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dL/g) with free acid end groups were loaded with leuprolide acetate through self-healing 

encapsulation (B).  Loading was at 1.26 ± 0.05% (w/w) with a initial burst of 17.4 ± 1% 

over the first 48 h of release. 
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Figure 4.2 Leuprolide acetate release from free acid end group PLGA after self-healing 

microencapsulation.  Leuprolide acetate was loaded via self-healing encapsulation in 0.20 

dL/g PLGA at a loading of 1.26 ± 0.05% (w/w). 
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Figure 4.3 Appearance of unidentified peak after 28 d release of leuprolide acetate.  

Initial extraction of the peptide from the polymer after 28-day release (A) showed two 

clear peaks that moved closer 10 min after addition of 1M NaCl to the vial (B) and were 

completely combined 60 minutes after NaCl addition (C).   
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Figure 4.4 Morphology of leuprolide acetate microspheres, before and after encapsulation 

with additional loading solution to avoid microsphere congealing.  PLGA (50:50, 0.57 

dL/g) SM-microspheres were made using trehalose (A) or ZnCO3 (B) as the porosigen.  

Leuprolide acetate solution (240 mg/ml) was loaded and solution dispersed at 4°C for 16 

h, before additional water was needed, bringing each concentration to 120 mg/ml.  

Microspheres were then incubated for an additional 8 h at 4°C, and then pores were 

closed at 43°C for 48 h for both trehalose (C) and ZnCO3 (D).  
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Figure 4.5 Cumulative leuprolide acetate release after self-healing microencapsulation. 

Leuprolide acetate solution (240 mg/ml) was loaded and solution dispersed at 4°C for 16 

h, before additional water was needed, bringing each concentration to 120 mg/ml.  

Microspheres were then incubated for an additional 8 h at 4°C, and then pores were 

closed at 43°C for 48 h.  Porosigen used for blank porous particles were either trehalose 

( , 200 µl of 500 mg trehalose dihydrate in 1g PBS, pH 7.4), or ZnCO3 (○, with 200 µl 

PBS, pH 7.4).  
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Figure 4.6 Images of leuprolide acetate microspheres, before and after encapsulation.  

SM-PLGA (50:50, 0.57 dL/g) microspheres were made using trehalose (A) or ZnCO3 (B) 

as the porosigen.  Particles underwent self-healing encapsulation at 4°C for 40 h and 

43°C for 48 h for both trehalose (C) and ZnCO3 (D).  
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Figure 4.7 Cumulative leuprolide acetate release after self-healing microencapsulation. 

Leuprolide acetate was loaded from 120 mg/ml peptide 4°C for 40h and 43°C for 48h.  

Porosigen used for SM-microparticles were either trehalose ( , 200 µl of 500 mg 

trehalose dihydrate in 1g PBS, pH 7.4), or ZnCO3 (○, with 200 µl PBS, pH 7.4).  : 

50:50 weight combination of the other two formulations. 
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Figure 4.8 30 Day release of BSA-coumarin from 0.19 dL/g microparticles. BSA-

coumarin loading was 0.40% (w/w) ± 0.12% (SEM) was released over 30d.  Release was 

in PBST (PBS + 0.02% Tween-80) and was assayed by analyzing release media for 

monmeric protein by SE-HPLC. N=3.  
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Figure 4.9 Cumulative BSA release after self-healing microencapsulation. BSA was 

loaded from 250 mg/ml protein solution at 4°C for 16 h and 43°C for 48 h.  Porosigen 

used for SM-microparticles were combinations of PBS, trehalose in PBS, and MgCO3.  

( : 200 µl PBS, pH 7.4, 3% MgCO3; : 200 µl PBS, pH 7.4, 4.5% MgCO3; ■: 200 µl of 

500 mg trehalose dihydrate in 1g PBS, pH 7.4, 4.5% MgCO3; ○: 200 µl of 500 mg 

trehalose dihydrate in 1g PBS, pH 7.4, 4.5% MgCO3 with 0.45 M sucrose in the loading 

solution).  Note burst release dropped when trehalose dihydrate was added to the PBS 

inner water phase.   
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Figure 4.10 Release of lysozyme after self-healing microencapsulation in PLGA over 14 

days.  Lysozyme was self-encapsulated in PLGA (50:50, 0.57 dL/g), using an initial 

polymer concentration of 280 mg (○) or 350 mg ( ) in 1 ml CH2Cl2, with 200 µl of 500 

mg trehalose in 1 g PBS, pH 7.4 as the SM-microparticle porosigen.   Loading was 2.5 ± 

0.3% (280 mg) and 2.9 ± 0.4% (350 mg).   
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Figure 4.11 Effect of excipients on 48 h initial burst.  SM-microparticles were prepared 

with trehalose or sucrose in the inner water phase (200 µl of 500 mg sugar in 1g 1X PBS, 

pH 7.4) with or without 3.3% MgCO3 (w/w), and loaded with BSA (223 mg/ml) or BSA 

(206 mg/ml), trehalose (129 mg/ml), and lysine (34 mg/ml) in solution. 
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Figure 4.12 Effect of theoretical base content on loading ( ) and burst release (▲) in 

