspheres with multiple PEC coatings presented an incomplete release pattern.  Future 

release studies with longer incubation times are needed to fully understand the release kinetics of 

our chitosan-alginate PEC microparticles since no trend could be determined at this time.  
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Table 5-1.  The PEC chitosan-alginate particle samples made 
Batch # Crosslinker Protein Encapsulated # of Coatings

1 Zn Blank 0
2 Zn Blank 2
3 Zn Blank 6
4 Zn Blank 10
5 Zn F-BSA 0
6 Zn F-BSA 2
7 Zn F-BSA 6
8 Zn F-BSA 10
9 Cu Blank 0
10 Cu Blank 2
11 Cu Blank 6
12 Cu Blank 10
13 Cu F-BSA 0
14 Cu F-BSA 2
15 Cu F-BSA 6
16 Cu F-BSA 10
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Figure 5-1.  Optical micrographs of blank zinc-alginate microparticles made with the W/O 
emulsion gelation technique.  Light and fluorescence microscopy images of (A,B) 
zero-, (C,D) two-, (E,F) six- and (G,H) ten-multilayer chitosan-alginate 
microparticles.  Original magnification = x100, bars denote 100 μl. 
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Figure 5-2.  Optical micrographs of blank copper-alginate microspheres made with the W/O 
emulsion gelation technique.  Light and fluorescence microscopy images of (A,B) 
zero-, (C,D) two-, (E,F) six- and (G,H) ten-multilayer chitosan-alginate 
microparticles.  Original magnification = x100, bars denote 100 μl. 
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Figure 5-3.  Optical micrographs of F-BSA-loaded alginate microparticles coated with ten PEC 
layers.  Light and fluorescence microscopy images of (A,B) zinc- and (C,D) copper-
crosslinked alginate microcore.  Original magnification = x100, bars denote 100 μl. 
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Figure 5-4.  Scanning electron micrographs of zinc-crosslinked alginate microparticles made 
with the W/O emulsion gelation technique.  Alginate particles were coated with zero 
A) two, B) six C), or ten D) PEC multilayers.  Original magnification = x10000, bars 
denote 1 µm. 
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Figure 5-5.  Scanning electron micrographs of copper-crosslinked alginate microparticles made 
with the W/O emulsion gelation technique.  Alginate particles were coated with zero 
A) two, B) six C), or ten D) PEC multilayers.  Original magnification = x10000, bars 
denote 1 µm. 
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Figure 5-6.  Zeta potential values of A) zinc- and B) copper-crosslinked multiple layer PEC 
particles encapsulating F-BSA.  Samples were dispersed in dH2O at a concentration 
of 0.1% (w/v) and measurements were carried out by the Brookhaven ZetaPlus 
Analyzer.  The outer layer is composed of alginate when the number of coatings is 
even; while chitosan oligosaccharide is on the surface of particles when the number 
of coatings is odd.  Significant differences between uncoated particles and all the 
coated samples are reported. 
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Table 5-2.  Zeta potential values of PEC F-BSA-loaded chitosan-alginate microcapsules.  
Measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer 
layer is composed of alginate when the number of coatings is even; while chitosan 
oligosaccharide is on the surface of particles when the number of coatings is odd 

 Zeta Potential (mV) Mobility Relative Residual 
Sample Mean ± SEM Mean ± SEM Mean ± SEM 
Zn-0 -34.712 ± 0.895 -2.71 ± 0.07 0.0387 ± 0.0029 
Zn-1 -23.992 ± 0.633 -1.87 ± 0.05 0.0334 ± 0.0019 
Zn-2 -37.241 ± 0.791 -2.91 ± 0.06 0.0400 ± 0.0022 
Zn-3 -24.785 ± 1.218 -1.94 ± 0.10 0.0403 ± 0.0023 
Zn-4 -35.208 ± 1.562 -2.75 ± 0.12 0.0407 ± 0.0021 
Zn-5 -28.925 ± 1.385 -2.26 ± 0.11 0.0337 ± 0.0026 
Zn-6 -28.739 ± 1.610 -2.25 ± 0.13 0.0039 ± 0.0028 
Zn-7 -28.624 ± 0.769 -2.24 ± 0.06 0.0401 ± 0.0009 
Zn-8 -33.979 ± 1.018 -2.65 ± 0.08 0.0379 ± 0.0022 
Zn-9 -28.942 ± 1.166 -2.26 ± 0.09 0.0358 ± 0.0026 
Zn-10 -29.840 ± 1.402 -2.33 ± 0.11 0.0396 ± 0.0026 
Cu-0 -35.484 ± 0.722 -2.77 ± 0.06 0.0399 ± 0.0023 
Cu-1 -3.104 ± 1.329 -0.24 ± 0.10 0.0384 ± 0.0022 
Cu-2 -44.932 ± 1.118 -3.51 ± 0.09 0.0380 ± 0.0024 
Cu-3 -4.613 ± 1.404 -0.36 ± 0.11 0.0451 ± 0.0012 
Cu-4 -20.938 ± 1.835 -1.64 ± 0.14 0.0466 ± 0.0008 
Cu-5 -20.543 ± 0.627 -1.61 ± 0.05 0.0459 ± 0.0005 
Cu-6 -20.818 ± 1.267 -1.63 ± 0.10 0.0462 ± 0.0009 
Cu-7 -26.188 ± 1.421 -2.05 ± 0.11 0.0414 ± 0.0020 
Cu-8 -37.359 ± 1.137 -2.92 ± 0.09 0.0424 ± 0.0016 
Cu-9 -30.939 ± 1.869 -2.42 ± 0.15 0.0398 ± 0.0020 
Cu-10 -29.960 ± 0.983 -2.34 ± 0.08 0.0406 ± 0.0019 
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Figure 5-7.  Encapsulation efficiency of zinc- and copper- crosslinked alginate microparticles.  
The total amount of F-BSA encapsulated was determined with an ELISA specific for 
BSA. 



 

142 

Table 5-3.  Encapsulation efficiency of F-BSA loaded microparticles prepared from zinc- and 
copper-crosslinked alginate gels 

Microparticle Batch  Encapsulation Efficiency (%) 
Mean ± SEM 

Zn-alginate 52.9282 ± 22.49 
Cu-alginate 96.7085 ± 7.555 
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Figure 5-8.  In vitro release of F-BSA from uncoated and multiple PEC coated (A,C) zinc- and 
(B,D) copper-alginate microspheres over a 48-hour period.  Significant differences 
between uncoated particles and all the coated samples are reported. 
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Table 5-4.  Release kinetic profile of F-BSA from uncoated and multiple PEC coated zinc- and 
copper-alginate microspheres during a 48-hour study 

 Time F-BSA Release (μg/mg (w)) F-BSA Cumulative Release (μg/mg (w))
Sample (hr) Mean ± SEM Mean ± SEM
Zn-0 12 22.697 ± 6.007 22.697 ± 6.007
Zn-6 12 7.261 ± 1.519 7.261 ± 1.519
Zn-10 12 6.936 ± .2089 6.936 ± .2089
Zn-0 24 40.635 ± 23.30 63.331 ± 29.31
Zn-6 24 2.397 ± .6415 9.658 ± 2.041
Zn-10 24 0.464 ± .1218 7.400 ± .3020
Zn-0 48 5.459 ± 2.193 68.791 ± 31.21
Zn-6 48 0.186 ± .0559 9.844 ± 2.076
Zn-10 48 0.086 ± .0288 7.486 ± .3087
Cu-0 12 25.679 ± 6.128 25.679 ± 6.128
Cu-6 12 1.778 ± .0779 1.778 ± .0779
Cu-10 12 2.887 ± .4553 2.887 ± .4553
Cu-0 24 11.249 ± 1.650 36.928 ± 5.102
Cu-6 24 0.080 ± .0386 1.859 ± .0433
Cu-10 24 0.178 ± .0544 3.065 ± .5087
Cu-0 48 13.429 ± 7.735 50.357 ± 5.729
Cu-6 48 0.010 ± .0018 1.869 ± .0435
Cu-10 48 0.006 ± .0027 3.071 ± .5103
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 

In this work, conjugations of DL-PLA and Pluronics® with different compositions and 

molecular weights were used to investigate the system’s feasibility in the development of 

deformable particles.   Besides different molecular weights, Pluronics® with diverse HLB ratios 

ranging from the most hydrophilic to the most hydrophobic copolymer were used.  Preliminary 

results showed that only P105-PLA microspheres presented a well-defined core-shell structure 

with a highly porous PLA core and a P105 shell.  In addition to a different surface morphology, 

P105-PLA particles displayed higher deformable capability compared to the particles made with 

PLA and all the other Pluronics®.     

During micropipette experiments, it was clearly seen that the shell was very deformable 

although the core was not.  The differences in morphology and deformability properties are 

associated with the copolymer composition, indicating that a 50 % PEO content as well as a high 

PPO molecular weight are ideal for the synthesis of capsular systems.  Although, the P105-PLA 

microcapsules did not attain the desired deformability properties, these novel systems could be 

used for other applications.  Fully characterization of these microcapsules is necessary for 

assessment of their drug delivery capabilities as well as their immunogenic effects. 

In addition to PLA-Pluronic® conjugations, we also studied different concentrations of 

alginate and chitosan for the development a polyelectrolyte complex (PEC) system consisting of 

multiple-layer microcapsules with a dissolvable gel core.  Several variables were studied to 

determine the set of parameters that would yield the most promising red blood cell analog, in 

terms of deformable capability.  We examined the application of two frequently used techniques 

in the development of alginate particles: the air-spray crosslinking and the emulsion gelation 

techniques.  Besides discerning on the most appropriate manufacturing process, the effect of 
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different crosslinkers in the development of PEC microparticulates was also studied.  Calcium, 

zinc, and copper were the divalent cations used as crosslinking agents and their effect on 

particles’ morphology, deformability, stability, and toxicity was analyzed.  

Particles made with air spray crosslinking technique presented a mono-dispersed size 

distribution; however, the smaller particle size obtained was 50 μm.  Although, particle size 

decreased with increments in the outer lumen air pressure, monodispersity was lost.  Particles 

made with W/O emulsion-gelation technique using cyclohexane as the organic phase presented a 

narrow size distribution; diameter of uncoated particles ranged from 5-15 μm.  Microparticles 

crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of particles 

crosslinked with zinc and calcium.   

Although a size range closer to the erythrocytes’ diameter was obtained with the emulsion-

gelation technique, monodispersity plays a crucial role in the drug delivery field.  Therefore, 

modification of the applied techniques or evaluation of other processes for the development of 

alginate microparticles is highly suggested.  Based on the air-spray crosslinking technique, a 

different nozzle or microchannel design could be used to increase the linear velocity and thus the 

productivity of a bead former.  Also, a vibrational or cutting device as well as electrostatic forces 

could be used to decrease the size of the alginate droplet.  Regarding the emulsion-gelation 

technique, a membrane or microchannel could be used to control dispersity in the production of 

microparticles.   

Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) 

absorption technique.  The coating always started with the cationic polymer and ended with the 

anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. 

Particle size decreased when increasing the number of coatings.  After the tenth coating, there 
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was approximately a 50% size reduction in particles with an initial diameter ranging between 2 – 

3 mm.  Besides a decreased in size with multiple coatings, particles changed their shape from 

spherical to biconcave.  Zinc-crosslinked particles showed a more pronounced biconcave 

configuration as opposed to calcium- and copper-crosslinked particles.   

The new shape of the coated particles was very similar to the biconcave shape of red blood 

cells, which represents a great advance in the drug delivery field.  The biconcave disk shape of 

our particles provides a greater surface area ideal for gas exchange as opposed to the traditional 

spherical shape of the existing drug delivery particulates.  As opposed to the results observed in 

larger coated alginate particles, coating of microspheres caused an increase in particle 

aggregation, which represented a greater problem for zinc-alginate microparticles.  The 

agglomeration of coated zinc-alginate microspheres increased with the number of layers.  

Eventually, the formation of aggregates resulted in an irregular coating of the multilayer zinc 

particles. 

After removing cross-linkers of coated microspheres, zinc- and copper-alginate capsules 

were deformable and remained stable using the micropipette technique under physiological 

pressures.  Best results were obtained with Zn- and Cu-crosslinked alginate particles coated six 

times.  In addition, these capsules were stable for a period of up to 10 days in sequestrant-

containing media and sustained shear rates of 200 sec-1.  Stability of the zinc- and copper-

alginate microparticles was improved by the number of polyelectrolyte coatings.  The ten 

multilayer copper-alginate systems formed the strongest particles due to the alginate high affinity 

for copper ions and the increased stability provided by the high number of coatings.  Calcium-

crosslinked particles were not stable after removal of crosslinking ions; even multiple 

polyelectrolyte coatings did not improve stability.   
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Even though an assessment of the particles’ deformable property was obtained by the 

micropipette technique, a quantitative evaluation of the particles’ elastic modulus could not be 

determined at this time.  The current model used to calculate the elastic modulus of cells using 

the micropipette aspiration technique does not apply to our systems.  Further rheological studies 

are necessary to establish elasticity differences between our zinc- and copper-alginate particles.  

Atomic force microscopy or new designs of microfluid chambers simulating capillary beds are 

alternative approaches to the micropipette technique for particles’ deformability assessment.    

Viscosity of the particles in simulating plasma medium at a 12% (w/v) density was 

measured using the Wells-Brookfiled Cone/Plate Digital Viscometer System with a CP-52 

conical spindle.  Measurements were taken at a fixed spindle speed of 100 rpm and a shear rate 

of 200 sec-1.  Viscosities for solutions containing copper microcapsules with two and six PEC 

coatings were close to blood viscosity values; while only suspensions of two-layer zinc particles 

showed viscosity values similar to blood’s.  As mentioned earlier, additional rheological studies 

are essential to determine how closely these particles simulate the behavior of erythrocytes.  

Viscosity studies of cell suspensions at higher densities (up to 50% w/v) simulating blood 

hematocrit as well as determination of the shear rate dependence of viscoelastic properties are 

required for a full comparison between the flow behavior of blood and these particle-containing 

fluids. 

Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring 

the particle surface charge changes.  Coating microbeads with chitosan oligosaccharide did not 

affect the particles surface charge as they retained a negative surface charge throughout the 

modification of the surface layer.  Since the toxicity of copper ions was a concern, we decided to 

analyze the amount of copper ions released from microparticles into the chelating medium.  To 
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determine the amount of copper ions sequestered by albumin a modified bicinchoninic acid 

(BCA) protein assay was used.  It was determined that a 5% (w/v) suspension of uncoated 

copper particles released a total copper concentration of approximately 3 mM in 24 hours.  

Copper released from the coated particles could not be determined under the conditions tested.  

Since the dose limit of copper intake levels in adults is 157 μmol/day and the prescribed IV dose 

for patients with copper deficiency anemia is 47 μmol/day, the low amounts of copper released 

from the 5% (w/v) suspension of coated particles are still considered below toxic levels.   

However, understanding the ion exchange process of our systems is very important since it 

would allow us to determine the equilibrium and kinetics of the metal ion uptake by our PEC 

alginate matrices.   There are many models that describe the equilibrium and kinetics of ion 

exchange in alginate gels, such as the Langmuir, Freundlich, and the surface complex formation 

models.  Although each of the models has advantages and disadvantages, it may be possible to 

use one of them to determine the equilibrium of our system.   

The cytotoxicity of the uncoated and coated calcium-, zinc-, and copper-crosslinked 

particles was assessed using an in vitro cell proliferation assay.  Human dermal fibroblast cells 

were exposed to extracts from the particles and the MTT assay was used to determine cell 

survival and recovery.  Results from the assay demonstrated that multiple coatings decreased 

toxicity of heavy-metal crosslinked particles.  The highest level of toxicity was shown by 

uncoated copper- and zinc-crosslinked particles at 1000 μg/ml.  The rest of the samples seemed 

not to affect cells under the conditions studied.  The recovery percent values as well as the values 

obtained for cells incubated in 10% FBS medium were lower than expected.  These observations 

are attributed to the cells reaching confluency, resulting in inhibition of cell proliferation due to 

cell-to-cell contact.  Since the MTT assay can detect mitotic cells more accurately, the correct 
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cell number of non-dividing cells cannot be determined through this assay.  To obtain a true cell 

count, the MTT assay should be used along with a DNA quantification assay for future 

experiments.  

BSA was successfully labeled with FITC to facilitate the detection of released protein by 

spectrofluorometry.  However, analyses using the fluorescence properties of F-BSA could not be 

performed since coating the particles with chitosan oligosaccharide made them autofluorescent. 

The fluorescence intensity was directly proportional to the number of coatings and it was 

affected by the environment and binding to specific molecules.  The particles-forming properties 

in the emulsion-gelation technique were significantly altered when F-BSA was encapsulated.  

Although zinc- and copper-alginate microcores appeared spherical in shape and displayed similar 

characteristics, both systems showed a very rough surface morphology and high particle 

agglomeration.  Also, particles’ size decreased with encapsulation of F-BSA.   

The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 

96.71% ± 7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The 

incorporation of proteins into alginate microspheres can be improved by changing sample 

preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, 

polymer molecular mass, and microsphere size.  The release kinetics of the F-BSA microspheres 

was contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles 

showed a cumulative linear release profile for the 48-hr period studied; while F-BSA-loaded 

microspheres with multiple PEC coatings presented an incomplete release pattern.   

Future release studies with longer incubation times are needed to fully understand the 

release kinetics of our chitosan-alginate PEC microparticles since no trend could be determined 

at this time.  In addition, encapsulation of various proteins differing in size and pI is necessary to 
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determine the controlled release of diverse therapeutic agents from our systems.  Besides 

encapsulation of different proteins, factors affecting the porosity of alginate matrices (such as 

polymer concentration, molecular mass, monomer ratio, gelation rate, protein loading, 

protein/polymer ratio, and the presence of salts during the crosslinking reaction) need to be 

studied to establish the set of parameters that would yield the most promising drug delivery 

system.   

In conclusion, we were able to produce a deformable, biodegradable, biocompatible 

particle for applications in drug delivery and device testing.  The novel microparticle system 

developed in this work represents an advance in the drug delivery field and the beginning of a 

new generation of red blood cell analogs.   Further rheological studies are necessary to determine 

how closely these particles simulate the behavior of erythrocytes.  Also, studies on the 

encapsulation and release of different proteins, including hemoglobin along with the enzymes 

catalase and superoxide dismutase, are needed to establish the desired controlled release of 

bioactive agents for the proposed delivery system.  
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Since the HIV epidemic of the 1990s, researchers have attempted to develop a red blood cell analog.  Even though some of these substitutes are now in Phase III of clinical trials, their use is limited by side effects and short half-life in the human body.  As a result, there is still a need for an effective erythrocyte analog with minimum immunogenic and side effects, so that it can be used for multiple applications.  Finding new approaches to develop more efficient blood substitutes will not only bring valuable advances in the clinical approach, but also in the area of in vitro testing of medical devices.  


We examined the feasibility of creating a deformable multi-functional, biodegradable, biocompatible particle for applications in drug delivery and device testing.  As a preliminary evaluation, we synthesized different types of microcapsules using natural and synthetic polymers, various cross-linking agents, and diverse manufacturing techniques.  After fully characterizing of each system, we determined the most promising red blood cell analog in terms of deformability, stability and toxicity.  We also examined the encapsulation and release of bovine serum albumin (BSA) within these deformable particles.  


After removal of cross-linkers, zinc- and copper-alginate microparticles surrounded by multiple polyelectrolyte layers of chitosan oligosaccharide and alginate were deformable and remained stable under physiological pressures applied by the micropipette technique.  In addition, multiple coatings decreased toxicity of heavy-metal crosslinked particles.  BSA encapsulation and release from chitosan-alginate microspheres were contingent on the crosslinker and number of polyelectrolyte coatings, respectively.  Further rheological studies are needed to determine how closely these particles simulate the behavior of erythrocytes.  Also, studies on the encapsulation and release of different proteins, including hemoglobin, are needed to establish the desired controlled release of bioactive agents for the proposed delivery system.


CHAPTER 1


INTRODUCTION


For the past century there has been an interest in blood substitutes.  However, it was not until the mid 1980s that efforts to find a commercially available product scaled up.  Numerous groups tried to develop a red blood cell analog due to the HIV epidemic of the time [1, 2].  Another reason that drove many researchers into the area was US Army concern about blood supplies in the battlefield [1, 3].  Large investments were made by the military in search for the ideal red blood cell analog.  This “ideal blood analog” would carry oxygen, provide rapid expansion of the blood space, eliminate infectious risks of transfusion, have universal compatibility, and be available for immediate use without need for special storage [4].  


However, about 10 years, all efforts and support were dropped since the developed analogs did not meet the desired requirements [1].  Nowadays, some of those developed blood substitutes are commercially available or in Phase III of clinical trials.  Although many of them can fulfill essential functions of transfused blood, providing expansion of the plasma volume and carrying oxygen; their use is still limited due to side effects and short half-life time within the human body [4].  


The blood substitutes that have been studied more extensively can be grouped into two classes: modified hemoglobin solutions and perfluorocarbon emulsions.  The native human hemoglobin molecule has a number of advantages as an oxygen carrier, including high capacity for oxygen, the lack of antigens after purification, a prolonged shelf life, and the ability to withstand harsh purification procedures [2, 4].  However, it needs to be modified in order to decrease its oxygen affinity and to prevent rapid dissociation of the native α2-β2 tetramer into α-β 
yperbo which are very toxic [4, 2].  Modifications of the hemoglobin molecule have included inter- and intra-molecular cross-linking, conjugation to polymers, and more recently lipid or polymeric encapsulation.  Even though modification of hemoglobin prevents toxicity due to breakdown of the molecule, other side effects have been observed with all modified hemoglobin solutions.  The main side effect, due to nitric oxide scavenging, is vasoconstriction resulting in an increase in the mean arterial blood pressure and decrease in the cardiac index [4].


Perfluorocarbons have a molecular structure very similar to hydrocarbons’, differing in the replacement of hydrogen by fluorine atoms and their electron affinity [5].  Perfluorocarbons are excellent carriers of oxygen and carbon dioxide; in addition, they can be mass-produced fairly easily and source-independently.  However, since they are not miscible in aqueous systems, they have to be prepared as emulsions which leads to unwanted side effects due to surfactants [5, 6].  Complement activation is the major problem with perfluorocarbon-based products.  Patients present flu-like symptoms, including increased body temperatures and decreased platelet counts [6, 5].  In addition to side effects, perfluorocarbon emulsions have shown poor efficacy and very short half-life within the bloodstream [6].

New strategies to develop more efficient blood substitutes are necessary since all current approaches lack effectiveness and patients normally depend on donated blood as the only source for transfusion.  Upcoming new potential blood-borne pathogens are always a concern regarding blood transfusions; even though today that blood supply is much safer in developed countries due to improved screenings [3, 5, 7].  Another ongoing problem is shortage of blood reserve due to an annual increase of blood demand at a much faster pace than blood donations [5, 8].  In addition to aging, worldwide population has been affected in the recent years by an increased number of natural disasters, acts of terrorism, and civil and international conflicts, leading to a steep increment in blood demand.  Indeed, according to the American Association of Blood Banks, a shortage of packed red blood cells is estimated by 2030 [3].  Other limitations to blood collected for transfusion include: recipient immune suppression, short-term storage, and decreased oxygenation capabilities [7]. 


The use of artificial erythrocytes could solve all the problems related to traditional transfused blood.  In addition to carrying oxygen, the new generation of erythrocyte analogs could also be used as controlled-release delivery systems for the intravenous administration of therapeutic agents.  This new class of therapeutics should meet the following criteria: be non-immunogenic, have long-term storage stability and an intravascular half life of weeks to months, have no significant side effects, and be simple to manufacture and sterilize at permissible wide-scale production costs.  


Finding new approaches for the development of more efficient blood substitutes will not only bring valuable advances in the clinical approach, but also in the area of in vitro testing of medical devices and products.  Certainly, many medical equipment and products have been engineered with the purpose to interact directly with blood, e.g., dialysis machines, ventricular assist devices, heart-lung machines, heart valves, catheters, grafts, stents, among others.  Since blood will be in direct contact and, sometimes, even subject to mechanical stress with these types of devices and products, it is necessary to test their effect on blood in vitro before moving on to clinical trials.  However, in vitro testing with real blood carries a whole set of problems such as cost, increment in rules and regulations, availability, variability among donors, and inconsistency with storage time.  As a result, particles with deformability properties and dispersed in fluids with viscosities similar to blood will represent an invaluable innovation for the testing of devices and products.   


