
ABSTRACT 

KHODABANDEHLOU, KHOSROW. Slowly-Dissolving Aqueous Suspensions of 

Functionalized Protein+Antibody PRINT Particles for Therapeutic Applications. (Under the 

direction of Dr. Joseph DeSimone and Dr. Saad Khan). 

 

Developing an injectable sustained release formulation is an exciting alternative for 

overcoming the shortcomings associated with delivery of biopharmaceuticals. This can be 

particularly advantageous for protein based formulations that have low bioavailability due to 

their large molecular size and hydrophilic nature while being prone to enzymatic 

degradation. With an injectable controlled release formulation, drug concentration can be 

kept within the therapeutic window over an extended period of time and drug efficacy can be 

potentially improved. Moreover, local injection to the site of interest within the body can 

minimize the unwanted distribution of drug in unrelated organs and reduce the inherent 

toxicity associated with potent drugs. 

Among variety of carriers, particulate systems are very well suited for delivering protein 

based pharmaceuticals. In this work, micro particles with specific size and shape are 

fabricated from bovine serum albumin (BSA) as a model protein using Particle Replication in 

Non-wetting Templates (PRINT). These particles are then rendered slowly-dissolving in 

aqueous media using a bifunctional chlorosilane (diisopropyldichlorosilane) that can act as a 

crosslinking agent. Mass spectrometric study of the reaction products of 

diisopropyldichlorosilane with individual ingredients of the particles confirmed that they are 

capable of reacting and forming chemical crosslinks. Energy-dispersive spectroscopy (EDS) 

and X-ray photoelectron spectroscopy (XPS) both corroborated that there is a direct 

correlation between the amount of silicon in the particles and reaction time. 



We demonstrated that the dissolution rate of these particles is controlled by how long 

particles are exposed to chlorosilane and pH of the surrounding environment. Desilylation is 

expected to be the primary mechanism governing the dissolution of these particles. Circular 

dichroism spectroscopy proved that the fraction of BSA molecules released from the 

functionalized particles retain their secondary structure. Freeze-drying the functionalized 

particles in organic media allowed us to prepare a solvent-free formulation that could be 

reconstituted in aqueous media prior to administration. No evidence of toxicity was observed 

for the formulation when treating RAW macrophages and synovial fibroblasts with these 

functionalized slowly-dissolving particles. 

Regional delivery through intra-articular (i.a.) route is an exciting method for delivering 

biological disease modifying anti-rheumatic drugs. However, benefits of local treatment can 

be hindered by poor retention of the therapeutic agent in the joint. Therefore, we investigated 

the advantage of this slowly-dissolving system in increasing the retention time of the model 

protein (BSA) in the murine joint. It was demonstrated that protein retention in the joint can 

be increased upon incorporation into these slowly-dissolving particles. Histological 

examination of the joint sections after i.a. injection, confirmed that the injected 

microparticles were delivered to the joint cavity. Furthermore, we demonstrated that the 

particles can encapsulate a model antibody (anti-ovalbumin) and thus can act as a delivery 

carrier for antibody based therapeutics. Viscosity measurements on the concentrated 

suspensions confirmed that the deliverable dose of these particles per single injection can be 

significantly increased depending on the pH requirements for the formulation and 

characteristics of the administration site. 
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 CHAPTER 1 Introduction and Overview 

1.1. Background 

Unmet clinical needs of the pharmaceutical industry have substantially increased the 

demands for development of novel biological drugs such as recombinant proteins [1]. With 

the recent progress in molecular biology, the range of available peptide and protein based 

drugs have been significantly expanded [2]. 

Development of a suitable formulation for peptide and protein delivery is a challenging task 

due to the distinctive demands imposed by the physiochemical properties of these molecules 

on both the route of delivery and the carrier system [2]. Although the function of a small 

peptide will be dependent only on the functional group of various amino acids, the function 

of proteins will additionally be dependent on maintenance of their precise three dimensional 

structures. Therefore, delivery technologies relating to proteins have a harder task of 

maintaining the non-covalent binding of the three dimensional molecular structure [1]. The 

challenge is protecting the drug from degradative elements such as enzymes, temperature, 

pH, physical interfaces, presence of metals, organic solvents, and shear forces that can affect 

the stability of the formulation in the processing and administration steps [3,4]. High 

molecular weight and hydrophilicity of these biomolecules lead to low bioavailability and 

poor transfer across biological membrane which adds to the complexity of the problem [5]. 

Paramount subclass of the protein family is antibodies or immunoglobulins (Igs), which are 

large proteins used by the immune system to identify and neutralize foreign objects such as 

bacteria and viruses [6]. Depending on the structure of their heavy chains they can be 
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subdivided into five different classes: IgA, IgD, IgG, IgE, and IgM. All the approved 

therapeutics are IgGs with molecular weight of approximately 150 kiloDaltons (kDa) and a 

valance of two. Antibodies and antibody-based derivatives provide us with powerful tools for 

targeting effector molecules or deliver cytotoxic drugs to selected cells within the body [7,8]. 

These molecules also provide us with a highly valuable substrate for the production of 

radiopharmaceuticals by conjugation with radionuclides [4]. 

Longevity of the drugs and delivery system is an important factor for sufficient delivery of 

the therapeutics [3]. Sustained release technology offers the promise for reducing dosing 

frequency, maximizing the efficacy, and reducing the adverse side effects associated with the 

drug [9]. Irrespective of the type of the delivery system used, the strength of a particular drug 

delivery system for delivering molecules of biological origin is its ability to alter the 

pharmacokinetics and biodistribution of their associated therapeutics [10]. 

This background section covers the common routes for proteins delivery and challenges 

involved in each for delivering these biomacromolecules. Moreover, various carrier systems 

used in the context of protein delivery are briefly introduced. The concept of protein 

crosslinking is summarily discussed with a special emphasize on the cleavability of the 

crosslink junction points due to an external stimulus. 

1.1.1. Delivery Routes 

Delivery routes can be divided into two general classes depending on the method of 

administration: non-invasive and invasive methods [11]. In this section, these routes of 

administration are further discussed within the scope of peptide and protein delivery. 
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1.1.1.1. Non-Invasive 

1.1.1.1.1. Buccal and Oral 

The oral cavity has a relatively thick, dense, and multilayered mucous membrane with a 

highly vascularized nature [2]. The superficial layers of mucosa are the primary barrier to the 

entry of substances. Buccal mucosa lies in the inner cheek within the oral cavity which is the 

administration point for this mode of delivery. The pH of saliva has prominent effect on 

molecular charge and absorption from this route. Large hydrophilic molecules are generally 

poorly absorbed via buccal or sublingual route [12]. Permeability barrier of buccal mucosa is 

a major limitation to the delivery of the drug with this route in the absence of permeation 

enhancers [13]. 

Oral route is the most convenient and practical route among all the non-invasive routes of 

delivery [14]. The challenge in oral delivery of proteins and peptides is to improve 

bioavailability from less than 1 % to at least 30-50% [2,15]. However, there is only limited 

success due to hostile environment of the gastrointestinal (GI) tract including strong pH 

extremes and potent luminal enzymes [15]. Due to these obstacles, systemic delivery of 

peptides and proteins requires parenteral route of administration [16]. Among the two, 

peptides are better suited for oral delivery compared to large proteins. Two main barriers for 

protein delivery using oral route are tight GI epithelium and abundance of proteases. 

Varieties of chemical permeation enhancers such as zwitterionic surfactants, bile salts, and 

fatty acids have been tested by Whitehead and Mitragotri to determine their effect on 

transcellular/paracellular transport routes [17]. They also evaluated the toxicity of these 
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enhancers and concluded that palmityldimethyl ammonio propane sulfonate results in the 

best permeation enhancement while being non-cytotoxic. Protease inhibitors have also been 

used as viable alternatives to increase protein absorption in mucosal membranes [14]. 

Chemical modification of protein drugs is a different strategy to improve enzymatic stability 

and membrane penetration [2]. Among all these methods, association of proteins with 

colloidal carriers is a promising approach to increase the bioavailability of these 

macromolecules through oral route. When designing a particulate carrier for this mode of 

delivery, size of the particles should be taken into careful consideration as it plays a 

fundamental role in particle uptake by intestinal cells [18]. 

1.1.1.1.2. Intranasal and Pulmonary 

Drugs absorbed from the nasal cavity pass directly into systemic circulation and avoid first-

pass liver metabolism. However high metabolic activity, mucosal barrier (due to the high 

molecular weight and high hydrophilicity), and nasal mucociliary clearance hampers the 

delivery of proteins and peptides through this route [3]. The respiratory mucosa is the region 

where drug absorption is optimal [19]. Nasal bioavailability of peptides and proteins drugs is 

less than 1% [20]. Several different approaches have been tested in rats for enhancement of 

nasal drug absorption including alteration of the properties of the mucus by N-acetyl-L-

cysteine and enzyme inhibition by amastatin hydrochloride [21]. Li et al. [22] have 

developed a sustained release formulation for intranasal delivery of α-cobrotoxin (neurotoxic 

protein with 60~70 amino acids) using 25 µm spheres. 
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Compared to nasal cavity surface area (approximately 180 cm
2
), an adult lung has a much 

larger surface are for drug absorption (approximately 100 m
2
) [3]. In order to deposit 

successfully in the airways and alveoli, the aerodynamic diameter of particles and droplets 

should be smaller than 5 micron [1] with the smaller the diameter, the deeper the site of 

deposition. Furthermore the surface of the respiratory tract is a far less hostile environment 

compared to GI tract [4]. In the absence of surfactant enhancers, lungs provide substantially 

greater bioavailability for macromolecules compared to any other route of entry. 

Macromolecular absorption from the lung into the blood is inversely related to molecular 

weight over the range of 1-500 kDa [23]. Hastings et al. [24] measured the clearance time of 

several proteins including IgG and BSA in rabbits, and confirmed the slower clearance rate 

for the larger molecules. 

1.1.1.1.3. Transdermal 

Skin is one of the most readily accessible organs on the human body [2]. The structure of 

skin is composed of three distinct layers: epidermis, dermis, and hypodermis. The outermost 

layer of epidermis is stratum corneum, and innermost layer is stratum germinativum. In the 

case of transdermal drug delivery, skin serves as the administration site. After topical 

application, the drug must be distributed upon skin permeation, into the systemic circulation 

and then transported to the target tissues. Due to molecular weight and hydrophilicity of the 

proteins, their transport through the lipophilic stratum corneum barrier is limited. Therefore, 

enhancement techniques such as protease inhibitor, permeation enhancers, iontophoresis, 

microneedles, electroporation are needed to assist delivery of these molecules [1]. After 
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overcoming stratum corneum barrier, proteins need to be intact to exert their 

pharmacological effect [25]. Based on the studies done on the localization of xenobiotica-

metabolizing enzymes with polycyclic hydrocarbons and steroids, most of the enzymatic 

activity in the skin may be localized in the epidermal layer [26]. 

1.1.1.2. Invasive-Parenteral 

Three major routes of parenteral administration are subcutaneous (s.c.), intramuscular (i.m.), 

and intravenous (i.v.) injection. The i.v. injection has the advantage of most rapid onset of 

action and is the only avenue of delivering protein drugs when the drug is excessively 

metabolized or bound at the site of injection [2]. The choice of administration route critically 

controls dugs kinetics as demonstrated by experiments of Wills et al. [27]. They 

demonstrated that the mean serum concentration of recombinant leukocyte A interferon 

(rIFN-αA) depends on the mode of administration. The maximum concentrations at the end 

of i.v. infusion were tenfold of the maximum observed for i.m. and s.c. routes. The adverse 

effects associated with these injections were less severe and of shortest duration after 

intravenous infusion. 

With the i.m. injection, the drug is injected deep into the skeletal muscles and onset of action 

is faster than s.c. delivery [2]. Subcutaneous administration delivers the drug to the interstitial 

space of hypodermis. Protein therapeutics with molecular weights higher than 16 kDa have 

limited transport through blood capillaries and enter the systemic circulation through 

lymphatic system after s.c. injection [28]. Upon i.m. or s.c. injection of monoclonal 
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antibodies (mAb), maximal plasma concentration is reached in 2-8 days and absolute 

bioavailability values between 50 to 100 % is reported in literature [6,29]. 

1.1.1.3. Invasive-Other Routes 

The routes of administration presented in this section provide us with direct access to the site 

of interest, and therefore, minimize systemic exposure and unwanted distribution of the toxic 

drugs in unrelated organs. Although these routes are primarily used for localized delivery, 

they can also be exploited for systemic administration. 

1.1.1.3.1. Intra-Articular 

Primary role of joints are providing stability and mobility to the skeleton. Synovium, 

synovial fluid, cartilage, and subchondral bone are all the components that interact with each 

other within this intricate structure. Synovial fluid is a clear viscous liquid with a pH of 7.4 

that act as a lubricant and has composition similar to that of plasma with the exception of 

fibrinogen and larger globulins [30]. Due to lack of vascularity in articular cartilage regional 

administration of the drug within the joint space using intra-articular (i.a.) route can be 

extremely beneficial [31]. Clinical studies with infliximab (anti-tumor necrosis factor alpha), 

demonstrate the usefulness of local administration for patients diagnosed with monarthritis 

[32]. Intra-articular injection has also been used to elucidate the role of tumor necrosis factor 

in onset of arthritis in rats [33]. 

1.1.1.3.2. Ocular 

The conventional delivery system for treatment of ocular diseases suffers from low 

bioavailability [34]. The tight epithelium of cornea impedes the penetration of drug 
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molecules [35]. Although, it is possible to bypass physiological barriers, by directly injecting 

drugs into intraocular tissues, for drugs with low half-lives, repeated injections are required. 

There have been numerous biological drugs developed for age related macular degeneration 

that act as a neutralizing agents against vascular endothelial growth factor (VEGF) such as 

bevacizumab (humanized IgG1 antibody) and ranibizumab (humanized VEGF-binding 

antibody fragment - 49 kDa) [36]. The most important delivery routes for these drugs are 

intravitreal and periocular administration. Developing an appropriate sustained release 

delivery system, can potentially reduce the frequency of injections and ocular complications 

associated with these invasive methods (e.g. retinal detachment) of administration. Potential 

benefits of carriers have been investigated by intravitreal injection of liposomal formulation 

containing bevacizumab [37]. Intravitreal injections of liposomal formulation of an 

immunosuppressive neuropeptide (vasoactive intestinal peptide) in rats have been explored 

for treatment of ocular inflammation [38]. Transport of linear molecules larger than 40 kDa 

and globular molecules larger than 70 kDa can be severely hindered due to limited diffusion 

across the internal limiting membrane of the retina when using intravitreal route of delivery 

[39]. 

1.1.1.3.3. Intratumoral and Intracavity 

Safer and higher dosage application of chemotherapy or immunotherapy directly to the tumor 

site, is an attractive alternative to systemic treatment [40]. For radioimmunotherapy, as long 

as tumor uptake of antibodies remains close to 0.005% of the injected dose per gram of 

tumor tissue, this mode of therapy cannot be useful [7]. Although local administration offers 
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the potential advantage of a higher dosage and less whole body irradiation for this mode of 

therapy, it has been studied less compared to systemic therapy [41]. Stereotaxic techniques 

have been used to directly inject 
131

I labeled mAb for treatment of malignant gliomas in 

clinical studies and partial and total tumor remission has been observed [42]. Intra-tumoral 

injection of 
125

I labeled mAb revealed higher tumor accumulation compared to i.v. injection 

for treatment of colorectal cancer in tumor-bearing mice [43]. 

When cancer is developed within a natural cavity (e.g. ovarian cancer), local treatment is a 

particularly valuable option [44]. Preclinical and clinical studies have demonstrated that the 

concentration of mAbs in the tumor lesions is higher during the first 24 hours after 

intraperitoneal (i.p.) injections compared to a systemic administration [45]. 

1.1.2. Carrier Systems 

Use of an appropriate delivery carrier, that can protect protein drugs from enzymatic 

degradation and control the release rate, is a promising approach for prolonged retention and 

retaining the biological activity of the drugs within the body [46]. In this section common 

carriers encountered in literature for protein delivery are presented. 