SM-microparticles.   Microparticles were prepared using PLGA (50:50, i.v. = 0.57 dL/g) 

with different amounts of MgCO3 in the organic phase, and the second emulsion was 

created via vortexing.   The lowest amount of base had the highest loading, as well as the 

lowest burst release.  
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Figure 5.1 SEC chromatograms of α-chymotrypsin.   Peaks were broad and 

unquantifiable.  
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Figure 5.2 Soluble, insoluble, and total loading of α-chymotrypsin in self-

microencapsulated and traditional microspheres.  
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Figure 5.3 Insoluble aggregation of α-chymotrypsin as a percentage of loading.  The 

traditional w/o/w emulsion encapsulation had basically no measurable insoluble α-

chymotrypsin.     
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Figure 5.4 Specific activity of soluble α-chymotrypsin.   Specific activity is reported as a 

% of the specific activity of the fresh, standard solution.  
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Figure 5.5 Loading of lysozyme via self-healing microencapsulation and traditional 

w/o/w encapsulation determined via AAA only.  Soluble loading was determined via 

AAA of soluble protein after extraction from loaded microspheres, and insoluble loading 

is the difference between soluble protein determined via AAA and total protein loaded 

determined after microsphere hydrolysis via AAA. 
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Figure 5.6 Loading of lysozyme via self-healing microencapsulation and traditional 

w/o/w encapsulation as determined via AAA and SE-HPLC.  Soluble loading was 

determined via SE-HPLC of soluble protein after extraction from loaded microspheres, 

and insoluble loading is the difference between soluble protein determined via SE-HPLC 

and total protein loaded determined after microsphere hydrolysis via AAA. 
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Figure 5.7 Monomer recovery in encapsulated lysozyme measured by SE-HPLC.       
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Figure 5.8 Insoluble lysozyme percentage that was determined insoluble via AAA.  The 

amount of total protein encapsulated in microspheres was determined, as well as the 

amount of total soluble protein.  The insoluble protein not present in the soluble fraction 

was used to determine the amount of lysozyme loaded in each formulation that was 

insoluble.   
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Figure 5.9 Comparison of the loading as determined via AAA versus that determined via 

SE-HPLC.  The loading determined via both methods for the 6 different formulations 

were in agreement with each other. 
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Figure 5.10 Specific activity of loaded lysozyme.  Lysozyme was loaded via self-healing 

microencapsulation and a traditional w/o/w solvent evaporation methods.  All samples 

maintained their activity.  Soluble protein was quantified through SE-HPLC and was 

confirmed via AAA.  
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Figure 6.1 Measurement of contact angle on polymer films using goniometer.  A 

goniometer was used to measure the contact angle of various salt solutions on a prepared 

PLGA (50:50, 0.57 dL/g) film.   

 196 

 

 

Figure 6.2 The effect of aqueous annealing on pore closing.  SM-microspheres were 

prepared with PLGA (50:50, i.v. = 0.57 dL/g) and immediately freeze dried (A) or 

annealed in the hardening bath for 1 h at 60°C (B) before freeze drying.  Both 

formulations were then incubated in pore closing conditions for 24 h.  Those that were 

immediately freeze dried (C) showed a smoother surface compared to those that had been 

annealed (D).   
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Figure 6.3 The effect of hardening time on pore closing.  Blank microspheres were 

prepared with PLGA (50:50, i.v. = 0.57 dL/g) and hardened for different times in 0.5% 

PVA solution for 1.5 h (A), 3 h (B), or 4.5 h (C), immediately freeze dried (A,B,C), and 

later incubated in pore closing conditions for 24 h (D,E,F).  Hardening times were 1.5 h 

(A,D), 3 h (B,E), and 4.5 h (C,F). 
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Figure 6.4 Hofmeister series and its effects.  For over 20 years, the Hofmeister series has 

been thought to affect protein solubility and surface tension through its presence near, but 

not at, the interface.    Neutral ions (middle column) have a normal amount of interaction 

at the interface.  In solutions with chaotropic ions (right column), the oxygen at the water 

layer at the surface has more hydrogen bonding available to it, ‘freeing up’ some of its 

own hydrogen for solvating the solute.  Kosmotropic ions (left column), ‘borrow’ a 

hydrogen bond from water molecules near the interface, thus causing the molecule at the 

interface to bind tighter to its hydrogen atoms, and decreasing its ability to solvate at the 

interface. Recent research has suggested that this model is not completely correct, 

however, and the ions are present on the water surface and subsequently interact with the 

interface themselves.  (Bold ions above were used in these series of experiments.) 

Adapted from Collins, Zhang and Cremer, and Cacace et al.  
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Figure 6.5 Possible ion interactions at the boundary layer between two phases.  An ion 

(dark circles) in water solutions can interact with a hydrophobic phase through A) local 

binding to atoms in the other phase (light circles) at certain locations along the ion 

impermeable phase, B) partitioning into the interfacial area, giving rise to different 

solvent properties of the solution, and C) uneven ion distribution due to the interfacial 

field.  Adapted from Leontidis et al.  