This study proposes to examine the feasibility of creating a multi-functional, biodegradable, biocompatible particle with deformable properties for applications in in-vitro testing of medical devices and products, and in drug delivery.  The proposed method is based on the hypothesis that: (1) polymeric microspheres with a highly porous inner structure or microcapsules with a dissolvable gel core can be designed and synthesized so that they attain appropriate deformability properties, and (2) that the ability of encapsulating and releasing proteins within these microparticles, while still keeping some deformability capability, will allow practical use.  The aim of this dissertation is to conduct feasibility studies on the synthesis and preliminary testing of different types of microcapsules using natural and synthetic polymers, various cross-linking agents and solvents, and diverse manufacturing techniques.  The aim will also include discerning the most promising red blood cell analog, in terms of deformable capability, to eventually be tested in an in vivo study.  The deformability property of the microcapsules will be based on the well-established micropipette aspiration technique.  


In addition to finding microcapsules with correct deformability properties, another aim is to develop a novel drug delivery system by using these deformable particles.  The focus of this second aim is on examining the delivery system feasibility: encapsulation, storage, and release of proteins from microcapsules without affecting the protein bioactivity and the particle elastic property.  All components of the system will be designed to be non-toxic, and use materials already approved for human contact.  They will be combined in a novel way to test the hypothesis through two specific aims.  Each aim will have defined thresholds for measuring acceptable outcomes, and if successful, will demonstrate the feasibility of developing a simple technology for the manufacturing of a red blood cell analog for in vitro testing of medical devices and products, and as a drug delivery system. 

CHAPTER 2


Background


Blood: Composition, Properties, and Functions


Composition

Blood is a specialized type of connective tissue composed of a suspension of living cells in an aqueous solution of electrolytes and non-electrolytes called plasma [9, 10].  The cellular portion of blood is composed of erythrocytes, leukocytes, and platelets.  Erythrocytes normally composed about 45 percent of the total blood volume; this percentage is known as hematocrit [10].  In adults, the hematocrit ranges from 0.38 to 0.54: in females is slightly lower compared to males, ranging between 0.38 – 0.46 and 0.42 – 0.54 respectively [11].  Conversely, not even one percent of the total blood volume is constituted of leukocytes and platelets, while the remaining volume (about 55%) is made up by plasma [10].   


Blood plasma is a straw-colored fluid composed of about 90% (w) H2O, 8% (w/v) proteins, and 2% (w/v) inorganic and organic substances [9, 10].  Plasma makes approximately 4% of an individual’s total body weight (40 to 45ml/Kg) [11].  The majority of proteins found in plasma are produced in the liver and this makes about 7% of total plasma solutes (6.5 to 8g/dl) [11].  The three main plasma proteins include: albumin, accounting for 60%; globulins; and fibrinogen (Tables 2-1 and 2-2) [10, 11, 12].  Most of the blood functions are actually performed by plasma proteins.  The rest of plasma solutes include nutrients, gases, hormones, various cell metabolic waste products, and ions [10].  Table 2-3 shows a list of all the electrolytes present in plasma whose normal concentration is essential for nerve conduction, muscle contraction, blood clotting, fluid balance and acid-base regulation [11, 12].  Other organic compounds found in plasma are listed in Table 2-4 [12].


Properties


Although, the total amount of blood varies with age, sex, weight, and body build among other factors; on average, blood accounts for approximately eight percent of the total body weight.  Also, the normal blood volume in healthy adult males is 5 – 6 liters whereas it is slightly less for adult females (4 – 5 liters) [11].  The pH of blood ranges between 7.35 and 7.45 and its temperature of 38°C (100.4°F) is a little higher than the body temperature [10].  Blood is denser than water and has a viscosity approximately five times higher [10].  Although plasma is considered a Newtonian viscous fluid, having a linear relationship between the shear stress and strain rate; whole blood is considered non-Newtonian, showing both viscous and elastic properties [9, 13, 14].  Thus, the non-Newtonian property of blood is acquired from the cellular portion, and more specifically from the red blood cells or erythrocytes.  The viscoelastic property of blood is affected by blood compositional parameters, such as hematocrit and certain plasma proteins.  Other factors affecting blood viscoelasticity include changes in osmotic pressure, pH and temperature; as well as administration of blood volume expanders and pathologies such as myocardial infarction, peripheral vascular disease, cancer and diabetes [9, 15, 16, 17].


Functions


Blood performs several functions which can all be classified in three categories: distribution, regulation, and protection.  Blood transports oxygen and nutrients to all cells, metabolic waste products to elimination sites, and hormones to target organs [10, 3, 11].  


Diffusion and partial pressure are fundamental processes involved in the transport and exchange of oxygen and carbon dioxide [11].  While the oxygen partial pressure (pO2) in the alveoli is approximately 100 mm Hg, pulmonary capillaries have a pO2 of 40 mm Hg [10, 11]; resulting in a 60-mm-Hg diffusion gradient in favor of pulmonary capillaries.  On the contrary, systemic capillaries have a pO2 of 100 mm Hg as opposed to 40 mm Hg pO2 in tissues.  In this case, the 60-mm-Hg diffusion gradient is in favor of tissues, resulting in oxygen diffusion from systemic capillaries to tissues.  


In addition to distribution of substances, blood is in charge of maintaining appropriate body temperatures, pH, osmotic pressure and fluid volume in the circulatory system [11, 10].   Blood disseminates heat throughout the body and deals with the excess by transporting it to the skin surface.  Regarding normal pH maintenance, many blood proteins act as buffers providing an alkaline reserve of bicarbonate atoms [10].  Besides prevention of sudden pH changes, blood proteins in conjunction with platelets also help stopping excessive fluid loss from the bloodstream, maintaining an optimal fluid volume in the circulatory system.  The protecting action of blood includes prevention of blood loss and infections.  Antibodies, complement proteins, and white blood cells circulating in the blood help defend the body against foreign aggressors [10].   


Red Blood Cell: Morphology, Functions, Rheology, and Hematopoiesis


Morphology and Functions


Red blood cells (RBCs), or erythrocytes, are fully differentiated, anucleated, non-dividing cells present in normal blood at high concentrations, with a hematocrit ratio (cell volume/blood volume) of approximately 0.45 in large vessels, and 0.25 in small arterioles or venules [9, 10].  Matured erythrocytes are bound by plasma membrane and have essentially no organelles.  They are composed of approximately 97% hemoglobin, not including water, and they have other proteins whose mainly function is to maintain the plasma membrane or support changes in the RBC shape [11, 10].  The biconcave shape of erythrocytes is sustained by a net of fibrous proteins (mainly spectrin) which is deformable, giving erythrocytes enough flexibility to change shape as needed [10, 9]. 

The red cell’s structural characteristics contribute to its extraordinary flexibility and respiratory functions.  Its fibrous-protein membrane is unstressed in the normal biconcave configuration and large deformations of the cell can occur without stretching of the membrane and without any change in the pressure differential between the interior and the exterior [10, 11, 9].  In addition to the RBC deformable membrane, its small size and biconcave disk shape, with a diameter of approximately 7.5 μm and a thickness of 2 μm, provide a vast surface area ideal for gas exchange [11, 9, 10].  Due to the lack of mitochondria, red blood cells generate ATP by an anaerobic mechanism; as a result, they do not use any of the oxygen they transport, making them very efficient oxygen carriers [10]. 


As mentioned earlier, most of the erythrocytes’ content is composed of hemoglobin.  Hemoglobin (Hb) exists in a tetrameric form, consisting of two alpha (α) and two beta (β) polypeptide chains each bound to a ringlike heme group [18, 11].  Each heme group carries an atom of iron which can combine reversibly with one molecule of oxygen.  Since a single red blood cell contains about 250 million hemoglobin molecules, each cell can carry about 1 billion molecules of oxygen [18].  


Erythrocytes provide a protective environment for hemoglobin, preventing it from breaking down into 
yperbo which adversely affects the kidneys, blood viscosity, and osmotic pressure [18, 11].  In addition, erythrocytes protect the Hb molecule from undergoing an unhindered oxidation process of its iron center, resulting in the transition of Hb from the ferrous (HbFe2+) functional to the ferric nonfunctional form (HbFe3+) [19].  Along with the oxidative process, damaging and toxic species can form, including the ferryl protein (HbFe4+) which can peroxidize lipids, degrade carbohydrates, and cross-link proteins [19].  Indeed, the red blood cell offers a reductase system rich in the enzymes catalase and superoxide dismutase which takes care of the spontaneous oxidation of the ferrous iron [11, 19, 18, 1].

Rheological Properties


Erythrocytes are the major factor contributing to blood viscosity.  G. B. Thurston was the first to show that human blood exhibits elasticity and viscosity [20].  While blood viscoelasticity depends on the elastic behavior of erythrocytes, blood rheology is governed by cell aggregation, flow-induced cell organization and deformability [21].  One of the defining characteristic of RBCs is that they form aggregates, known as rouleaux (Figure 2-1) [22], depending on the presence of certain plasma proteins and on blood flow rates [9].  These aggregates are space efficient since, at normal hematocrit levels, the available plasma space is extremely limited for free cell motion without deformation.  At very slow blood flows, shear rates on the cells are very small and human blood becomes a big aggregate with the properties of a viscoelastic solid [9].  Although increasing blood flows will break up the rouleaux and reduce blood viscosity, further rearrangement of erythrocytes is needed to optimize the plasma space for cell motion.


RBC deformation becomes important in reducing blood viscosity even further at shear rates greater than 100 s-1 (Figure 2-2) [9, 23].  From a mechanical viewpoint, the red blood cell is composed of an elastic membrane surrounding an incompressible Newtonian viscous fluid [24].  Since it lacks a nucleus and organelles, the intracellular matrix is considered as a protein rich, low viscous solution which facilitates deformation [25].  As a result, the cell can undergo an unlimited number of large deformations without changing its volume, surface area, and stretching or tearing of the membrane [24].  


Hematopoiesis

Hematopoiesis refers to the process of blood cell formation which occurs in the bone marrow [10].  This process is specific to each type of blood cell and depends on the body needs and different regulatory factors [10].  All of the cellular elements in blood arise from the pleuripotent hematopoietic stem cell or hemocytoblast [11].  Once a cell is committed to a specific blood cell type by the appearance of membrane surface receptors, its maturation pathway is unique to the cell type [10, 11].  As cells mature, they migrate through the thin walls of the sinusoids to enter the blood, resulting in an average of one ounce of new blood produced daily [10].  


Erythrocyte production, known as erythropoiesis, involves three distinct phases: preparation for hemoglobin production, hemoglobin synthesis and accumulation, and nucleus ejection [10].  During the first two phases, cells produce large amounts of ribosomes (proerythroblast to erythroblast) and divide many times (erythroblast to normoblast) [10].  After the cell reaches a hemoglobin concentration of approximately 35%, its nuclear function ends and its nucleus degenerates and is ejected, causing the cell to collapse inward and adopt the biconcave shape (reticulocyte) [10].  Reticulocytes still contain a small amount of clumped ribosomes and rough endoplasmic reticulum which are degraded later by intracellular enzymes [10].  The entire process from hemocytoblast to erythrocyte takes approximately five to seven days [10, 11].  


 In healthy people, new erythrocytes are produced at a rapid rate of more that 2 million per second [11].  Erythropoiesis is controlled hormonally and depends on appropriate supplies of iron and certain B vitamins; however, its direct stimulus is provided by erythropoietin (EPO) [11, 10].  EPO stimulates stem cells in the bone marrow to produce red cells blood and the kidneys play the major role in EPO synthesis [10, 11].  When there is a drop in normal blood oxygen levels due to reduced number of red blood cells, decreased oxygen availability or increased tissue demands for oxygen; kidneys accelerate their EPO release [11, 10].  Kidneys are so important in the red blood cell formation process that a renal pathology reflects directly in the erythrocyte production.  To cite an example, dialysis patients do not produce enough erythropoietin to support normal erythropoiesis, resulting in RBC counts less than half that of healthy individuals [10]. 


Matured erythrocytes are unable to synthesize proteins, grow, and divide and they lose their flexibility, becoming increasingly rigid and fragile as they age [10].  Red blood cells have a useful life span of approximately 120 days.  Mature erythrocytes swell and are engulfed and destroyed by macrophages in the spleen.  The heme of their hemoglobin is separated from the globin and it is degraded to bilirubin while the globin is metabolized and broken down into amino acids which are released back to the circulation [10].  At the same time, the iron core is recycled, bound to protein (as ferritin or hemosiderin) and stored for reuse [10, 11].  


Red Blood Cell as a Model for Drug Delivery

Erythrocytes are major candidates for drug delivery applications due to their abundance and some unique characteristics such as long life-span in circulation, excellent biocompatibility and biodegradability, and non-immunogenecity [26, 27].  As a result, they have been explored extensively for two potential applications: (1) the sustained delivery of therapeutic agents in the blood stream for a relative long term; and (2) the continuous and targeted delivery of drugs or enzymes to organs of the reticulendothelial system (RES) [26, 28].  Certainly, using erythrocytes as biological carriers offers an alternative to other carrier systems such as liposomes or polymeric micro- and nano-particles that have been used for encapsulation of various drugs, enzymes and peptides with therapeutic activity [29].


Encapsulation Methods


In general, the steps to prepare carrier erythrocytes include blood collection, erythrocyte separation, drug encapsulation, resealing of the RBC carrier, and finally re-injection to the organism [26].   Different techniques have been suggested to accomplish drug encapsulation within erythrocytes along with a proper delivery.  The osmotic methods, which are based on the encapsulation under reduced osmotic pressure conditions, are the most widely used.  Some of these methods include hypotonic dilution, hypotonic pre-swelling, osmotic pulse, hypotonic hemolysis and hypotonic dialysis [29, 26, 28].  Other techniques used for drug encapsulation within erythrocytes consist of endocytosis and chemical and electrical processes [26, 29].

Advantages and Disadvantages of Red Blood Cells in Drug Delivery


As mentioned, erythrocytes present unique characteristics that made them a desirable system for drug delivery.  In addition to being a natural, biocompatible, biodegradable, and non-immunogenic system; carrier RBCs offer the chance of loading a fairly high amount of drug in a small volume, assuring dose sufficiency using a limited volume of erythrocyte samples [27, 30].  Other advantages in using erythrocytes as drug delivery systems include: their abundance, size, morphology and inert intracellular environment; providing drug protection from endogenous factors and cell metabolic activities, as well as the organism protection against toxic drug effects [26, 27].  However, the two main advantages of carrier erythrocytes are that they act as a true drug delivery system by modifying the drug’s pharmacokinetic and pharmacodynamic parameters, and their selective distribution to the RES organs [26, 28, 29].  The latter property of the carrier RBCs is of great therapeutic importance in drugs such as antibiotics, enzymes or anti-HIV peptides, among others [28, 26].   

The clinical application of carrier erythrocytes has been limited by two main factors.  The lack of reliable and appropriate in-vitro storage methods for maintenance of cell survival and drug content has become a major limiting factor [26].  Furthermore, autologous applications might be limited depending on the disease state since the RBC morphology is directly affected by certain pathologies.  Although, the use of allocarriers could solve the problem, a whole set of complications arises from this solution such as loss of the non-immunogenic property and insufficient blood donors. 

Drug Delivery Systems


The Food and Drug Administration (FDA) has approved a number of proteins, including monoclonal antibodies, growth factors, cytokines, soluble receptors, and hormones, to treat a variety of diseases [31, 32, 33].  However, conventional oral and intravenous (IV) delivery of these drugs is usually not effective because of the inherent instability of many proteins [33, 31, 32, 34, 35].  Proteins have a very short in vivo half-life, are incapable of diffusing through biological membranes and are unstable in the body environment [33, 36, 37].  Although intravenous protein administration is most effective, daily injections and high protein concentrations are required to achieve an effective local concentration for a prolonged time [33, 38].  Frequent systemic doses increase treatment cost, patient discomfort, and side effects.


To improve delivery of proteins, many controlled-release delivery systems composed of polymeric biomaterials have been developed [39, 40, 41].  The main goal of developing these systems is to control the release of drugs so that a therapeutic level is achieved for long periods of time.  Besides the therapeutic advantage, there is a business aspect for the great interest in controlled-delivery systems.  Due to increasing FDA regulations, pharmaceutical companies need to invest more than $800 million for introducing a new drug in the market in addition to spending more than 10 years of research and development work [42].  Therefore, creating new devices or systems that deliver the same drug in a controlled manner is an economical strategy of extending the license of the same drugs [42].  


Controlled-release delivery systems are classified depending on the mechanism controlling the drug release (Table 2-5) [42].  The most promising delivery approach is the encapsulation of protein drugs within biodegradable polymers processed in a form that facilitates administration through a syringe needle (particulate systems) [33, 41, 43].  Currently, three injectable polymer configurations are used: nano- or microspheres, which are spherical matrix particles with the drug uniformly distributed in the matrix; nano- or microcapsules which are conformed of a well-defined core containing the therapeutic agent and a polymer membrane surrounding the core; and cylindrical implants of approximately 0.8-1.5 mm in diameter [42, 43].  Microspheres and microcapsules have several advantages over cylindrical implants, including less painful and a more simplified administration [43].     


Besides decreasing cost and frequency of injections, encapsulation of proteins and peptides within biodegradable polymeric particulates has three key advantages over conventional drug delivery systems [44]:


•
localization of the drug at the site of action,


•
continued and prolonged release of the therapeutic drug,


•
and protection of proteins and peptides against chemical or enzymatic degradation from the physiological environment.


Microspheres and Microcapsules


Microencapsulation has been widely used not only to develop controlled-release drug delivery systems; but to masquerade tastes and odors, reduce toxicity, and protect cells from the host immune response in the absence of immunosuppression drugs [45, 46].  Among all the microencapsulation systems, biodegradable polymeric nano- and micro-sized particulates are the most promising ones for controlled delivery of different drugs, either hydrophobic or hydrophilic ones.  Microspheres are considered polymeric matrices with no superficial membrane.  In this system, the drug is relatively distributed homogeneously through the entire polymer matrix, resulting in a release kinetic governed by erosion and diffusion [42].  Although microspheres have been made with different kinds of polymers such as polyesters, polymethacrylates, and celluloses; poly(lactide) or poly(lactide-co-glicolide)-based microspheres have been the most studied systems due to the excellent biocompatibility and biodegradability properties of the polymers [42, 47].  Table 2-6 shows a number of commercially available poly(lactide-co-glycolide) (PLGA) microspheres used for drug delivery [42].


On the contrary, microcapsules present a well-defined core-shell structure where the core is loaded with the therapeutic agent and the shell provides the pharmacokinetic-release limiting factor [42, 48].  The release kinetics for this type of system is governed by diffusion from the core through the degrading shell [48].  To date a diversity of materials has been employed as shell components (i.e. synthetic and natural polyions, proteins, nucleic acids, lipids, nanoparticles, etc) while biological cells, latex and inorganic particles, oil dispersion, and organic crystals have been used as core templates [49, 48].  


Microencapsulation Techniques

Several microencapsulation approaches with biodegradable polymers have been developed, which are currently used in numerous applications in industry, agriculture, medicine, pharmacy, and biotechnology [50].  Some of these methods include emulsion solvent evaporation, solvent extraction, coacervation, spray-drying, interfacial complexation, coating, and hot melt coating [46, 51].  Although, each method has both advantages and disadvantages in the elaboration of polymeric microparticles, a common problem with all the approaches is the preparation of truly efficient sustained-release delivery systems.  


The most commonly used methods of preparing protein-loaded microspheres are the water-in-oil-in-water (W/O/W) double emulsion and the oil-in-water (O/W) single emulsion solvent evaporation techniques [47, 52].  Both methods involve the polymer dissolution in an organic solution; mixing (shake, vortex, or sonication) of the drug, either in the powder or liquid form, with the organic phase; and dispersion of the emulsion/solution into a continuous aqueous phase followed by solvent evaporation or extraction.  Although these techniques are fairly simple, cost effective, and easily up-scalable for mass production; they lack effectiveness in producing a linear controlled-release system.  The main drawbacks of these methodologies include denaturing of some encapsulated proteins due to the manufacturing process conditions (such as intimate contact with organic solvent, heating, and mechanical forces), poor encapsulation efficiency for hydrophilic drugs, and the polydispersed size of prepared microspheres generally ranging from 10 to 100 μm.  Although some of these technological problems have been addressed by the use of milder organic solvents and surfactants, the process still needs improvement.


In addition to the emulsion solvent evaporation methods, the polymer phase separation and spray-drying techniques have also being used for the preparation of protein-loaded microspheres.  The advantages of the polymer phase separation method are that no aqueous phase is involved, eliminating the loss of protein through the aqueous phase as in the emulsion techniques, and that the whole process takes place at room temperature, which avoids heat-induced denature of the protein [47].  However, elevated concentrations of residual solvents have been found in the microspheres [47], making them highly toxic and immunogenetic.  Spray-drying has also being used to encapsulate hydrophilic and hydrophobic drugs within several polymers [53, 54].  The major advantages of this technique are the one-step process and ease of parameter control as well as of scale-up [54].


On the other hand, the preparation of micro- and nano-sized capsules involves a wide variety of manufacturing techniques.  For this kind of system, fabrication of the core is not as important as the shell preparation since the system’s defining properties will depend on the latter.  While any of the techniques mentioned earlier could be applied to manufacture the core, the most common approach used to fabricate the shell involves self-assembly strategies [55].  This method, initially applied to planar surfaces, employs oppositely charged nanocomposite multilayer films assembled onto templates of charged colloidal particles [55, 56].  


The layer-by-layer (LbL) absorption technique, originally introduced by Decher [57], is the method currently used to fabricate the core-shell particle system known as polyelectrolyte complex (PEC).  The LbL method is based on the electrostatic interaction between polyanions and polycations that are consecutively absorbed on a charged planar or spherical surface [49, 58, 55].  The LbL method provides an effective and simple approach to manufacture PEC systems with customized chemical and physical properties significantly different to those of the colloidal template [51, 58].  In addition to customization of particle properties, the LbL approach permits one to control the thickness of PEC layers with nanometer precision [55, 56, 48, 59, 7].


An important feature of PEC particles is the successive dissolution of the colloidal template, resulting in free-standing, polyelectrolyte-shell capsules with the shape and size determined by the template [7, 56, 58, 48].  The core removal is attained in a case-specific manner since it depends on the template’s chemical nature [51].  The major disadvantage of polyelectrolyte capsules is their instability, depending on pH, temperature, and salt concentrations [51, 60].  However, this disadvantage can be used to develop controlled-release drug delivery capsules.  In addition, capsules with prolonged release properties can be obtained by increasing the number of polyelectrolyte layers [58, 48].  Another significant property of these capsules is the selective permeability of their polyelectrolyte shell: permeable for small molecules and ions and impermeable for higher molecular weight compounds [56, 58, 61].  Certainly, PEC capsules offer very attractive properties for the encapsulation of proteins, peptides, oligonucleotides, genes, and cells for many applications in biotechnology, medicine, pharmaceutics, cosmetics, and the food industry.

Immune System Response to Foreign Elements


The immune system is a complex network composed of many proteins, cells, and a few well-defined organs [62].  Its main function is to protect us against pathogenic agents and diseases by recognizing bacteria, fungi, viruses, parasites, cancerous cells, and foreign elements [42, 62].  The immune system actually recognizes macromolecules (such as proteins or polysaccharides) of foreign elements and the degree of immunogenecity of these structures will depend on their foreignness, molecular size, chemical composition and complexity, and the ability to be processed and presented with a major histological complex molecule [62].  Depending on the foreign agent’s location in the body, different organs and cells will be involved in the immune response.  


The immune system response represents the major limiting factor in the efficacy of long-term, controlled- release delivery particulates.  Intravenously administered particulate carriers are rapidly recognized by cells of the reticuloendothelial system (RES) and, consequently, removed from the systemic circulation within minutes [62, 63, 64, 65].  The efficient elimination of particulate systems by the RES is known for a long time.  Depending on the surface chemistry, charge and hydrophilicity, the removal process is initiated by opsonization.  A set of plasma proteins, known as opsonins, absorbs onto the surface of particulates and make them recognizable to the RES [64].  Classical opsonin molecules include immunoglobulins, complement proteins (such as C1q, C3b, and iC3b), apolipoproteins, von Willebrand factor, thrombospondin, fibronectin, and mannose-binding protein [63, 64].  Opsonized particulates are then phagocytosed by hepatic midzonal and periportal Kupffer cells [63, 66].  The spleen and bone marrow might also participate in the particle clearance process from the bloodstream depending on the pathophysiological conditions and the physicochemical characteristics of the particulate carriers [66].  


When particulate carriers are small and have a neutral-charged surface, they are not efficiently opsonized and, therefore, they are poorly recognized by Kupffer cells [63].  However, they might still go through a clearance process from the vasculature by fenestrations in the hepatic sinusoidal endothelium, the spleen or bone marrow [63, 66].  Particles with diameters of less than 100 nm get trapped by extrusion through endothelial fenestrations in the space of Disse and the hepatic parenchyma [63].  The size, deformability, and sphericity of drug delivery particulates also play a crucial role in their removal by the sinusoidal spleen [63].  Particles larger than 200 nm and their aggregates can be physically trapped in the spleen fenestrations, unless they are deformable as in the case of erythrocytes [63, 65].  On the other hand, the particle elimination mechanism by the bone marrow is more complex and species-dependent, capable of removing particles from the circulation by transcellular and intercellular paths [66]. 