1.1.2.1. Lipid Based Carriers 

Liposomes consist of one or more concentric phospholipid bilayers separated by internal 

aqueous compartments. Differing with respect to their dimensions, composition, surface 

charge, and structure, these entities show the ability to entrap enzymes and proteins [10]. 

Slow releasing liposomal formulation of granulocyte colony stimulating factor (rhG-CSF) 

have been prepared using different combinations of lipids by Meyer et al. [47]. Conventional 
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liposomes are rapidly cleared upon i.v. delivery by circulating and fixed phagocytic cells 

[48]. Therefore, polymer modified liposomes (e.g. pegylated liposomes) have been 

developed as alternatives [46]. Storm et al. [49] used liposomes as carriers of interleukin-2 

(IL-2) in locoregional anticancer immunotherapy. 

On the other hand, solid lipid nanoparticles (SLN) and lipid microparticles (LM) have 

attracted increasing attention as an efficient and non-toxic lipophilic drug carrier. Protein 

incorporation into this type of carrier has been successfully achieved by high pressure 

homogenization (HPH), solvent emulsification, and sorption procedures [50]. Bovine serum 

albumin (BSA), human serum albumin (HSA), lysozyme, and ovalbumin are among the 

proteins incorporated in both SLNs and LMs.  

Lipospheres are another class of lipid based carriers that are composed of an internal fat core 

(mainly triglycerides), and a surrounding stabilizing layer of phospholipid molecules (mainly 

egg phosphatidylcholines) [51]. Lipospheres have been evaluated for their potential in 

delivering a recombinant malaria antigen (R32NS1) in a vaccine formulation [52]. 

1.1.2.2. Polymeric Particles 

Poly (ethylene oxide), poly (acrylic acid), poly (N-isopropylacrylamide), poly (vinyl 

alcohol), and poly (phosphazene) are common synthetic carriers used in the delivery of 

proteins. Lee et al. [46] give an excellent review on application of natural and synthetic 

hydrogels for delivery of proteins. Critical challenge in the development of polymeric 

carriers for protein delivery is how polymers can be designed and tailored to effectively 

deliver the drugs in response to signals generated in the body. This approach for controlling 
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the release can be useful to maintain drug concentration in the therapeutic window for a 

prolonged period. Degradation controlled release of IgG has been reported by Franssen et al. 

[53] from hydroxyethyl methacrylate-dextran (dex-HEMA) microspheres. Composite poly 

(lactic-co-glycolic acid) microspheres loaded with BSA+ poly (vinyl alcohol) were fabricated 

for long-term protein delivery [54]. Haag [55] gives a detailed account of various core-shell 

architectures based on block copolymers and unimolecular polymeric micelles for the 

targeted drug delivery. VEGF has been incorporated into core/shell nanoparticles composed 

of lecithin (core) and Pluronic F-127 (shell) [56]. 

1.1.2.3. In Situ Depot-Forming Systems 

Liquid formulations generating a semi-solid drug reservoir after injection are attractive 

delivery systems for parenteral administration. Mechanism of depot formation can be 

temperature, chemical crosslinking, enzyme/ion mediated gelation, and polymer precipitation 

[57-59]. These depot systems find application in delivery of proteins. Potential therapeutic 

value of the mixture of dextran-L-lactate and dextran-D-lactate solutions containing 

recombinant human IL-2 has been evaluated in mice for treatment of lymphosarcoma [60]. 

Self-assembling hydrogels of oppositely charged microspheres are capable of retaining the 

enzymatic activity of the lysozyme [61]. Hiemstra et al. [62] studied the release of lysozyme 

and IgG from stereocomplexed hydrogels prepared from block copolymers of PEG-poly (L-

lactide) and PEG-poly (D-lactide). 
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1.1.2.4. Solid Protein Particles 

Protein based particles have been prepared in literature by spray drying, emulsification, and 

layer by layer deposition. The advantage of using protein based particles is lack of toxicity 

and degradation into natural products. In the following section some background material is 

presented, that addresses the application of each preparation method in delivery of proteins. 

1.1.2.4.1. Spray-Drying 

Spray-drying involves three steps of operation: atomization, drying, and collection. During 

the atomization, polymer and drug solution are atomized at very high inlet temperatures. 

After the drying step, particles are then collected by means of a cyclone separator. 2-8 µm 

vancomycin loaded BSA particles were prepared with this method [63]. This technique has 

also been used for coating crosslinked albumin microspheres with an enteric coating polymer 

(Eudragit L100-55) [64]. Ratio of evaporation rate to diffusion coefficient of the component 

(Peclet number) has a significant effect on the shape of the particles. High Peclet number 

results in formation of hollow or wrinkled morphologies [65]. Formulation composition plays 

an important role in determining the shape of the particles prepared with this method. 

Undulated morphologies have been observed for particles spray-dried from recombinant 

human growth hormone (rhGH) and BSA [66]. 

1.1.2.4.2. Emulsification 

In this technique, an aqueous solution of albumin is emulsified in an immiscible phase (e.g. 

light mineral oil, olive oil, isooctane, chloroform+toluene) to form water (W) in oil (O) 

emulsion. The dispersed phase can then be hardened using covalent crosslinking methods 
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such as heat denaturation or use of a chemical agent to produce spherical particles. 

Individuality of the albumin droplets can be preserved in this method using a stabilizer [50]. 

For the combination of albumin in vegetable oils, the system is self-stabilized due to 

conformational changes of albumin in the absence of a stabilizer [67]. Microcapsules can 

also be prepared by formation of multiple suspension system such as O/W/O. The source of 

albumin plays an important role in size and size distribution of the microparticles prepared 

with this method [68]. 

1.1.2.4.3. Desolvation/Coacervation 

Induction of phase separation by changes in pH, addition of cosolvent, temperature, and 

counter ions is another method for preparation of protein based particles [51]. HSA 

nanospheres (100-200 nm) have been prepared by drop wise addition of acetone to albumin 

solution at pH 7.0, 8.0, and 9.0 and crosslinked with glutaraldehyde-ethanol solution [69]. 

Langer et al. [70] studied the effect of different variables on the size of particles obtained 

with ethanol as the coacervation agent. Oppenheim et al. [71] have prepared 200 nm insulin 

particles for oral administration by phase separation through changes in the pH by addition of 

hydrochloric acid and sodium hydroxide combined with glutaraldehyde crosslinking. 

1.1.2.4.4. Layer-by-Layer Deposition 

In this novel fabrication method, a spherical core is used as a substrate on which layers of 

protein are then deposited layer by layer. The core of the particle can then be dissolved in 

organic media to recover hollow particles. Layer by layer assembly can be mediated through 
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reactive aldehyde groups of glutaraldehyde [72] to form spherical particles or weak 

interactions of polyelectrolytes [73] to form rod-shaped particles upon core removal. 

1.1.2.4.5. Supercritical Fluids 

Preparation of protein particles with supercritical antisolvent (SAS) method is reported in the 

literature [50]. Spherical and spheroidal insulin particles have been prepared from 

dimethylsulfoxide (DMSO) and N,N-dimethylformamide (DMF) solutions with supercritical 

carbon dioxide [74]. Tom et al. [75] prepared bovine liver catalase particles of 

rectangular/spherical shape and bovine insulin particles (spherical/thick needles) using CO2. 

1.1.2.5. Dendrimers 

Dendrimers are three dimensional hyperbranched macromolecules [76] that possess 

characteristics of an ideal drug delivery vehicle [3]. The size of poly (amidoamine) 

(PAMAM) dendrimers can be precisely controlled and their shape mimic globular proteins 

with polydispersity index values in the range of 1.000002 to 1.005 [77]. These structures 

have been used for delivering ovalbumin, by conjugating the antigen to the mannosylated 

molecule [78]. Chemical ligation has been used to attach green fluorescent protein (GFP) to 

these branched structures [79]. Kluger and Zhang created hemoglobin clusters by conjugating 

crosslinked tetramers of human adult hemoglobin (HbA) to PAMAM dendrimers [80]. 

1.1.2.6. Virosomes 

Virosomes can act as carriers of antigens and find application in vaccination or cancer 

therapy. These structures first prepared by Almeida et al. [81] from influenza subunits are in 

reality liposomes carrying on their surface virus-derived proteins [82]. Other types of 
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virosomes using Human Immunodeficiency Virus (HIV), Epstein-Barr virus (EBV), and 

Sendai virus have also been developed [83]. Influenza virosomes have been applied as drug 

delivery vehicles and adjuvants while Sendai virosomes have been used in anticancer 

immune therapy [84]. Waelti et al. [85] demonstrated that doxorubicin loaded antibody 

conjugated virosomes are able to penetrate tumor and inhibit progression of breast tumors. 

Bron et al. [86] demonstrated that subunit A of diphtheria toxin (21 kDa) can be encapsulated 

in virosomes. 

1.1.3. Protein Crosslinking 

Protein crosslinkers are divided into three categories: homobifunctional, heterobifunctional, 

zero-length reagents. Homobifunctional reagents are those that have two reactive functional 

groups capable of reacting with the same amino-acid side chain. On the contrary 

heterobifunctional groups have two dissimilar groups capable of reacting with different side 

chains. Zero-length cross linkers are capable of joining two chemical groups of proteins 

without the introduction of any extrinsic material. Depending on the chemical nature of the 

crosslinker, the junction could be cleavable or non-cleavable [87]. 

Two common crosslinking agents are glutaraldehyde (GA) and formaldehyde (FA).  GA is a 

simple non-cleavable crosslinker belonging to the family of dialdehydes. Bifunctional GA 

has been used as a crosslinker on solid crystals of carboxypeptidase-A to change their 

solubility and increase their mechanical strength [88]. Although FA does not belong to 

dialdehydes, it is still capable of reacting bifunctionally. French and Edsall [89] argue that 

prolonged hydrolysis in hot acid solution can be exploited for breaking the linkage between 
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FA and proteins. The moieties involved in the original structure of the crosslinker are 

incorporated into the bridges between amino acids. Therefore by choosing a specific 

crosslinker, one can design systems that are susceptible to different cleavage triggering 

mechanisms. These triggering mechanisms may include presence of a molecule, pH change, 

or ultraviolet radiation. 

1.2. Motivation 

As discussed in section 1.1 of this chapter, bioavailability of proteins is low compared to 

drugs of small molecular weight due to their size and hydrophilicity. Among different 

alternatives for increasing the bioavailability of proteins and protecting them from 

degradative conditions, particulate carriers are favorable candidates. Preparing an injectable 

dosage of particles with well-defined release behavior provides us with a solid platform for 

local delivery of the therapeutic agent to the site of interest while minimizing the systemic 

exposure and unwanted distribution of the drug in other organs. This sustained release system 

enables us to maintain the biological drug concentration within the desirable therapeutic 

window over an extended period of time. 

It has been demonstrated that both shape and size critically control the interaction of 

particulate carriers with biological systems [90]. As illustrated in previous section, the shapes 

of the particles prepared with spray drying, emulsification, coacervation, supercritical carbon 

dioxide, and layer by layer assembly are restricted to rectangles, spheres, capsules, and rods. 

Having precise control over size and ability to manipulate the shape of individual particles 
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gives us another degree of freedom in tailoring the properties of the particulate system to suit 

its specific role in an in vivo environment. 

1.3. Approach 

The fabrication of protein based particles, with independent control over size, shape, and 

composition has been previously reported by Kelly and Desimone [91] using Particle 

Replication in Non-wetting Templates (PRINT). This method is a versatile technique capable 

of generating shape-specific, monodisperse nano or microparticles from variety of materials 

including synthetic polymers, hydrogels, and biopharmaceutical. In this work PRINT 

technology is used to fabricate microparticles with specific size and shape from the 

therapeutic protein itself. We have chosen BSA as a model therapeutic for this study, due to 

the fact that it is readily available at low cost and its structural similarity to HSA. Figure 1.1 

schematically shows the PRINT process: 

 

 

 

Figure 1.1. Different steps of particle fabrication using PRINT platform.  
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The steps involved in fabricating the microparticles with PRINT technology, are as follow: 

Step 1: An aqueous film of protein is coated on the surface of a poly ethylene (PET) sheet 

using a Mayer rod. (red: protein layer, grey: PET sheet) 

Steps 2 through 5: The micro molds are filled by passing the combination of protein coated 

PET film and mold layer through the nip of a heated laminator. (green: micromolds) 

Steps 6 through 9: Particles are harvested by passing the filled micromolds and harvesting 

layer through the nip of a heated laminator. (yellow: Luvitec VA 64 (BASF) harvesting 

layer) 

Steps 10 and 11: Free protein particles are recovered by dissolving away the sticky 

harvesting layer in an appropriate organic solvent that preserve the physical integrity of the 

particles.  

To make these particles capable of acting as a sustained release vehicle for delivery of the 

desired protein, a cleavable modification is used to crosslink the particles and confer stability 

in an aqueous environment. This modification makes the particles slowly dissolving upon 

exposure to water-based media and retains the secondary structure of the protein. 

1.4. Overview 

The overall goal of this work is to prepare slowly dissolving protein/antibody particles with 

specific size and shape. Chapter 2 covers the details of fabrication and characterization of the 

particulate system. Particles with specific size and shape are fabricated, and their properties 

are evaluated using different analytical techniques. The exposure time of the particles to the 

silylating agent is the controlling factor that determines the dissolution rate of the particles 
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upon contact with aqueous media; the longer the exposure time, the higher the amount of 

silicon on these particles. These functionalized particles are pH responsive, and high degrees 

of swelling are observed at extreme basic and acidic conditions. In chapter 3, special 

emphasis is placed on developing a formulation for delivering protein based biologics to the 

knee joint for treatment of arthritis. Although local delivery is an interesting option for 

treatment of this disease, benefits can be limited by poor retention of the conventional drug in 

the joint. To prepare an injectable, non-toxic and solvent free formulation, lyophilization 

techniques are used to minimize particle aggregation after reconstitution. X-ray imaging 

provides us with a valuable tool for determining the accuracy of injections and the degree of 

extravasation. The potential of this particulate system for increasing the retention time of the 

therapeutic in the knee joint is assessed by carrying in vivo imaging with fluorescent tagged 

bovine serum albumin. Ability of these particles for carrying an antibody is investigated by 

encapsulating a model antibody (anti-ovalbumin) within their structure. Finally, concentrated 

suspensions are prepared to increase the deliverable dosage per injection and reduce the 

frequency of injections. In chapter 4, the results are summarized in the conclusions section 

and recommendations are provided for future work. 
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 CHAPTER 2 Particle Fabrication, Functionalization, and Characterization 

2.1. Abstract 

With the recent advances in the development of novel protein based therapeutics, control 

delivery of these biologics is an important area of research. In this chapter, micro particles 

are fabricated from bovine serum albumin (BSA) as a model protein using Particle 

Replication in Non-wetting Templates (PRINT) with specific size and shape. These particles 

are then functionalized at room temperature using multi-functional chlorosilanes that 

crosslink the particles rendering them slowly-dissolving in aqueous media. Mass 

spectrometric study of the reaction products of diisopropyldichlorosilane with individual 

components of the particles reveals that they are capable of reacting and forming crosslinks. 

Energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were 

also used to confirm the functionalization of the particles. Cross sectional analysis using 

focused ion beam (FIB) and EDS proves that the functionalization occurs throughout the 

bulk of the particles and is not just limited to the surface. Circular dichroism data confirms 

that the fractions of BSA molecules released from the particles retain their secondary 

structure and thus the system can be used for delivering protein based formulations while 

controlling the dissolution kinetics. 

2.2. Introduction 

Controlled delivery of protein based formulations to the site of interest is of high practical 

importance, due to the development of novel biomolecules with therapeutic potential [50]. 

With the recent advances in biotechnology, monoclonal antibodies (mAb) are also being used 
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as protein based therapeutic agents for treating different diseases [92]. However, low 

bioavailability of these molecules makes their systemic delivery through oral route quite 

challenging. This can be attributed to large molecular weight and hydrophilicity of these 

macromolecules that makes their absorption through biological membranes difficult. [5,93]. 