 200 

xxxix 



Figure 6.6 Dextran-FITC loading as a function of loading time in Hofmeister Salt 

Solutions.  Hofmeister salt solutions (3.5M) were made with dextran-FITC (10 kDa) in 

solution (65 mg/ml).  Shown in increasing order of availability to ‘salt-in’: :NH4F, 

:NH4SO4 , ■:NH4Cl, ▲:NH4Br, and :NH4SCN.  The open circle and square represent 

the control solutions (dextran-FITC only).   Time 20h: incubation at 4°C; Time 0: 

incubation began at 42°C.  
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Figure 6.7 Dextran-FITC loading as a function of loading time in Hofmeister salt 

solutions after pre-hydration.  Hofmeister salt solutions (3.5M) were made with dextran-

FITC (4 kDa) in solution (35 mg/ml).  Listed in increasing order of availability to ‘salt-

in’ ammonium salts were: :NH4SO4 , ■:NH4Cl, :NH4I, :NH4SCN.  Listed in 

increasing order of availability to ‘salt-in’ of sodium salts were: :NH4Cl, :NH4SCN.  

The open circle and x represent the control solutions (dextran-FITC only).   Time -2h: 

incubation began at 37°C in dextran-FITC only solution; Time 0h: incubation began at 

37°C in Hofmeister salt solutions. 
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Figure 6.8 Interparticle self-healing in PLGA microspheres.   If microspheres are not 

properly dispersed, self-healing between particles takes place as well.  
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Microencapsulation of medicines in modern polymeric biomaterials plays a crucial role 

in success of long-term injectable depots, drug-eluting stents, tissue engineering 

scaffolds, and blood-circulating nanoparticles. Until now, drugs are most commonly 

dissolved in organic solvent, which has several disadvantages. Described here is a new 

microencapsulation paradigm based on the polymer’s own natural “self-healing” capacity 

to microencapsulate biomacromolecules in aqueous media without use of organic 

solvents.  Self-healing microencapsulation (SM) was shown to reproducibly produce 

poly(lactic-co-glycolic acid) (PLGA) microparticles with high peptide and protein 

loadings of 1-10% (w/w), that was dependent on porous SM-microparticle excipients 

(e.g. MgCO3 and trehalose), manufacturing parameters, protein loading solution 

xliv 



concentration, and overall porosity.  Confocal microscopy of microspheres loaded with 

fluorescently-labeled BSA showed loaded protein concentrated in submicron domains 

throughout the microparticle.  A model therapeutic peptide, leuprolide acetate, was 

encapsulated successfully via the self-healing microencapsulation technique.  Controlled 

release over 30 and 60 days for both proteins and the peptide was demonstrated. Self-

healing microencapsulation of a model protein lysozyme showed virtually no aggregation 

or enzymatic activity loss when high amounts of sucrose were loaded in conjunction with 

the protein, which is currently not possible with traditional encapsulation methods due to 

the resulting high initial burst release and low encapsulation efficiencies.  Self-healing 

encapsulated BSA showed virtually no acid-induced aggregation (< 2%) after 30 d of 

release indicating the ability to successfully neutralize acid PLGA using the new 

encapsulation approach.  The self-healing polymer process was strongly affected by 

different Hofmeister salts, known for their ability to influence interfacial tension. These 

data were consistent with the hypothesis that the polymer self-healing is driven in part by 

the high interfacial tension between the hydrophobic polymer and water which causes a 

minimization of interfacial area. Protein in microspheres loaded via self-healing 

microencapsulation was not exposed to the numerous destabilizing processes normally 

associated with protein-loaded microsphere manufacturing.  Terminal sterilization of 

PLGA microspheres without concerns of protein stability is now theoretically possible. 

The new paradigm opens the door to improved compatibility with large biotechnology-

derived drugs, potentially lower manufacturing cost, the ability to create new biomaterial 

architectures, and more practical use among other scientists and clinicians.  

 

xlv 



 
1 

 

 

 

   CHAPTER 1 

1 Introduction 

1.1 Motivation 

 As the libraries of pharmacologically active molecules continue to grow, delivery 

of these new drugs to the site of action remains one of the most challenging 

pharmaceutical problems.  Large biomacromolecules are particularly challenging; poor 

bioavailability, short in vivo half lives, and drug instability have all been impediments in 

protein delivery [1].  Bioavailability concerns can be partially alleviated by delivering 

proteins parenterally, avoiding the challenges normally associated with oral delivery.  

Conjugation of polyethylene glycol (PEG) and the protein can also extend the in vivo half 

life of protein drugs. Alternatively, one delivery strategy that utilizes parenteral delivery 

but helps overcome proteins’ short half lives is the microencapsulation of proteins in 

biodegradable polymers.  

 The use of biodegradable polymers allows for a sustained release (e.g. days to 

months) of the protein after intramuscular injection, reducing the number of injections 

required. Delivery of drugs using microparticle biodegradable polymer release systems, 

such as those prepared from poly(D,L-lactide-co-glycolide) acids (PLGA), has been 
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utilized for over 20 years.   These delivery vehicles, aptly named microspheres, 

millicylinders, and nanoparticles because of their size and shape, have been considerably 

developed due to early promising results.   While there are clear distinct advantages of 

such protein microencapsulation, this delivery method has yet to realize its potential 

because important obstacles remain: namely, the instability of the protein and high cost of 

manufacture.  Protein instability, both during encapsulation and during its release in vivo, 

is regarded as the most challenging delivery problem facing protein biopolymer 

microparticle delivery [1, 2].  In addition, high manufacturing costs persist because of 

complex microencapsulation protocols, and the requirement of aseptic processing.  