Certainly, physicochemical factors of drug delivery particulates are critical for their recognition and removal from the bloodstream by the RES.  For the past 30 years, it has been known that hydrophilic particles remained in the circulation longer than hydrophobic ones due to rapid opsonization of the latter [67].  The particle’s surface charge is another factor influencing the clearance process due to electrostatic interactions with blood components and cell surfaces.  Although, there are conflicting viewpoints regarding the surface charge, it is believed that neutral charged particulates have a longer half-life in the bloodstream [67, 64].  The other major factor determining the RES removal of particulate systems is the size of the particles.  A narrow particle diameter range, between 100 and 200 nm, is preferred to avoid particle entrapment in hepatic and splenic fenestrations [66]; unless, the particulates are deformable in which case larger diameter particles could be administered, increasing the drug loading potential.  Indeed, a fuller understanding of the physicochemical properties of drug delivery particulates and their effects on the immune response will make it possible to design particle carriers with reduced affinity to the cells of the RES.


Table 2-1.  Plasma protein concentrations (mg/100 mL)


		Protein

		Plasma



		Total

		6500-8000



		Albumin

		4000-4800



		α1-globulins

		380-870



		α2-globulins

		570-940



		β-globulins

		730-1380



		γ-globulins

		590-1450



		Fibrinogen

		200-400





  Table 2-2.  Physicochemical properties of the major plasma proteins


		Species

		Concentration (mg/ml)

		Mol weight (Da)

		pI

		Sedimentation const in water at 20°C (10-3 cm/dyn*s)

		Diffusion coeff in water at 20°C (10-7 cm2/s)

		Partial specific volume of protein at 20°C (ml/g)



		Prealbumin

		10-40

		5.5x104

		4.7

		4.2

		---

		---



		Albumin

		35-45

		6.6x104

		4.9

		4.6

		6.1

		0.733



		Α1-seromucoid

		0.5-1.5

		4.4x104

		2.7

		3.1

		5.3

		0.675



		Α1-antitrypsin

		2.0-4.0

		5.4x104

		4.0

		3.5

		5.2

		0.646



		Α2-macroglobulin

		1.5-4.5

		7.2x105

		5.4

		19.6

		2.4

		0.735



		Α2-haptoglobin

		

		

		

		

		

		



		    Type 1.1

		1.0-2.2

		1.0x105

		4.1

		4.4

		4.7

		0.766



		    Type 2.1

		1.6-3.0

		2.0x105

		4.1

		4.3-6.5

		---

		---



		    Type 2.2

		1.2-2.6

		4.0x105

		---

		7.5

		---

		---



		Α2-Ceruloplasmin

		0.15-0.60

		1.6x105

		4.4

		7.08

		3.76

		0.713



		Transferrin

		2.0-3.2

		7.6x104

		5.9

		5.5

		5.0

		0.758



		Lipoproteins

		

		

		

		

		

		



		    LDL (ρ<1.019)

		1.5-2.3

		1.5x107

		---

		>12

		5.4

		---



		    LDL (ρ<1.063)

		2.8-4.4

		3.2x106

		---

		0-12

		---

		---



		    HDL2 (ρ=1.093)

		.37-1.17

		4.4x105

		---

		4-8

		---

		---



		    HDL3 (ρ=1.149)

		2.17-2.70

		2.0x105

		---

		2-4

		---

		---



		IgA (monomer)

		1.4-4.2

		1.6x105

		---

		7

		3.4

		0.725



		IgG

		6-17

		1.5x105

		6.8

		6.5-7.0

		4.0

		0.739



		IgM

		0.5-1.9

		9.5x105

		---

		18-20

		2.6

		0.724



		C1q

		0.1-0.25

		4.0x105

		---

		11.1

		---

		---



		C3

		1.5-1.7

		1.8x105

		6.4

		9.55

		4.5

		---



		C4

		0.2-0.5

		2.1x105

		---

		10.1

		---

		---



		Fibrinogen

		2.0-4.0

		3.4x105

		5.5

		7.6

		1.97

		0.723





Table 2-3.  Concentrations of major electrolytes (mEq/L) in whole blood and plasma


		Electrolyte

		Whole blood

		Plasma



		Bicarbonate

		19-23

		24-30



		Calcium

		4.8

		4.0-5.5



		Chloride

		77-86

		100-110



		Magnesium

		3.0-3.8

		1.6-2.2



		Phosphate

		0.76-1.1

		1.6-2.7



		Potassium

		40-60

		4.0-5.6



		Sodium

		79-91

		130-155



		Sulfate

		0.1-0.2

		0.7-1.5





Table 2-4.  Concentrations of various organic compounds (mg/100mL) in whole blood and plasma


		Species

		Whole blood

		Plasma



		Amino acids

		38-53

		35-65



		Bilirubin

		0.2-1.4

		0.2-1.4



		Cholesterol

		115-225

		120-200



		Creatine

		2.9-4.9

		2.5-3.0



		Creatinine

		1-2

		0.6-1.2



		Fat, neutral

		85-235

		25-260



		Fatty acids

		250-390

		150-500



		Glucose

		80-100

		60-130



		Lipids, total

		445-610

		285-675



		Nonprotein N

		25-50

		19-30



		Phospholipids

		225-285

		150-250



		Urea

		20-40

		20-30



		Uric acid

		0.6-4.9

		2.0-6.0



		Water

		81-86g

		93-95g







Figure 2-1.  Scanning electron micrograph of red blood cell aggregates, rouleaux.




Figure 2-2.  Shear rate dependence of normal human blood viscoelasticity at 2 Hz and 22 °C.


Table 2-5.  Controlled release drug delivery systems




 Diffusion-controlled 


         Reservoir and monolithic systems    


 Water penetration-controlled 


         Osmotic and swelling -controlled systems 


 Chemically-controlled 


         Biodegradable reservoir and monolithic systems  


         Biodegradable polymer ba ckbones with pendant drugs  


 Responsive 


         Physically- and chemically-responsive systems (T, solvents, pH, ions)  


         Mechanical, magnetic - or ultrasound-responsive systems 


         Biochemically-responsive; self-regulated systems 


 Particulate 


         Microparticulates 


         Polymer-drug conjugates 


         Polymeric micelle systems  


         Liposome systems 


 




Table 2-6.  Examples of commercialized PLGA copolymers microspheres




Trade Name Drug 


Decapeptyl Depot® Triptorelin 


Enantone LP® Leuprorelin 


Somatulin LP® Lanreotide 


Parlodel LAR® Bromocriptine 


Sandostatin-LAR® Ocreotide 


Nutropin® Recombinant Human Growth Factor  


Lupron® Leuprolide Acetate 


 




CHAPTER 3


Characterization of the Deformable behavior of PLURONIC®-PLA AND Polyelectrolyte chitosan-ALGINATE microparticles

Introduction

Since the1980s numerous groups have tried to develop a red blood cell analog due to the HIV epidemic of the time [1, 2].  Even though some of these substitutes are now in phase III of clinical trials, their use is very limited due to side effects and short half-life time within the human body [4].  As a result, there is still a need for an effective erythrocyte analog with minimum immunogenic and side effects, so that it can be used for multiple applications.  Besides the imperative need of a blood substitute for in vivo use, there is also a need of it for in-vitro testing of medical devices and products.  

Many types of medical equipment and products have been engineered with the purpose to interact directly with blood.  To illustrate, some of the these devices include dialysis machines, ventricular assist devices, heart-lung machines, heart valves, catheters, grafts, stents, among others.  Since blood will be in direct contact and, sometimes, even subject to mechanical stress with this type of devices, it is necessary to test their effect on blood in vitro before moving on to clinical trials.  However, testing with real blood involves an array of complications such as cost, increment in rules and regulations, availability, variability among donors, and inconsistency with storage time.  


Particles with deformability properties and dispersed in fluids with viscosities similar to blood will represent a valuable advance for the testing of medical devices and products.   In this study we investigated the use of synthetic and natural biodegradable polymers as possible materials for the development of biodegradable, biocompatible, and multi-functional particles with deformability properties for applications in device testing and drug delivery.  The main goal is to attain particles capable to deform under micropipette suction pressures used to aspirate erythrocytes. 


Poly(Lactic Acid)


In the development of medical devices, especially for controlled-release delivery systems, synthetic biodegradable polymers are frequently used as carriers for protein drugs.  Synthetic polymers are preferred over biological materials because of their biocompatibility, minimal immunogenecity, biodegradability, and high manufactured reproducibility.  The polymers most often used for the fabrication of drug delivery systems are poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and the copolymer poly(lactide-co-glycolide) (PLGA) [33, 68] due to their good biocompatibility, variable mechanical processability, and a wide range of biodegradable properties [33, 41].  Among these three polyesters, PLA (Figure 3-1) with the chemical formula (C3H4O2)n is the most hydrolytically stable in addition to its long history of safe and biodegradable use as resorbable suture materials [69, 43, 70, 71].  


PLA degrades by a well-known erosion process into natural lactic-acid metabolites that are easily eliminated by the body.  Hydrolysis of the ester bond initiates the erosion process; followed by a reduction in molecular weight and an increase in the acidic environment which, in turns, accelerates degradation [42].   The PLA erosion rate is controlled by varying the molecular weight and type of polylactide monomer used [71, 68, 72, 42].  These factors determine the hydrophilicity and crystallinity, which govern the rate of water penetration [68, 44].  The higher the molecular weight, the longer the polymer retains its structural integrity, the slower its degradation rate [68].  In this study, DL-PLA was the polymer used since it is completely amorphous and its lack of crystallinity causes it to degrade faster than L-PLA.  In addition, it has a lower tensile strength which makes an attractive property when trying to manufacture deformable microspheres.   


Pluronics®


Surfactants are an important constituent for many colloidal suspensions, governing rheological properties and stability against phase separation of many commercial dispersions in the cosmetic, food, and medical field [73].  Poloxamers, also known by the commercial name Pluronics® (BASF, Wyandote, USA), are commonly used as stabilizers in the preparation of emulsions and colloids.  Pluronics® are triblock ABA-type copolymers composed of poly(ethylene oxide)-poly(propyleneoxide)-poly(ethylene oxide) (PEO-PPO-PEO) blocks arranged in a basic structure.  Table 3-1 shows a list of the commercially available Pluronics® which can be classified as hydrophobic or hydrophilic depending on the EO/PO ratio [74].  


Pluronics® are soluble in water and polar solvents.  In aqueous solutions, they exhibit temperature-dependent rheological properties due to their amphiphilic structures [74].  Gelation of Pluronics® solutions will occur above a certain temperature and it will also depend on the polymer concentration and EO/PO ratio [74].  Moreover, Pluronics® in aqueous solutions are capable of self-assembling into multi-molecular aggregates (micelles), which makes them attractive for drug delivery applications [75].   Micelle formation will also depend on block copolymer concentrations, EO and PO unit lengths as well as temperature and type of solvent used [76, 77].   


In addition to unique gelation and micelle formation properties, some of the Pluronics® exhibit minimal toxicities in vivo, allowing their clinical use [78].  Furthermore, modification of polymeric surfaces with PEO to reduce non-specific protein adsorption and undesired bioadhesion in biological environments has been proven effective for the past 30 years [64, 36].   The valuable properties of PEO surface modifications are associated to the distinctive structure of  PEO molecules which show greatly hydrated, non-ionic, and mobile chains in an aqueous environment [64].  However, using Pluronic® copolymers, instead of the PEO homopolymer, for surface modification is preferred due to the improved stabilization of the system, provided by anchoring of the PPO units to the solid surface [36, 64].  In this study, conjugations of DL-PLA and Pluronics® with different compositions and molecular weights were used to investigate the system’s feasibility in the development of deformable particles.

Alginate


Alginates are random, anionic, linear, polysaccharides derived from brown algae.  These natural block copolymers are conformed by varying ratios of unbranched chain 1,4’-linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues (Figure 3-2) [79, 80, 81, 82].  Frequency and distribution of these monomers along the polymer chain are irregular and dependent on the source of origin [83].  Although alginates have been isolated from bacteria, three species of brown algae (Laminaria 
yperborean, Ascophyllum nodosum, and Macrocystis pyrifera) are the primary source for commercially available alginates [84].  Approximately 40% of the algae dry weight is alginate which is found in the intracellular matrix as a mixed salt of diverse cations from the sea water (i.e. Mg2+, Ca2+, Sr2+, Ba2+, and Na+) [84]. 


Though alginates have several unique properties, gelation and swellability are the two most significant.  Alginate forms a gel in the presence of divalent cations and calcium-crosslinked gels are the most abundant in nature [84].  The affinity of alginates for divalent cations depends mostly on the electronic structure of the cation, with the highest affinity for copper ions and the least for manganese ions [85].  Metal ions, especially calcium, are more commonly used to crosslink gel alginates since toxicity has been a limitant factor in the use of transition metals.   The sol-gel transformation begins with the exchange of monovalent ions from the G residues of water-soluble alginate salts with divalent cations [80, 86].  Binding of divalent cations to G blocks is highly cooperative, forming stacks of more than 20 monomers [84].  Martinsen et al. described the physical orientation of the stacks as the egg-box structure, being more abundant for high G alginates than for low G ones [83].  However, Wang et al. found that transition metal ions bind to both G and M residues with a binding distribution dependent on solvent conditions [85].  As a result, alginate composition as well as cation affinity will play a significant role in the properties of the crosslinked gel matrix.  


The swelling property of crosslinked alginate gels depends on solutes present in the solution [85].  Sequestering agents form stable complexes with bound cations, resulting in a polymer chain relaxation and volume expansion [61].  Calcium-alginate gel matrices start swelling and are further destabilized upon contact with solutions containing chelators such as phosphate, lactate, citrate, ethylenediamine tetraacid (EDTA) or high concentrations of non-gelling cations like sodium or magnesium ions [61, 84].  Swelling and degradation of alginate gels due to removal of crosslinker ions, time, pH, or temperature are determining features in the development of controlled-release systems.  As a result, alginate matrices have been commonly used for a variety of delivery systems including gels, films, beads, microparticles, and sponges.  


In addition to alginates’ unique properties, their chemistry and relatively mild crosslinking conditions, fairly easy processability, source abundant, low price, biocompatibility, and biodegradability have enabled their used in a wide variety of biomedical applications [80, 81, 82].  Some of these applications include immunoprotective containers in cell transplantation, cell scaffolds, controlled-release drug delivery systems, and surgical dressings for the treatment of adhesion problems in tissue repair, capillary hemorrhage blockage, and burns [45, 61, 83, 84]. Certainly, a wide range of matrices with different morphologies, pore size, water content, and release rates can be manufactured by selecting determined alginate compositions, crosslinkers, additives, gelation conditions, and coating agents.  


Chitosan


Chitosan is a cationic, linear, naturally occurring polysaccharide with structural characteristics similar to glycosaminoglycans [87, 88].  This polycationic biopolymer is fundamentally composed of (1-4)-linked D-glucosamine units with some percentage of N-acetyl-D-glucosamine units (Figure 3-3) [50].  Chitosan is commonly obtained by alkaline deacetylation of chitin since it is rarely found in nature [89].  Conversely, chitin is the second most abundant natural polysaccharide [90], present in the exoskeleton of crustaceans, mollusks, the cell walls of fungi, and the cuticle of insects [87].  Chitin is a homopolymer consisting of β(1-4)-linked N-acetyl-D-glucosamine units, which can be specifically modified by controlled chemical reactions [50].  


The degree of deacetylation of chitin will determine the functional properties of chitosan.  A low-molecular-weight, highly-deacetylated chitosan, known as chitosan oligosaccharide (COS), is obtained when chitosan is further hydrolyzed [89].  COS has very promising properties which can be utilized in a wide range of applications.  While chitosan is only biologically active in acidic environments due to poor solubility, COS is water soluble at neutral pH as it maintains its cationic nature.  This property allows COS to electrostatically interact with polyanionic polymers and molecules in diverse aqueous environments, forming polyelectrolyte materials optimal for drug delivery [83, 91].  


Besides the physicochemical features, many useful biological properties of chitosan have been recognized, including biocompatibility; biodegradability; low toxicity; mucoadhesion; and antifungal, antimicrobial, anticoagulant, antitumoral and hipolipidemic activity [50, 87, 92].  Chitosan is metabolized and degraded into non-toxic products by enzymes, such as lysozyme, lipase and chitosanase [50].  While the latter is found in plants and insects, the other two are present in mammals [50].  All these interesting characteristics have led to the recognition of chitosan and its derivatives as potential materials in numerous applications in agriculture, environment, food industry, medicine, pharmacy, and biotechnology.  Some of the applications in the medicine and pharmaceutical fields include: surgical sutures, sponges and bandages, matrices and coatings for drug delivery systems, orthopedic and dentistry materials, cell scaffolds, and immunoprotective barriers for cell transplantation [50, 88].  


To attain microcapsules with deformable properties, we studied different concentrations of alginate and chitosan for the development a polyelectrolyte complex (PEC) system consisting of multiple-layer microcapsules with a dissolvable gel core. 

Materials and Methods

Preparation of PLA-Pluronic® Particles


Polyester microspheres were prepared by the water-in-oil-in-water (W/O/W) double-emulsion solvent extraction/evaporation technique.  The polymer used was D,L-poly lactic acid (DL-PLA) (Mw 350 kDa) from Birmingham Polymers.  In addition to PLA, Pluronics® with different HLB (kindly donated by BASF) were used as surfactants (Table 3-2).  Pluronic® was dissolved at different concentrations in phosphate buffer saline (PBS), pH 7.4, and emulsified in methylene chloride containing 2% (w/w) DL-PLA.  This first water-in-oil emulsion was generated by ultrasonication for 60 seconds in an ice water bath.  This emulsion was added to 1.5% polyvinyl alcohol (PVA) solution at 4°C under continuous stirring at 1500 rpm for 30 min.  Microspheres were collected by filtration, through a 300-μm nylon mesh, and centrifugation.  PLA-Pluronic® microparticles were washed three times with deionized water, lyophilized, and stored at -20ºC until use.  


Preparation of Alginate Particles


Natural polymeric microspheres were prepared by a water-in-oil emulsion crosslinking-gelation technique [93].  The polymer used was alginate from Keltone (LV, food grade).  Calcium chloride and copper nitrate at different concentrations were used as crosslinking solutions (Table 3-3).  The aqueous phase consisted of sodium alginate dissolved in deionized water at different concentrations.  The oil phase consisted of soybean oil.  The first emulsion was obtained by ultrasonication of two phases at 60W for 1 min in an ice bath.  A second aqueous solution containing different concentrations of crosslinking agent was added to the emulsion by air-spray (40 psi, 20ml/hr) at a 4-cm dropping distance while stirring the whole medium slowly with a magnetic stirrer.  Particles were allowed to cure for ten minutes under continuous stirring.  Then medium was allowed to rest for 24 hr so that particles would drop to the bottom of the container while the oil phase was left at the top.  After separation of the two phases, particles were collected by filtration through a 45-μm mesh and washed copiously to remove the oil.  Particles were stored at 4°C until future use.


Coating of Alginate Particles


Ca- and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption technique.  The coating always started and ended with the positive polymer.  Microcapsules with zero, one, five, and nine alternating layers were fabricated. The cationic polymer used was a high-molecular-weight chitosan and a high-deacetylated, low-molecular-weight chitosan oligosaccharide lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic polymer used.  A chitosan solution containing CaCl2 or alginate solution was added to crosslinked-alginate particles dispersed in deionized water.  Different batches were made differing in the concentrations of chitosan and alginate solutions.


After allowing the particles to coat for 30 minutes, they were collected by centrifugation and washed three times with deionized water to ensure that all free polyelectrolytes were removed.   Following the washes, particles were ready for the next coating or stored at 4°C until use.  Table 3-3 shows all the formulations used to make the different batches of chitosan-alginate microcapsules.


Decomposition of the Particles’ Core


Decomposition of the particles’ core was achieved in a case-specific manner by treating particles with sequestrant agents specific to each crosslinking ion.  The agents used to remove calcium and copper ions were phosphate (Cellgro) and bovine serum albumin (Cellgro) respectively.  An initial concentration of 5% (w/v) chelating media with or without supplemental ions was prepared.  Multiple-layer particles, at a 5% (w/v) concentration, were incubated at room temperature in the chelating medium specific to each crosslinking ion.  After close observation, old medium was replaced by same amount of fresh medium if core was not dissolved.  Medium was replaced until the core was decomposed.  Gel-core particles were then stored at 4°C until further use.


Measurement of Particles’ Deformability

The micropipette aspiration technique was applied to assess particles’ deformability.  In this technique, a portion of a single microcapsule is drawn into a pipette by applying a pressure difference between the inside of the pipette and the chamber containing the particle suspension [94, 95].  The Plexiglas, home-built chamber open at one side, allowing for the pipette entry, was prepared by fixing with vacuum grease a glass coverslip to the top and the bottom of the chamber.  Micropipettes were pulled from glass capillaries of 1 mm diameter using a pipette puller.  To attain the desired diameters, micropipettes were forged subsequently.   Micropipette tips with inside diameters approximately 20% smaller than the particles’ diameter were fabricated.  Previous to their use, pipettes were backfilled with 0.9% NaCl solution using a plastic syringe with a 97-mm long, 28G backfiller (Microfil, World Precision Instruments, Sarasota, FL).  


Before particles were used for deformability studies, they were incubated in sequestrant-containing media until the core was decomposed.  The prepared chamber was then filled with microparticles suspended in sequestering media and mounted on the microscope stage.  An initial negative pressure of 5 cm H2O (approximately -4.9x103 dynes/cm2) was applied and pressure was augmented in increments of five.  After a section of the particle had been aspirated, the negative pressure was decreased and the particle was unloaded.  The whole aspiration process was monitored and recorded using an inverted light microscope (Axiovert 100, Zeiss), a Carl Zeiss video camera system, and a VCR.  The recorded images were converted into digital images using the Matrox software.  Since the main goal of the study was to attain particles capable to deform under micropipette suction pressures used to aspirate erythrocytes [96], particles were considered deformable only when using pressures up to -40x103 dynes/cm2 (-41 cm H2O). 


Scanning Electron Microscopy (SEM) Analysis


Surface morphology of the microcapsules was examined by SEM after gold-palladium coating of microcapsule samples on an aluminum stub. Samples for scanning electron micrographs were obtained after 0, 1, 5, and 9 coatings.  Droplets of microsphere solutions were mounted on aluminum stubs, let air dried and sputter-coated with gold and palladium particles.  The stubs were mounted in a scanning electron microscope at 10.0 kV and imaged at x500, x1000, and x5000.   


Results and Discussion


PLA-Pluronic® Particles


Microspheres made with PLA and Pluronics® were not deformable when using the micropipette technique, except for particles made with PLA and P105.  Pluronics® used had different molecular weights and HLB ratios ranging from the most hydrophilic to the most hydrophobic copolymer.  The first type of Pluronic® used was F127 which is a hydrophilic copolymer very commonly used for drug delivery systems.  F127 has a high PPO molecular weight (4000 Da) and a PEO content of approximately 70 % (w).  Pluronics® were dissolved in phosphate buffered saline (PBS, pH 7.4) at different concentrations ranging from 1% to 20% (w/v).  At concentrations below 20%, Pluronic® solutions did not gel at room temperature.  In addition, particles obtained at lower concentrations were not uniform; therefore, 20% was the Pluronic® solution concentration used for all further experiments. 


Besides variation of Pluronic® solution concentration, particles with formulations of different PLA/Pluronic® ratios were synthesized.  The ratios used were the following: 1:1, 1:2, and 1:3.  Microspheres were not obtained with the 1:1 formulation; thus we only continued using the last two formulations for the preparation of following batches.  Even though, F127-PLA microspheres presented a morphology with a thick shell and an empty core (Figure 3-4A), none of the batches obtained resulted in deformable microspheres.  Negative aspiration pressures of up to 60 cm H2O (-58.8 x103 dynes/cm2) were applied to the particles and no signs of deformation were observed.  As a result, we decided to use L101 which is another high-PPO molecular weight Pluronic® (3300 Da), but in the hydrophobic range with a 10 % (w) PEO content.  All the L101-PLA formulations yielded microspheres with morphology similar to the F127-PLA particles’ (Figure 3-4B) and deformability was not achieved either.  