The ability to protect the active compound from the harsh conditions of gastrointestinal tract 

and enzymatic barrier are other challenges in oral delivery of proteins, since the delicate 

structure of these molecules is prone to different modes of instabilities [93,94]. Due to less 

than 1% oral bioavailability of the initial dose, proteins are normally administered by either 

injection or infusion in aqueous solutions [2,93,95,96]. Local delivery to a specific site using 

intratumoral [42,43], intravitreal [37], epidural [97], and intra-articular [32] routes is 

desirable as it significantly reduces the therapeutic drug dose and adverse side effects 

associated with the undesirable distribution in various tissues and organs [3]. Other non-

invasive alternative routes suffer from the fact that in the absence of a membrane permeation 

enhancer, the absorption is much less than that of parenteral administration while toxicity is a 

major drawback of using these enhancers in the formulation [3,98]. 

According to Almeida and Souto [50] the established method of protein delivery consists of 

attaching the drugs to a proper particulate carrier, where the fate of the drug molecule is 

determined by the properties of the carrier rather than those of the protein. Therefore, use of 

an appropriate delivery vehicle that can protect proteins from enzymatic degradation and 

control the release rate is a promising approach for prolonged retention while saving the 

biological activity of the drug [46]. 
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There are numerous articles that address different systems for protein/antibody delivery. Lee 

and Yuk [46] review both polymeric hydrogel carriers and liposomal systems for delivery of 

proteins. One of the obstacles in the development of a suitable polymeric carrier for protein 

drugs is low drug loading [43]. Possible solution to this problem is preparation of particles 

that are made from a protein base carrier instead of a polymer. Several researchers have tried 

to prepare particulate systems that do not rely on a carrier polymer for delivering the protein. 

Yang et al. [99] have developed methods to produce crystalline suspensions of approved 

therapeutic mAbs. Miller et al. [100] studied highly concentrated suspensions of lysozyme 

powder in a non-aqueous mixture of safflower oil and benzyl benzoate. α-amylase crystals 

has been suspended in sucrose acetate isobutyrate plasticized with ethanol as a potential in 

situ formable protein depot [95]. 

Preparation of crosslinked albumin nano/micro particles have been reported in literature 

using suspension technology [67,68], layer-by-layer assembly [72,73], spray-drying [63], and 

desolvation/coacervation [69,70]. These methods rely on heat treatment for self-crosslinking 

through formation of interchain amide links or chemical treatment with a stabilizer such as 

glutaraldehyde and butanedione to confer dimensional stability. Glutaraldehyde reacts with 

amino groups of the protein while butanedione reacts with guanidinyl moiety of arginine 

residue to form uncleavable chemical crosslinks. In addition to irreversibility of the 

crosslinking reaction of these stabilizers, the shapes of the fabricated particles are limited to 

spheres, capsules, and rods. Bogdansky [101] gives a detailed insight into the use of albumin 

based particles for therapeutic applications. The advantage of albumin based particulate 

system is lack of toxicity and degradation into natural products. Doshi and Mitragotri [90] 
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demonstrated that both size and shape of polymeric particles critically control their 

elimination by macrophages. Therefore, precise control over shape and size is desirable for 

controlling the clearance time of the particles upon local delivery. 

Numerous pH cleavable linkers such as acetals, ketals, ortho esters [87,102], bis-pyridoxal 

polyphosphates [103], and derivative of 2-methylmaleic anhydride [104] have been 

developed for crosslinking proteins. Silyl ethers have also been successfully used for 

reversibly crosslinking precision particles made from hydroxyethyl acrylate and controlling 

the release kinetics based on the pH of the environment and size of the substituents on the 

silicon atom [105]. 

The objective of this work is to fabricate suspensions of protein particles with controlled size 

and shape capable of slowly releasing the protein based therapeutic in the aqueous media 

exploiting the pH cleavability of the silyl ether bond in the crosslinked particles. This carrier 

system can be used for local delivery of the biomolecules to the site of interest while 

maintaining protein concentration within the therapeutic window. The outcome of this work 

enables us to effectively increase the retention time of the protein based therapeutics 

deliverable through parenteral route by fine-tuning the silylation reaction and can potentially 

maximize the efficacy of the drug. 

2.3. Materials and Methods 

2.3.1. Materials 

Bovine serum albumin, diisopropyldichlorosilane, and formic acid were obtained from 

Sigma-Aldrich. Extra dry acetonitrile, trifluoroacetic acid, α-D-lactose monohydrate, 
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glycerol, and extra dry isopropanol were all ACROS products obtained through Fisher 

Scientific. Standard buffer 7.4, standard buffer 5.0, standard buffer 10.0, HPLG grade water 

and acetonitrile were obtained through Fisher Scientific. The Alexa Fluor 555 conjugated 

BSA was obtained from Life Technologies. 16:0-06:0 fatty acid NBD labeled fluorescent PC 

lipid was purchased from Avanti Polar Lipids. 

2.3.2. Methods 

2.3.2.1. Particle Fabrication 

PRINT platform has been previously used to fabricate monodisperse, shape-specific albumin 

particles [91]. In this work PRINT was used to make particles from a mixture of bovine 

serum albumin (BSA), α-D-lactose monohydrate, and glycerol (40/40/20 wt%) in deionized 

water (18.2 MΩ.cm). The mixture was rolled into the form of a flat sheet on the surface of a 

poly (ethylene terephthalate) film using Mayer rod on EZ Coater EC-200 (Cheminstruments) 

which is then used to fill the donut shaped micro molds. The filling process was carried out 

using a commercially available hot roll laminator (Cheminstruments) at 60 psi and 138˚C as 

measured by Thermax Range C (TMC Hallcrest) temperature indicator films. The particles 

were then transferred to a harvesting film made from Luvitec VA 64 (BASF) in a heated 

laminator. Particles were freed from the harvesting films by dissolving the adhesive in extra-

dry acetonitrile (ACN). Based on the fact that the solubility of BSA in ACN is minimal (0.02 

mg/mL) [106], it was possible to separate these particles from the Luvitec layer through 

consecutive washing without any obvious change to the structural integrity of the particles. 
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Furthermore, the secondary structure of the protein was expected to remain intact in the 

absence of water when using extra-dry ACN [107]. 

2.3.2.2. Particle Composition 

The composition of particles was determined using HPLC (1260 Infinity by Agilent) 

equipped with ELSD detector. The HPLC method used was based on separating BSA from 

lactose and glycerol using an Ultracel-30K Amicon Ultra centrifugal filter (Millipore) and 

then running them on two different columns based on reversed phase chromatography using 

Poroshell 300SB-C8 column (Agilent) and ion exchange chromatography using Hi-Plex Ca 

column (Agilent). 

2.3.2.3. Functionalization (Silylation) 

Silylation is extensively used in organic chemistry to block certain reaction centers by 

introducing a silyl group in place of a labile hydrogen atom. Silylation reactions are 

reversible and proceed via a mechanism involving bimolecular nucleophilic substitution at 

the silicon atom. In many cases the mechanism and rate of silylation are determined by the 

steric factors associated with the silylating agent or the compound being silylated. [108]. 

Rogozhin et al. have [109] derivatized amino acids (Pro, Tyr, Trp, Val, Asp, Lys) and 

dipeptides (Gly-Ala, Val-Val, Gly-Tyr, Gly-Trp) with different silylating agents 

(trimethylsilyldiethylamine, bis-(trimethylsilyl) acetamide, N-tri methylsilyl-N-

methylacetamide, and hexamethyldisilazane) in organic solvents at 20   C. 

Silylation with chlorosilanes has been previously used by several authors on non-

protein/peptide based materials to alter the surface properties or incorporate drugs into 
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polymeric matrices. Chlorosilanes have been used previously on multi-wall carbon nanotubes 

to functionalize their surface [110]. Gousse et al. [111] modified cellulose whiskers dispersed 

in organic solvents and concluded that it is possible to partially silylate the whiskers where 

the surface of the whiskers is silylated but the core is kept almost intact. Silylether chemistry 

has also been used for incorporating drugs into the matrix of particles as a pro-drug strategy 

with hydroxyl ethyl acrylate [112]. 

In this work silylation based on chlorosilanes was carried out on particles after harvesting 

them in ACN. The mass of the harvested particles was determined using thermogravimetric 

analysis (TGA Q5000 TA instruments). Particles (5 mg) were dispersed in 4.7 mL of ACN 

and then 1.27 mL of diisopropyldichlorosilane (DIDCS) was added while allowing the 

reaction to proceed for 6, 12, 24 hours. At the end of the treatment with the chlorosilane, the 

particles were washed with IPA which quenched the reaction at the desired time point and 

enabled the removal of unreacted DIDCS. Figure 2.1 schematically shows the silylation 

process of the particles and introduction of a silyl group in place of the labile hydrogen atoms 

upon exposure to DIDCS that results in formation of a crosslink. The amino acid 

composition of BSA [113,114] contains multiple residues (e.g. Tyr, Ser) with labile hydrogen 

atoms that can serve as an anchor points for attachment of diisopropyl groups. Therefore it is 

expected that multiple residues participate in the reaction. The byproduct of the reaction is 

hydrochloric acid which is expected to behave as a weak acid in pure ACN (pKa of 8.9) 

[115]. 
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Figure 2.1 Schematic of silylation procedure carried on particles with DIDCS. H: Labile hydrogen atom, 

X: Representative atom in the functional group. 

2.3.2.4. Chemical Characterization 

2.3.2.4.1. Mass Spectrometry 

Electro spray ionization (ESI) is a useful ionization method for analysis of proteins as it 

provides both good resolution and accuracy [116]. To understand the interaction of 

chlorosilane with the components of the particles, mass spectrometric analysis using ESI was 

done on the individual components of the particles. 

BSA powder was pulverized in an agate pestle and mortar combination (Fisher) and passed 

through 400 mesh sieve (Fisher) with 38 micron nominal opening to get a fine dry powder 

(20 mg) which was then dispersed in 12 mL ACN and 5 mL DIDCS was added to the 

mixture. The reaction was allowed to proceed for 12-24 hours and then neutralized with IPA 

at the end of experiment. BSA crystals were then spun down and washed with extra IPA to 

remove unreacted and physisorbed chlorosilane. Intact and silylated samples were all purified 

and isolated by centrifugal filtration through Amicon Ultracel-30K filters. Silylated samples 

were dialyzed overnight in HPLC water (Slide-A-Lyzer dialysis cassette - Pierce 20,000 

MWCO). Samples were then directly injected into Thermo LTqFT mass spectrometer 
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(Thermo Fisher Scientific) and analyzed in positive ion trap mode (600-2000 m/z), by 

preparing 5 mg/mL samples. Typically, 0.5 mL of the mixture was mixed with 1 mL HPLC 

grade ACN and 0.5 mL 3% v/v formic acid in HPLC grade water. 

Instrument was externally calibrated with resolution setting of 100,000. MS/MS study was 

done using the same mass analyzer in positive ion trap mode (400-2000 m/z) with collision 

induced dissociation (Helium) at 10 normalized collision energy and isolation width of 2 m/z 

to obtain the fragments of the parent ion. Activation Q and time were 0.250 and 30 

milliseconds respectively. ProMass software (Novatia) was used for deconvolution of the 

intact and modified protein spectra to obtain the molecular weights. High baseline removal 

(1.2) was used in the deconvolution algorithm and output range was set to 40,000-100,000 

Da. 

Reaction products of glycerol with DIDCS was analyzed using the same mass spectrometer 

in Fourier transform mode. For glycerol, 1 mL glycerol was mixed with 1 mL DIDCS and 

the reaction was allowed to proceed for 3 days when it was finally neutralized with 3 mL 

IPA. No evidence of reaction of lactose with DIDCS could be detected under these reaction 

conditions. 

2.3.2.4.2. XPS/EDS/FIB 

The nature of functionalization at the individual particle level was analyzed by Energy 

dispersive Spectroscopy (EDS) using INCA (Oxford Instruments) on FEI Helios 600 

Nanolab Dual Beam System which was also used for cross sectional study. Individual 

particle analysis was done by drying the particles over the surface of a copper tape and then 
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coating them with 3 nm Au/Pd (Cressington sputter coater 108 auto). Three different random 

particles per each sample were analyzed to quantify the amount of silicon on each sample. 

For cross sectional analysis using focused ion beam (FIB), particles were dried over the 

surface of a carbon planchet (Electron Microscopy Services) and coated with 10.5 nm of 

carbon (Gatan 681 high resolution ion beam coater) to prevent re-depositioning of Au/Pd 

upon cutting the particle at 30.0 kV with 9.7 pA Ga
+
 current. Linescans at 5 kV were then 

performed on particles to measure the variation of elements across the particle. 

X-ray Photoelectron Spectroscopy (XPS) using monochromatic Al Kα source (1486.6 eV) of 

Kratos Axis Ultra (150W) was used to investigate the structural changes to follow the 

crosslinking chemistry. Particles were deposited on Au (65nm)/Ti (15nm) covered silicon 

wafers and two different points on each sample were analyzed and then the measured values 

were averaged. During the experiments the charge neutralizer was on. Four sweeps of 800 

milliseconds dwelling time were used for sulfur (S 2p), silicon (Si 2p & Si 2s), chlorine (Cl 

2p), while for carbon (C 1s), oxygen (O 1s) and nitrogen (N 1s) only one sweep of 800 

milliseconds were performed. 

2.3.2.4.3. SEM/TEM 

SEMs were obtained on Hitachi S-4700 Cold Cathode Field Emission Scanning Electron 

Microscope by coating the samples with 3 nm of Au/Pd alloy. Transmission electron 

microscopy (TEM) was carried by first staining the particles with osmium tetroxide through 

vapor deposition and then image was obtained using JEOL 2010F-FasTEM on a copper grid. 
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Particle size measurements post fabrication was carried on a dry sample by performing 28 

different measurements on SEM images using ImageJ [117]. 

2.3.2.4.4. Circular Dichroism 

A circular dichroism (CD) signal will be observed when a chromophore is chiral (optically 

active)
 

[118]. Spectra were obtained with Chirascan Plus spectrometer (Applied 

Photophysics) in 10 mM K2HPO4 and a cell path length ( ) of 0.1 cm at room temperature 

from 190 to 240 nm. For measuring the concentrations Coomassie Plus colorimetric assay 

(Thermo Scientific) was used to determine the protein concentration (  M). 15 µL of the 

mixtures were mixed with 300 µL of the assay mixture and the absorbance was measured at 

595 nm (25-500 µg/mL). Concentrations obtained from the protein assay were then used to 

convert the circular dichroism data (   mdeg at specific wavelength  ) to    molar 

differential extinction coefficient per residue (M
-1

cm
-1

) assuming a mass of 114.15 Da per 

amino acid residue for BSA prior and post modification (   
  

             
 ,where   is 

the total number of amino acid residues).  

CDPro software (developed at Colorado State University) was used to analyze the CD 

spectra and quantify the structure. The spectra were fitted with CONTINLL subroutine using 

7 bases [119]. Melting experiment of BSA was done by heating a 350 µg/mL solution using 

QNW temperature control from 25 ºC to 95 ºC. 

2.3.2.4.5. Alexa Fluor 555 BSA Conjugate Loading 

To study the dissolution mechanism and kinetics 5 mg Alexa Fluor 555 conjugated BSA was 

loaded into the pre-particle solution per 250 mg of BSA to fabricate fluorescent particles for 
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studying the dissolution mechanism and rate. To understand the dissolution/desilylation 

process, particles were reacted with chlorosilane for 6, 12, and 24 hours and then the 

resulting material was exposed to pH 5.0 and 7.4 buffers to measure the fractional release of 

Alexa Fluor 555 conjugated BSA. Several different aliquots containing 3.13 mg of particles 

were prepared. Each aliquot was reconstituted in 600 µL of either pH 5.0 or 7.4 buffer and at 

each time point the particles were spun down and 100 µL of the supernatant was analyzed in 

triplicates by measuring the florescence intensity (Excitation: 545 nm Emission: 575 nm) 

using SpectraMax M5 (Molecular devices) in Nunc 96 microwell plates (Thermo Scientific). 

The intensity of soluble unfunctionalized particles served as the reference for calculation of 

the fractional dye release from the particles. 