 Here a new encapsulation technique, termed ‘self-healing microencapsulation’ is 

introduced.   In this thesis, proof–of–principle experiments are confined to microspheres, 

but these data are expected to be applicable to many of the forms of protein polymer 

encapsulation and delivery.  This new encapsulation technique circumvents many of the 

traditional stresses polymer-encapsulated proteins are exposed to, and offers a substantial 

stability advantage over them.  However, in order to fully explain the uniqueness of this 

novel technique, traditional microsphere preparation methods and the phenomena 

associated with them must be introduced first.  

1.2 Microsphere Preparation 

 One of the first steps in designing any biodegradable polymer controlled release 

delivery system is the choosing an appropriate polymer.  Candidates include a number of 

biodegradable polymers such as polyesters, polyanhydrides, poly(ortho-esters), and 

polyiminocarbonates [3].  Of these, polyesters incorporating lactic and glycolic acids are 

by far the most common. One specific example of this type of polymer, poly(lactide-co-
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glycolide) (PLGA), degrades via hydrolysis forming lactic and glycolic acid, which are 

subsequently eliminated by the body through the tricarboxylic acid cycle [4].  

 After the polymer is selected, selecting the form of delivery is another crucial 

decision.  Nanoparticles circulate systemically and consequently have shorter half lives.  

Microparticles with encapsulated drug are injected intramuscularly or subcutaneously, 

whereas millicylinders require implantation.  After the proper form of delivery is 

selected, the proper manufacturing method must be chosen as well.  All manufacturing 

methods for all biodegradable delivery systems are outside the scope of this introduction 

and as such only microparticle manufacturing will be discussed here.   There are a 

number of methods of preparing drug encapsulated polymer microparticles.  The 

overwhelming majority of these preparation methods have been 1) spray drying, 2) phase 

separation (also called coacervation), 3) emulsion solvent-evaporation and solvent-

extraction [5], and 4) spray freeze drying (Alkermes ProLease©). Some additional 

research has concentrated on novel methods, such as in situ forming delivery systems, 

and these will not be examined here as they have found little utility for protein delivery.   

1.2.1 Spray Drying 

 In spray drying, the polymer is first dissolved in an organic phase, usually 

methylene chloride. The drug solution is then either dissolved directly into the organic 

phase [6], or it is dissolved in another solvent such as methanol [7] or water [8-10].  If the 

drug is dissolved in a solvent immiscible with the polymer phase, it must be dispersed 

into the polymer solution via ultrasonification [9] or magnetic stirring [11].  The resulting 

microparticles are spray dried in a spray-drier, washed and vacuum dried.  This process 

consists of the use of organic solvents, and a myriad of interfaces to facilitate quick 
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solvent evaporation. Such microparticles, generally regarded as ‘microspheres,’ are often 

in the size range of 1-15 µm or larger, with a high drug encapsulation efficiency [5, 6].  

This process has some limitations because some agglomeration of the microparticles 

occurs during manufacturing [12] and increased operating temperatures to remove the 

organic solvent is required. 

1.2.2 Coacervation 

 Coacervation – also called phase separation – is another way to prepare drug 

encapsulated microspheres.  The polymer is dissolved at low concentration in an organic 

solvent such as methylene chloride or ethyl acetate [13].  Hydrophobic drugs are 

dissolved directly into the polymer solution, while hydrophilic drugs are dissolved into 

water and dispersed into the polymer solution via ultrasonification [5].  An organic 

nonsolvent such as silicone oil [13, 14] or petroleum ether [15] is then slowly added to 

the solution while stirring, initiating phase separation of the polymer solution to a 

polymer poor phase and a polymer rich phase surrounding the drug.  The active drug is 

dispersed throughout the resulting phase, in soft polymer droplets called the ‘coacervate.’  

The suspension of microspheres is then added to a larger quantity of the organic 

nonsolvent, allowing the microspheres to harden through evaporation of the remaining 

polymer solvent.  The microspheres are washed, collected, and vacuum dried.  This 

preparation method has some serious drawbacks, including the high amounts of residual 

toxic solvents, coacervating agents, and hardening agents that remain in the microspheres 

even after manufacture [13].   
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1.2.3 Emulsions  

 The most common method of preparing polymer microspheres is the emulsion-

solvent evaporation method.  There are four types of emulsion-solvent evaporation 

methods: oil-in-water (O/W), water-in-oil in water (W/O/W), oil-in-oil (O/O) and solid-

in-oil in water (S/O/W) [5].  These four types can subsequently be broken into two 

groups: single emulsion (and single suspension/emulsion) processes (O/W, O/O, and 

S/O/W) and double emulsion processes (W/O/W).  

 In the single emulsion processes, predominantly comprised of O/W and S/O/W, 

the polymer solution is dissolved in an organic solvent.  The drug is then dissolved in the 

polymer phase (O/W) or dispersed into the polymer phase (S/O/W) via homogenization 

[16]. The polymer solution is immediately added to a large volume of water to create an 

emulsion.  The organic solvent is removed through evaporation or extraction, leaving 

hardened polymer droplets.   The O/W method is better suited for hydrophobic drugs 

because of the tendency of hydrophilic drugs to diffuse out into the larger water phase 

during hardening, resulting in low encapsulation efficiencies and larger burst release 

kinetics [5].   