Since the idea of using Pluronics® was to increase the water content in the PLA microsphere system so that particles become softer, we decided to use a surfactant with higher hydrophile content and lower lipohilic content.  The next Pluronic® used was F68 containing 80 % (w) PEO and a very low PPO molecular weight (1800 Da).  F68-PLA microspheres presented a different morphology compared to the F127- and L101-PLA particles’.  F68-PLA particles presented a capsular morphology with a large PLA core and a very thin Pluronic® shell (Figure 3-4C).  After applying an aspiration pressure of -45 cm H2O (-44.1 x103 dynes/cm2), it was found that the thin shell was deformable but not the core.  Pressures of up to -60 cm H2O were applied with no change in the deformable capability of the particles.  All the F68-PLA formulations showed similar morphology and deformability properties; therefore, we decided to keep testing other Pluronics®.  


P105 with a 3300-Da PPO molecular weight and approximately 50% hydrophile content was used next.  P105-PLA microspheres presented a defined core-shell structure (Figure 3-5).  The PLA core was very porous as well as the P105 shell (Figure 3-6).  The difference in morphology seen in F68- and P105-PLA systems is attributed to the molecular weight of the PPO parts.  Previous studies have shown that a high molecular weight of the PPO content is necessary to provide enough anchoring of the copolymer to the particle surface [36, 64].  Particles made with F68 displayed a very thin shell due to poor attachment of the surfactant to the PLA core.  


In addition to a different surface morphology, P105-PLA particles displayed a higher deformable capability compared to the particles made with PLA and all the previous Pluronics®.    During micropipette experiments, it was clearly seen that the shell was very deformable although the core was not.  A portion of the shell was drawn into the pipette forming a “tongue” when applying a negative aspiration pressure of 25 cm H2O (-24.5 x103 dynes/cm2).  However, no additional change in deformability of the particle was observed even after increasing the pressure to -60 cm H2O.   All batches made with P105 were very consistent.


Pluronics® P105, P103, P104, and F108 were used next; all with a fixed propylene oxide content (3300 Da) and variations of the ethylene oxide content: 50, 30, 40, and 80% respectively.  It was hypothesized that the difference in ethylene oxide content would have an influence on the shell thickness; longer PEO units would yield particles with thicker shells.  The goal was to attain particles with a very thick, deformable shell and a small core.  However, only P105-PLA microspheres presented the core-shell structure, indicating that a 50 % PEO content is ideal for the synthesis of capsular systems.  Since we were not able to modify the shell and core size, we decided to focus on other materials.  Table 3-4 summarizes the deformability properties of Pluronic®-PLA particles.


Chitosan-Alginate Particles


Crosslinked alginate particles were made using the water-in-oil emulsion crosslinking gelation technique.  No particles were obtained when using a 0.5% (w/v) sodium alginate solution.  The best morphology was obtained when using a concentration of sodium alginate solution at 3% (w/v) and a CaCl2 concentration of 5% (w/v).  To coat the particles, different concentrations of high-molecular-weight chitosan and chitosan oligosaccharide (COS) solutions containing 0.1% (w/v) CaCl2 were used.  Crosslinked-alginate particles coated with high molecular weight chitosan did not yield good results; therefore, only chitosan oligosaccharide was used for all further coatings.  Also, different concentrations of alginate solutions were used for the polyanionic coating; although only 0.1% (w/v) solution seemed to work.  We were unable to collect the particles when higher alginate concentrations were used.  


Figure 3-7 shows optical and scanning electron micrographs of polyelectrolyte multiple layer Ca-crosslinked alginate particles.  The core-shell structure of the particles can be seen from the SEM pictures.  The evident invagination in the center of the particles (Figure 3-7B) is due to loss of water from the gelatinous Ca-alginate core.  After water removal, alginate chains collapsed as opposed to P105-PLA microcapsules which kept their spherical shape (Figure 3-6).  Uncoated and coated calcium-alginate particles were not deformable when using the micropipette technique before removal of crosslinking ions.  Furthermore, uncoated, mono-layer and multiple-layer coated particles were not stable after removing the calcium ions.  

Alginate particles crosslinked with copper ions presented smaller diameters than Ca-crosslinked particles (Figure 3-8).  This could be explained by a faster crosslinking reaction, resulting in less time for destabilization of the emulsion to take place and less coalition of small particles into large ones.  After water was removed from the Cu-alginate core, capsules collapsed similar to Ca-alginate particles (Figure 3-8B).

Coated Cu-alginate particles were not deformable when using the micropipette as well.  However, when copper ions were removed, particles presented deformable properties.  Particles deformed and were completely aspirated into the micropipette tip after applying a 20-cm-H2O negative pressure (-19.6x103 dynes/cm2).  While uncoated Cu-alginate particles were not stable after removal of crosslinking ions; mono-layer particles were stable mostly in static conditions.  Some of the mono-layer particles ruptured under pressures of -20 cm H2O.  Best results were obtained with Cu-alginate particles coated five times.  Penta-layer particles were able to deform under a 20-cm-H2O negative aspiration pressure several times while recovering their shape.  Removal of crosslinking ions was not as efficient for the nine-layer particles as for the lower-layer ones under the conditions tested.  As a result, only portions of the particles were deformable under a 20-cm-H2O negative pressure.  Particles were completely aspirated into the micropipette only after applying negative pressures of 30-cm-H2O (-29.4 x103 dynes/cm2).  Table 3-5 summarizes the deformability properties of PEC chitosan-alginate capsules.


The ion exchange properties of alginate gels have been studied by many research groups.  This ion exchange process depends on several factors such as the amount of crosslinking ions forming the gel, physical properties of the gel, competing ion concentration, pH and ionic strength of the solution [97, 98, 99].  In addition, the order affinity of alginate for divalent ions has been found to be Pb2+>Cu2+>Cd2+>Ba2+>Ni2+>Ca2+>Zn2+>Co2+>Mn2+>Sr2+ [85, 100, 101, 102].  After removal of calcium ions from the particles by phosphate ions present in the cell culture medium, the polyelectrolyte complex system was not stable anymore.  The calcium PEC system collapsed regardless of the number of PEC layers because alginate had no affinity for the other electrolytes present in the medium.  On the contrary, when copper ions were chelated by albumin, the alginate binding sites left were occupied by calcium ions present in the cell culture medium.  As a result, the ion exchange process along with the PEC layers kept the pre-crosslinked Cu-alginate particles stable.

Conclusion


Only P105-PLA microspheres presented a well-defined core-shell structure with a highly porous PLA core and a P105 shell.  In addition to a different surface morphology, P105-PLA particles displayed higher deformable capability compared to the particles made with PLA and all the other Pluronics®.    During micropipette experiments, it was clearly seen that the shell was very deformable although the core was not.  The differences in morphology and deformability properties are associated to the copolymer composition, indicating that a 50 % PEO content as well as a high PPO molecular weight are ideal for the synthesis of capsular systems.  


Regarding PEC chitosan-alginate systems, only multiple-layer coated copper-alginate particles presented deformability properties under micropipette aspiration after removal of crosslinking ions.  An ion exchange process along with the PEC layers kept the pre-crosslinked Cu-alginate particles stable.  Instability of Ca-alginate particles, subsequent to chelation of calcium ions, was independent of the number of PEC layers.  Particle strength after ion removal can be enhanced by multiple coatings with low molecular weight (high percent deacetylation) chitosan oligosaccharide.  Further studies need to be conducted to compare the effects of various divalent cations on the rheological properties of PEC chitosan-alginate particles.  In addition, new techniques for the synthesis of particles need to be explored so that a size range of 5-10 μm is attained.  Finally, cell studies are needed to assess the particles’ immunogenic effects for their application in drug delivery.




Figure 3-1.  PLA molecular structure.


Table 3-1.  List of commercially available Pluronics®


		Chemical Name

		Structure

		BASF (USA) Trade Name



		Poloxamer 123

		HO(C2H3O)7(C3H5O)21(C2H3O)7H

		Pluronic L43



		Poloxamer 124

		HO(C2H3O)11(C3H5O)21(C2H3O)11H

		Pluronic L44



		Poloxamer 181

		HO(C2H3O)3(C3H5O)30(C2H3O)3H

		Pluronic L61



		Poloxamer 182

		HO(C2H3O)8(C3H5O)30(C2H3O)8H

		Pluronic L62



		Poloxamer 182 LF

		HO(C2H3O)8(C3H5O)30(C2H3O)8H

		Pluronic L62 LF



		Poloxamer 183

		HO(C2H3O)10(C3H5O)30(C2H3O)10H

		Pluronic L63



		Poloxamer 184

		HO(C2H3O)13(C3H5O)30(C2H3O)13H

		Pluronic L64



		Poloxamer 185

		HO(C2H3O)19(C3H5O)30(C2H3O)19H

		Pluronic P65



		Poloxamer 188

		HO(C2H3O)75(C3H5O)30(C2H3O)75H

		Pluronic F68



		Poloxamer 212

		HO(C2H3O)8(C3H5O)35(C2H3O)8H

		Pluronic L72



		Poloxamer 215

		HO(C2H3O)24(C3H5O)35(C2H3O)24H

		Pluronic P75



		Poloxamer 217

		HO(C2H3O)52(C3H5O)35(C2H3O)52H

		Pluronic F77



		Poloxamer 231

		HO(C2H3O)6(C3H5O)39(C2H3O)6H

		Pluronic L81



		Poloxamer 234

		HO(C2H3O)22(C3H5O)39(C2H3O)22H

		Pluronic P84



		Poloxamer 235

		HO(C2H3O)27(C3H5O)39(C2H3O)27H

		Pluronic P85



		Poloxamer 237

		HO(C2H3O)62(C3H5O)39(C2H3O)62H

		Pluronic F87



		Poloxamer 238

		HO(C2H3O)97(C3H5O)39(C2H3O)97H

		Pluronic F88



		Poloxamer 282

		HO(C2H3O)10(C3H5O)47(C2H3O)10H

		Pluronic L92



		Poloxamer 284

		HO(C2H3O)21(C3H5O)47(C2H3O)21H

		Pluronic P94



		Poloxamer 288

		HO(C2H3O)122(C3H5O)47(C2H3O)122H

		Pluronic F98



		Poloxamer 331

		HO(C2H3O)7(C3H5O)54(C2H3O)7H

		Pluronic L101



		Poloxamer 333

		HO(C2H3O)20(C3H5O)54(C2H3O)20H

		Pluronic P103



		Poloxamer 334

		HO(C2H3O)31(C3H5O)54(C2H3O)31H

		Pluronic P104



		Poloxamer 335

		HO(C2H3O)38(C3H5O)54(C2H3O)38H

		Pluronic P105



		Poloxamer 338

		HO(C2H3O)128(C3H5O)54(C2H3O)128H

		Pluronic F108



		Poloxamer 401

		HO(C2H3O)6(C3H5O)67(C2H3O)6H

		Pluronic L121



		Poloxamer 402

		HO(C2H3O)13(C3H5O)67(C2H3O)13H

		Pluronic L122



		Poloxamer 403

		HO(C2H3O)21(C3H5O)67(C2H3O)21H

		Pluronic P123



		Poloxamer 407

		HO(C2H3O)98(C3H5O)67(C2H3O)98H

		Pluronic F127








Figure 3-2.  Alginate molecular structure.





Figure 3-3.  Alginate molecular structure.

Table 3-2.  List of Pluronic®-PLA particles made.


		Pluronic®-PLA

		Ratio (Pluronic®/PLA)

		Pluronic® Solution Concentration



		F127-PLA

		1:3

		1.0 % w/v



		F127-PLA

		1:2

		1.0 % w/v



		F127-PLA

		1:3

		5.0 % w/v



		F127-PLA

		1:2

		10 % w/v



		F127-PLA

		1:3

		10 % w/v



		F127-PLA

		1:3

		20 % w/v



		F127-PLA

		1:2

		20 % w/v



		F127-PLA

		1:1

		5.0 % w/v



		L101-PLA

		1:2

		20 % w/v



		L101-PLA

		1:3

		20 % w/v



		F68-PLA

		1:2

		20 % w/v



		P105-PLA

		1:2

		20 % w/v



		P103-PLA

		1:2

		20 % w/v



		P104-PLA

		1:2

		20 % w/v



		F108-PLA

		1:2

		20 % w/v





Table 3-3.  List of chitosan-alginate particles made


		Sodium Alginate Solution

		CaCl2 or Cu(NO3)2 Solution

		Number of Coatings

		Chitosan or COS Solution

		Alginate Solution



		0.5 % w/v

		0.5 % w/v

		

		

		



		0.5 % w/v

		1.0 % w/v

		

		

		



		0.5 % w/v

		5.0 % w/v

		

		

		



		1.0 % w/v

		0.5 %w/v

		

		

		



		1.0 % w/v

		1.0 % w/v

		

		

		



		1.0 % w/v

		5.0 % w/v

		

		

		



		3.0 % w/v

		0.5 % w/v

		

		

		



		3.0 % w/v

		1.0 % w/v

		

		

		



		3.0 % w/v

		5.0 % w/v

		0

		

		



		3.0 % w/v

		5.0 % w/v

		1

		0.3 % w/v

		



		3.0 % w/v

		5.0 % w/v

		5

		0.3 % w/v

		0.3 % w/v



		3.0 % w/v

		5.0 % w/v

		9

		0.3 % w/v

		0.1 % w/v



		3.0 % w/v

		5.0 % w/v

		0

		

		



		3.0 % w/v

		5.0 % w/v

		1

		1.0 % w/v

		



		3.0 % w/v

		5.0 % w/v

		5

		1.0 % w/v

		0.1 % w/v



		3.0 % w/v

		5.0 % w/v

		9

		1.0 % w/v

		0.1 % w/v



		3.0 % w/v

		5.0 % w/v

		0

		

		



		3.0 % w/v

		5.0 % w/v

		1

		3.0 % w/v

		



		3.0 % w/v

		5.0 % w/v

		5

		3.0 % w/v

		0.1 % w/v



		3.0 % w/v

		5.0 % w/v

		9

		3.0 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		0

		

		



		3.0 % w/v

		0.5M

		1

		0.3 % w/v

		



		3.0 % w/v

		0.5M

		5

		0.3 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		9

		0.3 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		0

		

		



		3.0 % w/v

		0.5M

		1

		1.0 % w/v

		



		3.0 % w/v

		0.5M

		5

		1.0 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		9

		1.0 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		0

		

		



		3.0 % w/v

		0.5M

		1

		3.0 % w/v

		



		3.0 % w/v

		0.5M

		5

		3.0 % w/v

		0.1 % w/v



		3.0 % w/v

		0.5M

		9

		3.0 % w/v

		0.1 % w/v







Figure 3-4.  Optical micrograph of 20% Pluronic®-PLA (1:2) microspheres A) F127-PLA, B) L101-PLA, and C) F68-PLA.  Original magnification = 100X; bars denote 50 μm.




Figure 3-5.  Optical micrograph of 20% P105-PLA (1:2) microspheres.  Original magnification = 100X.




Figure 3-6.  Scanning electron micrograph of  20% P105-PLA Particles.  A) 400X, bar denotes 100 μm; B) 1000X, bar denotes 50 μm; and C) 800X, bar denotes 50 μm.

Table 3-4.  Composition and deformability properties of Pluronic®-PLA microspheres


		Pluronic®-PLA (Ratio)

		Max Negative Suction Pressure  x 103 (dynes/cm2)

		Deformation



		F127-PLA (1:3)

		-58.8

		No



		F127-PLA (1:2)

		-58.8

		No



		L101-PLA (1:2)

		-58.8

		No



		L101-PLA (1:3)

		-58.8

		No



		F68-PLA (1:2)

		-44.1

		Only the shell



		P105-PLA (1:2)

		-24.5

		Only the shell



		P103-PLA (1:2)

		-58.8

		No



		P104-PLA (1:2)

		-58.8

		No



		F108-PLA (1:2)

		-58.8

		No








Figure 3-7.  Optical and scanning electron micrographs of 0.3% COS Ca-crosslinked alginate particles: A) 400x, 5 coatings; B) 1000x, 1 coating; C) 1000x, 5 coatings; and D) 1000x,9 coatings. Bars denote 50 μm.






Figure 3-8.  Optical and scanning electron micrograph of 3% COS Cu-crosslinked alginate particles, 5 coatings: A) 400x and B) 1000x. Bars denote 50μm.

Table 3-5.  Composition and deformability properties of PEC chitosan-alginate microcapsules.


		Code

		Max Negative Suction Pressure  x 103 (dynes/cm2)

		Deformation



		Ca-0

		0

		Disintegrated



		Ca-1

		0

		Disintegrated



		Ca-5

		0

		Disintegrated



		Ca-9

		0

		Disintegrated



		Cu-0

		0

		Disintegrated



		Cu-1

		-19.6

		Yes. Some particles ruptured



		Cu-5

		-19.6

		Yes.  Particles completely aspirated



		Cu-9

		-19.6

		Yes.  Portions of the particles aspirated





CHAPTER 4


Synthesis and characterization of physico-chemical and rheology properties of Polyelectrolyte chitosan-ALGINATE microparticles crosslinked with calcium, zinc, or copper ions


Introduction


Microencapsulation techniques have been widely used to develop controlled-release drug delivery systems, masquerade tastes and odors, reduce toxicity, and protect cells from the host immune response in the absence of immunosuppression drugs [45, 46].  Some of these techniques include emulsion solvent evaporation, solvent extraction, coacervation, spray-drying, interfacial complexation, coating, and hot melt coating [46, 51].  Each method has both advantages and disadvantages in the elaboration of polymeric microparticles.  

The most frequently used method for the fabrication of alginate particles is the air-spray crosslinking technique.  Briefly, this method consists of spraying an alginate solution into a collecting bath containing the crosslinking agent.  As soon as the alginate droplets are in contact with the crosslinking solution, particles are formed by gelation.  The system for the development of alginate microspheres can vary from very simple to more complex setups.  The spray approach can be attained by using a spray bottle or a more complicated micro-fluid device.  The latter is based on the extrusion of the alginate solution through an inner lumen while air or a secondary solution is flowing on the outer lumen of the system.  Alginate drops forming at the ending tip of the inner lumen are detached by the air shear forces exerted on them.  


The other method used to prepare alginate particulates is based on an emulsion-gelation technique.  The approach involves mixing of the alginate solution with an organic solvent to create a water-in-oil (W/O) emulsion, followed by the addition of the crosslinking solution.  This technique can be varied by mixing the corsslinking solution with the organic phase before creating the W/O emulsion.  Even though both methods are fairly simple, cost effective, and up-scalable for mass production to some degree; they also have drawbacks which limit their application. 


This study is focused on the synthesis and characterization of polyelectrolyte complex (PEC) chitosan-alginate microparticles.  Deformability, particle size, and toxicity are the main goals of the study.  Several variables, i.e. cross-linking agents, solvents and manufacturing techniques, were studied to determine the set of parameters that would yield the most promising red blood cell analog, in terms of deformable capability.   In addition to deformability, the aim was to obtain particles with a size range between 5 and 10 micron so that they are small to deform and pass through capillaries as well as spleen fenestrations, while having a great drug loading potential compared to the existing nano-size drug delivery particulates. 


In this study we examined the application of two frequently used techniques in the development of alginate particles.  The air-spray crosslinking technique and an emulsion gelation technique were applied for the synthesis of particles.  Besides discerning the most appropriate manufacturing process, the effect of different crosslinkers in the development of PEC microparticulates was also studied.  Calcium, zinc, and copper were the divalent cations used as crosslinking agents and their effect on particles’ morphology, deformability, stability, and toxicity was analyzed. 

Materials and Methods

Preparation of PEC Particles 


Air-spray crosslinking technique


Natural polymeric microspheres were prepared by an air-sprayed crosslinking technique [93].  The polymer used was alginate from Keltone (LV, food grade).  From preliminary experimentation, an initial concentration of 0.5M calcium chloride, zinc chloride and copper nitrate solutions were used as the crosslinking baths.  Sodium alginate was dissolved in deionized water at a 3% (w/v) concentration.  A double-lumen device was used to air-spray the alginate solution into the stirred gelling bath.  To control the size of the droplets, the following parameters were studied: needle gauge, alginate solution flow rate, air pressure, and distance between the needle tip and the gelling bath.  While studying one parameter, all the others remained constant in addition to alginate and gelling ion concentrations.

The alginate solution was extruded through a syringe needle (gauge range: 16G – 30G) at a constant rate of 1.2, 6, or 12ml/h using a Harvard dual-syringe pump (Harvard Apparatus, Holliston, Massachusetts).   Air was infused through the outer lumen at constant pressures ranging from 40 to 60 psi, in 10-psi increments.  Finally, the drop fall distance was varied from 5 to 15 cm, in increments of five.  After alginate droplets were extruded into the crosslinking bath, they were stirred at room temperature for 10 minutes and cured overnight.  Alginate microcapsules were then collected by centrifugation.  Particles were washed three times with deionized water (dH2O) and stored at 4°C for future coating.

W/O emulsion gelation technique


Sodium-alginate was dissolved in dH2O at a 3% (w/v) concentration and emulsified in an organic phase containing soybean oil or cyclohexane (Aldrich, St. Louis, MO) and surfactant at different concentrations (0.5 and 5.0 %, w/w).  Pluronics® L61, L121, L101, L64, L43 (kindly donated by BASF) and Tween 80 were the surfactants tested.  The first emulsion was obtained by ultrasonication of the two phases at 60W for 1 min in an ice bath.  A second aqueous solution containing 0.5M of the crosslinking agent was added to the emulsion by air-spray (40 psi, 20ml/hr) at a 4-cm dropping distance while stirring the whole medium slowly with a magnetic stirrer.  Particles were allowed to cure for ten minutes under continuous stirring.  Then medium was allowed to rest for 24 hr so that particles would drop to the bottom of the container while the oil phase was left at the top.  After separation of the two phases, particles were collected by filtration through a 45-μm mesh and washed copiously to remove the organic solvent.  When soybean oil was used, the bead slurry was collected by centrifugation; washed ten times with 10% ethanol, once with 0.1% Triton solution and three times with dH2O.  When cyclohexane was used, the particle solution was warmed at 37°C to induce solvent evaporation.  After removal of the organic phase, particles were stored at room temperature for future coating.


Coating of alginate particles


Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption technique.  The coating always started with the cationic polymer and ended with the anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. The cationic polymer used was a high-deacetylated, low-molecular-weight chitosan oligosaccharide lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic polymer used.  A 3 % (w/v) chitosan solution containing CaCl2 or a 0.1 % (w/v) alginate solution was added to crosslinked-alginate particles dispersed in deionized water.  After allowing the particles to coat for 30 minutes, they were collected by centrifugation and washed three times with deionized water to ensure that all free polyelectrolytes were removed.   Following the washes, particles were ready for the next coating or stored at 4°C until use.  Table 4-1 shows the different batches made; each batch was repeated three times.


Decomposition of the particles’ core


Decomposition of the particles’ core was achieved by incubating particles in cell culture medium, DMEM/F12 50:50 or RPMI 1640, (Cellgro, Herndon, VA) supplemented with 5% (w/v) bovine serum albumin, BSA (Sigma, St. Louis, MO).  Multiple-layer particles, at a 5% (w/v) concentration, were incubated at room temperature in the two types of chelating media, differing in their electrolyte concentrations.  After close observation, old medium was replaced by same amount of fresh medium if core was not dissolved.  Medium was replaced until decomposition of the core was achieved.  Gel-core particles were then stored at 4°C until further use.


Characterization of PEC Particles


To characterize the efficacy of the two manufacturing processes used, analyses of the particles’ surface morphology and size distribution were carried out.  To characterize the effects of using calcium, zinc, and copper as crosslinker agents in the development of alginate particles, more tests were performed, including: surface morphology analysis, particle size distribution, deformability assessment, particle stability and viscosity, coating adsorption, ion exchange, and biocompatibility.


Surface morphology analysis


Surface morphology and stability of the microcapsules were examined by light microscopy and scanning electron microscopy (SEM).  Samples for scanning electron micrographs were obtained after 0, 2, 6, and 10 coatings.  Droplets of microsphere solutions were mounted on aluminum stubs, let air dried and sputter-coated with gold and palladium particles.  The stubs were mounted in a scanning electron microscope at 10.0 kV and imaged at x500, x1000, and x5000.   


Particle size distribution


Size of microcapsules was analyzed by dispersing particles in deionized water at a concentration of 0.1% (w/v).  Measurements were carried out by a Beckman LS13320 Particle Characterization Coulter (Beckman Instruments, Fullerton, CA).  Calculation of the particle sizes was carried out using the standard modus of the LS13320 Particle Size Analyzer software (Beckman Instruments, Fullerton, CA).  Percentage of particle diameters was used to describe particle size.  Each sample was measured in triplicate.