2.3.2.4.6. Lipid Coating 

After silylation for 24 hours, approximately 2 mg of Alexa Fluor 555 conjugated BSA loaded 

particles are dispersed in 1 mL of the mixture of NBD-PC+IPA (1mg/mL) overnight for 

equilibration and then washed with either IPA or ACN. 

2.3.2.4.7. Fitting and Statistical Analysis 

All the model fittings were done by JMP software (SAS Institute) and p value for statistical 

significances were calculated by QuickCalcs (GraphPad) online statistical calculator. 
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2.4. Results and Discussion 

2.4.1. Particle Fabrication and Composition 

Figure 2.2.A shows the sieved BSA powder and Figure 2.2.B shows the particles as 

fabricated with PRINT platform on the harvesting layer. Once harvested, free particles are 

obtained by washing them with extra-dry ACN (Figure 2.2.C). Figure 2.2.E shows a TEM of 

the free particles. The composition of the particles post-fabrication was determined using 

HPLC (see Appendix A) to be 55.7 wt% BSA, and 43.1 wt% lactose, and 1.2 wt% glycerol 

as schematically shown in Figure 2.2.D. These particles were further loaded with Alexa Fluor 

555 conjugated BSA as seen in Figure 2.2.G. The mean external diameter, internal diameter, 

and thickness of the particles were measured as 2.88±0.21, 0.7±0.06, 0.56±0.17 µm 

respectively (Figure 2.2.F). 
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Figure 2.2 A. BSA powder grinded and passed through 400 mesh sieve. B. SEM of the particles obtained 

on the harvesting layer. C. SEM of free particles after washing with ACN. D. Particle composition post 

fabrication as determined by HPLC. E. TEM of particles stained with OsO4. F. particle size as measured 

by image analysis using ImageJ. G. Particles loaded with Alexa Fluor 555 conjugated BSA on the surface 

of the harvesting layer. (Excitation: 555 nm, Long pass filter: 560 nm) 
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2.4.2. Component Reactivity 

After 12 hours of functionalization peaks of BSA are shifted towards higher m/z, which 

serves as the evidence of functionalization with DIDCS. Figure 2.3.A and 2.3.B compare the 

spectra of BSA post functionalization before and after dialysis with that of the intact 

material. Due to low signal intensity after 24 hours of silylation no conclusions could be 

drawn regarding this sample. Exposure of BSA to chlorosilane for 24 hours causes formation 

of visible precipitates, which serves as an evidence of crosslinking. Once the spectra for 

intact and modified samples are deconvoluted, we can see an increase in the molecular 

weight of the BSA due to silylation as illustrated in Figure 2.3.C. 
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Figure 2.3. Mass spectrum of BSA prior and after functionalization: A. m/z range 1000-1600, B. m/z 

range 1400-1500. C. Deconvoluted spectra of intact and modified BSA samples. 
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Fragmentation of the peaks of intact and 12 hours silylated sample post dialysis at 1444.9 

m/z shows fundamentally different fragmentation patterns. The arrow in Figures 2.4.A and 

2.4.B show the location of parent ion that underwent fragmentation. Due to complexity of the 

fragments formed, structure assignment was not possible. 

 

 

 

Figure 2.4. Fragments of the molecule after isolation of the parent 1444.9 m/z peak with width of 2 m/z 

using 10 normalized collision energy. A. Intact molecule prior to modification, B. 12 hours silylated 

sample post dialysis. 

To investigate the possibility of reaction of glycerol with DIDCS, the reaction mixture was 

directly injected to the mass spectrometer without addition of water to prevent desilylation of 

the reaction products. Based on Figure 2.5.D, it can be seen that glycerol is capable of 

forming variety of combinations with DIDCS under the reaction conditions. The most 

abundant component is compound E formed from the reaction of two equivalents of DIDCS 

with one equivalent of glycerol (Figure 2.5.B). However, although less abundant compared to 

compound E, multiple glycerol molecules can also be linked together due to the multi-
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functionality of both DIDCS (2x-Cl) and glycerol (3x-OH) as confirmed by presence of 

compounds D, G, and H (Figures 2.5.A and 2.5.C). Furthermore, Figure 2.5.D confirms that 

the reaction conditions are conducive to formation of larger fragments. However, assigning 

structures to these peaks is not straightforward due to multitude of the combinations. Table 

2.1 lists the identified peaks and error involved between the observed and theoretical mass of 

the compounds. Proposed structures are also shown in Figure 2.6 for compounds A-H. 
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Figure 2.5. Fourier transform mass spectra for the reaction products of glycerol with diisopropyldichlorosilane. m/z range A. 200-300, 

compounds: A, B, C, D. B. 200-430, compounds A, E, H. C. 390-430, compounds: F, G, H. D. 200-1000, compounds A, E, H. 
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Figure 2.6. Identified reaction compounds of glycerol with diisopropyldichlorosilane. 
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Table 2.1 Structure assignments for reaction products of glycerol with DIDCS. 

# Formula 
Monoisotopic Mass  

(M+H)
+
 

Measured Mass  
(M+H)

+
 

Width (u) ∆m (u) Error (ppm) 

A C9H20O3Si  205.1259961 205.12597 1 2.61E-05 1.27E-01 

B C12H28O4Si 265.1835109 265.18355 1.6 3.91E-05 1.47E-01 

C C12H30O3Si2 279.1811729 279.18137 1.9 1.97E-04 7.06E-01 

D C12H28O6Si 297.1733402 297.17360 2 2.60E-04 8.74E-01 

E C15H34O4Si2 335.2073877 335.20774 2.7 3.52E-04 1.05E+00 

F C18H42O5Si2 395.2649025 395.26546 3.6 5.57E-04 1.41E+00 

G C18H41O6Si2 409.2441671 409.24465 3.9 4.83E-04 1.18E+00 

H C18H42O7Si2 427.2547318 427.25521 4.3 4.78E-04 1.12E+00 
  

 

 

 

2.4.3. Particle Ensemble Analysis 

XPS is a powerful technique for detecting the compositional variations on the surface 

induced by silanization [120]. The amount of silicon on the surface of the particles was 

measured and relative intensities of the peaks were plotted in Figure 2.7. The sulfur (S 2p) 

peak serves as a protein marker and therefore was used as the appropriate reference element 

for comparing the relative intensities of the peaks. As Figure 2.7 shows silicon (Si 2s) and (Si 

2p) peaks increase with respect to sulfur (S 2p) as a function of reaction time. The ratio of 

silicon (Si 2p) to chlorine (Cl 2p) is also plotted for comparison. It can be seen that the ratio 

of silicon (Si 2p) to chlorine (Cl 2p) deviates from the expected stoichiometric value of 0.5 as 

reaction proceeds in time. Figures 2.8.A-2.8.C compare the corresponding peaks of silicon 

(Si 2s & Si 2p), and sulfur (S 2p) for unmodified and reacted samples. The survey scan is 

also shown in Figure 2.8.D for the modified sample after 24 hours of reaction. 
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Figure 2.7. Average Si 2p/S, Si 2s/S, Si 2p/Cl for reacted particles as a function of functionalization time. 

(n=2) 

 

 

 

Figure 2.8. XPS scans for unmodified and 24 hours silylated samples A. Si 2s, B. Si 2p, C. S 2p, D. Survey 

scan.  



 

42 

To further study the reaction on the surface of the particles high resolution scans of oxygen 

(O 1s), and nitrogen (N 1s) peaks were performed to detect any chemical changes due to 

functionalization. Figures 2.9.A and 2.9.B compare oxygen (O 1s) scans for unmodified 

particles and the sample treated for 24 hours. Figures 2.9.C and 2.9.D compare nitrogen (N 

1s) scans for unmodified particles and the sample treated for 24 hours. The ratio of each 

component of the deconvoluted peaks for oxygen (O 1s) appears to follow a trend as depicted 

in Figure 2.10.A (with respect to Sulfur) and Figure 2.10.B (with respect to all the 

components), while nitrogen (N 1s) components did not change. 
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Figure 2.9. High resolution XPS peaks for: A. O 1s unmodified, B. O 1s 24 hours silylated, C. N 1s 

unmodified, D. N 1s 24 hours silylated and the corresponding deconvolutions. 

The shifted values for the binding energies of the deconvoluted peaks, with respect to 

aliphatic carbon at 285.0 eV are presented in Table 2 for comparison. Although the carbon 

peaks are not shown for brevity, the locations of the components are listed in Table 2.2. 
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Figure 2.10. A. Ratio of the individual components of O 1s peak relative to sulfur as a function of reaction 

time. B. Ratio of the individual components of O 1s peak relative to the sum of all the O 1s components. 

(n=2) 

 

 

 

Table 2.2 XPS peak positions shifted with respect to aliphatic carbon for intact and 24 hours modified 

samples. 

 
C 1s A C 1s B C 1s C C 1s D N 1s A N 1s B O 1s A O 1s B O 1s C S 2p Si 2s Si 2p Cl 2p A 

Unmodified 285.0 287.9 286.3 289.1 399.9 401.5 531.4 532.7 534.0 163.6 x x 197.9 

24hr 285.0 287.9 286.3 289.1 399.9 401.5 531.5 532.8 534.1 163.6 153.0 101.3 197.5 

 

 

 

Lopez and coworkers [121] reported the value of 532.8 eV for the oxygen (O 1s) peak of 

1,10-decanediol and 532.7 eV for poly (vinyl alcohol) and poly (propylene glycol) with 

reference to aliphatic carbon peak at 285.0 eV. Therefore, it can be concluded that the 

reduction in the intensity of the oxygen (O 1s) peak (labeled B) is consistent with 

consumption of hydroxyl groups on the surface due to the functionalization after 24 hours. 

The oxygen (O 1s) peak (labeled A) of 531.4 eV is very close to peptidic oxygen of BSA as 

reported by Iucci et al. [122] at 531.6 eV. 
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2.4.4. Silicon Content 

2.4.4.1. Individual Particle Analysis 

Figures 2.11.A and 2.11.B compare the X-ray beam effect on a representative particle. Post 

analysis we find that the particle retains its shape, although there is some minor structural 

damage due to the beam (Figure 2.11.B). Elemental mapping at 20 kV over the top surface of 

the particle confirm presence of silicon in the particle as depicted in Figure 2.11.C. Maps of 

oxygen, sulfur, chlorine, nitrogen, carbon are also shown in Figures 2.11.D-2.11.H for 

comparison.
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Figure 2.11. Elemental mapping (20 kV) on the particle silylated for 24 hours: A. Particle not exposed to EDS beam. B. Particle after 

exposure to EDS beam. C. Si Kα, D. O Kα, E: S Kα, F: Cl Kα, G: N Kα, H: C Kα.
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Corresponding spectrum obtained from elemental mapping of the particle is shown in Figure 

2.12. 

 

 

 

Figure 2.12. EDS sum spectrum of the elemental mapping on the particle at 20 kV. 

Quantification of the degree of silylation on the particles is done by analyzing an area on the 

top surface of the particles (pink rectangle in Figure 2.13). Different particles of silylated 

samples are analyzed and the result is shown in Figure 2.13. It can be seen the longer the 

exposure to DIDCS the higher the ratio of Si/S, Si/O, and Si/C on the particles. 
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Figure 2.13. EDS analysis of a single particle and calculation of Si/O, Si/C, and Si/S ratio as a function of 

reaction time. The area scanned on the top of the particle is also shown as a pink rectangle. 

2.4.4.2. Cross Sectional Analysis 

Figure 2.14.A and 2.14.B show the side and top views of particles after being cross sectioned 

with the FIB, respectively. The distribution of the elements along the yellow line depicted in 

Figure 2.14.A is plotted in Figure 2.15.B as a function of distance. The sum spectrum of the 

linescan is also compared with the spectrum of the background to confirm that no silicon 

signal is detected on the carbon background (Figure 2.15.A). 
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Figure 2.14. Particle sectioned using focused ion beam. A. side view yellow line indicates the position of 

the line used to perform the EDS analysis, B. Top view of the same particle. 

 

 

 

 

 

Figure 2.15. A. Sum of the elemental spectrum along the linescan compared to the spectrum of the carbon 

background at 5kV. B. Distribution of the elements along the linescan. 

Based on Figure 2.15.B, we see no variation of the silicon content along the scanned line, 

which is evidence for the fact that DIDCS penetrates all the way through the particle and the 

reaction is not only limited to the surface of the particles. 
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2.4.5. Mechanism, Dissolution Profile, and Secondary Structure 

2.4.5.1. Mechanism 

To understand the kinetics of the dissolution process for the particles post functionalization, 

the behavior of a 12 hour silylated sample is tracked in pH 7.4 buffer as a function of time 

(every 30 minutes). As seen in Figure 2.16 the intensity of the Alexa 555 conjugated dye in 

the particle gradually diminishes due to dissolution of the conjugated BSA from the particles 

to the surrounding environment. 

 

 

 

Figure 2.16. Time lapse images (every 30 minutes) of a particle containing Alexa Fluor 555 conjugated 

BSA placed in a vat of pH 7.4 buffer showing the gradual migration of the dye from the particle. 

(Sequence starts at image 1 and ends at image 10, Excitation: 555 nm, Long pass filter: 560 nm) 
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Effect of both acidic pH (0.1% TFA) and basic pH (pH 10.0 buffer) on the size of particles is 

illustrated in Figures 2.17.A and 2.17.B for particles functionalized for 24 hours, 

respectively. It can be seen that at these pH extremes, particles significantly swell to 4-5 

times their original size. The tendency of particles to aggregate at pH of 7.4 can be seen in 

Figure 2.17.C. Figure 2.17.D shows the particles that were not exposed to water for size 

comparison. Shirai et al. [123] have studied the effect of different pHs on the hydrolytic 

removal of silyl groups from trialkyl silyl ethers. Based on their report, there exists a pH 

where the observed hydrolysis rate constants are minimized and the rate of hydrolysis is also 

affected by the electronegativity and steric size of the substituents on both the silicon and 

oxygen atoms. The hydrolysis rate follows first order kinetics for both [H3O
+
] and [OH

-
]. The 

extreme swelling of the particles in both acidic and basic pH confirms that the mechanism of 

dissolution is desilylation. 
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Figure 2.17. 24 hours silylated particles A. 0.1% TFA in water, B. pH 10.0 buffer, C. pH 7.4, D. Dry 

(Excitation: 555 nm, Long pass filter: 560 nm) 

2.4.5.2. Dissolution Profile 

Since dissolution kinetics of these particles is controlled by the removal rate of the silyl 

groups, the pH of the environment critically controls the dissolution profile. To understand 
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the dissolution/desilylation of the particles, silylated particles were exposed to pH 5.0 and pH 

7.4 buffers to measure the fractional release of Alexa Fluor 555 conjugated BSA. Figure 

2.18.B shows the release behavior of the particles under two different pHs. The release rates 

are much slower at pH 5.0 which can be attributed to the pH dependency of desilylation 

process. 

 

 

 

Figure 2.18. A. Fractional dye release (0-600 minutes) from the particles at pH 7.4 as a function of 

reaction time (symbols) and the corresponding fits to Korsmeyer-Peppas and Weibull models (lines). B. 

Fractional dye release (0-300 minutes) from the particles at pH 7.4 and 5.0 as a function of reaction time. 

Based on Figure 2.18.A, it is observed that the longer the treatment of the particles to the 

chlorosilane the slower the dissolution rate of the particles. This is consistent with the higher 

silicon content of the particles as a function of reaction time, obtained from EDS experiments 

that confirms higher crosslinking density of the particles. 
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Numerous mathematical models exist in the literature for describing the dissolution behavior 

[124,125]. The data for pH of 7.4 had been fitted to Weibull model [126] without any lag 

time and Korsmeyer-Peppas model [127]. The diffusional exponent in the Korsmeyer and 

Peppas model is indicative of release mechanism (mode of transport of solute) and is shape 

dependent [128]. Figure 2.18.A also shows the fits to the data at pH 7.4 and calculated model 

parameters are listed in Table 2.3. 

 

Table 2.3 Model parameters for Korsmeyer-Peppas model (k,n) and Weibull model (a,b) fitted to 

experimental data at pH 7.4 and the corresponding error. 