 The other single emulsion process, O/O is sometimes used to encapsulate proteins 

and other hydrophilic drugs.  In this process, the polymer and drug are dissolved together 

in a water miscible organic solvent like acetonitrile.  The drug/polymer solution is then 

emulsified by adding it to an organic solvent such as light mineral or cottonseed oil.  The 

solvent is removed via extraction or evaporation, and the microspheres are washed with 

solvents like n-hexane or petroleum ether [5, 17, 18].  
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 The most common emulsion-based encapsulation method is the double emulsion 

process, W/O/W, which is very suitable for water soluble proteins and peptides.  In this 

method, the drug is dissolved in an aqueous solution while the polymer is dissolved in an 

organic solution such as methylene chloride.  The two solutions are then combined and 

stirred vigorously, creating the first microfine emulsion.  This emulsion solution is added 

to a larger volume of aqueous solution that contains an emulsifier such as polyvinyl 

alcohol (PVA). The suspension is then stirred and the organic solvent removed via 

evaporation or extraction. The microspheres are then washed, collected and dried. 

1.2.4 Traditional Preparation Limitations 

 All current microsphere formulation methods have weaknesses, particularly for 

encapsulating and delivering proteins.  Chief among these limitations is the instability of 

the encapsulated protein during microsphere manufacture, lyophilization, storage, and 

release.  Additional drawbacks include the inability to terminally sterilize microspheres 

after preparation and the variability within and across different formulations. The latter 

short coming contributes to the high cost normally associated with aseptic microsphere 

production. 

1.3 Stability Concerns 

 Microspheres can be used to deliver both small molecule drugs and larger 

biological molecules such as peptides and proteins.  Whereas small molecule active drugs 

typically only suffer from chemical modes of instability, proteins and large peptides can 

become biologically inactive due to numerous physical instability pathways, such as 

protein unfolding or loss in tertiary structure [19].   Due to their higher rate of incidence, 
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physical stability concerns sometimes overwhelm any chemical stability concerns in 

polymeric protein delivery.  Such physical instability mechanisms include aggregation, 

denaturation, and precipitation.  Most of the focus of biopolymer delivery is consequently 

aimed at increasing physical stability, a characteristic unique to proteins and large 

peptides.  

1.3.1 Protein Instability during Encapsulation 

 During polymeric microparticle encapsulation, a protein is exposed to a number 

of conditions that can negatively influence its physical stability.   These factors include 

the existence of an organic/aqueous interface [20], shear, the air-liquid interface [21], and 

higher temperatures.  Protein instability during encapsulation is regarded as one of the 

two most significant obstacles of controlled-release injectable delivery vehicles [2] (the 

other being instability during in vivo release).   

 Without any additional mechanical forces, organic solvents such as DMSO and 

methylene chloride have been shown to cause extensive denaturation of proteins if they 

dissolve the protein [22, 23].  However, encapsulation of proteins in microspheres often 

requires the addition of an aqueous solution.  With this additional phase, an 

organic/aqueous interface is produced.  Because proteins contain both hydrophilic and 

hydrophobic parts, they are considered surface active, and adsorb at the organic/aqueous 

interface. At this interface, proteins can irreversibly aggregate [20] to form dimers and 

polymers through disulfide bond reshuffling [24] and hydrophobic interactions [25].  

Thus, while the organic solvent itself is detrimental for many proteins, this 

organic/aqueous interface may be more detrimental to proteins as observed with -
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chymotrypsin [26], ribonuclease A [20], tetanus toxoid [27], ovalbumin [24] and 

lysozyme [28]. 

 Shear with mixing and the air-liquid interface also have an impact on protein 

denaturation and aggregation. During the homogenization process of drug 

microencapsulation, the protein is exposed to both high levels of shear as well as an 

extensive air-liquid interface.  While shear and shear rate alone were observed not to 

have a large effect on aggregation [29], shear in conjunction with the air-liquid interface 

is very detrimental to proteins [21].  It is generally believed that the protein adsorbs to the 

air-liquid interface and then unfolds, initiating aggregation of the hydrophobic chains 

[30].  During microsphere preparation, shear may play its destructive role primarily 

through increasing the air-liquid interface renewal rate [21].   

 In some microencapsulation methods, it is necessary to disperse the aqueous 

protein into the organic polymer phase via ultrasonication. However, this introduces 

energy into the emulsion. Protein stability may be affected by the local temperature 

extremes and/or formation of free radicals generated through such processes [31].  

1.3.2 Protein Instability during Storage 

 Prior to use, microspheres are often freeze dried so that they can be stored until 

they are to be used.  By removing the water and any residual organic solvent, degradation 

should occur at a slower rate. However, during the freezing process such proteins are 

exposed to extremes of concentrations and pH, which can also harm the protein.  Thus, it 

is necessary to quickly freeze the protein to help reduce some of those freezing stresses.  

While the frozen solution sublimes, any salts present will greatly increase in 

concentration, which has been found to be deleterious to protein stability.  Studies have 
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indeed indicated that dehydration of proteins can cause significant irreversible 

conformational changes without the presence of certain stabilizers [32].   