Particle stability analysis


To determine the particles’ stability, different approaches were used.  Initially, particles were suspended at a concentration of 5% (w/v) in different types of media: dH2O (negative control), regular RPMI 1640 and DMEM/F12 50:50 cell culture media, or 5 % BSA supplemented RPMI 1640 and DMEM/F12 50:50 media (Table 4-2) [12].  Particles were incubated at 25°C or 37°C under continuous orbital rotation to ensure constant mixing.  At 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 hours; samples were collected, visually inspected and subjected to a partial vacuum pressure.  Briefly, a 5-mL air-displacement pipetter and tip (Eppendorf, Westbury, NY) set at the maximum volume were used to aspirate the particles.  For this study, large particles with a diameter ranging between one and two millimeters were used to facilitate optical inspection.  The total number of intact particles was represented as the percentage of the total number of particles inspected.  


Another approach used to determine stability of the particles involved centrifugation and optical inspection.  The study was carried out using the Eppendorf® MiniSpin Microcentrifuge (Eppendorf, Westbury, NY) which provides speeds of up to 14,000g.  Particles’ weight was obtained to determine the centrifugal force exerted on them.  For this study large particles and microparticles were incubated at 25°C in dH2O, DMEM/F12 50:50, or 5 % BSA DMEM/F12 50:50 cell culture medium.  After 0.5, 1 and 7 days, the 5 % (w/v) particle suspensions were centrifuged for 20 sec or 5 min at centrifugal speeds ranging from 1000 – 13,000 rpm (67 – 11,337g).  Particles were inspected prior and post centrifugation; changes in morphology and ability to re-disperse were reported.  


The other method used to verify particles’ stability involved using the Wells-Brookfiled Cone/Plate Digital Viscometer System (Brookfield, Stoughton, MA) with a CP-52 conical spindle.  Microparticles suspended in 5 % BSA DMEM/F12 50:50 cell culture medium at a 12 % (w/v) density were subjected to a shear rate of 200 sec-1 for one minute.  At the end of each run, samples were collected for light microscopic visualization.  All analyses were conducted in triplicate. 


Measurement of particles’ deformability

The micropipette aspiration technique was applied to assess particles’ deformability.  Micropipette tips with inside diameters approximately 20% smaller than the particles’ diameter were fabricated.  Previous to their use, pipettes were backfilled with 0.9% NaCl solution using a plastic syringe with a 97-mm long, 28G backfiller (Microfil, World Precision Instruments, Sarasota, FL).  Before particles were used for deformability studies, they were incubated in sequestrant-containing media until core was decomposed.  The prepared chamber was then filled with microparticles suspended in sequestering media and mounted on the microscope stage.  


An initial negative pressure of 5 cm H2O (approximately -4.9x103 dynes/cm2) was applied and pressure was augmented in increments of five.  After a section of the particle had been aspirated, the negative pressure was decreased and the particle was unloaded.  The whole aspiration process was monitored and recorded using an inverted light microscope (Axiovert 100, Zeiss), a Carl Zeiss video camera system, and a VCR.  The recorded images were converted into digital images using the Matrox software.  Since the main goal of the study was to attain particles capable to deform under micropipette suction pressures used to aspirate erythrocytes [96], particles were considered deformable only when using pressures up to -40x103 dynes/cm2. 


Assessment of particles’ viscosity


The viscosity of the particles in simulating plasma medium (DMEM/F12 50:50 supplemented with 5% BSA) was measured using the Wells-Brookfiled Cone/Plate Digital Viscometer System (Brookfield, Stoughton, MA) with a CP-52 conical spindle.  The principle of the system is based on the rotation of the conical spindle at an accurate speed and detection of the torque needed to overcome the viscous resistance caused by the sample fluid between the cone and a fixed flat plate [103].  Since the cone/plate viscometer exerts a shear rate on the particle suspension, this test in combination with light microscopy was also used to determine particle stability.  


Particles were suspended in simulating plasma media at a 12% (w/v) density and incubated at room temperature for 2 hours prior to obtaining the rheological measurements.  After filling the chamber with the required 0.5-mL sample volume, measurements were taken at a fixed spindle speed of 100 rpm.  At the end of each reading, samples were collected for visualization of the particles’ stability.  Viscosities were calculated using the formulas and ranges found in the instruction manual:


Factor = Range/100


Viscosity = Display Reading x Factor


where, the range is specific to the cone and speed used.  For the cone CP-52 rotating at a constant speed of 100 rpm, the range is 983 cps (983 mPa•sec) while the shear rate exerted on the fluid sample is 200 sec-1.    

Coating adsorption analysis


Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring the particle surface charge changes. Samples were dispersed in dH2O at a concentration of 0.1% (w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer (Brookhaven Instruments Corp.,USA).  The zeta potential was calculated from the solution conditions and the measured electrophoretic mobility.  Each sample was measured in triplicate and the values reported were the mean value for the three replicate samples. 


Ion exchange analysis


This analysis was only performed for Cu-crosslinked particles due to the toxicity concerns regarding this transitional metal.  To determine the amount of copper ions removed by albumin, a modified bicinchoninic acid (BCA) protein assay was used.  Cell culture media, RPMI 1640, supplemented with 1% (v/v) penicillin/streptomycin and 5% (w/v) bovine serum albumin (BSA) was used.  Microparticles were suspended in supplemented media at a concentration of 5% (w/v).  Particles were incubated at 25°C under continuous orbital rotation to ensure constant mixing.  At 24, 48, and 72 hours, samples were removed from the incubator and centrifuged at 3,000 rpm for 5 min.  Supernatant was then removed and stored at 4°C for future analysis.  


The removed solution was replaced with an equal volume of fresh supplemented media.  Sample tubes containing microspheres were returned to the rotating incubator at previous temperatures until the next time point.  Analysis of the stored supernatant was conducted using the bicinchoninic acid reagent from a BCA kit (Pierce, Rockford, IL).  A purple-colored reaction product was yielded by this assay with a strong absorbance at 562 nm.  Concentrations of albumin-reduced copper cations were determined by comparison to a standard curve.  All analyses were conducted in triplicate.


Assessment of particle cytotoxicity 


Human dermal fibroblasts (HDF, passage 10) from ATCC (Manassas, VA) were used to determine the level of toxicity of uncoated and coated calcium-, zinc-, and copper-crosslinked particles.  The type of test performed was indirect meaning extracts from the particles were added to the cells instead of adding particles directly.  To determine cell survival and recovery, the MTT cell proliferation assay (Promega, Madison, WI) was used which measures the ability of cells to convert the tetrazolium compound MTT by the action of succinate dehydrogenase to water-insoluble formazan crystals.  Two time points were studied: a short-term test to demonstrate particles’ toxic effects on cells and a long-term test to demonstrate survival, the retention of cell regenerative capacity. 

Previously made particles (all batches from Table 4-1) were dried so that a predetermined particle concentration could be obtained.  Different concentrations of copper powder were used as positive controls.  Particles and controls were incubated in DMEM (Cellgro, Herndon, VA) cell culture medium supplemented with 5 % fetal bovine serum (FBS) and 1 % antibiotic/antimycotic solution at 37°C under continuous orbital rotation for 24 hr.  Samples were then removed from the incubator and centrifuged at 12,225g for 10 min. The supernatant was collected, sterilized by membrane filtration (0.2 μm; Whatman), and stored at −80°C for future analysis.


HDF cells were seeded onto 96-well plates (Costar, Corning, NY) at a 1,000 cells/well density.  Initially cells were incubated in DMEM cell culture medium supplemented with 10 % FBS and 1 % antibiotic/antimycotic (Ab/Am) solution.  Cells were incubated at 37°C, in a 95 % O2/5 % CO2 atmosphere for 24 hr before adding any treatment.  


Extracts from the particles and positive controls were thawed and diluted in 2 % FBS and 1 % Ab/Am cell culture medium to desired concentrations.  The particle and control concentrations used were: 0.1, 1.0, 10, 100, and1000 μg/ml (w/v).  Cells incubated in 10 % and 2 % FBS culture medium and exposed to zero treatment were used as negative controls.  Old cell medium was aspirated and replaced by 100 μl of cell culture medium containing treatments.  Cells were exposed to the different conditions for 24 hr.  When exposure time was over, cells were either collected for MTT assay (short-term test) or culture medium containing treatments was replaced by 10 % FBS medium (long-term test).  For the long-term test, cells were allowed to recover for 2 days before performing the MTT assay.  After completion of the cell viability/proliferation assay, optical densities of each well were measured by a microplate reader set at 490 nm.  All conditions were done in replicates of six. 


 Data Interpretation


Data were expressed as mean values ± standard error of the mean (SEM).  To describe statistical differences, one-way analysis of variance (ANOVA) and Tukey-Kramer multiple comparison post test were used.  Statistical significance was defined as p

£


0.05.


Results and Discussion


The standard method of forming alginate beads by extruding alginate drops into a crosslinking bath for gelation generates large particles with a diameter range between two and five millimeters.  To synthesize smaller alginate particles, two methods were employed: the air-spray crosslinking technique and the water-in-oil (W/O) emulsion gelation technique.  A 3 % (w/v) alginate concentration and crosslinking ion solutions of 0.5M concentrations were used.  To control the size of the particles in the air-spray crosslinking technique, the following parameters were studied: needle gauge, alginate solution flow rate, air pressure, and distance between the needle tip and the gelling bath.  For the emulsion-gelation technique, the oil phase was composed of soybean oil or cyclohexane and diverse surfactants; also different stirring rates were used to determine the optimal particle size.    

Particles made with the air-spray crosslinking technique presented a monodispersed size distribution depending on the parameter studied.  The size of particles diminished significantly when the inner diameter of the needle decreased (Figures 4-1 and 4-3) as expected.  Likewise, reducing the speed of alginate extrusion or increasing the pressure of air infused through the outer lumen caused a significant reduction in the particle’s diameter (Figures 4-2, 4-4, and 4-4).  The particle-forming properties were not altered significantly with changes in the distance between the needle tip and the gelling bath tested in this study.  These results are consistent with many studies from other research groups since it is well-known that the particle size in the air-spray method is not only determined by the needle gauge but more importantly by the air flow rate [104, 105, 106].  


Tables 4-3, 4-4, and 4-5 illustrate the particle sizes and standard error of the means under various conditions using different needle gauges, alginate flow rates, and air pressures, respectively.  The smallest particles were obtained when alginate was extruded through a 30G needle while the air pressure in the outer lumen was increased to 60 psi.  Under these conditions, the smallest average particle size formed was 44 ± 3 μm in diameter.  Although, we were able to decrease the particle sizes, the capability to produce monodispersed batches was lost at the air pressure of 60 psi, in agreement with optical observations (Figure 4-5).  The lost of monodispersity due to increased outer lumen air pressures could be explained by drop coalition at higher pressures.  This observation was also reported by Haas mainly for the production of smaller particles [107].


Another parameter tested in the formation of alginate particles was the usage of different divalent cations as crosslinkers.  Figure 4-6 shows a histogram of particle diameters as a function of crosslinking ions obtained with the 30G needle, a 50-psi outer lumen air pressure, and a 1.2-mL/h alginate extrusion rate.  Using different crosslinkers altered significantly the size of particles formed (Table 4-6).  For alginate particles crosslinked with copper or zinc, the average particle size obtained was 48 ± 4 and 71 ± 4 μm, respectively.  This difference in the mean size of the particles between copper- and zinc-crosslinked alginate beads could be explained by the polymer cation affinity.  Even though the crosslinking mechanisms of copper and zinc ions are not understood, it is well-known that the affinity of alginates for divalent cations depends mostly on the electronic structure of the cation, with a higher affinity for copper ions than for zinc ions [85, 100, 101, 102].  Copper is able to crosslink more densely with sodium alginate, resulting in smaller particles with reduced water content as opposed to zinc-crosslinked alginate particles.


Particles made with the emulsion-gelation technique presented a poly-dispersed size distribution, with diameters ranging from 2 to 60 μm (Figure 4-7B).  The best results were obtained when using the Pluronic® L61 concentration of 0.5% and a stirring speed of 2000 rpm.  Pluronic® L61 is considered a hydrophobic surfactant with a 10 % (w) PEO content and a PPO molecular weight of 1800 Da.  Big agglomerates were obtained when using other hydrophobic Pluronics®: L101 and L121, both with a 10% (w) PEO content and PPO molecular weights of 3300 and 4000 Da, respectively.  Indeed, the difference in morphology is attributed to the molecular weight of the PPO parts.  Hydrophobic, low-molecular-weight PPO Pluronics® are preferred for the production of alginate particles as opposed to Pluronic®-polyester systems where a high molecular weight of the PPO content is necessary to provide enough anchoring of the copolymer to the particle surface [36, 64].  


Variations in the stirring speed during the gelation process altered the morphology of the particles.  An increment in the average of particles’ diameters was observed as the stirring speed was augmented.  This observation could be explained by an increased coalition of particles prior to a complete matrix gelation.  While the use of soybean oil as the organic phase was very appealing due to its mild condition, complete oil removal was extremely hard to achieve. Although samples were copiously washed, oil was still present in the particles.  Microparticles made using cyclohexane as the organic phase presented a narrower size distribution with the majority of particles’ diameters ranging from 5-15 μm.  Solvent removal was successfully achieved by evaporation.  


The particles-forming properties in the emulsion-gelation technique were significantly altered with changes in the crosslinking ions.  Particles crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of particles crosslinked with zinc and calcium (Figure 4-8).  In addition to variations in the particles’ shape, the size of the particles was also affected by the different crosslinking ions.  Table 4-7 illustrates the fractions of particles within different size ranges.  Also, size distribution histograms of Ca-, Zn-, and Cu-crosslinked particles are shown in Figure 4-9.  Although the majority of all the microspheres made were 0 – 20 μm in diameter, the smallest uniform microspheres were obtained with calcium and zinc.  They had the largest fractions, 69.7 ± 9.77% and 77.2 ± 0.50% respectively, in the size range of 5 – 10 μm; while copper-crosslinked microparticles had the largest fraction (46.6 ± 0.96%) in the size range of 15 – 20 μm.  


The difference in particles’ morphology and size was not only dependent on the crosslinker but also on the solvent used as the organic phase of the emulsion.  The sizes of Ca-, Zn-, and Cu-crosslinked particles were larger when soybean oil was used.  However, Cu-crosslinked alginate particles presented the smallest diameters (data from Chapter 3) and a spherical morphology.  The contradictory results between the use of soybean and cyclohexane could be explained by differences in the solvents’ viscosities and in the alginate’s affinity for the cations.  Since alginate has the highest affinity for copper ions, the crosslinking reaction occurs a lot faster than for the other ions.  With high viscous solvents, such as soybean oil, a fast crosslinking reaction prevents destabilization of the emulsion and, therefore, less coalition of small particles into large ones.  In addition, phase separation takes more time in highly viscous solvents, which slows down particles’ settlement into the aqueous phase resulting in spherical particles.  On the contrary, in low viscous solvents (i.e. cyclohexane) copper-crosslinked particles form rapidly and settle quickly into the aqueous phase, generating the tear-drop shape.  


Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption technique.  The coating always started with the cationic polymer and ended with the anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. Figure 4-10 shows photographs of alginate beads made with the conventional dripping mechanism: by extruding alginate as drops into a crosslinking solution for gelation.  These 2 – 3 mm beads presented a spherical shape and size that were independent of the type of crosslinker used.  However, beads’ mean diameter decreased with multiple coatings and their shape changed from spherical to biconcave.  Zinc-crosslinked particles showed a more pronounced biconcave configuration as opposed to calcium- and copper-crosslinked particles.  These observations could be explained also by the affinity of alginate for divalent ions in the order of Pb2+>Cu2+>Cd2+>Ba2+>Ni2+>Ca2+>Zn2+>Co2+>Mn2+>Sr2+ [85, 100, 101, 102].  The new shape of the coated particles was very similar to the biconcave shape of red blood cells, which represents a great advance in the drug delivery field.  It is well-known that the extraordinary flexibility and respiratory functions of red blood cells are attributed to their structural characteristics [11, 9, 10].  The biconcave disk shape of our particles provides a greater surface area ideal for gas exchange as opposed to the traditional spherical shape of the existing drug delivery particulates.

The surface morphology of microparticles made with the gelation-emulsion technique was determined by SEM analysis for uncoated and bilayer PEC alginate particles.  A difference in morphological structure can be observed among alginate particles formed with calcium, zinc or copper cations.  As shown in Figure 4-11 (C,D,E,F), the surface morphology of the Zn- and Cu-microparticles looked smoother before any coating was applied.  On the contrary, the calcium-alginate microspheres looked very rough on the surface even prior to any coating (Figure 4-11 (A,B).  This sponge-like structure of the uncoated calcium-alginate microspheres could be an artifact created by collapsing of the pore walls due to dehydration.  Although the order affinity of alginates for cations has been established as Cu2+>Ca2+>Zn2+, binding sites for these cations are different [108].  Zinc is able to crosslink less selectively than calcium and hence produces more extensive crosslinking of alginate [109, 108].  As a result, calcium cations generate a more permeable alginate matrix with a high water content that is more susceptible to morphological changes after dehydration.   Bilayer PEC microparticles presented a very rough surface morphology with some aggregations which is attributed to the PEC coatings.  


Size distribution histograms of Ca-, Zn-, and Cu-crosslinked uncoated and coated microparticles are shown in Figure 4-12.  Although the majority of all the microspheres made were 0 – 20 μm in diameter, the size distributions changed significantly with the number of coatings.  Uncoated calcium- and zinc-alginate microspheres had a very narrow size distribution with more than 70% of the particles in the 5 – 10 μm range; while coated particles presented a more polydispersed size distribution.  Differences in size distribution between uncoated and multiple coated microparticles could be a consequence of particle agglomeration which increased with the number of coatings.

Stability of the particles was determined by the three different methods previously described.  Initially, particles were suspended at a concentration of 5% (w/v) in dH2O, RPMI 1640 and DMEM/F12 50:50 cell culture media supplemented with different concentrations of BSA.  Particles were incubated at 25°C or 37°C under continuous orbital rotation and at predetermined intervals samples were collected, visually inspected and subjected to a partial vacuum pressure.  All particles incubated in dH2O looked intact independent of the number of coatings or crosslinkers at the end of the study.  Uncoated Ca-, Zn-, and Cu-alginate particles dissolved after one hour incubation in both 5% BSA cell culture media at 37°C (Figure 4-13).  By day 1, all calcium-alginate uncoated and coated particles were dissolved regardless of the cell culture medium (Figure 4-13 A, B).  


It is apparent from the histograms shown in Figure 4-13 (C,D,E,F) that the stability of zinc- and copper- alginate particles depended on the number of coatings and the incubation medium.  Stability of these particles was directly proportional to the number of coatings.  Also, particles were more stable in DMEM/F12 50:50 cell culture medium than in RPMI 1640.  These results were expected due to the electrolyte content difference of each media.  DMEM/F12 50:50 electrolyte content is very similar to human plasma (Table 4-2); however, RPMI 1640 has approximately a 6-fold reduction of Ca2+ and a 10-fold excess of phosphate ions.  This difference in ions is detrimental for the stability of PEC alginate particles.  The ion exchange properties of alginate gels have been studied by many research groups and the process depends on several factors such as: the amount of crosslinking ions forming the gel, physical properties of the gel, competing ion concentration, pH and ionic strength of the solution [97, 98, 99].  


After removal of crosslinking ions from the particles by albumin and phosphate ions present in the RPMI 1640 cell culture medium, the polyelectrolyte complex system was not stable anymore.  The calcium PEC system collapsed regardless of the number of PEC layers because alginate had no affinity for the other electrolytes present in the medium.  The zinc and copper PEC systems were stable slightly longer because of the alginate affinity for the cations and the more extensive crosslinking of these systems.  However, the lack of calcium ions that would replace the alginate binding sites left by the previous crosslinkers accelerated the collapse of the systems.  On the contrary, when zinc and copper ions were chelated by albumin in DMEM/F12 medium, the alginate binding sites left were occupied by calcium ions present in the cell culture medium.  As a result, the ion exchange process along with the PEC layers kept the pre-crosslinked Zn- and Cu-alginate particles stable.  


Figures 4-14 and 4-15 illustrate how other factors alter the ion exchange process in alginate gels.  Stability of the particles is directly proportional to the concentration of albumin present in the medium (Figure 4-14), as expected.  Temperature is another important factor influencing the ion exchange process.  The kinetics of ion exchange in our chitosan-alginate PEC system was slower at 25°C than at 37°C.  Although our results were expected, we cannot determine the equilibrium and kinetics of the ion exchange process taking place in the PEC coated zinc-and copper-alginate microparticles at this time.  Previous studies on the kinetics of metal ion uptake by alginates showed that uptake begins with a rapid phase (minutes to hours) followed by a relative slow phase (up to one day)[97].  There are many models that describe the equilibrium and kinetics of ion exchange in alginate gels, such as the Langmuir, Freundlich, and the surface complex formation models [97].  Although each of the models has advantages and disadvantages, it may be possible to use one of them to determine the equilibrium of our system.  


The other two approaches used to determine stability of the particles involved centrifugation and shear followed by optical inspection.  Zn- and Cu-alginate particles with zero,


two, six, or ten PEC coatings were incubated in 5% BSA DMEM/F12 50:50 medium at a 5% (w/v) density overnight.  Particles were then exposed to centrifugal speeds ranging from 1000 – 13,000 rpm (67 – 11,337g) for 20 seconds or 5 minutes.  Uncoated Zn-alginate particles failed when centrifuged at 1000 rpm for 20 sec; while uncoated Cu-alginate particles failed at 4000 rpm.  All the coated zinc- and copper-alginate particles sustained all the centrifugal speeds, even at the high speed of 13,000 rpm for 5 min.  Figures 4-16 and 4-17 illustrate optical micrographs of zinc- and copper-alginate PEC microparticles exposed to a shear rate of 200 sec-1 for 1 min.   Microparticles had been suspended in 5 % BSA DMEM/F12 50:50 medium at a 12 % (w/v) density prior to testing.  Uncoated zinc particles were completely destroyed (Figure 4-16A); while pieces of very swollen uncoated copper particles could still be seen (Figure 4-17A).  Differences between the two, six, and ten multilayer particles were not apparent from Figures 4-16 (B,C,D) and 4-17 (B,C,D).  Although some of the bilayer zinc particles looked slightly swollen (Figure 4-16B), the difference was not significant.  The observations from the centrifugation and shear tests coincide with our previous results, showing again the strength of copper-alginate gels over the zinc-alginate ones.  In addition, it is evident the stabilizing role of PEC coatings in both systems.  


The micropipette aspiration technique was used as previously described to determine deformability of the calcium-, zinc-, and copper- alginate PEC particles.  Concurring with our previous results, all coated alginate particles suspended in dH2O were not deformable when using the micropipette.  However, when crosslinking ions were removed, zinc and copper particles presented deformable properties, while calcium particles disintegrated regardless of the number of PEC coatings.  As Table 4-8 and Figure 4-18 illustrate, zinc and copper particles deformed and were completely aspirated into the micropipette tip after applying a 20-cm-H2O negative pressure (-19.6x103 dynes/cm2).  

While uncoated particles were not stable after removal of crosslinking ions; bi-layer particles were stable mostly in static conditions.  Less pressure (-15 cm H2O; -14.7x103 dynes/cm2) was necessary to aspirate PEC bilayer zinc-crosslinked microcapsules.  Some of the bi-layer zinc and copper particles ruptured under pressures of -15 and -20 cm H2O, respectively.  Best results were obtained with microcapsules coated six times.  Hexa-layer zinc and copper microparticles were able to deform under a 20-cm-H2O negative aspiration pressure several times while recovering their shape.  Removal of crosslinking ions was not as efficient for the ten-layer copper microparticles as for the lower-layer ones under the conditions tested.  As a result, only portions of the deca-layer Cu-crosslinked microparticles were deformable under a 20-cm-H2O negative pressure as oppose to the 10-PEC-layer zinc microcapsules which were completely aspirated under the same pressure.  These observations agree with our previous results, demonstrating once more the difference in strength of copper-, zinc-, and calcium-alginate gels along with the stabilizing role of the PEC coatings.  


Viscosity of the particles in simulating plasma medium (DMEM/F12 50:50 supplemented with 5% BSA) was measured using the Wells-Brookfiled Cone/Plate Digital Viscometer System with a CP-52 conical spindle.  Zinc and copper microparticles were suspended in simulating plasma medium at a 12% (w/v) density and incubated at room temperature for 2 hours prior to obtaining the rheological measurements.  Measurements were taken at a fixed spindle speed of 100 rpm and a shear rate of 200 sec-1.  Viscosity values for blood, plasma, and serum were obtained from studies done in healthy adults by Rosenson et al [24].  A histogram of the samples’ viscosity is given in Figure 4-19 and Table 4-9 demonstrates the viscosity values and standard error of the means obtained under the conditions tested.