Model 12hr rx 24 hr rx 

Korsmeyer-Peppas (KM) Model 

    

         
         

Mean Squared Error =0.00899 

         
         

Mean Squared Error =0.00021 

Weibull Model 

      
   

 
 

          
         

Mean Squared Error=0.00343 

          
         

Mean Squared Error =0.00013 

 

 

 

2.4.6. Secondary Structure 

CD signal allows us to track the structural changes associated with processing or 

functionalization of the protein in the particles. An examination of the melting behavior of 

intact BSA was done to evaluate the structural changes associated with heat denaturation of 

the protein, which will enable us to compare the structures of processed BSA to that of the 

intact or denatured BSA. It can be seen that the intensity of the peaks at 209 and 222 nm is 

greatly reduced upon heating the sample to 95 ºC (Figure 2.19.C). 
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Modified particles reacted for 24 hours and unmodified control particles were dissolved in 

pH 7.4 solutions for a period of 18 hours at 4°C in pH 7.4 buffer and then diluted in 10 mM 

K2HPO4. For control particles and those reacted for 24 hours the concentrations were 

approximately 202 and 82 µg/mL respectively. Figure 2.19.A shows the CD data for 

unmodified and modified particles and compares that to intact BSA and heat denatured BSA. 

 

 

 

Figure 2.19. A. Circular dichroism spectra for denatured BSA, intact BSA, unfunctionalized control 

particles, and functionalized particles for 24 hours (symbols). Corresponding fits using CDPro software 

are also shown (lines). B. Contribution of each structure after deconvolution. C. CD signal at 222 and 209 

nm as a function of temperature for BSA solution. 
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Houen et al. [129] showed that denatured BSA has limited solubility in water and thus 

structural changes post denaturation is expected to be detectable with circular dichroism. The 

data in Figure 2.19.A suggests that the silylation process used herein did not perturb the 

secondary structure of the fraction of BSA molecules that were dissolved in the buffer 

through the course of the dissolution experiment. The secondary structure of the protein was 

estimated by deconvoluting the peaks and calculating the percentage of helical, beta, turn, 

and random components of the structure. Figure 2.19.B shows the corresponding structural 

components of the experimental data. The accuracy of the fits to the experimental data is also 

shown in Figure 2.19.A. This method had been used by Harn et al. [92] to study the structure 

of recombinant humanized IgG1κ and also by Estey et al. [130] to study degradation of BSA 

under acidic conditions. 

2.4.7. Lipid Coating 

Ng et al. [131] have used NBD-PC to show assembly of lipid for fabricating lipobeads. Post 

silylation the surface of the particles can be further coated with Egg-PC. Figures 2.20.D and 

2.20.F confirm that fluorescent tagged NBD-PC gets adsorbed at the particle-solvent 

interface. Particles that were not covered with NBD-PC are also shown in Figure 2.20.B for 

comparison using the same configuration. 

This extra layer of lipid can serve as a cryoprotectant during the freeze drying of the particles 

from an aqueous mixture. The lipid is readily soluble in IPA, but hardly soluble in water or 

ACN. By comparing the intensity of the green channel in Figures 2.20.D and 2.20.F, it can be 

seen that the lipid coated particles washed with IPA have lower NBD intensity in green 
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channel compared to the one washed with ACN, due to solubility of the lipid in IPA. Since 

the particles were loaded with Alexa 555 conjugated BSA, red fluorescent channel is also 

shown in Figures 2.20.A, 2.20.C, and 2.20.E for comparison. 
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Figure 2.20. Particles loaded with Alexa 555 conjugated BSA in IPA (A red and B green channel). 

Particles loaded with Alexa 555 conjugated BSA and coated with NBD Egg-PC in IPA (C red and D 

green channel). Particles loaded with Alexa 555 conjugated BSA and coated with NBD Egg-PC in ACN 

(E red and F green channel). (Red channel: Excitation: 543 nm, Long pass filter: 560 nm Pinhole 78 µm / 

Green channel: Excitation: 488 nm, Band pass filter: 505-530 nm, Pinhole 45 µm)  
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2.5. Conclusions 

We have demonstrated that the combination of PRINT technology and silylation provides a 

valuable tool for tuning the solubility of the protein particles while controlling their size and 

shape. EDS and XPS confirm the modification at the particle level and ensemble level 

respectively. The silylation process renders the solubility of the particles to be tunable, 

eventually dissolving in aqueous media while not perturbing the secondary structure of the 

fraction of BSA released from the particles. The rate of dissolution can be controlled by the 

time particles spend in the functionalization media consisting of acetonitrile and 

diisopropyldichlorosilane. Extreme swelling of the particles in low and high pH confirms that 

desilylation is the mechanism of particle dissolution. To further understand the nature of 

functionalization, EDS cross sectional analysis confirmed that the chlorosilane diffuses all 

the way through the particles and is not just limited to the surface. It has also been 

demonstrated that the surface of these particles can be coated with a lipid to protect them 

through downstream processes. 
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 CHAPTER 3 Toxicity, In Vivo Experiments, Viscosity, and Antibody 

Encapsulation 

3.1. Abstract 

Controlled delivery of protein based formulations with injectable particulate suspensions 

through intra-articular (i.a.) route is an exciting method for delivering biological disease 

modifying anti-rheumatic drugs. However, benefits of local treatment can be hindered by 

poor retention of the therapeutic agent in the joint. In this chapter, possibility of using 

slowly-dissolving protein based particles prepared in chapter 2, as a drug carrier for i.a. 

delivery is investigated. It is demonstrated that the functionalized particles can be lyophilized 

from a non-aqueous mixture of poly (vinyl pyrrolidone) with tert-butanol to confer 

physiochemical stability to the formulation. In vitro cell viability study with murine RAW 

264.7 macrophages and synovial fibroblasts isolated and cultured from healthy mice confirm 

that functionalization does not induce acute cytotoxicity in the particles. Upon reconstitution 

of PVP lyophilized particles with 0.1% w/w Tween 80 in PBS, these particles are then 

delivered to the mouse knee joint using i.a. route. X-ray imaging with a contrast agent (E-Z-

PAQUE) post injection provides us with valuable information regarding the fate and 

accuracy of the injections. In vivo imaging experiments with particles loaded with Alexa 

Fluor 680 conjugated BSA confirm that higher retention can be obtained compared to the 

soluble form when the fluorescent tagged BSA is incorporated in these slowly-dissolving 

particles. The averaged area under curve (AUC) for fluorescent signal versus time in the knee 

joint is approximately 1.78±0.39 times of that for the unmodified sample and the half-life is 5 
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times longer compared to the soluble form of the fluorescent protein (four animals per 

group). Furthermore, we demonstrated that this system can act as a carrier for delivering 

antibodies by incorporation of a model antibody (anti-ovalbumin) in the particle formulation 

and providing evidence that the antibody remains active after encapsulation into the particles. 

Finally, viscosity measurements confirm that these particles can be formulated to deliver 

higher dosage of the therapeutic depending on the pH of the formulation and site of the 

administration which can be exploited for increasing patient compliance and decreasing the 

frequency of injections. 

3.2. Introduction 

It is estimated that by 2030, sixty-seven million Americans ages eighteen years or older, will 

be diagnosed with arthritis [132]. Moreover, there are numerous drugs of biological origin 

that provide new routes for blocking pro-inflammatory pathways of arthritis which can alter 

the course of the disease [133]. When arthritis symptoms are restricted to individual joints, 

local treatment is an attractive option. However, benefits of local treatment can be limited by 

poor retention of the drug in the joint [134]. The principal advantage of local delivery is that 

only minimal amount of drug is required to exert the desired pharmacological activity and 

thus, reducing drug exposure to inappropriate sites [135-137]. Furthermore, due to lack of 

vascularity in articular cartilage, regional administration would be more beneficial compared 

to administration into the systemic circulation [31]. Specifically, for protein based drugs with 

low bioavailability by other routes, regional administration through an intra-articular (i.a.) 

route is a very valuable option [138]. It is known that entry of macromolecules into the 
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synovial fluid from systemic circulation is inversely proportional to their molecular weight 

[137], and therefore the higher the molecular weight of the therapeutic, the more difficult it is 

to deliver to the joint through systemic exposure. According to Mitragotri and Yoo [133], 

carrier systems that release the drug in a controlled manner in the synovial area and are 

reasonably designed based on physiochemical properties of the drug and pathophysiological 

characteristics of the disease are greatly needed for treating arthritis. 

Several researchers have used particulate based carrier systems with variety of sizes and 

chemistries to evaluate their potential in increasing the retention time of the therapeutic in the 

joint or reducing inflammation. Horisawa et al. [139] have studied the size effect of particles 

made from poly (lactide-co-glycolide) (PLGA) in rats by comparing the retention of 265 nm 

and 26.5 µm particles. Liggins et al. [140] prepared paclitaxel loaded PLGA, poly (L-lactic 

acid), and poly (caprolactone) with different sizes to investigate biocompatibility and 

efficacy in rabbits for treatment of inflammation. Butoescu et al. [141] have used PLGA nano 

particles containing super magnetic iron oxide and dexamethasone acetate. Nishide et al. 

[142] have studied in vivo fate of microspheres made of D,L-lactic acid oligomers of three 

different molecular weights and size fractions (smaller than 20, 20-100, and between 100-200 

µm). Brown et al. [143] have tested gelatin plus chondroitin-6-sulfate microspheres for 

delivery of labeled catalase and albumin into mouse joint. Whitmire et al. [144] have utilized 

block copolymers to tether anti-inflammatory proteins to the particles for joint retention 

study in rats. Biological non-particulate formulations have also been explored as a viable 

option for treating arthritis in clinical settings. Nikas et al. [32] have studied the effect of 

soluble i.a. injections of infliximab in patients with resistant monarthritis and four out of five 
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patients in their study responded well to the injections. Migliore et al. [145] also reported 

positive response to local treatment upon i.a. injection of infliximab. Review by Gerwin et al. 

[30] gives an in-depth view on the i.a. delivery route for osteoarthritis including the micro 

and nano-particulate systems. 

Albumins from variety of sources have been used in literature as a potential carrier for 

delivery of diverse therapeutics. According to Kratz [146] human serum albumin (HSA) is a 

versatile protein carrier in clinical setting. HSA has been used as a vehicle for targeted 

delivery of Methotrexate. [147]. Microspheres made from rabbit serum albumin (RSA) has 

been studied for delivery of steroids [148]. Biocompatibility of glutaraldehyde crosslinked 

RSA microspheres was investigated by Ratcliffe et al. [149]. Jun and Lai [150] evaluated the 

possibility of developing a controlled release formulation based on egg albumin for delivery 

of nitrofurantoin. Bogdansky [101] gives a detailed insight into the use of albumin based 

particles for therapeutic applications. The advantage of albumin based particulate system is 

lack of toxicity and biodegradation into natural products. Bovine serum albumin (BSA) has 

also been studied as a viable injectable biodegradable system for sustained release of 

progesterone in rabbits [151] and as a matrix for delivery of dexamethasone [152], diclofenac 

sodium [153], and naproxen sodium [154]. Egbaria and Friedman [155] compared the release 

rates of antibacterial drugs from egg, human, and bovine albumin microspheres and 

concluded that the release rates are dependent on the source of albumin used in preparation 

of the particles.  

Beside the size and albumin source, shape of the particles can also play an important role in 

triggering an inflammatory reaction [138]. The objective of this work is to increase the dwell 
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time of an injectable, biocompatible micro particle formulation with specific size and shape 

for delivery of protein based therapeutics to the joint using BSA as a model carrier. 

Particulate suspensions of slowly dissolving particles made from BSA and crosslinked with 

diisopropyldichlorosilane (DIDCS) were prepared and then delivered to the mouse knee joint 

using i.a. route. In vivo near infra-red (NIR) imaging was used to study the retention of the 

fluorescent tagged BSA in the joint. We demonstrated that the half-life of BSA can be 

increased by using the slowly-dissolving particulate form instead of the soluble form. Similar 

method of analysis has been employed by Butoescu et al. [141] to compare the retention of 

PLGA particles loaded with iron oxide nanoparticles upon subcutaneous implantation of a 

magnet near the joint using a surgical technique. To confirm that our particulate system is 

capable of delivering antibodies, a model antibody (anti-ovalbumin) was encapsulated in the 

particles and we demonstrated that the activity was retained post particle fabrication.  

According to Harn et al. [92], the pharmaceutical industry is interested in developing 

concentrated suspensions of biologics with concentrations greater than 100 mg/mL to relieve 

the drawbacks of dilute formulations. The rheological properties of the material such as 

viscosity and yield stress are of significance in determining the ease of administration [156]. 

Our viscosity measurements confirm that higher delivery dosage of particles per injection is 

possible depending on the pH of the reconstitution media and the administration site. 
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3.3. Materials and Methods 

3.3.1. Materials 

Bovine serum albumin, diisopropyldichlorosilane, poly (vinyl pyrrolidone) (PVP), tert-

butanol (TBA), benzyl benzoate, and Dulbecco’s phosphate buffered saline were purchased 

from Sigma-Aldrich. Alexa Fluor 680 conjugated BSA and Alexa Fluor 555 conjugated BSA 

were purchased from Life Technologies. Extra dry acetonitrile (ACN), α-D-lactose 

monohydrate, glycerol, extra dry isopropanol (IPA), Tween 80, standard buffer 7.4, standard 

buffer 5.0, and buffered formalin were all obtained through Fisher Scientific. 

Anti-ovalbumin antibody and EndoGrade ovalbumin were obtained from LS Bio and Hyglos 

GmbH respectively. Immunocal (Decal Chemical Corporation) which is a mild formic acid 

decalcifier was used for decalcification of bone when preparing histological sections. HRP 

conjugated goat anti-rabbit IgG (Southern Biotech), Coomassie brilliant blue R-250 (Bio-

Rad), and 1x TMB ELISA substrate solution (eBioscience) were used for sandwich enzyme-

linked immunosorbent assay (ELISA) of the antibody and preparing the western blot. 

CellTiter 96 AQueous One Solution cell proliferation assay was obtained from Promega. 

Anti-mouse CD90.2-PerCP-eFluor 710, anti-mouse CD11b-APC, anti-mouse VCAM-1-

Biotin, and anti-mouse ICAM-1-FITC were all obtained from eBioscience, Inc. Streptavidin-

Alexa Fluor 488 was purchased from Life Technologies and used in flow cytometry 

experiments for characterization of the isolated synovial fibroblasts. 
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E-Z-PAQUE 96% w/w Barium Sulfate for suspension (E-Z-EM Canada) was diluted down 

to 60% v/v in water and used as a contrast agent for visualization of i.a. injections and 

determining the fate of the material post injection. 

3.3.2. Methods 

3.3.2.1. Functionalization 

The silylation was carried out on particles after harvesting them in ACN. The mass of the 

harvested particles was determined using thermogravimetric analysis (TGA Q5000 TA 

instruments). Particles (5 mg) were dispersed in 4.7 mL of ACN and then 1.27 mL of DIDCS 

was added while allowing the reaction to proceed for either 12 or 24 hours. At the end of the 

treatment, the particles were washed with IPA which quenched the reaction at the desired 

time point and enabled the removal of unreacted DIDCS. 

3.3.2.2. Lyophilization and Reconstitution 

Alexa 555 conjugated BSA loaded particles were fabricated to evaluate the possibility of 

lyophilization of the particles from an organic media while preserving the integrity of the 

particles during the freezing, drying, and reconstitution steps. After 24 hours of silylation, 

particles were washed with TBA and then 1 mg of particles were dispersed in 1 mL of PVP 

and TBA mixture (5% w/v) followed by freeze drying. Samples were then reconstituted in 

0.1% w/v Tween 80 in PBS to prepare 1 mg/mL suspensions with minimal aggregation. The 

particles were initially frozen by dipping the well-dispersed mixture in liquid nitrogen and 

then lyophilized to dryness with FreeZone 4.5 lyophilizer (Labconco) at -42 °C. 
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3.3.2.3. SEM and ESEM 

Scanning electron microscopy (SEM) images were obtained of the particles exposed to 

PBS+Tween 80 upon lyophilization from TBA+PVP mixture which serves as the 

reconstitution media for i.a. injection of the particles. The particles were then spun down and 

washed with IPA to prepare the samples appropriate for imaging. For SEM analysis with 

Hitachi S-4700 Cold Cathode FESM, particles were coated with 3 nm Au/Pd alloy in 

Cressington sputter coater. Effect of hydration/dehydration cycle on the particle integrity was 

studied by environmental scanning electron microscopy (ESEM) using FEI Quanta 200 

which allows us to control the humidity of the sample. In a single hydration/dehydration 

cycle, humidity was increased to 100% and then brought back to dryness. Images of the 

particles were taken prior and after the single cycle. 