 Additional concerns exist when the protein is lyophilized with a hydrophobic 

polymer.  First, the existence of such a hydrophobic interface provides another surface 

for protein denaturation to take place.  Additionally, during lyophilization the 

temperature can rise, melting ice into the liquid phase again.  If this residual water is left 

in the microspheres, premature degradation of the polymer and protein can occur.  As the 

polymer degrades, it generates acidic groups, lowering the pH and potentially degrading 

the protein [33].  Moisture can also cause aggregation by providing a medium for thiol-

disulfide exchange [34] or cross-linking by formaldehyde-mediated processes for 

formaldehyde-treated protein antigens [35].  

1.3.3 Protein Instability during Release 

 When microspheres are placed into the in vitro or in vivo aqueous release 

environment, the microspheres become hydrated.  The amount and speed of water uptake 

is dependent upon the properties of the polymer and microsphere, such as polymer 

molecular weight, composition, excipient identity, and structure.  Generally, the amount 

of water uptake of the entire microsphere is in the range of 20% to 100% of the polymer 

dry weight [1].   

 Naturally, as the polymer becomes hydrated the protein is exposed to water as 

well.  Rehydration of a solid protein has been shown to destabilize proteins [36]. 

Additionally, at increasing water content, the protein molecule is more flexible and 

reactive, [37, 38] providing the opportunity for destabilization.  The moisture level 

affects the amount of aggregation. At low and high moisture rates, the amount of 
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aggregation is minimal, while a maximum aggregation amount is seen an intermediate 

moisture rates [34].  This increased aggregation at intermediate moisture amounts is 

dependent on the protein as well as the pH [1]. 

 The aqueous pores of PLGA microspheres are often referred to as 

‘microclimates,’ since each may possess a unique environment depending on the amount 

of water penetration, the extent of polymer degradation, and the number of water-soluble 

acids. As the polyester polymer degrades through hydrolysis, acid is produced, 

subsequently lowering the pH. Within a single formulation, these microclimates are at 

least slightly different from one another with respect to pH. Across different 

formulations, the microclimate pH differs markedly. In some formulations the pH in 

these aqueous pores are neutral (pH 6 to 7) [39], however in many formulations they are 

reported as acidic (pH 2 to 6) [40-42].  This difference is dependent on the presence of 

any encapsulated buffering species, as well as the type of polymer, specifically its rate of 

degradation and permeability in transporting acid byproducts [1].  

 A low microclimate pH can be severely detrimental to the protein species present.  

When a protein is at a pH far lower than its isoelectric point, it loses any negative charges 

and contains only positive charges.  These positive charges will repel each other and may 

lead to protein denaturation [43]. In some instances, denaturation may be great enough 

that irreversible aggregation results.  Any acid labile peptide bonds will undergo rapid 

hydrolysis at low pH [44].  Simulations of a bovine serum albumin (BSA) in a very 

acidic microclimate pH (pH < 2) showed denaturing, peptide bond hydrolysis, and 

noncovalent aggregation [45].  The addition of a base such as Mg(OH)2, MgCO3, ZnCO3 
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and Ca(OH)2, to the polymer has been shown to diminish some of these effects by 

increasing the pH [45, 46].   

 An additional mechanism that can destabilize the protein involves the polymer 

surface.  It is known that the proteins can adsorb to polymers such as PLGA [47].   This 

adsorption stems from the interaction between the hydrophobic protein interior and the 

hydrophobic polymer chain, and can instigate irreversible conformational changes [48]. 

The addition of a surfactant such as sodium dodecyl sulfate (SDS) has been shown to 

increase the release of BSA at later stages of release [49], although it is not clear whether 

this increased release is due to BSA being released from the surface of the polymer [49] 

or due to dissolving noncovalent aggregates [1, 45] .   Though the extent of this polymer 

surface/protein interaction is unknown, it is believed that no more than 10% of the 

original amount of loaded protein is adsorbed [1].   

 Additional causes of protein instability during release include the presence of 

water-soluble oligomers, chemical reactivity between protein and polymer [3], and 

chemical changes such as deamidation and oxidation [50]. These factors are generally 

thought to have only a small role in the destabilizing process and as such they will not be 

discussed here.  

1.3.4 Stability during Sterilization 

 In parenteral applications, especially ocular delivery, the delivery systems are 

required to be unconditionally free of microorganisms [51].  Thus, the removal or 

destruction of all living cells, bacterial spores, and viruses is of critical importance in 

controlled-release biodegradable polymer delivery.  However, sterilization of protein-
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encapsulated microspheres is not trivial, especially considering its antithetic objective: 

destroy all living things, but leave the biological drug molecules undamaged.  

Common methods of sterilization include heat, filtration, radiation, and chemical 

sterilization [52].  Some of these processes have clear limitations when applied to 

microsphere sterilization. For instance, heat can melt the polymer and damage the 

protein. Filtration is not likely to be successful, since any microorganisms can be 

entrapped inside the microsphere matrix.  There are also no chemical treatments that are 

suitable for microsphere applications.  Ethylene oxide, commonly used to sterilize 

disposable laboratory supplies, increases polymer degradation, disrupts the polymer 

matrix, and is highly toxic [53].  Ethanol has been used only as a chemical disinfectant 

for polyester scaffolds because it lacks the ability to destroy hydrophilic viruses and 

bacterial spores [54], but can not fully penetrate a microsphere for sterilization and also 

can swell the polymer, altering the polymer matrix. 