It is apparent from the data that viscosity values of uncoated zinc and copper microparticle suspensions were significantly higher compared to the viscosity of blood.  The uncoated Zn and Cu particle suspensions presented increments in viscosity of seven and six folds, respectively.  It can be seen from Figures 4-16A and 4-17A that uncoated zinc particles were completely destroyed while there were only remaining pieces of very swollen uncoated copper particles.  Rupture of particles followed by a release of alginate molecules into the salt-containing medium caused an increment of the suspensions’ viscosities.  Solutions of bilayer PEC zinc and copper particles had viscosities of 4.92 and 5.90 mPa•s, respectively.  These values were not significantly different from the viscosity values of human blood and Figures 4-16B and 4-17B demonstrate the presence of particles in the solutions.


While the viscosity average for the solutions containing copper microcapsules with six PEC coatings was 4.92 mPa•s, six-layer zinc-alginate microparticle solutions had a high viscosity value of 9.83 mPa•s for the initial 30 seconds.  The viscosity for the latter sample decreased to 4.92 mPa•s at 60 seconds.  The difference in viscosity values with respect to time in the six-PEC-layer zinc microparticle solutions could be explained by agglomeration of the particles.  Figure 4-16C shows some aggregation of hexa-layer Zn particles.  In static conditions, particles’ agglomeration was even higher, causing an initial higher resistance to the rotating cone.  As the sample fluid was exposed to shear rates of 200 sec-1, particles’ agglomeration was broken up, decreasing the solution viscosity.   


The viscosity mean value of the ten-layer copper microparticle solution was 8.19 ± 0.87, representing a significant increment compared to the blood viscosity.  This result correlates with our previous stability and deformability studies.  The ten multilayer copper-alginate systems formed the strongest microparticles due to the alginate high affinity for copper ions and the increased stability provided by the high number of coatings.  Regarding the ten-layer zinc-alginate microspheres, suspensions containing these particles showed an extremely high viscosity value of 26.2 mPa•s for the initial 30 seconds.  Although, viscosity decreased with time to 8.85 mPa•s at 60 seconds, it was still about 2.7-fold higher than blood viscosity.  Once more, particles’ agglomeration seemed be the cause of the changes in viscosity with respect to time.  Figure 4-16D shows large aggregates of deca-layer Zn particles.  


Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring the particle surface charge changes.  We first examined uncoated alginate particles dispersed in dH2O.  There was no significant difference between the zeta potentials of uncoated zinc- and copper-alginate particles (Table 4-10).  It is apparent from Figure 4-20 that the zeta potential of microparticles with the chitosan surface layer (odd numbers) is slightly less negative than microparticles with the alginate surface layer (even numbers).  Although the data showed the presence of each polyelectrolyte layer, the difference between uncoated and chitosan-surface coated microparticles was not significant until the second chitosan coating for zinc particles and the third coating for copper particles.  Also, Figure 4-20A illustrates that the zeta potential of zinc microspheres with a total of eight and ten PEC layers ending in alginate differed significantly compared to uncoated microspheres.


It is evident that microbeads retained a negative surface charge throughout the modification of the surface layer.  Thickness of the polymeric films on colloidal templates is considered to be in the monomolecular-layer range [110].  Since the low molecular weight (< 5000Da) chitosan oligosaccharide was used as the cationic polymer, layer thickness was very thin and the polyelectrolyte molecules failed to overcharge the microbead surface.  Therefore, reversing of the microparticles’ surface charge did not occur.  As mentioned earlier, agglomeration of coated zinc-alginate microspheres increased with the number of layers.  Eventually, the formation of aggregates resulted in an irregular coating of the multilayer zinc particles.

Since the toxicity of copper ions was a concern, we decided to analyze the amount of copper ions released from microparticles into the chelating medium.  To determine the amount of copper ions sequestered by albumin a modified bicinchoninic acid (BCA) protein assay was used.  Microparticles were suspended in RPMI 1640 medium, supplemented with 1% penicillin/streptomycin and 5% BSA, at a concentration of 5% (w/v).  Particles were incubated at 25°C under continuous orbital rotation and supernatants were collected at predetermined intervals.  The removed solution was replaced with an equal volume of fresh supplemented medium and samples were returned to the rotating incubator until the next time point.  Concentrations of albumin-reduced copper cations were determined by comparison to a standard curve.  


Figure 4-21 illustrates the amount of copper released in a period of three days.  Only concentrations of copper released from uncoated particles were detected.  It was determined that a 5% (w/v) suspension of uncoated particles released a total copper concentration of approximately 3 mM in 24 hours (Table 4-11).  Although no released copper from uncoated particles was observed on the second day, some amount was detected on the third day.  The results obtained for the coated samples were in agreement with visual observations.  At day 1, microparticles with two coatings looked very swollen as opposed to six-layer particles, while ten-layer beads looked unchanged.  At day 2, some of the two- and six-layer particles were disintegrated, whereas microparticles with ten coatings looked swollen.  Since PEC coatings improved the stability of particles, the ion exchange process took longer as the number of PEC layers increased.  Therefore, small amounts of copper ions were released into the medium during each time point, which were not detected by the modified BCA assay due to its sensitivity at the microgram level.   Since the dose limit of copper intake levels in adults is 10 mg/day (157 μmol/day) and the prescribed IV dose for patients with copper deficiency anemia is 3 mg/day (47.2 μmol/day) [111], the low amounts of copper released from the 5% (w/v) suspension of coated particles are still below toxic levels.


The cytotoxicity of the uncoated and coated calcium-, zinc-, and copper-crosslinked particles was assessed using an in vitro cell proliferation assay.  Human dermal fibroblast cells were exposed to extracts from the particles and the MTT assay was used to determine cell survival and recovery.  Figure 4-22 shows histograms of the cell survival and recovery percentages as a function of extract concentration.  Absorbance readings from cells incubated in 2% FBS medium were used to calculate the survival and recovery percentages.  Cells exposed to the extracts from calcium particles showed up to a 2.5-fold increment in cell growth independent of the coating number or the extract concentration (Table 4-12; Figure 4-22A).  Likewise, Figure 4-22B demonstrates that a 24-hour exposure of calcium particle extracts did not alter cell proliferation in the long term.  While cells exposed to supernatants from the coated zinc particles showed also up to a 2.5-fold increase in cell proliferation, cells exposed to uncoated particles’ extracts at the 100 and 1000 μg/mL concentrations did not survive (Figure 4-22C).  Similar to calcium, exposure to zinc particle supernatants did not affect cell proliferation in the long term, except for cells in contact with extracts from uncoated zinc particles at the two highest concentrations (Figure 4-22D). 


When cells were incubated in copper particle supernatants, a 2.5-fold increase in proliferation was seen only for cells exposed to the 0.1 μg/ml concentration of coated particles’ extracts (Figure 4-22E).  Although Table 4-12 illustrates a higher proliferation for cells in contact with supernatants from coated particles as opposed to the control, it is apparent that cell proliferation decreases with the extract concentration.  In addition, cells exposed to the highest concentration of uncoated particle supernatants did not survive.  In contrast to cells incubated at high doses of uncoated zinc particle extracts, cells exposed to toxic levels of uncoated copper supernatants were able to slowly recover within two days (Figure 4-22F).  The long-term histogram shown in Figure 4-22F also demonstrates that proliferation of cells exposed to all the other extracts was not compromised.    


These results are in agreement with our previous observations for the particle stability and the ion exchange process of our PEC chitosan-alginate particles.  It has been shown repetitively that particle stability is enhanced by the number of PEC coatings, except for calcium-crosslinked particles.  We have also demonstrated that the copper-alginate matrix is the strongest and, therefore, forms the most stable particles.  As a result, PEC layers not only keep the zinc and copper particles stable but also decrease the release rate of crosslinking ions into the medium, which explains differences in cell toxicity between the uncoated and coated particles.  In addition, higher toxicity is observed in uncoated zinc particles due to less alginate affinity for this cation as opposed to Cu2+.  It is apparent from the recovery histograms that the percent values are lower, which coincide with the values obtained for cells incubated in 10% FBS medium, our negative control (Table 4-12).  These observations could be explained by the cells reaching confluency, resulting in inhibition of cell proliferation due to cell-to-cell contact.  Since the MTT assay can only detect mitotic cells, the correct cell number of non-dividing cells cannot be determined through this assay. 


The use of copper as a crosslinker for alginate gels has always been limited due to its toxicity.  However, our results coincide with other research groups which have found that small amount of copper induces cells proliferation, differentiation, and migration in vitro [112, 113, 114].  Hu was able to demonstrate that human umbilical vein endothelial cells incubated in 10% FBS medium supplemented with 500 μM copper were able to increase in cell number by 216% compared to a 248% increment induced by 20 ng/ml bFGF [112].  Also, Rodriguez et al showed that copper at the 50 μM concentration decreased the proliferation rate of human mesenchymal stem cells while increasing cell differentiation into osteogenic and adipogenic cell lines.  Besides proliferation and differentiation, migration of keratinocytes was induced by exposure of cells to zinc or copper concentrations of 1.8 or 2 μg/mL, respectively [114].


Conclusion


Particles made with air spray crosslinking technique presented a mono-dispersed size distribution; however, the smaller particle size obtained was 50 μm.  Although, particle size decreased with increments in the outer lumen air pressure, monodispersity was lost.  Particles made with W/O emulsion-gelation technique using cyclohexane as the organic phase presented a narrow size distribution; diameter of uncoated particles ranged from 5-15 μm.  Microparticles crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of particles crosslinked with zinc and calcium.  Particle size decreased when increasing the number of coatings.  After the tenth coating, there was approximately a 50% size reduction in particles with an initial diameter ranging between 2 – 3 mm.  Besides a decreased in size with multiple coatings, particles changed their shape from spherical to biconcave.  Zinc-crosslinked particles showed a more pronounced biconcave configuration as opposed to calcium- and copper-crosslinked particles.  

After removing cross-linkers of coated microspheres, zinc- and copper-alginate capsules were deformable and remained stable using the micropipette technique under physiological pressures.  Best results were obtained with Zn- and Cu-crosslinked alginate particles coated six times.  In addition, these capsules were stable for a period of up to 10 days in sequestrant-containing media and sustained shear rates of 200 sec-1.  Stability of the zinc- and copper-alginate microparticles was improved by the number of polyelectrolyte coatings.  The ten multilayer copper-alginate systems formed the strongest particles due to the alginate high affinity for copper ions and the increased stability provided by the high number of coatings.  Calcium-crosslinked particles were not stable after removal of crosslinking ions; even multiple polyelectrolyte coatings did not improve stability.  

Viscosity values for solutions containing copper microcapsules with two and six PEC coatings were close to blood viscosity values; while only suspensions of two-layer zinc particles showed viscosity values similar to blood’s.  Coating microbeads with chitosan oligosaccharide did not affect the particles surface charge as they retained a negative surface charge throughout the modification of the surface layer.  From the ion exchange studies, it was determined that a 5% (w/v) suspension of uncoated copper particles released a total copper concentration of approximately 3 mM in 24 hours.  Copper released from the coated particles could not be determined under the conditions tested.  Results from the MTT assay demonstrated that multiple coatings decreased toxicity of heavy-metal crosslinked particles.  The highest level of toxicity was shown by uncoated copper- and zinc-crosslinked particles at 1000 μg/ml.  The rest of the samples seemed not to affect cells under the conditions studied.

Table 4-1.  The PEC chitosan-alginate particle samples made


		Batch #

		Crosslinker

		# of Coatings



		1

		Ca

		  0



		2

		Ca

		  2



		3

		Ca

		  6



		4

		Ca

		10



		5

		Zn

		  0



		6

		Zn

		  2



		7

		Zn

		  6



		8

		Zn

		10



		9

		Cu

		  0



		10

		Cu

		  2



		11

		Cu

		  6



		12

		Cu

		10





Table 4-2.  Concentrations of major electrolytes (mmol/L) in human plasma and cell culture media


		Electrolyte

		Plasma

		RPMI 1640

		DMEM/F12 50:50



		Bicarbonate

		24 – 30

		            23.81

		            29.02



		Calcium

		2.00 – 2.75

		              0.42

		              2.0



		Chloride

		100 – 110

		          108.03

		          127.96



		Magnesium

		0.8 – 1.1

		              0.4

		              0.7



		Phosphate

		0.53 – 0.90

		              5.64

		              0.95



		Potassium

		4.0 – 5.6

		              5.36

		              4.18



		Sodium

		130 – 155

		          113.95

		          150.25



		Sulfate

		0.35 – 0.75

		              0.4

		              0.703



		Nitrate

		---

		              0.84

		              0.00037
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Figure 4-1.  Particle size diameter of copper-crosslinked alginate particles made with the air-spray crosslinking technique as a function of the needle gauge.  Particles were made with an alginate extrusion rate of 12 mL/h, a 10-cm dropping distance, and the outer lumen air pressure set at 50 psi.  Significant differences between particles made with the 30G needle and all the other needle gauges are reported. 


Table 4-3.  Particle size diameter of copper-crosslinked alginate particles as a function of the needle gauge  


		 

		

		Particle Diameter (μm)



		Needle Gauge

		Needle Inner Diameter (μm)

		Mean

		SEM



		30G 

		330

		85.37

		4.39



		22G 

		711

		132.31

		8.19



		18G

		1270

		482.96

		42.78



		16G 

		1651

		688.55

		125.51
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Figure 4-2.  Particle size diameter of copper-crosslinked alginate particles made with the air-spray crosslinking technique as a function of alginate flow rate.  Particles were made using a needle gauge of 30G (330 μm), a 10-cm dropping distance, and the outer lumen air pressure set at 50 psi.  Significant differences between particles made with 1.2 and 12 mL/h and between 6 and 12 mL/h are reported. 


Table 4-4.  Particle size diameter of copper-crosslinked alginate particles as a function of alginate flow rate


		 

		Particle Diameter (μm)



		Alginate Flow Rate (mL/h)

		Mean

		SEM



		1.2

		85.83

		3.22



		6.0

		93.22

		3.17



		12.0

		105.32

		3.61
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Figure 4-3.  Optical photomicrographs of copper-crosslinked alginate particles made with the air-spray crosslinking technique using A) a 1.65-mm (16G) syringe needle and extruding flow rate of 12 ml/hr, and B) a 0.33-mm (30G) syringe needle and extruding flow rate of 1.2 ml/hr.  The dropping distance set at 10 cm and the outer lumen air pressure set at 50 psi.  Original magnification = x50, bar denotes 200 µm.
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Figure 4-4.  Particle size diameter of copper-crosslinked alginate particles made with the air-spray crosslinking technique as a function of air pressure.  Particles were made using a needle gauge of 30G (330 μm) and a 10-cm dropping distance.  While testing air pressure or alginate flow rate, all other parameters remained constant.  


Table 4-5.  Particle size diameter of copper-crosslinked alginate particles as a function of alginate flow rate  


		 

		 

		Particle Diameter (μm)



		Air Pressure (psi)

		Alginate Flow Rate (mL/h)

		Mean

		SEM



		40

		1.2

		63.58

		4.78



		40

		12.0

		81.14

		6.16



		60

		1.2

		47.63

		4.04



		60

		12.0

		44.50

		3.40









Figure 4-5.  Optical photomicrographs of copper-crosslinked alginate particles made with the air-spray crosslinking technique: A) air pressure = 40 psi and alginate flow rate = 1.2 mL/h; B) air pressure = 40 psi and alginate flow rate = 12 mL/h; C) air pressure = 60 psi and alginate flow rate = 1.2 mL/h; and D) air pressure = 60 psi and alginate flow rate = 12 mL/h.  Original magnification = x50, bar denotes 200 µm.
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Figure 4-6.  Particle size diameter of copper-crosslinked alginate particles made with the air-spray crosslinking technique as a function of the crosslinking ion.  Particles were made using a needle gauge of 30G (330 μm), a 10-cm dropping distance, the outer lumen air pressure set at 50 psi, and an alginate extrusion rate of 1.2 mL/h.


Table 4-6.  Particle size diameter of copper-crosslinked alginate particles as a function of the crosslinking ion


		 

		Particle Diameter (μm)



		Crosslinking Ion

		Mean

		SEM



		Copper

		47.63

		4.04



		Zinc

		71.33

		4.41
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Figure 4-7.  Optical photomicrographs of calcium-crosslinked alginate particles made with the air-spray crosslinking technique A) and with the W/O emulsion gelation technique B).  A) Original magnification = x50, bar denotes 500 µm.  B) Original magnification = x100, bar denotes 100 µm.






















Figure 4-8.  Optical micrographs of alginate microspheres made with the W/O emulsion gelation technique.  Alginate particles were crosslinked with (A, B) calcium, (C, D) zinc, or (E, F) copper ions.  The left row original magnification = x100, bars denote 100 µm; right row magnification = x200, bars denote 50 µm.
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Figure 4-9.  Particle size distribution.  Percentage of total number of uncoated microspheres versus particle diameter: A) calcium-, B) zinc-, and C) copper-crosslinked alginate particles.  Measurements carried out by a Beckman LS Particle Characterization Coulter. 


Table 4-7.  Particle size distribution of uncoated Ca-, Zn-, and Cu-crosslinked alginate particles


		

		Fraction (%)


Mean ± SEM



		Size Range (μm)

		Ca_0

		Zn_0

		Cu_0



		0.00 – 4.99

		33.4 ± 7.63

		5.00 ± 1.12

		0.00 ± 0.00



		5.00 – 9.99

		69.7 ± 9.77

		77.2 ± 0.50

		5.14 ± 0.29



		10.0 – 14.9

		6.68 ± 2.06

		14.4 ± 0.90

		33.2 ± 1.72



		15.0 – 19.9

		0.28 ± 0.28

		3.03 ± 1.04

		46.6 ± 0.96



		20.0 – 24.9

		0.00 ± 0.00

		0.34 ± 0.34

		13.4 ± 1.78



		25.0 – 29.9

		0.00 ± 0.00

		0.00 ± 0.00

		1.09 ± 1.09



		30.0 – 35.0

		0.00 ± 0.00

		0.00 ± 0.00

		0.49 ± 0.49








Figure 4-10.  Optical photographs of Ca-, Zn-, and Cu-crosslinked alginate particles made with the air-spray crosslinking technique.  Particles were made using a needle gauge of 16G (1.65 mm), a 10-cm dropping distance, no outer lumen air pressure, and an alginate extrusion rate of 12 mL/h.  Particles were coated with 0, 2, 6, and 10 polyelectrolyte layers using the LbL technique.  The polycationic solution was composed of 3% chitosan oligosaccharide and 0.1% CaCl2 while 0.1% alginate solution conformed the polyanionic phase. 




















Figure 4-11.  Scanning electron micrographs of alginate microspheres made with the W/O emulsion gelation technique.  Alginate particles were crosslinked with (A, B) calcium, (C, D) zinc, or (E, F) copper ions.  The left row displays uncoated crosslinked alginate particles while the right row displays PEC bilayer alginate particles.  Magnification = x2500, bars denote 10 µm.
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Figure 4-12.  Particle size distribution of uncoated and multiple-layer PEC particles.  Percentage of total number of microspheres versus particle diameter: A) calcium-, B) zinc-, and C) copper-crosslinked alginate particles.  Measurements carried out by a Beckman LS Particle Characterization Coulter.
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Figure 4-13.  Stability studies of PEC microparticles.  (A, B) calcium-, (C, D) zinc-, and (E, F) copper-crosslinked alginate particles coated with 0, 2, 6, or 10 PEC layers were incubated at a 5 % (w/v) density in 5 % BSA supplemented RPMI 1640 (A, C, E) or DMEM/F12 50:50 (B, D, F) cell culture media at 37°C under continuous orbital rotation. At predetermined intervals; samples were collected, visually inspected and subjected to a partial vacuum pressure with a 5-mL air-displacement pipetter.  For this study, large particles with a diameter ranging between one and two millimeters were used to facilitate optical inspection.  The total number of intact particles was represented as the percentage of the total number of particles inspected.  
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Figure 4-14.  Optical photomicrographs of bilayer copper-crosslinked alginate particles incubated 24 hours in A) dH2O, B) 1% (w/v) BSA RPMI 1640, C) 2.5% (w/v) BSA RPMI 1640, and D) 5% (w/v) BSA RPMI 1640.  Original magnification = x50, bar denotes 200 µm.



  

  



Figure 4-15.  Optical photographs of uncoated zinc-crosslinked alginate particles.  Particles were incubated in dH2O A), 5 % BSA supplemented BSA RPMI 1640 B) or DMEM/F12 50:50 C) cell culture media at 25°C for 1 hour.  


















Figure 4-16.  Optical micrographs of zinc-crosslinked PEC microparticles exposed to a shear rate of 200-sec-1 for one minute.  A) Zero, B) two, C) six, and D) ten layer microcapsules.   Particles were incubated at a 12 % (w/v) density in 5 % BSA DMEM/F12 50:50 cell culture medium for 4 hrs prior to applying shear rate.  The Wells-Brookfield Cone/Plate digital viscometer with a CP-52 conical spindle was used at a speed of 100 rpm.  Magnification = x100 and bars denote 100 μm.  


















Figure 4-17.  Optical micrographs of copper-crosslinked PEC microparticles exposed to a shear rate of 200-sec-1 for one minute.  A) Zero, B) two, C) six, and D) ten layer microcapsules.   Particles were incubated at a 12 % (w/v) density in 5 % BSA DMEM/F12 50:50 cell culture medium for 4 hrs prior to applying shear rate.  The Wells-Brookfield Cone/Plate digital viscometer with a CP-52 conical spindle was used at a speed of 100 rpm.  Magnification = x100 and bars denote 100 μm.  


Table 4-8.  Composition and deformability properties of PEC chitosan-alginate microcapsules


		Code

		Max Negative Suction Pressure  x 103 (dynes/cm2)

		Deformation



		Ca-0

		0

		Disintegrated



		Ca-2

		0

		Disintegrated



		Ca-6

		0

		Disintegrated



		Ca-10

		0

		Disintegrated



		Zn-0

		0

		Disintegrated



		Zn-2

		-14.71

		Yes. Some particles ruptured



		Zn-6

		-19.6

		Yes.  Particles completely aspirated



		Zn-10

		-19.6

		Yes.  Particles completely aspirated



		Cu-0

		0

		Disintegrated



		Cu-2

		-19.6

		Yes. Some particles ruptured



		Cu-6

		-19.6

		Yes.  Particles completely aspirated



		Cu-10

		-19.6

		Yes.  Portions of the particles aspirated







Figure 4-18.  Optical photomicrograph of hexa-layer alginate-chitosan capsule during micropipette aspiration.  Original magnification = x400.
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Figure 4-19.  Viscosity values of zinc- and copper-crosslinked PEC microparticles.  Particles (n=3) were incubated at a 12 % (w/v) density in 5 % BSA DMEM/F12 50:50 cell culture media for 4 hrs prior to taking viscosity readings.  The Wells-Brookfield Cone/Plate digital viscometer with a CP-52 conical spindle was used at a speed of 100 rpm and applying a shear rate of 200 sec-1.  Measurements were taken at 30 and 60 seconds.  Viscosity values for blood, plasma, and serum were obtained from Rosenson, McCormick and Uretz (p. 1191), Distribution of blood viscosity values and biochemical correlates in healthy adults, Clinical Chemistry 42 (1996), No. 8, 1189-1195.  Significant differences between whole blood and all the samples are reported.


Table 4-9.  Viscosity values of PEC chitosan-alginate microcapsules.  Measurements at 30 and 60 seconds were the same for all samples except for Zn-6 and Zn-10.  Viscosity values for blood, plasma, and serum were obtained from Rosenson, McCormick and Uretz (p. 1191), Distribution of blood viscosity values and biochemical correlates in healthy adults, Clinical Chemistry 42 (1996), No. 8, 1189-1195


		

		Viscosity (mPa•s)



		Sample

		Mean

		SEM



		Blood

		3.26

		0.25



		Plasma

		1.39

		0.05



		Serum

		1.27

		0.03



		dH2O

		0.98

		0.00



		5% BSA DMEM/F12 50:50 cell culture media

		1.64

		0.16



		Zn-0

		21.3

		0.66



		Zn-2

		4.92

		0.00



		Zn-6

		9.83

		0.00



		Zn-10

		26.2

		3.28



		Cu-0

		17.0

		0.33



		Cu-2

		5.90

		0.57



		Cu-6

		4.92

		0.00



		Cu-10

		8.19

		0.87



		Zn-6, 60 sec

		4.92

		0.00



		Zn-10, 60 sec

		8.85

		0.00
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Figure 4-20.  Zeta potential values of A) zinc- and B) copper-crosslinked multiple layer PEC particles.  Samples were dispersed in dH2O at a concentration of 0.1% (w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer layer is composed of alginate when the number of coatings is even; while chitosan oligosaccharide is on the surface of particles when the number of coatings is odd.  Significant differences between uncoated particles and all the coated samples are reported.