3.3.2.4. Viscosity Measurements 

Viscosity of the suspensions was determined using AR-2000 rotational rheometer (TA 

Instruments) equipped with cone (20 mm 2 degrees) and plate geometry which required only 

70 μL to completely fill the gap between the cone and peltier plate. The periphery of the 

sample was sealed against evaporation by adding benzyl benzoate around the cone. The 

concentration of PVP was reduced to 4.0% w/v to be able to minimize the viscosity of the 

suspensions. The measurements were done in controlled stress steady state mode and all the 

suspensions exhibited yield stress followed by a flat Newtonian plateau. The value of the 

Newtonian plateau was determined as the viscosity of the suspension by fitting the curve 

with a Bingham model using Rheology Advantage Data Analysis software (TA Instruments). 
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Measurements were done at 25 ºC with 5 % tolerance of three consecutive runs and sampling 

period was set to 10 seconds. For all the samples studied, the Newtonian plateau corresponds 

to shear rates greater than 1.0E3 (1/s). Beazley [156] calculated the shear rates developed in a 

hypodermic needle during injection and concluded that shear rates involved in the process 

are quite significant. When passing 5 µL Newtonian fluid through a 30 G needle with 176 

µm internal diameter, approximate shear rates of 9.3E3, 1.8E3, and 9.3E2 (1/s) are exerted at 

the wall on the fluid for 1, 5, and 10 seconds of total injection time. However, the non-

Newtonian nature of the fluid can drastically change these calculated shear rates at the wall 

of the channel and can be accounted for by Weissenberg-Rabinowitsch correction. 

3.3.2.5. ELISA/NuPAGE/Western Blotting 

The presence of active antibody in the particles post fabrication was determined using a 

sandwich ELISA by coating the wells of 96 well plate with ovalbumin antigen and then using 

calibration sample at 20 µg/mL in two fold serial dilutions. For unfunctionalized particles, 2 

mg/mL sample was diluted several folds in half dilutions to be compared against the 

calibration curve. Incubation of the antibody with the antigen coated wells was done at room 

temperature over a period of two hours. Next, secondary HRP conjugated antibody (1:4000 

dilution) was incubated for one hour with the primary antibody and then TMB substrate was 

added. The absorbance was quantified using SpectraMax M5 (Molecular Devices) at 450 nm 

after stopping the reaction with 0.2 N sulfuric acid. 

Polyacrylamide gel electrophoresis (PAGE) was done with NuPAGE 4-12% Bis-Tris 1.0 mm 

10 wells gel (Life Technologies) using Xcell SureLock Mini Cell (Life Technologies). 
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Western blot was obtained on PVDF membrane (Thermo Scientific). 3-color protein marker 

mix (26691 Pierce) was used for molecular weight determination. 1 wt% anti-ovalbumin 

antibody per weight of BSA was mixed into the pre-particle formulation for antibody 

encapsulation studies. Post fabrication 5 µL of soluble particles in DI water (2 mg/mL) was 

mixed with 2.5 µL sample buffer (Life Technologies) and 2.5 µL DI water and then 

denatured and loaded into the well. Visualization of the NuPAGE gel was done with 0.1% 

w/v Coomassie solution. The PVDF membrane was blocked with 5% w/v milk suspension 

overnight and then secondary HRP conjugated antibody added. The visualization of the blot 

was achieved with the addition of the TMB substrate. Pictures of the Coomassie stained gel 

and PVDF membrane were obtained with Image Quant LAS4000 (GE Healthcare Life 

sciences). 

3.3.2.6. I.A. Injection Visualization and Joint Retention 

3.3.2.6.1. I.A. Injection Visualization 

To evaluate the possibility of accurately delivering the drug to the joint cavity and visualize 

the fate of i.a. injection, 60% v/v EZ-PAQUE was intra-articularly injected into the joint and 

location of the contrast agent was mapped by X-ray. Combination of 30G ½ needle (BD 

Technologies) with model 702 LT glass syringe (25 µL-Hamilton Company) was used to 

manually inject liquid into the mouse knee joint, while the animals were anesthetized with 

isoflurane/oxygen mixture. X-ray images were obtained on carbon nanotube (CNT) based 

microCT imaging system (Biomedical Research Imaging Center at UNC) on 10 week old 

C57BL/6J female healthy mice obtained from Jackson Laboratory. Anode voltage was set to 
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50 (kVp) and current was set to 1.5 mA. Field of view (FOV) for the captured images was 

38.76 mm x 38.76 mm and image processing was done with ImageJ software [117]. Mice 

were euthanized immediately after obtaining the X-ray stacks. 

3.3.2.6.2. Joint Retention 

For retention study, mice had been placed under alfalfa free Teklad Global irradiated 18% 

protein diet (Harlan Laboratories) for at least two weeks prior to injections to minimize the 

level of background fluorescence in the animal. Both left and right knees were trimmed and 

shaved and then cleaned using epilator lotion. Prior to the injections, the fluorescence 

background emanating from the animals was measured. During the i.a. injections animals 

were anesthetized by isoflurane/oxygen mixture. Post injection the site of injection was 

cleaned with alcohol swab and then fluorescence signal was measured at different time points 

during which mice were inhalationally anesthetized. Fluorescence signal measurements were 

done with IVIS Lumina (Caliper Life Sciences) equipped with XGI-8 gas anesthesia system 

(Xenogen), by exciting at 675 nm and measuring the emission of Alexa Fluor 680 conjugated 

BSA at Cyanine 5.5 channel with the field of view of 24 cm (XFOV-24 Lens Attachment), 

high resolution binning, aperture (f/stop) of 2, and one second of exposure time. To find the 

detection/saturation limit of the IVIS instrument, calibration experiments were performed 

with the solution of Alexa 680 conjugated BSA in PBS (1.0E0 - 3.91E-3 mg/mL) to prevent 

saturation of the fluorescent signal (see Appendix B).  

C57BL/6J healthy female mice were obtained from Jackson Laboratory and at the time of 

injection they were 14-16 weeks old. Joint retention experiments were done by injecting one 
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group of animals with unmodified soluble form and another group by particulate form of 

Alexa Fluor 680 conjugated BSA. Four animals were used in each group. Animals were free 

to ambulate between each time point and had access to both alfalfa free food and water. To 

allow equilibration of the NIR dye post injection, the first time point used for normalization 

of fluorescent signal was chosen to be two hours after the injection. The level of fluorescent 

signal was continually monitored for 72 hours after the injections. The background 

fluorescence for both groups was subtracted from these data. To quantify the signal in the 

joint, region of interests were drawn on the captured images and then were analyzed with 

Living Image software (PerkinElmer) to calculate average radiant efficiency ([p/s/cm²/sr] / 

[µW/cm²]). The area under curve (AUC) was calculated by using trapezoidal rule for 

integration of the area under the curve of average radiant efficiency versus time (hour). Two 

more groups of animals, 4 mice per group, were used to investigate the effect of changing the 

silylation reaction conditions and effect of other ingredients in the formulation on the 

retention time of the NIR dye. 

To prepare the particles for in vivo imaging, 7.5 mg of Alexa Fluor 680 conjugated BSA per 

23.75 mg of BSA was mixed in the preparticle solution. After lyophilization from 5% w/v 

PVP in TBA, particles were resuspended in the reconstitution media (0.1% w/w Tween 80 in 

PBS) by vortex mixing immediately prior to injections to prepare 1 mg/mL suspensions and 

then 5 µL of the mixture was injected laterally into the knee joint cavity to prevent any 

damage to the patellar ligament. The rational for using Tween 80 in the formulation is to 

improve the dispersibility of the particles and is based on its lower cytotoxicity compared to 
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other surfactants [157]. 0.125 mg/mL of Alexa Fluor 680 conjugated BSA was also used as a 

reference for retention study of the soluble and unprocessed form of the protein. 

3.3.2.7. Histological Evaluation 

Histological evaluation of the joint was done post injection by fixing the joint in buffered 

formalin for 5 days and then decalcification was carried in Immunocal for 4-5 days. Sections 

were prepared by first slicing the paraffin embedded block followed by deparaffinization of 

the tissue. Slides were then stained with 4',6-diamidino-2-phenylindole (DAPI) to distinguish 

cellar components from the particles. 

3.3.2.8. Cytotoxicity/Cell Viability 

The cytotoxicity of the particles and the reconstitution medium (PVP+0.1% w/w Tween 80 

in PBS) were evaluated using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) colorimetric assay to determine 

the number of viable cells that are capable of MTS reduction. Synovial fibroblasts were 

isolated according to the protocol by Armaka et al. [158] from 24 weeks old female 

C57BL/6J mice (Jackson Laboratory), and murine RAW 264.7 macrophages were obtained 

from ATCC cell lines (TIB-71). 100,000 macrophages and 20,000 fibroblasts were seeded 

per well of a 96 multiwell plate. Dosing was done in complete growth medium (DMEM) 

with 24 hours of incubation of different compositions at 37 °C and 5% CO2. The contents of 

the wells were then discarded and cells were incubated with MTS assay solution for 45 

minutes. Adsorption was measured with SpectraMax M5 microplate reader (Molecular 

Devices) at 490 nm. Non-functionalized particles in the absence and presence of other 
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formulation ingredients (PVP+Tween 80) were also degraded in PBS for comparison to 

determine the inherent cytotoxicity of the particles. Cell viability was measured by 

comparing the treated cells with the control cells that have not been exposed to any 

ingredients in the formulation. Particles were dosed in serial two fold dilutions starting from 

1 mg/mL, to test the concentration dependent acute cytotoxicity. Dosing the particles to the 

isolated and cultured synovial fibroblasts was done at the fourth passage after isolation. Flow 

cytometry experiments using CyAn ADP analyzer (Dako) confirmed that the isolated 

fibroblasts were 83.8% CD90.2 positive, 1.1% CD11b (MAC-1) positive, 82% ICAM-1 

positive, and 80% VCAM-1 positive (see Appendix D). 

3.3.2.9. Fitting and Statistical Analysis 

Statistical significances were calculated by QuickCalcs (GraphPad) online statistical 

calculator. Half maximal effective concentration EC50 of the encapsulated antibody was 

determined using the non-linear regression algorithm of JMP software (SAS Institute) with 4-

parameter logistic model. 

3.4. Results and Discussion 

Feasibility of freeze drying the particles was investigated by means of optical microscopy 

after loading the particles with Alexa Fluor 555 conjugated BSA as a fluorescent tracer and 

then carrying the silylation reaction to make them slowly-dissolving. Joint retention studies 

were carried out on particles that were loaded with Alexa Fluor 680 conjugated BSA. These 

particles were intra-articularly injected and retention time of the particles in the mouse knee 
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joint was measured. Histological analysis confirmed presence of particles in the knee joint 

cavity.  

3.4.1. Loading Alexa 680 and Functionalization 

Alexa Fluor 680 conjugated BSA was loaded to the particles by mixing it in the pre-particle 

solution, which enables the particles to be tracked with IVIS imaging system in live animals. 

The concentration of the dye was then measured by HPLC using diode array detector to be 

0.11 mg per one mg of particles (see Appendix C). 

 

 

 

Figure 3.1. Particles fabricated with PRINT platform at three different magnifications. A. 15 k B. 3.5 k C. 

1.1 k. 

Upon fabricating the particles, they were functionalized with DIDCS. Figures 3.1.A-3.1.C 

show the SEMs of Alexa 680 conjugated BSA loaded micro particles at three different 

magnifications fabricated with PRINT platform. 
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3.4.2. Freeze-Dried Formulation 

Freeze drying from an aqueous media in the absence of a bulking agent causes extreme 

aggregation of the particles upon reconstitution and severely damages the integrity of the 

particles. PEGs of various molecular weights have been used in the literature for 

lyophilization of pharmaceuticals and to modify the thermal properties of bulking agents 

[159]. Although we demonstrated that the combination of PEG and a lipid (L-α-

phosphatidylcholine) can be used to protect the functionalized particles against the stresses 

induced during the lyophilization process from aqueous medium (see Appendix G), 

interaction of water with these particles prior to reconstitution is highly undesirable. 

Therefore, we focused on development of a freeze-drying technique using an organic 

medium. PVP has been reported in the literature as a stabilizer to protect the product during 

freeze-drying process against the stresses involved [160]. Moreover, PVP polymers with 

molecular weight of less than 25 kDa can be eliminated through kidneys by renal excretion 

[161,162]. Marcinkiewicz et al. [163] used PVP as a placebo in the treatment of collagen 

induced arthritis in mice. Therefore use of PVP as an ingredient in the formulation for intra-

articular injection is justifiable. To confer storage stability and prepare a reconstitutable dry 

powder, the particles were freeze dried in a mixture of PVP and TBA. According to 

Cingolani et al. [164], TBA can stabilize proteins by decreasing their solubility and inducing 

salting-out. This effect is caused by TBAs capacity to exclude water from the surface of 

proteins, which are preferentially hydrated in an aqueous environment. TBA has also been 

used in its pure form by Ni et al [165] for freeze-drying of an antitumor drug. Use of pure 
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TBA allows us to prepare stable dry particles with minimal aggregation that were not 

exposed to water prior to reconstitution.  

The presence of PVP prevents the particles silylated for 24 hours from aggregation during the 

lyophilization stage by acting as a bulking agent as shown in Figure 3.2.A in dry lyophilized 

cake. Similar results were obtained for particles silylated for only 12 hours. These particles 

can then be uniformly dispersed in the reconstitution media composed of PBS+0.1% w/w 

Tween 80 (Figures 3.2.B and 3.2.C). 

 

 

 

Figure 3.2. A. Dry cake of 24 hours functionalized particles freeze dried from 5% w/v PVP-TBA. B. 

Dispersed in 0.1% w/w Tween 80 in PBS (high magnification) C. Dispersed in 0.1% w/w Tween 80 in PBS 

(low magnification). (Excitation: 543 nm, Long pass filter: 560 nm) 

Figure 3.3 shows the ESEM of lyophilized powder after hydration/dehydration cycle. The 

unfunctionalized particles of Figure 3.3.A lose their integrity as depicted in Figure 3.3.B 

once they underwent the humidity cycle. Functionalized particles freeze dried in PVP is also 

shown in Figures 3.3.C and 3.3.D prior and post humidity cycle respectively. After a 
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hydration/dehydration cycle PVP was easily dissolved away and individual particles were 

recovered. 

 

 

 

Figure 3.3. Hydration effect studied with ESEM. A. Unfunctionalized particles prior to hydration-

dehydration cycle. B. Unfunctionalized particles post cycle. C. 24 hours silylated particles freeze dried in 

5% PVP+TBA prior to cycle. D: 24 hours silylated particles freeze dried in 5% w/v PVP+TBA after the 

cycle. 
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3.4.3. Cell Viability 

Activated synovial fibroblasts play an important role in arthritis [166-168] and it is known 

that synovial fibroblasts are responsible for particle ingestion and uptake after i.a. delivery 

[169,170]. Brown et al. [143] evaluated the cytotoxicity of their particles against human 

synovial fibroblasts extracted from arthritic patients. RAW macrophages have also been used 

to evaluate the cytotoxicity of nanoparticles for i.a. delivery by Whitmire et al. [144]. 

Consequently, we evaluated the cytotoxicity of our formulation against both of these cells. 