 Consequently, radiation has been the focal point of microsphere sterilization. 

However this sterilization method has serious drawbacks as well. One type of radiation 

generally used for sterilization purposes, γ-irradiation, has been shown to initiate 

degradation of the polymer, dependent on the dosage of radiation [54, 55].  A recent 

experiment revealed that γ-irradiation of recombinant human insulin-like growth factor-I 

encapsulated PLGA microspheres caused aggregation of the protein as well as 

differences in the formulation release rate [56].  Even more alarming, γ-irradiation of 

drug encapsulated microspheres was shown to cause the formation of free radicals in 

clonazepam, an antiepileptic small molecule drug [57], as well as in the protein 
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ovalbumin [58].  The amount and persistence of free radicals generated was large enough 

to be able to be used as irradiation markers [57].     

 Clearly, there are problems with producing a microparticle delivery system 

devoid of any microorganisms while maintaining protein integrity.  Thus, it is currently 

necessary to produce protein-encapsulated microsphere in expensive aseptic facilities. 

1.4 Formulation Variability 

 Across a series of research groups, a particular microparticle formulation can vary 

considerably in drug content and release profile.  Each group has its own equipment for 

homogenizing, stirring, and measuring.  For instance, it is known that the microsphere 

pore structure is dependent on the organic solvent removal profile, which is in turn 

dependent on stirring rate during hardening as well as temperature [59].  These factors 

can vary between different equipment, interpretation of measurement, and location, 

among other factors.   

 Even more variability is observed across different formulations.  The release 

profile of an encapsulated protein with a loading of 10% (w/w) will not be exactly the 

same as another protein, even at the same loading.  The amount of water phase used to 

dissolve the drug in an w/o/w itself will have an influence on microsphere morphology 

[60].  Furthermore, the makeup of the polymer, including variation across molecular 

weights, manufacturer, and different lots from the same manufacturer, has an obvious 

impact on the morphology and release rate of the microsphere.  

 The consequence of this variability is that every time a new drug is used in 

microparticle delivery, a new formulation must be prepared.  Various factors need to be 

manipulated in order to produce a formulation with an acceptable amount of encapsulated 
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drug as well as an acceptable release profile.  These factors include but are not limited to: 

polymer type, amount of encapsulated drug, identity of organic solvent, polymer 

concentration in the organic phase, identity and amount of excipients, stirring rate during 

hardening, temperature during preparation, speed of homogenization, organic/aqueous 

phase ratios, continuous phase amount, and identity and amount of stabilizers.  The 

formulation must undergo a series of extensive tests to find the optimal parameters and 

release characteristics, as well as to evaluate its effectiveness.      

1.5 Pores 

1.5.1 Porosity 

 Another critical artifact of manufacturing, particularly visible in the emulsion 

based preparation, is porosity.  After microsphere preparation, the morphology of the 

microspheres can be investigated through electron microscopy.  The microspheres will 

sometimes be honeycomb or sponge like, with pores visible on the surface. Channels 

connecting these internal pores are often visible.  In combination, the pores, which 

percolate throughout the polymer with interconnecting channels, are referred to as a pore 

network.  These porous spaces are locations where water or organic solvent were present 

before lyophilization, preventing hydrophobic polymer occupation.  These pores can 

range in size from 10 nm to 2000 nm [61]. This is larger than the diameter of a large 

protein, bovine serum albumin, reported to be around 7-9 nm [62]. The extent and 

development of this pore network is dependent on the particular formulation.  The 

porosity , a measure of the total amount of empty space, is important because it has been 

shown to correlate with the amount of drug release during the initial release [63, 64].   
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Some researchers have attempted to increase this initial burst by increasing the porosity, 

with the ultimate goal of getting a more immediate pharmacological response due to the 

higher initial drug concentration [65].  

 The extent of pore formation in w/o/w emulsion microspheres has been found to 

be dependent on a number of processing parameters.  The composition and size of the 

inner aqueous phase was found to play a role in porosity. For instance, a higher amount 

of water in the first emulsion was found to increase porosity [60] and substituting 

methanol for water also increased the porosity [66].  The type of emulsifier may also 

have an effect on porosity [67, 68].  Additionally, the osmotic pressure difference 

between the dispersed phase and the continuous phase during hardening was found to 

play a large role.  The addition of salt to the continuous phase to raise the osmotic 

pressure of that phase succeeding in creating denser particles with a lower initial burs 

t[69, 70].  Similarly, adding substances to increase the osmotic pressure of the dispersed 

phase was found to substantially increase porosity as well [65].  Perhaps the largest 

determinant of porosity is the rate of evaporation of the organic solvent from the 

microspheres.  High evaporation rates have generally produced much more porous 

spheres [71-73] with larger pore size[59].  This evaporation rate can be augmented by 

increasing the amount of water in the second emulsion [59, 74], increasing the 

temperature [72], and increasing the temperature ramp [71, 74], among other parameters.   