Table 4-10.  Zeta potential values of PEC chitosan-alginate microcapsules.  Measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer layer is composed of alginate when the number of coatings is even; while chitosan oligosaccharide is on the surface of particles when the number of coatings is odd.  


		

		Zeta Potential (mV)

		Mobility

		Relative Residual



		Sample

		Mean ± SEM

		Mean ± SEM

		Mean ± SEM



		Zn-0

		-39.64 ± 1.81

		-3.10 ± 0.14

		0.0393 ± 0.0020



		Zn-1

		-32.95 ± 0.94

		-2.57 ± 0.07

		0.0347 ± 0.0024



		Zn-2

		-33.51 ±0.90

		-2.62 ±0.007

		0.0401 ± 0.0021



		Zn-3

		-26.63 ± 0.92

		-2.08 ± 0.07

		0.0369 ± 0.0024



		Zn-4

		-34.26 ±1.51

		-2.68 ± 0.12

		0.0362 ± 0.0022



		Zn-5

		-26.42 ± 2.10

		-2.06 ± 0.16

		0.0384 ± 0.0026



		Zn-6

		-29.84 ± 2.11

		-2.33 ± 0.16

		0.0378 ± 0.0023



		Zn-7

		-24.71 ± 1.75

		-1.93 ± 0.14

		0.0340 ± 0.0034



		Zn-8

		-8.45 ± 3.00

		-0.66 ± 0.23

		0.0441 ± 0.0011



		Zn-9

		-7.05 ± 2.37

		-0.55 ± 0.18

		0.0462 ± 0.0008



		Zn-10

		5.13 ± 2.01

		-0.40 ± 0.16

		0.0455 ± 0.0010



		Cu-0

		-34.11 ± 1.46

		-2.67 ± 0.11

		0.0415 ± 0.0022



		Cu-1

		-27.74 ± 0.95

		-2.17 ± 0.07

		0.0408 ± 0.0026



		Cu-2

		-35.45 ± 1.16

		-2.77 ± 0.09

		0.0425 ± 0.0020



		Cu-3

		-29.74 ± 1.51

		-2.32 ± 0.12

		0.0425 ± 0.0017



		Cu-4

		-32.10 ± 1.17

		-2.51 ± 0.09

		0.0413 ± 0.0019



		Cu-5

		-25.89 ± 2.20

		-2.02 ± 0.13

		0.0406 ± 0.0024



		Cu-6

		-28.39 ± 2.20

		-2.22 ± 0.11

		0.0361 ± 0.0036



		Cu-7

		-26.54 ± 1.66

		-2.07 ± 0.13

		0.0425 ± 0.0014



		Cu-8

		-36.11 ± 0.98

		-2.82 ± 0.08

		0.0311 ± 0.0022



		Cu-9

		-22.68 ± 1.18

		-1.77 ± 0.09

		0.0410 ± 0.0013



		Cu-10

		-38.69 ± 2.69

		-3.02 ± 0.21

		0.0413 ± 0.0019
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Figure 4-21.  Concentration of copper ions released from chitosan-alginate PEC microparticles.   Microparticles were suspended at a 5 % (w/v) density in 5% (w/v) BSA and 1% (v/v) penicillin/streptomycin supplemented RPMI 1640 cell culture medium and incubated at 37°C under continuous orbital rotation.  At 24, 48, and 72 hours, supernatants were collected.  The removed solution was replaced with an equal volume of fresh supplemented media and samples with microparticles were returned to the rotating incubator until the next time point.  Analysis of the supernatant was conducted using the bicinchoninic acid reagent from a BCA kit.  Concentrations of albumin-reduced copper cations were determined by comparison to a standard curve.


Table 4-11.  Concentration values of copper ions released from PEC chitosan-alginate microcapsules.  Only values for uncoated samples are reported since no values of copper were detected for the coated samples


		

		

		Copper Concentration (μM)



		Sample

		Time Point (hr)

		Mean ± SEM



		Cu-0

		24

		2989.35 ± 48.76



		Cu-0

		48

		0.00 ± 0.000



		Cu-0

		72

		239.53 ± 411.7
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Figure 4-22.  Survival and recovery percentages of human dermal fibroblasts.   Cells (passage 10) were plated onto 96-well plates at a density of 1,000 cells/well and incubated for 24 hours in 10% FBS supplemented media.  Fibroblasts were then incubated in 100 μl of the different types of media.  Cells incubated in 2% and 10% FBS supplemented media served as negative controls; whereas cells incubated in extracts from different concentrations of copper powder were used as positive controls (n= 6).  Fibroblasts were exposed to extracts from (A, B) calcium-, (C, D) zinc- and (E, F) copper-crosslinked PEC microcapsules.  At 24 hours, cells were either collected for MTT assay (A, C, E) or cultured in 10 % FBS medium for 48 hours (B, D, F).  Results are reported as a percentage of the 2% FBS control.  Significant differences between uncoated particles and all the coated samples are reported.


Table 4-12.  Fibroblast cell survival and recovery percentages as a function of extract concentrations from PEC microparticles.  Results are reported as a percentage of the 2% FBS control


		

		Concentration

		Survival (%control)

		Recovery (%control)



		Sample

		(μg/mL)

		Mean ± SEM

		Mean ± SEM



		10% FBS

		---

		47.58 ± 15.70

		74.67 ± 6.989



		Cu-control-1

		0.1

		150.7 ± 10.38

		136.0 ± 15.67



		Cu-control-2

		10.0

		68.66 ± 9.126

		85.55 ± 5.418



		Cu-control-3

		1000.0

		0.000 ± 0.000

		59.33 ± 5.948



		Ca-0

		0.1

		217.6 ± 13.31

		108.7 ± 10.53



		Ca-2

		0.1

		221.8 ±10.32

		126.4 ± 15.40



		Ca-6

		0.1

		169.6 ± 22.17

		81.82 ± 7.960



		Ca-10

		0.1

		249.8 ± 48.79

		120.4 ± 18.51



		Ca-0

		1.0

		222.1 ± 10.89

		108.2 ± 9.791



		Ca-2

		1.0

		241.2 ± 14.23

		96.44 ± 17.14



		Ca-6

		1.0

		235.9 ± 16.55

		83.83 ± 12.21



		Ca-10

		1.0

		225.4 ± 28.57

		78.73 ± 5.387



		Ca-0

		10.0

		164.3 ± 14.41

		141.9 ± 13.11



		Ca-2

		10.0

		118.3 ± 73.00

		62.01 ± 11.44



		Ca-6

		10.0

		157.9 ± 9.497

		63.29 ± 12.23



		Ca-10

		10.0

		181.8 ± 8.194

		79.67 ± 25.25



		Ca-0

		100.0

		185.6 ± 17.36

		89.44 ± 13.36



		Ca-2

		100.0

		154.2 ± 6.993

		88.58 ± 12.01



		Ca-6

		100.0

		183.9 ± 17.85

		83.28 ± 11.66



		Ca-10

		100.0

		172.5 ± 12.61

		58.82 ± 9.785



		Ca-0

		1000.0

		172.5 ± 23.58

		137.9 ± 22.48



		Ca-2

		1000.0

		222.2 ± 22.56

		113.5 ± 8.090



		Ca-6

		1000.0

		171.7 ± 11.75

		70.98 ± 5.865



		Ca-10

		1000.0

		161.2 ± 20.22

		98.98 ± 22.60



		Zn-0

		0.1

		217.3 ± 7.881

		108.6 ± 11.05



		Zn-2

		0.1

		236.5 ± 17.09

		128.4 ± 8.298



		Zn-6

		0.1

		225.5 ± 10.86

		117.4 ± 17.15



		Zn-10

		0.1

		218.6 ± 6.869

		125.6 ± 8.678



		Zn-0

		1.0

		232.2 ± 11.41

		98.19 ± 5.381



		Zn-2

		1.0

		217.9 ± 9.468

		117.2 ± 10.56



		Zn-6

		1.0

		248.0 ± 15.65

		134.4 ± 20.90



		Zn-10

		1.0

		213.5 ± 11.31

		129.1 ± 9.863



		Zn-0

		10.0

		181.0 ± 23.17

		68.27 ± 13.82



		Zn-2

		10.0

		241.6 ± 53.32

		85.02 ± 10.81



		Zn-6

		10.0

		180.4 ± 17.29

		115.7 ± 14.63



		Zn-10

		10.0

		153.3 ± 17.98

		82.32 ± 4.997



		Zn-0

		100.0

		0.000 ± 0.000

		0.000 ± 0.000



		Zn-2

		100.0

		203.0 ± 30.58

		106.4 ± 9.982



		Zn-6

		100.0

		188.5 ± 11.06

		96.93 ± 6.714



		Zn-10

		100.0

		167.4 ± 11.23

		134.9 ± 26.72



		Zn-0

		1000.0

		0.000 ± 0.000 

		0.000 ± 0.000



		Zn-2

		1000.0

		210.9 ± 30.13

		99.33 ± 8.423



		Zn-6

		1000.0

		217.2 ± 37.26

		101.8 ± 14.43



		Zn-10

		1000.0

		163.6 ± 21.51

		102.2 ± 17.42



		Cu-0

		0.1

		143.4 ± 18.94

		145.3 ± 3.656





Table 4-12.  (continued)


		Cu-2

		0.1

		203.7 ± 9.893

		115.5 ± 14.59



		Cu-6

		0.1

		246.5 ± 36.66

		99.96 ± 6.448



		Cu-10

		0.1

		243.8 ± 26.83

		109.2 ± 9.618



		Cu-0

		1.0

		189.8 ± 24.66

		124.0 ± 6.700



		Cu-2

		1.0

		191.5 ± 17.84

		121.1 ± 12.35



		Cu-6

		1.0

		219.1 ± 11.45

		118.3 ± 2.559



		Cu-10

		1.0

		203.6 ± 7.226

		132.2 ± 13.34



		Cu-0

		10.0

		108.9 ± 40.27

		69.67 ± 16.10



		Cu-2

		10.0

		144.1 ± 10.63

		77.70 ± 10.09



		Cu-6

		10.0

		194.7 ± 23.97

		69.63 ± 8.220



		Cu-10

		10.0

		155.4 ± 14.86

		92.87 ± 3.657



		Cu-0

		100.0

		104.7 ± 16.83

		93.97 ± 10.24



		Cu-2

		100.0

		163.1 ± 10.84

		103.6 ± 14.22



		Cu-6

		100.0

		179.5 ± 9.066

		85.58 ± 10.79



		Cu-10

		100.0

		179.9 ± 8.059

		99.56 ± 15.04



		Cu-0

		1000.0

		0.000 ± 0.000

		23.36 ± 11.62



		Cu-2

		1000.0

		89.73 ± 20.61

		71.86 ± 6.007



		Cu-6

		1000.0

		161.9 ± 15.27

		94.25 ± 10.26



		Cu-10

		1000.0

		167.6 ± 20.71

		108.2 ± 19.69





CHAPTER 5


Encapsulation and Release of bovine serum albumin from polyelectrolyte chitosan-alginate microparticles crosslinked with zinc or copper ions


Introduction


A vast number of proteins, including monoclonal antibodies, growth factors, cytokines, soluble receptors, and hormones, have been approved by the FDA to treat a variety of diseases [31, 32, 33].  However, conventional oral and intravenous (IV) delivery of these drugs is usually not effective because of the inherent instability of many proteins [33, 31, 32, 34, 35].  Proteins have a very short in vivo half-life, are incapable of diffusing through biological membranes and are unstable in the body environment [33, 36, 37].  Although intravenous protein administration is most effective, daily injections and high protein concentrations are required to achieve an effective local concentration for a prolonged time [33, 38].  Frequent systemic doses increase treatment cost, patient discomfort, and side effects.


To improve delivery of proteins, many controlled-release systems composed of polymeric biomaterials have been developed [39, 40, 41].  The main goal of developing these systems is to control the release of drugs so that a therapeutic level is achieved for long periods of time.  The most promising delivery approach is the encapsulation of protein within biodegradable polymeric nano- or microspheres, which facilitate drug administration through a syringe needle [33, 41, 43].  Poly(lactide) or poly(lactide-co-glicolide)-based microspheres have been the most studied systems due to the excellent biocompatibility and biodegradability properties of the polymers [42, 47].  However, the main drawbacks of these systems include: denature of some encapsulated proteins due to the manufacturing process conditions, poor encapsulation efficiency for hydrophilic drugs, and a deficient linear release of the drug.  


In this study we examined the application of chitosan-alginate microparticles in the development of a controlled-release system composed of a protein-loaded core coated by a polyelectrolyte complex (PEC) shell.  The rationale behind this system was that the shell would provide the pharmacokinetic-release limiting factor [42, 48]; with a release kinetics governed by diffusion from the core through the degrading shell [48].  This work was focused on the encapsulation and characterization of bovine serum albumin, as a model protein, within zinc-or copper-crosslinked alginate microcores coated by multiple PEC layers composed of chitosan oligosaccharide and alginate.  


Materials and Methods

Preparation of FITC-Labeled BSA (F-BSA)


BSA was conjugated with fluorescein isothiocyanate (FITC) following the method from Blau et al [115].  Briefly, FITC (Sigma, St. Louis, MO) was diluted in dimethyl sulfoxide (DMSO) prior to use.  BSA was dissolved at a 10 mg/ml concentration in 500 mM sodium carbonate-bicarbonate buffer (pH 9.5) and reacted with 10-fold molar excess FITC for one hour in the dark.  Dialysis was performed against protein storage buffer (10 mM Tris, 1 mM EDTA, 150 mM NaCl, 0.1wt% sodium azide) at pH 8.2 for 2 hr.  Following this, the protein storage buffer was replaced by fresh buffer and dialysis was continued overnight.  F-BSA obtained was stored at -20°C.  The molar fluorescein/protein (F/P) ratio of F-BSA was determined spectrofluorometrically at 280 nm and 490 nm according to the following equations:




nm


FITC


nm


A


F


490


@


490


e


=


 


         

nm


BSA


nm


nm


A


A


P


280


@


490


280


*


3


.


0


e


-


=




where FITC@490nm = 68,000/M-cm and BSA@280nm = 43824/M-cm represent the molar extinction coefficients of FITC and BSA at 490 nm and 280 nm, respectively.


Micro-Core Preparation 


The W/O emulsion-gelation technique was used to synthesize the alginate microcores.  A 3% (w/v) sodium-alginate solution was prepared and F-BSA was added to this aqueous solution at a 1.7% (w/w) concentration.  This mixture was then emulsified in an organic phase containing cyclohexane (Aldrich, St. Louis, MO) and Pluronic® L61 (kindly donated by BASF) at a 0.5% (v/v) concentration.  The first emulsion was obtained by ultrasonication of the two phases at 60W for 1 min in an ice bath.  A second aqueous solution containing 0.5M of the crosslinking agent was added to the emulsion by air-spray (40 psi, 20ml/hr) at a 4-cm dropping distance while stirring the whole medium slowly with a magnetic stirrer.  Particles were allowed to cure for ten minutes under continuous stirring.  Then medium was allowed to rest for 24 hr so that particles would drop to the bottom of the container while the oil phase was left at the top.  After separation of the two phases, particles were collected by filtration through a 45-μm mesh and washed copiously to remove the organic solvent.  Particle solution was also warmed at 37°C to induce solvent evaporation.  After removal of the organic phase, particles were stored at 4°C for future coating.


Coating of Alginate Particles


Zn- and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption technique.  The coating always started with the cationic polymer and ended with the anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. The cationic polymer used was a high-deacetylated, low-molecular-weight chitosan oligosaccharide lactate (Mw < 5000, 90% deacetylation) from Aldrich.  Alginate was the anionic polymer used.  A 3 % (w/v) chitosan solution containing CaCl2 or a 0.1 % (w/v) alginate solution was added to crosslinked-alginate particles dispersed in deionized water.  After allowing the particles to coat for 30 minutes, they were collected by centrifugation and washed three times with deionized water to ensure that all free polyelectrolytes were removed.   Following the washes, particles were ready for the next coating or stored at 4°C until use.  Table 5-1 shows the different batches made; each batch was repeated three times.


Characterization of F-BSA-Loaded Microcapsules


To characterize the F-BSA-loaded microcapsules, five tests were performed: surface morphology analysis, particle size distribution, coating adsorption, encapsulation efficiency, and protein release kinetics.


Surface morphology analysis


Surface morphology of the microcapsules was examined by light microscopy and scanning electron microscopy (SEM).  Samples for scanning electron micrographs were obtained after 0, 2, 6, and 10 coatings.  Droplets of microsphere solutions were mounted on aluminum stubs, let air dried and sputter-coated with gold and palladium particles.  The stubs were mounted in a scanning electron microscope at 10.0 kV and imaged at x2500 and x10000.   


Particle size distribution


Size of microcapsules was analyzed by dispersing particles in deionized water at a concentration of 0.1% (w/v).  Measurements were carried out by a Beckman LS13320 Particle Characterization Coulter (Beckman Instruments, Fullerton, CA).  Calculation of the particle sizes was carried out using the standard modus of the LS13320 Particle Size Analyzer software (Beckman Instruments, Fullerton, CA).  Percentage of particle diameters was used to describe particle size.  Each sample was measured in triplicate.

Coating adsorption analysis


Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring the particle surface charge changes. Samples were dispersed in dH2O at a concentration of 0.1% (w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer (Brookhaven Instruments Corp., USA).  The zeta potential was calculated from the solution conditions and the measured electrophoretic mobility.  Each sample was measured in triplicate and the values reported were the mean value for the three replicate samples. 


Determination of protein loading efficiency


  The loading efficiency, or the ratio of protein encapsulated to the initial protein mass, was determined by decomposition of the microcores followed by PEC shell destabilization.  Particles were dispersed in DMEM/F12 50:50 cell culture medium (Cellgro, Herndon, VA) supplemented with 5% (v/v) goat serum albumin, GSA (Sigma, St. Louis, MO), and 1% (w/v) penicillin/streptomycin solution (Cellgro, Herndon, VA).  Multiple-layer particles, at a 2.5% (w/v) concentration, were incubated at 37°C for 15 min.  The suspension was vortexed for 2 min to disrupt particles and extract the F-BSA.  Particle solution was incubated for another 15 min at 37°C and vortexed again before collecting the aqueous solution by centrifugation at 10,000 rpm for five minutes.  The remaining pellet was resuspended in the same initial volume of chelating medium and the incubation and vortex process was repeated.  The supernatant collected was stored at -20ºC for future analysis. 


Analysis of the thawed supernatant from the microspheres was conducted using the enzyme-linked immunosorbent assay (ELISA) specific for bovine serum albumin (Alpha Diagnostic International Inc., San Antonio, TX).  Concentrations of BSA were determined by comparison to a standard curve.  All analyses were conducted in triplicate.


Encapsulation efficiency, theoretical and actual protein loadings are defined as follows:
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In vitro release kinetics of F-BSA microcapsules


Cumulative release kinetic studies were conducted to determine temporal release of F-BSA from the microparticles.  F-BSA-loaded microspheres were suspended in 5% (v/v) GSA cell culture medium at a 5% (w/v) density.  The suspension was incubated at 37°C under continuous orbital rotation to ensure continuous mixing.  At predetermined intervals (12, 24, and 48 hours) samples were removed from the incubator and centrifuged at 13,000 rpm for 5 min.  The supernatant was removed, reserved in a new labeled tube, and stored at -20ºC for future analysis.  The removed solution was replaced with an equal volume of fresh 5% GSA medium.  The sample tubes containing microspheres were returned to the rotating incubator at 37ºC until the next time point.  


Analysis of the thawed supernatant from the microspheres was conducted using an ELISA kit specific for BSA (Alpha Diagnostic International Inc., San Antonio, TX).  Concentrations of F-BSA were determined by comparison to a standard curve.  All analyses were conducted in triplicate.


Bovine serum albumin ELISA


The Bovine Albumin ELISA kit from Alpha Diagnostic Intl. Inc. is a competitive type of assay.  The test is based on the competitive binding of fixed concentrations of conjugated anti-BSA-horseradish-peroxidase (anti-BSA-HRP) to BSA coated on the plate and to BSA in the sample.  Therefore, the higher the BSA concentration in the samples, the less amount of anti-BSA-HRP bound to the plate; resulting in a color development inversely proportional to the amount of BSA present in the sample.  The assay was performed following the kit manual.  Twenty microliters of standards or samples was added to each well of a 96-well plate coated with bovine serum albumin.  Subsequent to sample addition, 80 μl of anti-BSA-HRP was added to each well and the plate was incubated at room temperature for one hour.  After washing the wells five times, 100 μl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution was added to each well and incubated in the dark at room temperature for 15 minutes.  The reaction was stopped by adding 100 μl of stop solution to all wells.  Optical density of each well was determined at 450 nm on a microplate reader.  


Data Interpretation


Data were expressed as mean values ± standard error of the mean (SEM).  To describe statistical differences, one-way analysis of variance (ANOVA) and Tukey-Kramer multiple comparison post test were used.  Statistical significance was defined as p

£


0.05.


Results and Discussion


Bovine serum albumin was successfully conjugated to fluorescein isothiocyanate (FITC) with a final protein concentration of 10 mg/ml and a fluorescein-to-protein ratio of 8.1 ± 5.8 (mol/mol).  Although BSA was labeled with FITC to facilitate the detection of released protein by spectrofluorometry, it was discovered that coating the particles with chitosan oligosaccharide made them autofluorescent (Figure 5-1).  The autofluorescence of the coated particles was very high and beyond the range of typical background; therefore, analyses using the fluorescence properties of FITC-conjugated BSA could not be used.  These observations are in agreement with previous studies showing the autofluorescence properties of natural forms of chitin [116, 117, 118].  


Figures 5-1, 5-2, and 5-3 illustrate how the fluorescence intensity of coated particles is dependent on the number of coatings and the crosslinker used to prepare the alginate microcores.  The fluorescence intensity was directly proportional to the number of coatings.  In addition, it is evident that particles’ fluorescence decreased when F-BSA was encapsulated within copper-crosslinked alginate microcores (Figure 5-3).  The intrinsic fluorescence of chitosan seems to be affected by the environment and binding to specific molecules.  The binding affinity of albumin for heavy metal ions, especially for copper ions, is known from previous chapters.  When F-BSA is encapsulated within the core, it chelates some of the copper ions in the alginate gel leaving some binding sites available.  As a result, the copper-alginate gel matrix is more porous and binding of the low molecular weight chitosan to the interior gel network is favored.  Since more chitosan is bound to the interior of the core than onto the surface of F-BSA-loaded copper-alginate microcores, these microparticles present lower fluorescence intensity.   


  The particles-forming properties in the emulsion-gelation technique were significantly altered when F-BSA was encapsulated.  As can be seen in Figures 5-4A and 5-5A, zinc- and copper-alginate microcores appeared spherical in shape and displayed similar characteristics.  Both systems showed a very rough surface morphology and high particle agglomeration.  In addition, it is also evident from Figures 5-4 and 5-5 that particles’ size decreased with encapsulation of F-BSA.  These observations differ from the surface morphology and size distribution presented by blank microcores.  Particles crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of F-BSA-loaded copper-alginate particles.  


Besides shape, empty zinc- and copper-alginate microparticles did not present any agglomeration problems at the uncoated stage.  Moreover, their size distribution was between 5 – 10 and 15 – 20 μm for zinc and copper particles, respectively; as opposed to the 1 – 5 and 1 – 10 μm diameter range presented by F-BSA-loaded zinc- and copper-alginate microcapsules.  Size distribution of protein-loaded microparticles could not be determined by the Beckman LS13320 Particle Characterization Coulter due to high particle aggregation.  The reported values are estimates obtained from scanning electron micrograph images.  The observed differences in particle morphology and size distribution between empty and protein-loaded particles could be attributed to changes in the interior core network.  Since encapsulation took place at a neutral pH and BSA (pI 4.9) was negatively charged, the protein could compete with the carboxylic acid sites on the alginate for the crosslinker ions.  As a consequence, crosslinking of the alginate cores took longer, increasing the coalescence of particles and causing high aggregation.  This will influence the release kinetics pursued later.


Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring the particle surface charge changes.  We first examined uncoated F-BSA-loaded alginate particles dispersed in dH2O.  There was no significant difference between the zeta potentials of uncoated zinc- and copper-alginate particles (Table 5-2).  It is apparent from Figure 5-6A that the zeta potential of F-BSA-loaded zinc-microparticles with the chitosan surface layer (odd numbers) is slightly less negative than microparticles with the alginate surface layer (even numbers).  The data showed the presence of each polyelectrolyte layer with a significant difference between uncoated and chitosan-surface coated microparticles.  Also, Figure 5-6B illustrates that the zeta potential of F-BSA-loaded copper-microspheres with one and three PEC layers ending in chitosan differed very significantly compared to the uncoated microspheres’ values. 