Viability of RAW macrophages and synovial fibroblasts were determined, once they were 

incubated with different combination of ingredients used in preparation of the injectable 

formulation. Figures 3.4.C and 3.4.D compare the viability of macrophages and fibroblasts 

for unfunctionalized particles in two fold serial dilutions respectively. These figures serve as 

controls to evaluate the inherent cytotoxicity of the formulation when particles are not 

exposed to DIDCS. Toxicity of PVP and Tween 80 is also shown for comparison for both of 

these cell types. In the case of synovial fibroblasts, no cytotoxicity for unmodified particles 

(soluble form) could be detected whereas there is a reduction of viability for RAW 

macrophages. This reduction might be attributed to the nitric oxide production as described 

by Poteser and Wakabayashi [171] due to stimulation of macrophages by BSA. 
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Figure 3.4. Percent cell viability of different compositions at 1 mg/mL (A. RAW macrophages B. Synovial 

fibroblasts). Cell viability in the presence of unfunctionalized particles, PVP, and Tween 80. (C. RAW 

macrophages, D. Synovial fibroblasts). Cytotoxicity of functionalized particles (12 and 24 hours of 

silylation) compared to unmodified particles (E. RAW macrophages, F. Synovial fibroblasts).  
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No evidence of acute toxicity could be detected for the functionalized particles when 

combined with the reconstitution media composed of Tween 80 and PVP as illustrated in 

Figures 3.4.E and 3.4.F. Figures 3.4.A and 3.4.B summarize the cell viability data at the 

maximum dosing concentration of 1 mg/mL (used for animal injection) for different 

compositions evaluated with macrophages and synovial fibroblasts. 

3.4.4. Dissolution 

The time that particles spend in the functionalization medium (ACN+DIDCS), critically 

controls their dissolution rate. The longer the exposure time of the particles to DIDCS, the 

slower the dissolution rate of the particles. In Figure 3.5 effect of exposure of the particles to 

the reconstitution media post lyophilization from 5% w/v PVP+TBA is evaluated using 

SEM. The particles after 24 hours of reaction with DIDCS are highly stable in aqueous media 

with very slow dissolution rate. After spending 4 days in reconstitution media, the surface 

morphology of these set of particles changes (Figures 3.5.C and 3.5.G.) and then 4 days later 

they are very soft and deformable (Figures 3.5.D and 3.5.H). On the contrary, when the 

particles are silylated with DIDCS for only 12 hours, even a brief exposure (10 minutes) to 

the reconstitution media causes severe structural changes to the particles (Figures 3.5.B and 

3.5.F). SEM of the unreacted dry particles that were not exposed to reconstitution media are 

also shown in Figures 3.5.A and 3.5.E for comparison. 
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Figure 3.5. Unfunctionalized particle not exposed to PBS (A.x30k magnification, E. x100k magnification). Silylated for 12 hours and exposed 

to PBS+0.1% w/w Tween 80 for 10 minutes (B.x30k magnification, F.x100k magnification). Silylated for 24 hours and exposed to PBS+0.1% 

w/w Tween 80 for 4 days (C.x30k magnification, G.x100k magnification). Silylated for 24 hours and exposed to PBS+0.1% w/w Tween 80 for 

8 days (D.x30k magnification, H.x100k magnification). 
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3.4.5. I.A. Injection and Joint Retention 

Visualization experiments were carried to determine the fate of i.a. injections. Figure 3.6.B is 

the result of two injections to the right and left knees with the X-ray contrast agent which is 

readily distinguishable from skeleton. Figure 3.6.A shows the control mice that had not been 

injected with the contrast medium. The deep injection on the left knee with 10 µL of the 

contrast agent shows considerable extravasation to the surrounding tissues. However, 

injection on the right knee was done superficially with 5 µL of the contrast agent with no 

extravasation to the surrounding tissues. A similar study has been done by Pollard et al. [172] 

using Hypaque-76 to study the accuracy of injections into the basal joint of the thumb in 

cadaveric specimens. Figures 3.6.C and 3.6.D are two different slices of the right knee post 

injection with 5 µL of barium sulfate that show the location of the contrast medium relative 

to femur and tibia. 
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Figure 3.6. A. Control mice no injection. B. Mice injected with 5 µL (right knee) and 10 µL (left knee) of 

60% v/v EZ-PAQUE. C and D: Slices of the right knee post injection. 

Larson et al. [135] compiled a list for the half-lives of various molecules with different 

molecular weights in joints of non-murine models from different articles. Clearance of native 

BSA from rabbit joint is relatively fast with half-life of only 3.91 hours [173]. Based on the 

experiments of Vandenberg and Vandeputte [174] negatively charged native BSA shows no 

affinity for cartilage and high amounts of antibodies are needed for its retention in the mice 
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joint. In their experiments for non-immune mice, the radiolabeled antigen was hardly 

detectable after first day and autoradiography performed on second day post injection did not 

reveal distinct labeling at joint structures. On the contrary, the retention of cationic BSA in 

non-immune mice joint is very high. It was also observed that the chronic joint inflammation 

in immune mice only developed after i.a. administration of cationic antigens but not native 

BSA [175]. For immune mice they observed that even with the administration of a booster, 

the retention of native BSA in the joint is still low. They concluded that the charge dependent 

retention is much greater than antibody-mediated trapping in negatively charged articular 

cartilage. 

Experiments of Vanlent et al. [176] with radiolabeled proteins in mice confirmed that both 

charge and size of the protein are important factors for determining the penetration and 

localization in the joint. Their experiments show that native BSA has low retention in the 

joint and clears rapidly. Moreover, upon i.a. injection of radiolabeled native human IgG and 

bovine serum albumin, less than 1% of the injected dose can be detected in the joint after 24 

hours. Ratcliffe et al. [177] intra-articularly delivered radio-labeled rabbit serum albumin 

using 3.5 µm chemically cross-linked microspheres and noticed that 50% of the injected dose 

remains in rabbit joint, three days after injection. In a different article [149] they observed 

that particles made from rabbit serum albumin cause minimal histological change in rabbit 

synovium after i.a. delivery and thus are good candidates to act as a biocompatible delivery 

vehicle. Rapid clearance of chemically crosslinked 10 µm BSA microparticles injected into 

rabbits as observed by Bozdag et al. [27] was attributed to antigenic effect of BSA. 

Nevertheless, Rodnan and Maclachlan [178] did not observe any differences between the 
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rates of clearance of radiolabeled heterologous albumin (HSA) and homologous albumin 

(RSA) in normal rabbit joint. Lymphatic drainage is expected to be the primary mechanism 

responsible for the clearance of soluble form of proteins from the joint cavity [137,178-180] 

and experimentally it has been observed that the clearance times of anionic native proteins 

with disparate molecular weights (IgG and BSA) are of the same order [175-178]. 

To determine the retention/clearance time of our particles and compare it against the soluble 

form, particles from the same batch were divided into two halves, one part treated for 24 

hours with DIDCS to make them slowly dissolving while the other part was kept intact and 

thus instantly soluble in the reconstitution media. Figure 3.7 shows the group of mice prior to 

injection (3.7.A) and right after injection with the particles reconstituted in PBS+Tween 80 

(3.7.B). 
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Figure 3.7. Group of mice prior (A) and post (B) i.a. injection and the corresponding NIR signal. 

Figure 3.8 juxtaposes the time course analysis for particles with that of the soluble form of 

the protein. This figure illustrates that there is a fundamental difference between the in vivo 

retention times of the two systems. The rate at which the radiant efficiency and fractional 

fluorescence remaining in the joint diminish is notably faster for the unmodified soluble 

form. The particulate formulation clears at a rate which is significantly slower compared to 

the soluble form over the course of the experiment. 
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Figure 3.8. Time course clearance of the functionalized particles containing Alexa Fluor 680 conjugated BSA compared to the intact 

particulate soluble form. (n=4) 
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Figure 3.9.B compares the raw fluorescence intensities for the Alexa Fluor 680 conjugated 

BSA in the absence of other formulation ingredients (solution) with the complete formulation 

(intact particles). No statistically significant difference could be detected between the two 

compositions. Furthermore, increasing the silylation time to 72 hours and ramping up the 

concentration of the DIDCS to two times its original concentration did not have any 

detectable effect on the retention of the particles in the joint. The AUC for modified complete 

formulation and unmodified complete formulation were calculated as 5.16E9 and 2.91E9 

[p/s/cm²/sr][hr]/[µW/cm²] respectively. Furthermore based on Figure 3.8, half-life (t1/2) of 

intact soluble control sample and 24 hours silylated particles were determined to be 4 and 20 

hours respectively. 

Figure 3.9.A compares the size of the particles with the width of the channel used for 

injecting the particles into the knee joint, and confirms that these particles are relatively small 

compared to the injection channel and thus can readily flow through the needle (Needle 

Internal Diameter / Particle Diameter = 176 µm/2.88 µm ≈ 60). 
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Figure 3.9. A. Relative size of particles as compared to the width of the needle used for injection at three 

different magnifications. B. Average radiant efficiency of different forms of the injectable formulation. 

(n=4) 

To histologically evaluate the joint post injection, mice were sacrificed at 12 and 36 hours 

post injection and joints were removed for analysis. Figure 3.10.A shows the joint 12 hours 

post injection and Figure 3.10.B shows the joint 36 hours post injection. No fluorescent 

signal could be detected from the blank injection of the reconstitution media (PVP+Tween 

80) as determined by Figure 3.10.C. Isolated knee joints of euthanized animals after skin 

removal, are also shown in Figures 3.10.A-3.10.C for comparison. 
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Figure 3.10. Knee joint post injection and after isolation: A. 12 hours post injection of particles, B. 36 

hours post injection of particles, C. 0.1% Tween80+PBS reconstitution media. 

Figure 3.11.A and 3.11.B show Alexa Fluor 680 conjugated BSA particles in the joint 12 

hours post injection. Particles could be found in different locations inside the knee joint 

cavity. Cellular components are stained with DAPI for visualization. Infiltration of some 

cellular components post injection in the joint cavity can be seen in Figures 3.11.C and 

3.11.D in the close proximity of the particle aggregates. Histological evaluation of the joint 

36 hours post injection did not reveal any immediately discernable differences between 36 

hours and 12 hours samples. 
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Figure 3.11. Functionalized Alexa 680 conjugated BSA loaded particles 12 hours post injection into the 

murine knee joint cavity. A. Red+Blue+DIC B.Red+Blue. Presence of cellular components in the joint 

cavity C.Red+Blue+DIC D. Red+Blue. (Red: Alexa Fluor 680 conjugated BSA Excitation: 639 nm Long 

pass filter: 640 nm, Blue: DAPI Excitation: 405 nm, Band pass filter: 420-475 nm+500-610 nm) 

3.4.6. Concentrated Suspensions 

According to Daugherty and Mrsny [4], antibody based therapeutics must be administered in 

stoichiometric quantities to be effective and thus require delivery of 100-1000 mg of protein 
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per dose [99]. Several authors have tried to prepare injectable formulations of concentrated 

proteins to relieve some of the drawbacks of more dilute formulations by improving patient 

compliance and using more convenient delivery routes. However, there are notable problems 

in the development of these formulations based on solution technology. These solutions often 

show dramatic increases in viscosity, have solubility limitations, and tend to gel at high 

concentrations [92,95,100]. 

To further increase the concentration of the deliverable dose per injection of our particles, 

concentrated suspensions were prepared (30 mg/mL-120 mg/mL) and viscosities were 

measured at two different pHs (see Appendix F). It should be emphasized that to minimize 

the contribution of PVP to the viscosity of the mixture, the concentration of PVP was 

reduced to 4.0 % w/v, during the freeze-drying step. 
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Figure 3.12. A. Viscosity versus concentration for particles silylated for 24 hours. B. Setup used to 

measure the viscosity of the suspensions to prevent evaporation of the material from the gap using benzyl 

benzoate. C. 30 mg/mL particles lyophilized from 4.0% w/v PVP and suspended in 0.1% w/w Tween 80 

in pH 5.0 D. 120 mg/mL particles lyophilized from 4.0% w/v PVP and suspended in 0.1% w/w Tween 80 

in pH 5.0. 

Figure 3.12.B shows the actual setup used to measure the viscosity of these suspensions after 

removing the upper geometry from the contact with the sample. Figure 3.12.C and 3.12.D 

show the particles at 30 and 120 mg/mL in pH 5.0 buffer + 0.1% w/w Tween 80. It should be 

noted that at 120 mg/mL the movement of particles become very restricted and localized as 
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seen in Figure 3.12.D. The yield stress of the suspensions appears to grow as they become 

more concentrated. Furthermore, yield stress of the suspensions in PBS are larger compared 

to that of pH 5.0. More experimental analysis is required to accurately determine the yield 

stress values for these suspensions. Figure 3.12.A confirms that at high particle 

concentrations the viscosity tends to diverge markedly from its plateau value which will limit 

the maximum deliverable dose with PBS at pH of 7.4. However, at pH 5.0 no such diversion 

is observed. This provides us with an opportunity for delivering the particles at a much 

higher dose compared to 1 mg/mL used in our animal studies, if the physiological properties 

of the administration site allow. This phenomenon can be attributed to the higher dissolution 

rate of particles at pH 7.4 compared to pH of 5.0. However, according to Trzenschik et al. 

[181,182] articular cartilage is very sensitive to change of pH and thus low viscosity of the 

formulation at pH 5.0 might not be directly applicable to i.a. route of delivery due to its 

detrimental effect on superficial layer of the articular cartilage. 

3.4.7. Antibody Encapsulation 

To test the possibility of encapsulating a model antibody in the particles and use these 

particles as a vehicle for delivering antibodies, anti-ovalbumin antibody was incorporated in 

the pre-particle formulation to fabricate BSA+anti-ovalbumin particles. As Figure 3.13.A 

shows sandwich ELISA experiments confirm that the antibody remains active after particle 

fabrication and is capable of recognizing the antigen (ovalbumin). Furthermore, the 

molecular weight of the encapsulated antibody in the particles was verified by running a 
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western blot (Figure 3.13.C). NuPAGE result is also shown in Figure 3.13.B for comparison 

along with the markers. 

 

 

 

Figure 3.13. A. ELISA of the anti-ovalbumin antibody encapsulated in the particles as compared with 

antibody calibration solution. NuPAGE stained with Coomassie brilliant blue (B) and western blot (C) of 

the particles containing anti-ovalbumin post fabrication. 

The relative EC50 of the particles containing anti-ovalbumin antibody [183] (parameter c) 

was determined to be 2158.8 ng/mL (see Appendix E). 

3.5. Conclusions 

Combination of PRINT platform and silylation provides us with a valuable tool to extend the 

retention time of the protein based drugs in the joint. It was demonstrated that the half-life of 
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the fluorescent labeled BSA after incorporation into particles silylated for 24 hours is 5 times 

and the averaged area under curve for fluorescent signal versus time in the joint is 

approximately 1.78±0.39 times of that of the unmodified soluble form. Although Rodnan and 

Maclachlan [178] did not observe any differences between the rates of clearance of 

radiolabeled heterologous albumin (HSA) and homologous albumin (RSA) in normal rabbit 

joint, fabricating particles from homologous albumin is recommended inasmuch as the 

antigenic cause of clearance can then be safely neglected. Effect of size and shape of these 

particles on retention in the knee joint is the subject of a separate study.  

A freeze-drying scheme was developed that rely on tert-butanol and poly (vinyl pyrrolidone) 

mixture with no exposure of the particles to aqueous media prior to reconstitution. ESEM 

analysis confirmed that this polymeric bulking agent can easily be dissolved in water. We 

demonstrated that the dissolution of the particles is accompanied by surface morphological 

changes as observed with SEM. Particles functionalized for 24 hours retain their shape for a 

long period of time in the reconstitution media, while particles functionalized for 12 hours 

easily disintegrate in such a medium. 

Cell viability studies using MTS assay on RAW 264.7 macrophages and synovial fibroblasts 

confirmed that the functionalization of particles with diisopropyldichlorosilane does not 

make them cytotoxic against these cell lines. Reduction of cell viability for macrophages 

upon dosing the unmodified particles (soluble form) might be attributed to inflammatory and 

stimulating response of BSA as observed by other investigators. 

Incorporation of a model antibody in the particles allows us to use BSA as a model 

biocompatible carrier for delivering antibodies to the joint considering the fact that native 
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BSA is negatively charged and shows no affinity for articular cartilage with rapid clearance 

from the joint. Antigenicity and charge state of the silylated BSA used as a carrier in the 

particle composition is an important factor when preparing an injectable formulation for 

arthritis and should be diligently studied. 