It is evident that microbeads retained a negative surface charge throughout the modification of the surface layer.  Thickness of the polymeric films on colloidal templates is considered to be in the monomolecular-layer range [110].  Since the low molecular weight (< 5000Da) chitosan oligosaccharide was used as the cationic polymer, layer thickness was very thin and the polyelectrolyte molecules failed to overcharge the microbead surface.  Therefore, reversing of the microparticles’ surface charge did not occur.  In addition, the formation of aggregates, which increased with the number of coatings, resulted in an irregular coating of the particles.  The significant differences seen in F-BSA-loaded copper particles with one and three PEC coatings could be explained by the high binding affinity of albumin for copper ions.  During encapsulation, albumin competitively binds to copper ions, leaving the core alginate gel with binding sites available.  Therefore, more chitosan binds to the interior gel network, lowering the negative surface charged.


The encapsulation efficiency of the zinc- and copper-crosslinked alginate microparticles was determined with an ELISA kit specific for bovine serum albumin.  Figure 5-7 and Table 5-3 illustrate the difference in encapsulation efficiency as a function of the type of crosslinker used.  The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 96.71% ± 7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The encapsulation of proteins within an anionic polymer such as alginate depends vastly on the charge of the protein.  Positive charged proteins interact with alginate, forming coacervates; while there is no interaction between alginate and proteins with a negative charge, resulting in poor entrapment efficiency.  


The low amount of protein encapsulated within zinc-alginate particles could be attributed to the negative charge of F-BSA during encapsulation.  However, this does not hold true for copper-alginate particles because of the high binding affinity of BSA for copper.  BSA competitively binds to copper ions reducing its net negative charge; therefore, less repulsive forces exist between alginate and BSA, resulting in high encapsulation efficiency.   The incorporation of proteins into alginate microspheres can be improved by changing sample preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, polymer molecular mass, and microsphere size.  


Figure 5-8 shows the release kinetic profiles of F-BSA from PEC chitosan-alginate microspheres.  Cumulative release amounts of F-BSA were determined by an ELISA kit.  The ELISA assay permitted us to quantify only the released fraction of BSA specific for the recognition of the conjugated antibody.  The release kinetics of the F-BSA microspheres was contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles showed a cumulative linear release profile (Figure 5-8C) for the 48-hr period studied.  It is apparent from Figure 5-8A that most of the F-BSA was released during the first 24 hours.  Although Figure 5-8D also shows a linear release rate of the protein from uncoated copper-alginate particles; approximately 50% F-BSA was released in the first 12 hours as opposed to 25% release at 24 and 48 hours.  The data shown in Table 5-4 for the protein release rate of uncoated zinc- and copper-alginate particles do not differ significantly.


On the contrary, F-BSA released from coated alginate particles differed significantly from the release rate observed for uncoated microspheres.  When zinc-alginate particles were coated with multiple PEC layers, there was a 2- and 10-fold reduction in F-BSA release during the 12- and 24-hr incubation periods, respectively (Figure 5-8A).  The observed protein release reduction was not affected by further increment in the number of coatings.  F-BSA release decreased by 10-fold at 12 hours when copper-alginate particles were coated with PEC layers (Figure 5-8B).  No released protein was detected from coated particles at the 24- and 48-hour time point.


The release of proteins encapsulated within alginate networks is governed by two mechanisms: (1) diffusion of protein through the polymer matrix pores and (2) degradation of the polymer [84].  While diffusion of small molecules is unaffected by the alginate matrix, porosity plays an important role in the diffusion of larger proteins.  Many factors vary porosity of alginate matrices such as polymer concentration, molecular mass, monomer ratio, gelation rate, protein loading, protein/polymer ratio, and the presence of salts during the crosslinking reaction.  To illustrate, gels made from high α-L-guluronic acid alginates presented the most open pore structure and, therefore, the highest diffusion rates for proteins [84]. 


Although microspheres’ morphological factors (such as protein diffusion and polymer erosion) affect the release kinetics; protein instability problems (such as aggregation, adsorption, and ionic interactions), protein size, pI, solubility and its distribution within the polymer matrix are also important factors influencing the release trends.  As mentioned earlier, the encapsulation of proteins within alginate depends vastly on the charge of the protein.  Although, positive charged proteins interact with alginate forming coacervates and resulting in high encapsulation efficiency as oppose to negative charged proteins; these coacervations hinder the protein release profile as well.  The high molecular weight of F-BSA, its possible aggregation and adsorption during the formulation and/or the release period, and the low stability of the uncoated zinc- and copper-alginate particles in the chelating medium could explain the short release time observed.  

Besides the morphological factors of the alginate matrix and the physicochemical properties of the encapsulated protein, the release kinetics of our core-shell systems is also affected by PEC layers surrounding the alginate core.  F-BSA-loaded microspheres with multiple PEC coatings showed an incomplete release pattern during the 48-hr incubation time, which can be explained by a strong interaction between the two polyelectrolytes and a stabilization of the anionic and cationic polymer by electrolytes present in the chelating medium.  Future release studies with longer incubation times are needed to fully understand the release kinetics of our chitosan-alginate PEC microparticles since no trend could be determined at this time. 

Conclusion


BSA was successfully labeled with FITC to facilitate the detection of released protein by spectrofluorometry.  However, analyses using the fluorescence properties of F-BSA could not be performed since coating the particles with chitosan oligosaccharide made them autofluorescent. The fluorescence intensity was directly proportional to the number of coatings and it was affected by the environment and binding to specific molecules.  The particles-forming properties in the emulsion-gelation technique were significantly altered when F-BSA was encapsulated.  Although zinc- and copper-alginate microcores appeared spherical in shape and displayed similar characteristics, both systems showed a very rough surface morphology and high particle agglomeration.  Also, particles’ size decreased with encapsulation of F-BSA.  


The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 96.71% ± 7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The incorporation of proteins into alginate microspheres can be improved by changing sample preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, polymer molecular mass, and microsphere size.  The release kinetics of the F-BSA microspheres was contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles showed a cumulative linear release profile for the 48-hr period studied; while F-BSA-loaded microspheres with multiple PEC coatings presented an incomplete release pattern.  Future release studies with longer incubation times are needed to fully understand the release kinetics of our chitosan-alginate PEC microparticles since no trend could be determined at this time. 

Table 5-1.  The PEC chitosan-alginate particle samples made


		Batch #

		Crosslinker

		Protein Encapsulated

		# of Coatings



		1

		Zn

		Blank

		0



		2

		Zn

		Blank

		2



		3

		Zn

		Blank

		6



		4

		Zn

		Blank

		10



		5

		Zn

		F-BSA

		0



		6

		Zn

		F-BSA

		2



		7

		Zn

		F-BSA

		6



		8

		Zn

		F-BSA

		10



		9

		Cu

		Blank

		0



		10

		Cu

		Blank

		2



		11

		Cu

		Blank

		6



		12

		Cu

		Blank

		10



		13

		Cu

		F-BSA

		0



		14

		Cu

		F-BSA

		2



		15

		Cu

		F-BSA

		6



		16

		Cu

		F-BSA

		10
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Figure 5-1.  Optical micrographs of blank zinc-alginate microparticles made with the W/O emulsion gelation technique.  Light and fluorescence microscopy images of (A,B) zero-, (C,D) two-, (E,F) six- and (G,H) ten-multilayer chitosan-alginate microparticles.  Original magnification = x100, bars denote 100 μl.
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Figure 5-2.  Optical micrographs of blank copper-alginate microspheres made with the W/O emulsion gelation technique.  Light and fluorescence microscopy images of (A,B) zero-, (C,D) two-, (E,F) six- and (G,H) ten-multilayer chitosan-alginate microparticles.  Original magnification = x100, bars denote 100 μl.
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Figure 5-3.  Optical micrographs of F-BSA-loaded alginate microparticles coated with ten PEC layers.  Light and fluorescence microscopy images of (A,B) zinc- and (C,D) copper-crosslinked alginate microcore.  Original magnification = x100, bars denote 100 μl.
















Figure 5-4.  Scanning electron micrographs of zinc-crosslinked alginate microparticles made with the W/O emulsion gelation technique.  Alginate particles were coated with zero A) two, B) six C), or ten D) PEC multilayers.  Original magnification = x10000, bars denote 1 µm.
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Figure 5-5.  Scanning electron micrographs of copper-crosslinked alginate microparticles made with the W/O emulsion gelation technique.  Alginate particles were coated with zero A) two, B) six C), or ten D) PEC multilayers.  Original magnification = x10000, bars denote 1 µm.
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Figure 5-6.  Zeta potential values of A) zinc- and B) copper-crosslinked multiple layer PEC particles encapsulating F-BSA.  Samples were dispersed in dH2O at a concentration of 0.1% (w/v) and measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer layer is composed of alginate when the number of coatings is even; while chitosan oligosaccharide is on the surface of particles when the number of coatings is odd.  Significant differences between uncoated particles and all the coated samples are reported.


Table 5-2.  Zeta potential values of PEC F-BSA-loaded chitosan-alginate microcapsules.  Measurements were carried out by the Brookhaven ZetaPlus Analyzer.  The outer layer is composed of alginate when the number of coatings is even; while chitosan oligosaccharide is on the surface of particles when the number of coatings is odd


		

		Zeta Potential (mV)

		Mobility

		Relative Residual



		Sample

		Mean ± SEM

		Mean ± SEM

		Mean ± SEM



		Zn-0

		-34.712 ± 0.895

		-2.71 ± 0.07

		0.0387 ± 0.0029



		Zn-1

		-23.992 ± 0.633

		-1.87 ± 0.05

		0.0334 ± 0.0019



		Zn-2

		-37.241 ± 0.791

		-2.91 ± 0.06

		0.0400 ± 0.0022



		Zn-3

		-24.785 ± 1.218

		-1.94 ± 0.10

		0.0403 ± 0.0023



		Zn-4

		-35.208 ± 1.562

		-2.75 ± 0.12

		0.0407 ± 0.0021



		Zn-5

		-28.925 ± 1.385

		-2.26 ± 0.11

		0.0337 ± 0.0026



		Zn-6

		-28.739 ± 1.610

		-2.25 ± 0.13

		0.0039 ± 0.0028



		Zn-7

		-28.624 ± 0.769

		-2.24 ± 0.06

		0.0401 ± 0.0009



		Zn-8

		-33.979 ± 1.018

		-2.65 ± 0.08

		0.0379 ± 0.0022



		Zn-9

		-28.942 ± 1.166

		-2.26 ± 0.09

		0.0358 ± 0.0026



		Zn-10

		-29.840 ± 1.402

		-2.33 ± 0.11

		0.0396 ± 0.0026



		Cu-0

		-35.484 ± 0.722

		-2.77 ± 0.06

		0.0399 ± 0.0023



		Cu-1

		-3.104 ± 1.329

		-0.24 ± 0.10

		0.0384 ± 0.0022



		Cu-2

		-44.932 ± 1.118

		-3.51 ± 0.09

		0.0380 ± 0.0024



		Cu-3

		-4.613 ± 1.404

		-0.36 ± 0.11

		0.0451 ± 0.0012



		Cu-4

		-20.938 ± 1.835

		-1.64 ± 0.14

		0.0466 ± 0.0008



		Cu-5

		-20.543 ± 0.627

		-1.61 ± 0.05

		0.0459 ± 0.0005



		Cu-6

		-20.818 ± 1.267

		-1.63 ± 0.10

		0.0462 ± 0.0009



		Cu-7

		-26.188 ± 1.421

		-2.05 ± 0.11

		0.0414 ± 0.0020



		Cu-8

		-37.359 ± 1.137

		-2.92 ± 0.09

		0.0424 ± 0.0016



		Cu-9

		-30.939 ± 1.869

		-2.42 ± 0.15

		0.0398 ± 0.0020



		Cu-10

		-29.960 ± 0.983

		-2.34 ± 0.08

		0.0406 ± 0.0019
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Figure 5-7.  Encapsulation efficiency of zinc- and copper- crosslinked alginate microparticles.  The total amount of F-BSA encapsulated was determined with an ELISA specific for BSA.

Table 5-3.  Encapsulation efficiency of F-BSA loaded microparticles prepared from zinc- and copper-crosslinked alginate gels


		Microparticle Batch 

		Encapsulation Efficiency (%)


Mean ± SEM



		Zn-alginate

		52.9282 ± 22.49



		Cu-alginate

		96.7085 ± 7.555
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Figure 5-8.  In vitro release of F-BSA from uncoated and multiple PEC coated (A,C) zinc- and (B,D) copper-alginate microspheres over a 48-hour period.  Significant differences between uncoated particles and all the coated samples are reported.


Table 5-4.  Release kinetic profile of F-BSA from uncoated and multiple PEC coated zinc- and copper-alginate microspheres during a 48-hour study


		

		Time

		F-BSA Release (μg/mg (w))

		F-BSA Cumulative Release (μg/mg (w))



		Sample

		(hr)

		Mean ± SEM

		Mean ± SEM



		Zn-0

		12

		22.697 ± 6.007

		22.697 ± 6.007



		Zn-6

		12

		7.261 ± 1.519

		7.261 ± 1.519



		Zn-10

		12

		6.936 ± .2089

		6.936 ± .2089



		Zn-0

		24

		40.635 ± 23.30

		63.331 ± 29.31



		Zn-6

		24

		2.397 ± .6415

		9.658 ± 2.041



		Zn-10

		24

		0.464 ± .1218

		7.400 ± .3020



		Zn-0

		48

		5.459 ± 2.193

		68.791 ± 31.21



		Zn-6

		48

		0.186 ± .0559

		9.844 ± 2.076



		Zn-10

		48

		0.086 ± .0288

		7.486 ± .3087



		Cu-0

		12

		25.679 ± 6.128

		25.679 ± 6.128



		Cu-6

		12

		1.778 ± .0779

		1.778 ± .0779



		Cu-10

		12

		2.887 ± .4553

		2.887 ± .4553



		Cu-0

		24

		11.249 ± 1.650

		36.928 ± 5.102



		Cu-6

		24

		0.080 ± .0386

		1.859 ± .0433



		Cu-10

		24

		0.178 ± .0544

		3.065 ± .5087



		Cu-0

		48

		13.429 ± 7.735

		50.357 ± 5.729



		Cu-6

		48

		0.010 ± .0018

		1.869 ± .0435



		Cu-10

		48

		0.006 ± .0027

		3.071 ± .5103





CHAPTER 6


CONCLUSION AND FUTURE WORK


In this work, conjugations of DL-PLA and Pluronics® with different compositions and molecular weights were used to investigate the system’s feasibility in the development of deformable particles.   Besides different molecular weights, Pluronics® with diverse HLB ratios ranging from the most hydrophilic to the most hydrophobic copolymer were used.  Preliminary results showed that only P105-PLA microspheres presented a well-defined core-shell structure with a highly porous PLA core and a P105 shell.  In addition to a different surface morphology, P105-PLA particles displayed higher deformable capability compared to the particles made with PLA and all the other Pluronics®.    

During micropipette experiments, it was clearly seen that the shell was very deformable although the core was not.  The differences in morphology and deformability properties are associated with the copolymer composition, indicating that a 50 % PEO content as well as a high PPO molecular weight are ideal for the synthesis of capsular systems.  Although, the P105-PLA microcapsules did not attain the desired deformability properties, these novel systems could be used for other applications.  Fully characterization of these microcapsules is necessary for assessment of their drug delivery capabilities as well as their immunogenic effects.


In addition to PLA-Pluronic® conjugations, we also studied different concentrations of alginate and chitosan for the development a polyelectrolyte complex (PEC) system consisting of multiple-layer microcapsules with a dissolvable gel core.  Several variables were studied to determine the set of parameters that would yield the most promising red blood cell analog, in terms of deformable capability.  We examined the application of two frequently used techniques in the development of alginate particles: the air-spray crosslinking and the emulsion gelation techniques.  Besides discerning on the most appropriate manufacturing process, the effect of different crosslinkers in the development of PEC microparticulates was also studied.  Calcium, zinc, and copper were the divalent cations used as crosslinking agents and their effect on particles’ morphology, deformability, stability, and toxicity was analyzed. 

Particles made with air spray crosslinking technique presented a mono-dispersed size distribution; however, the smaller particle size obtained was 50 μm.  Although, particle size decreased with increments in the outer lumen air pressure, monodispersity was lost.  Particles made with W/O emulsion-gelation technique using cyclohexane as the organic phase presented a narrow size distribution; diameter of uncoated particles ranged from 5-15 μm.  Microparticles crosslinked with copper presented a tear-drop shape as oppose to the spherical shape of particles crosslinked with zinc and calcium.  


Although a size range closer to the erythrocytes’ diameter was obtained with the emulsion-gelation technique, monodispersity plays a crucial role in the drug delivery field.  Therefore, modification of the applied techniques or evaluation of other processes for the development of alginate microparticles is highly suggested.  Based on the air-spray crosslinking technique, a different nozzle or microchannel design could be used to increase the linear velocity and thus the productivity of a bead former.  Also, a vibrational or cutting device as well as electrostatic forces could be used to decrease the size of the alginate droplet.  Regarding the emulsion-gelation technique, a membrane or microchannel could be used to control dispersity in the production of microparticles.  


Ca-, Zn, and Cu-alginate particles were coated applying the layer-by-layer (LbL) absorption technique.  The coating always started with the cationic polymer and ended with the anionic polymer.  Microcapsules with zero, two, six, and ten alternating layers were fabricated. Particle size decreased when increasing the number of coatings.  After the tenth coating, there was approximately a 50% size reduction in particles with an initial diameter ranging between 2 – 3 mm.  Besides a decreased in size with multiple coatings, particles changed their shape from spherical to biconcave.  Zinc-crosslinked particles showed a more pronounced biconcave configuration as opposed to calcium- and copper-crosslinked particles.  

The new shape of the coated particles was very similar to the biconcave shape of red blood cells, which represents a great advance in the drug delivery field.  The biconcave disk shape of our particles provides a greater surface area ideal for gas exchange as opposed to the traditional spherical shape of the existing drug delivery particulates.  As opposed to the results observed in larger coated alginate particles, coating of microspheres caused an increase in particle aggregation, which represented a greater problem for zinc-alginate microparticles.  The agglomeration of coated zinc-alginate microspheres increased with the number of layers.  Eventually, the formation of aggregates resulted in an irregular coating of the multilayer zinc particles.


After removing cross-linkers of coated microspheres, zinc- and copper-alginate capsules were deformable and remained stable using the micropipette technique under physiological pressures.  Best results were obtained with Zn- and Cu-crosslinked alginate particles coated six times.  In addition, these capsules were stable for a period of up to 10 days in sequestrant-containing media and sustained shear rates of 200 sec-1.  Stability of the zinc- and copper-alginate microparticles was improved by the number of polyelectrolyte coatings.  The ten multilayer copper-alginate systems formed the strongest particles due to the alginate high affinity for copper ions and the increased stability provided by the high number of coatings.  Calcium-crosslinked particles were not stable after removal of crosslinking ions; even multiple polyelectrolyte coatings did not improve stability.  

Even though an assessment of the particles’ deformable property was obtained by the micropipette technique, a quantitative evaluation of the particles’ elastic modulus could not be determined at this time.  The current model used to calculate the elastic modulus of cells using the micropipette aspiration technique does not apply to our systems.  Further rheological studies are necessary to establish elasticity differences between our zinc- and copper-alginate particles.  Atomic force microscopy or new designs of microfluid chambers simulating capillary beds are alternative approaches to the micropipette technique for particles’ deformability assessment.   


Viscosity of the particles in simulating plasma medium at a 12% (w/v) density was measured using the Wells-Brookfiled Cone/Plate Digital Viscometer System with a CP-52 conical spindle.  Measurements were taken at a fixed spindle speed of 100 rpm and a shear rate of 200 sec-1.  Viscosities for solutions containing copper microcapsules with two and six PEC coatings were close to blood viscosity values; while only suspensions of two-layer zinc particles showed viscosity values similar to blood’s.  As mentioned earlier, additional rheological studies are essential to determine how closely these particles simulate the behavior of erythrocytes.  Viscosity studies of cell suspensions at higher densities (up to 50% w/v) simulating blood hematocrit as well as determination of the shear rate dependence of viscoelastic properties are required for a full comparison between the flow behavior of blood and these particle-containing fluids.


Adsorption of each polyelectrolyte layer onto microcapsules was examined by measuring the particle surface charge changes.  Coating microbeads with chitosan oligosaccharide did not affect the particles surface charge as they retained a negative surface charge throughout the modification of the surface layer.  Since the toxicity of copper ions was a concern, we decided to analyze the amount of copper ions released from microparticles into the chelating medium.  To determine the amount of copper ions sequestered by albumin a modified bicinchoninic acid (BCA) protein assay was used.  It was determined that a 5% (w/v) suspension of uncoated copper particles released a total copper concentration of approximately 3 mM in 24 hours.  Copper released from the coated particles could not be determined under the conditions tested.  Since the dose limit of copper intake levels in adults is 157 μmol/day and the prescribed IV dose for patients with copper deficiency anemia is 47 μmol/day, the low amounts of copper released from the 5% (w/v) suspension of coated particles are still considered below toxic levels.  


However, understanding the ion exchange process of our systems is very important since it would allow us to determine the equilibrium and kinetics of the metal ion uptake by our PEC alginate matrices.   There are many models that describe the equilibrium and kinetics of ion exchange in alginate gels, such as the Langmuir, Freundlich, and the surface complex formation models.  Although each of the models has advantages and disadvantages, it may be possible to use one of them to determine the equilibrium of our system.  


The cytotoxicity of the uncoated and coated calcium-, zinc-, and copper-crosslinked particles was assessed using an in vitro cell proliferation assay.  Human dermal fibroblast cells were exposed to extracts from the particles and the MTT assay was used to determine cell survival and recovery.  Results from the assay demonstrated that multiple coatings decreased toxicity of heavy-metal crosslinked particles.  The highest level of toxicity was shown by uncoated copper- and zinc-crosslinked particles at 1000 μg/ml.  The rest of the samples seemed not to affect cells under the conditions studied.  The recovery percent values as well as the values obtained for cells incubated in 10% FBS medium were lower than expected.  These observations are attributed to the cells reaching confluency, resulting in inhibition of cell proliferation due to cell-to-cell contact.  Since the MTT assay can detect mitotic cells more accurately, the correct cell number of non-dividing cells cannot be determined through this assay.  To obtain a true cell count, the MTT assay should be used along with a DNA quantification assay for future experiments. 


BSA was successfully labeled with FITC to facilitate the detection of released protein by spectrofluorometry.  However, analyses using the fluorescence properties of F-BSA could not be performed since coating the particles with chitosan oligosaccharide made them autofluorescent. The fluorescence intensity was directly proportional to the number of coatings and it was affected by the environment and binding to specific molecules.  The particles-forming properties in the emulsion-gelation technique were significantly altered when F-BSA was encapsulated.  Although zinc- and copper-alginate microcores appeared spherical in shape and displayed similar characteristics, both systems showed a very rough surface morphology and high particle agglomeration.  Also, particles’ size decreased with encapsulation of F-BSA.  


The total amount of F-BSA encapsulated in copper-crosslinked alginate particles was 96.71% ± 7.56% as opposed to 52.93 ± 22.5% for the zinc-crosslinked alginate particles.  The incorporation of proteins into alginate microspheres can be improved by changing sample preparation conditions such as pH, salt concentrations, protein to polymer concentration ratio, polymer molecular mass, and microsphere size.  The release kinetics of the F-BSA microspheres was contingent on the crosslinker and the number of coatings.  Uncoated zinc-alginate particles showed a cumulative linear release profile for the 48-hr period studied; while F-BSA-loaded microspheres with multiple PEC coatings presented an incomplete release pattern.  


Future release studies with longer incubation times are needed to fully understand the release kinetics of our chitosan-alginate PEC microparticles since no trend could be determined at this time.  In addition, encapsulation of various proteins differing in size and pI is necessary to determine the controlled release of diverse therapeutic agents from our systems.  Besides encapsulation of different proteins, factors affecting the porosity of alginate matrices (such as polymer concentration, molecular mass, monomer ratio, gelation rate, protein loading, protein/polymer ratio, and the presence of salts during the crosslinking reaction) need to be studied to establish the set of parameters that would yield the most promising drug delivery system.  


In conclusion, we were able to produce a deformable, biodegradable, biocompatible particle for applications in drug delivery and device testing.  The novel microparticle system developed in this work represents an advance in the drug delivery field and the beginning of a new generation of red blood cell analogs.   Further rheological studies are necessary to determine how closely these particles simulate the behavior of erythrocytes.  Also, studies on the encapsulation and release of different proteins, including hemoglobin along with the enzymes catalase and superoxide dismutase, are needed to establish the desired controlled release of bioactive agents for the proposed delivery system. 
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