Deliverable dose of the functionalized particles can be further increased to 30-120 mg/mL 

depending on the pH of injecting media. More in-depth stability analysis is required to 

optimize the concentration of PVP and Tween 80 in the formulation that can yield a stable 

suspension with minimal viscosity appropriate for injection. Delivering a therapeutically 

relevant antibody such as infliximab for treatment of arthritis will be studied in future, by 

encapsulating the antibody within these particles and studying the efficacy of the system in 

treating monarthritis in a relevant animal model. 
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 CHAPTER 4 Conclusions and Recommendations 

4.1. Conclusions 

Having precise control over size and ability to manipulate the shape at the individual particle 

level provides us with an opportunity to tailor the properties of the particulate ensembles to 

suit their expected role [90]. We have developed a novel slowly-dissolving particulate system 

for delivery of protein based biopharmaceuticals. This aqueous particulate suspension finds 

application in local delivery (e.g. intra-articular, intratumoral, and intravitreal) of the 

biological drugs that will otherwise have low bioavailability upon systemic administration. 

Slowly-dissolving nature of these particles enables them to act as a drug reservoir by keeping 

the drug concentration within the therapeutic window.  

Particle Replication in Non-wetting Templates (PRINT) was used to fabricate microparticles 

with specific size and shape from a model protein (bovine serum albumin), lactose, and 

glycerol. We demonstrated that a bifunctional chlorosilane (diisopropyldichlorosilane) is 

capable of reacting with the chemical ingredients of the particles to render them slowly 

dissolving in aqueous media. With the aid of high resolution mass spectrometry several 

reaction products of glycerol with diisopropyldichlorosilane (DIDCS) could be identified. 

Mass spectrometric analysis also confirmed a shift in the m/z of BSA peaks post 

functionalization. Furthermore, the disparate fragmentation pattern of the functionalized and 

unfunctionalized BSA upon collision induced dissociation (CID) serves as another evidence 

for the reactivity of DIDCS with BSA. Both energy dispersive spectroscopy (EDS) at the 

individual particle level and X-ray photoelectron spectroscopy (XPS) at the ensemble level 
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confirmed that there exists a direct correlation between the exposure time of the particles to 

chlorosilane and the amount of silicon found on the particles. Upon reacting the particles 

with DIDCS, a reduction in the intensity of the Oxygen peak corresponding to hydroxyl 

groups could be detected with XPS. Cutting the particles with Gallium in a focused ion beam 

instrument and studying the distribution of silicon along the particle cross section with EDS 

revealed no variation in the silicon content as a function of depth.  

The dissolution rate of the particles as determined by release of the fluorescent tagged protein 

(Alexa Fluor 555 conjugated BSA) is dependent on how long they have been exposed to 

chlorosilane. The longer the exposure time, the slower is the release from the particles. Time 

course analysis with fluorescent microscopy using Alexa 555 conjugated BSA as the tracer 

entity corroborated the fact that functionalization makes the particles slowly-dissolving in 

aqueous media. The functionalized particles exhibit pH dependent behavior, and display 

extreme swelling upon exposure to both acidic and basic conditions which is consistent with 

desilylation being the primary mechanism responsible for particle dissolution. When 

comparing the dissolution rate of the functionalized particles in pH 7.4 with that of pH 5.0, 

slower dissolution rate was observed for pH 5.0. We demonstrated that the surface of these 

particles can be coated with a lipid that can act as a protecting layer in the downstream 

processes (e.g. freeze-drying from water). 

Preparation of an injectable formulation requires removal of the solvents used in the 

harvesting and functionalization steps. Freeze-drying of the functionalized particles from 

pure water can lead to severe aggregation and causes structural damages which can lead to 

loss of particle integrity due to the stresses involved in the freezing and drying steps. 
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Addition of polymeric bulking agents such as PVP and PEG prevents particle aggregation by 

keeping the particles far apart from each other and allows us to prepare a dry reconstitutable 

powder. ESEM analysis confirms that upon a humidification/dehumidification cycle these 

polymeric bulking agents are readily dissolved, and individual functionalized particles can be 

recovered. Addition of a surfactant (Tween 80) in the reconstitution step facilitates formation 

of a uniformly dispersed suspension. Detailed SEM analysis demonstrates that the surface 

morphology of the functionalized particles severely changes upon contact with the aqueous 

media. The shorter the exposure times to chlorosilane, the more fragile the particles.  

Cytotoxicity experiments with MTS assay measuring the viability of cells through reduction 

of tetrazolium compound to formazan, confirmed that the developed formulation is neither 

toxic to RAW macrophages nor to the synovial fibroblasts. The observed reduction of cell 

viability for unfunctionalized particles can be attributed to inflammatory stimulation of 

macrophages by BSA as described by Poteser and Wakabayashi [171]. 

X-ray imaging with a contrast agent revealed that for intra-articular delivery, injections can 

lead to extravasation to surrounding tissue and thus require careful needle placement within 

the joint cavity. Joint retention studies using a model near-infrared (NIR) tagged protein 

confirmed that upon intra-articular delivery, the half-life of the therapeutic can be 

significantly increased by incorporating the drug into these slowly-dissolving particles. The 

half-life of the particles is 5 times longer and area under the curve for fluorescent signal 

versus time is approximately 1.78±0.39 times longer compared to the soluble form of the 

protein. Histological evaluation of the murine joint post injection confirmed successful 

delivery of the particles to the joint cavity.  
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Potential for encapsulating a model antibody (anti-Ovalbumin) in the particulate formulation 

was investigated and it was confirmed with ELISA that the antibody molecule retains its 

binding capacity post fabrication. Moreover, western blotting confirmed the encapsulation of 

the antibody within the particle. 

Due to non-toxic nature of the formulation (evaluated against synovial fibroblasts and RAW 

macrophages) and capability of the particles for encapsulating antibodies, this system is a 

promising candidate for local delivery of the biological drugs in the treatment of arthritis. 

Feasibility of increasing the deliverable dosage per injection was investigated by measuring 

the viscosity of the concentrated suspensions (30-120 mg/mL) after reconstitution in pH 5.0 

and pH 7.4 buffers. Due to the lower viscosity of suspension reconstituted at pH 5.0, the 

slightly acidic suspension can be used for maximizing the drug loading. When designing a 

concentrated suspension for local delivery, the pH characteristics of the injection site and 

consequences of exposure to non-physiological conditions should be thoroughly investigated.  

4.2. Recommendations for Future Work 

Recommendations for the future path of the project are categorized into four separate groups 

depending on their nature. 

4.2.1. Other Silylation Agents and Proteins 

It is beneficial to evaluate the effect of various silylating agents on BSA and other proteins of 

different charges and molecular weights to determine the pH cleavability and swelling 

behavior of the crosslinked products. The chemical structure of chlorosilane can dramatically 
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change the physiochemical characteristics of the resulting conjugate and its susceptibility to 

acid cleavage [105].  

4.2.2. Encapsulating a Therapeutic Antibody in the Particle Composition 

Feasibility of particle fabrication from pure therapeutic antibody needs to be systematically 

investigated to remove the need for using a carrier protein and increase the antibody loading 

per particle. Infliximab (anti-tumor necrosis factor alpha) is a viable candidate for fabricating 

such particles. The binding capacity and epitope recognition of the therapeutic antibody post 

particle functionalization must be thoroughly investigated using an ELISA technique. 

4.2.3. Joint Retention Study 

Effect of particle size must be independently evaluated on the retention of these particles 

upon intra-articular delivery, since size of particles critically controls their clearance rate by 

phagocytosis [139]. Although other researchers did not observe any differences between the 

rates of clearance of radiolabeled heterologous albumin (HSA) and homologous albumin 

(RSA) in normal rabbit joint [178], fabricating particles from homologous albumin is 

recommended inasmuch as the antigenic cause of clearance can then be safely neglected. 

Particle shape can also play an important role in the clearance and triggering of inflammatory 

response [90] and its effect on particle retention needs to be carefully investigated. 

Measuring the retention time of particles loaded with 
125

I labeled BSA instead of the 

fluorescent labeled molecule, enables us to have a more accurate picture of the location and 

distribution of the protein molecules within the body of the animal after i.a. administration 

[174]. The small injection volumes combined with low concentration of the near infrared 
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(NIR) dye in the formulation makes it almost impossible to obtain a whole body picture and 

determine the biodistribution of the NIR tagged molecule. Using iodine labeled BSA further 

enables us to determine the retention characteristics of the protein to various structures within 

the joint. 

Investigating the effect of the functionalization on the charge state of the protein is crucial in 

determining the affinity of the protein molecule post functionalization for articular cartilage. 

Cationic molecules have high affinity for cartilage and are capable of inducing chronic 

arthritis in immunized mice [175]. Size of the cationic molecule also affects its association 

with articular cartilage and thus is an important factor in designing the delivery system [176]. 

Inasmuch as lymphatic drainage is expected to be the primary clearance mechanism for the 

soluble protein, time course study of the protein accumulation within the lymph nodes can 

help us obtain a more vivid picture of the possible role of lymphatic drainage in protein 

clearance from the joint [179]. When blood, urine, and fecal analysis are combined with 

lymph node accumulation data, conclusions can be drawn regarding the principal mode of 

clearance. 

Retention studies on rabbits allow us to compare the half-lives with those reported in 

literature by various researchers. Selecting an animal model with a larger joint for intra-

articular injection increases the accuracy and reliability of the needle placement within the 

joint cavity. 
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4.2.4. Efficacy Study in Animal Models of Arthritis 

There are many proinflammatory cytokines involved in rheumatoid arthritis (RA) such as: 

tumor necrosis factor (TNF-α), IL-1, IL-6, granulocyte macrophage colony stimulating factor 

(GM-CSF). Among these cytokines TNF-α is of major importance as a therapeutic target in 

the case of rheumatoid arthritis (RA) [184]. For osteoarthritis (OA), disease modifying drugs 

focus on blocking or modifying the local proinflammatory and catabolic environment of the 

OA affected joint. [185-187]. 

Several different animal models are available for evaluating the benefits of therapy on RA 

symptoms or studying the nature of the disease [188]. Collagen-induced arthritis is the gold 

standard in vivo model for RA studies, but mouse strains have different degree of 

susceptibility to this mode of induction [189]. Transgenic mice over-expressing human TNF-

α is a good candidate for evaluating the benefits of monoclonal antibody therapy [190]. 

Human/SCID chimeric mice can be used for investigating human T-cell independent 

pathways involved in arthritis [191]. Efficiency of diacerein with IL-1 inhibitory activity has 

been evaluated in transgenic Tg197 mouse by Douni et al. [192]. This animal model 

spontaneously develops a severe disabling polyarthritis similar to RA. 

OA can be induced by anterior cruciate ligament transection (ACLT) in rabbits and dogs 

[186,193,194]. Moreover, total or partial meniscectomy in animals can lead to osteoarthritic 

changes in the cartilage [195]. OA induction by i.a. injection of collagenase has also been 

reported in literature for different strains of mice [196]. 

Loading the microparticles with a TNF-α blocker (e.g. infliximab) and investigating the 

efficacy of the slowly dissolving system on relieving the symptoms of RA in a transgenic 
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mouse model (e.g. Tg197), allows us to compare the benefits of the sustained release system 

developed in this work with the traditional method of therapy (soluble form of the drug) and 

determine the efficacy and efficiency of this particulate system. Efficacy study with OA 

animal models require special surgical methods for induction of the disease and therefore are 

more rigorous and cumbersome.  
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Appendix A-Particle Compositional Study with HPLC 

BSA content of the particles post fabrication was quantified using Poroshell 300SB-C8 

column at 40 ˚C with the flow rate of 1 mL/min in gradient elution mode starting from 95% 

(Water+0.1%TFA) to 100% (ACN+0.1%TFA) over the course of 15 minutes followed by 5 

minutes flow of pure ACN. The volume of injection was 10 µL and quantification was done 

using ELSD detector at 50 ˚C and gain of 7. Elution peak for BSA was observed at 6.8 

minutes.  

Lactose and Glycerol were quantified with Hi-Plex Ca column at 80 ˚C with the flow rate of 

0.6 mL/min of pure water in isocratic elution mode over 25 minutes. Lactose quantification 

was done with ELSD detector at 26 ˚C and by injection of 10 µL mixture while setting the 

gain to 7. The elution peak for lactose was observed at 9.6 minutes. Glycerol was quantified 

by injecting 60 µL of the solution and setting the gain to 9 for the ELSD detector. The elution 

peak for glycerol was observed at 16.2 minutes. 
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Appendix B-Alexa 680 Dye Calibration for In Vivo Imaging 

Following figure shows the calibration curve for IVIS instrument by using 5µL of Alexa 555 

BSA conjugate in PBS on the surface of Parafilm sheet (1.0E0-3.91E-3 mg/mL). The larger 

variability of signal for highest concentration at 1 mg/mL can be attributed to rapid 

evaporation of the droplets. 

 

 

 

Figure B.1 Calibration of Alexa 680 conjugated BSA solution for in vivo experiments. 
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Appendix C-Alexa 680 Conjugated BSA Loading into the Particles 

Alexa 680 conjugated BSA content of the particles post fabrication was quantified using 

Poroshell 300SB-C8 column at 40 ˚C with the flow rate of 1 mL/min in gradient elution 

mode starting from 95% (Water+0.1%TFA) to 100% (ACN+0.1%TFA) over the course of 

15 minutes followed by 5 minutes flow of pure ACN. The volume of injection was 10 µL 

and quantification was done using DAD detector. Elution peak for BSA was observed at 6.8 

minutes. 
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Appendix D-Characterization of Isolated Synovial Fibroblasts 

Following figure shows the characterization of synovial fibroblast culture as determined by 

flow cytometry. It is confirmed that the culture is 83.8% CD90.2 positive, 1.1% MAC-1 

positive, 82% ICAM-1 positive, and 80% VCAM-1 positive. 

 

 

 

Figure D.1 Characterization of isolated synovial fibroblasts by flow cytometry.  



 

126 

Appendix E-EC50 Estimation of Anti-Ovalbumin Antibody Loaded Particles 

 

 
Model Calibration Particles 

   
   

  (
 

 
)
    

Parameter Estimate Standard Error 

a 0.023571 0.028592 

b 0.847976 0.047805 

c 5.814233 0.420245 

d 2.687542 0.027355 
 

Parameter Estimate Standard Error 

a 0.043097 0.010346 

b 0.999577 0.02549 

c 2158.842 62.71763 

d 2.580616 0.012707 
 

Mean Square Error 0.004352 0.000809 
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Appendix F-Viscosity Measurements 

Viscosity versus shear rate and shear stress for particles lyophilized from 4.0% w/v PVP and 

reconstituted in 0.1% w/w Tween 80 in PBS (A,B) and pH 5.0 buffer (C,D) was measured by 

a rotational rheometer. 

 

 

 

Figure F.1 Suspension viscosity versus shear stress (A) and shear rate (B) in PBS.   
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Appendix F Continued 

 

 

Figure F.2 Suspension viscosity versus shear stress (C) and shear rate (D) in pH 5.0 buffer. 
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Appendix G-Freeze-Drying From an Aqueous Medium 

Stresses involved in the freeze-drying of lipid (L-α-phosphatidylcholine) coated particles 

from an aqueous medium result in formation of large aggregates seen in the Figure A and B 

in fluorescent and differential interference contrast channels respectively. PEG can act as a 

bulking agent in the dry cake to prevent particle aggregation (Figures D, E, G, H). By 

comparing the size of the donuts post lyophilization in the dry cake the protective role of 

lipid coating is evident. Particles that are not coated with lipid have a larger diameter 

(Figures D, E), compared to the ones coated with the lipid (Figures G, H). This can be 

attributed to the interaction of particles with water in the absence of lipid layer which results 

in swelling of the particles. Absence of PEG also causes severe damage to the particles post 

reconstitution as seen in Figure C. Figures F and I show well dispersed particles after 

reconstitution with pH 7.4 buffer. 
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Appendix G Continued 

 

 

 

 

Figure G.1 Freeze drying from an aqueous mixture. 

 