1.5.2 Pore Closing / Opening 

 Previous work has examined the mechanisms surrounding the porosity during 

release.  During incubation at typical biological temperature, i.e. 37°C, the polymer 

spontaneously rearranges.  After beginning irregularly shaped, the pores become slightly 
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smaller and circular in shape after a short incubation period of somewhere on the order of 

24 – 48 hours.  Eventually the pores previously visible on the surface are closed.  After 

about 5 hours of incubation, a thin layer of film or ‘skin’ formed around each 

microsphere. These morphological changes were observed via SEM, and their 

termination correlated to the cessation of the initial burst release. This polymer 

rearrangement was observed to occur from the inside out, and stopped after 1 day of 

incubation [61]. The authors theorize that this polymer rearrangement and subsequent 

closing of the pores is at least partially responsible for the appearance of the initial drug 

burst and its subsequent termination. Additionally, this pore closing phenomenon was 

observed to occur faster at pH 4 than pH 7 [75], though the effects of acetate as a 

plasticizer in that study should not be ignored. 

 This work presented another interesting phenomenon.  The microsphere pore 

closing that correlated with the initial burst and also corresponded to a decrease in 

permeability of the microspheres to dextran tetramethylrhodamine (TMR), a fluorescent 

dye with an approximate molecular weight of 3000.  Microspheres were incubated in 

release media at 37°C for either 0, 5, or 24 hours and then treated for 30 minutes with a 

solution of dextran TMR.  A stark difference in the degree of penetration of dextran TMR 

was seen. Treatment with dextran TMR before any incubation showed considerable 

penetration into the microsphere. However, after 24 hours of incubation, little penetration 

by dextran TMR into the microsphere was observed [75].  Later work repeated this using 

a dextran bodipy conjugate with a molecular weight of approximately 10,000 [76].  This 

work corroborated the existence of an extensive pore network throughout the 

microsphere, since deep penetration of the dextran dye was seen even with minimal pores 
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visible on the surface.  After incubation of blank microspheres at 4°C in dextran dye 

solution for 12 hours, and then placing them in a blank release medium at the same 

temperature, a great deal of dextran remained inside.  The authors suggested that this was 

evidence that some of the inner pore network closes even at this low temperature [76]. 

1.6 Self-Healing of Polymers 

1.6.1 Background 

 As evidenced by the pore closing phenomenon, polymers in solution can be very 

mobile. In fact, a number of materials, including metals, ceramics, and polymers, are 

capable of undergoing processes to repair internal damages such as fracture or 

indentation. This process of intrinsic repair is called ‘self-healing’.   Due to their wide 

range of properties and types, including their potential for biocompatibility, such self-

healing in polymers has been the focus of much recent research work. 

 One type of healing in polymer systems is observed through the use of healing 

agents.  Systems that require such additional agents are called ‘irreversible systems,’ [77] 

and while they are self-healing, these agents must be dispersed throughout the system and 

it consequently has a finite number of possible repairs.  For example, there have been 

reports of encapsulated fibers or microcapsules with a reactive healing fluid that when 

ruptured and exposed to the matrix can polymerize, healing any defects [78-80].    Yet 

perhaps the term ‘self-healing polymers’ is a misnomer; these polymers require isolated 

liquid capsules capable of rupturing and subsequently filling to counteract any inflicted 

damage.  Consequently, the systems may be ‘self-healing,’ but the polymers phase itself 

is not. 
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 Alternatively, polymers exist that are homogenous in their makeup and are 

capable of self-healing without the incorporation of healing agents.  These polymeric 

systems, capable of undergoing repair repeatedly, are referred to as reversible systems. 

After damage is inflicted, the polymers can ‘repolymerize,’ joining two sections of 

damaged polymer.  This reattachment of two sections of material can be through covalent 

bonding, e.g. Diels-Alder, thiol, or N-O bonding, or through non-covalent interactions, 

where the polymerization or cross-linking depends on intermolecular interactions of the 

monomer units and side-chains [77], such as hydrogen or ionic bonding or even chain 

entanglement [81]. It has been observed however, that healing without chemical reactions 

leads to a healing strength comparatively less than covalent bonding [82].    

1.6.2 Self-healing Steps 

 Once a dent appears in a polymer surface, the most important driving force behind 

healing of the polymer is surface tension, in an attempt to keep the polymer surface as 

small as possible [83].  The time scale of such rearrangement depends ultimately on the 

mobility of the polymer chains, i.e. the glass transition temperature of the polymer [83].  

For such processes, heat/energy is required [84], and more specifically the temperature 

needs to be above the polymer glass transition temperature, in order to give mobility to 

the chains.  Furthermore, these dents have been shown to either a) grow, eventually 

leading to complete rupture or b) heal, giving rise to a repaired polymer surface [85, 86].  

The determination for this direction is the amount of excess surface energy introduced to 

the surface of the polymer film.  Excess surface energy above a critical value ∆Fγ,crit 

indicates the indentation will grow, and an excess surface energy below ∆Fγ,crit means the 
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indentation will heal.  It should be noted that a small region exists surrounding ∆Fγ,crit 

where either path may be taken [87]. 

 However, if a crack appears as opposed to just a dent, for healing to occur it is 

necessary that the two interfaces are held close enough to each other and held in a 

relatively fixed position during the healing step [84].   As with healing of indentations, 

the temperature needs to be above the glass transition temperature to impart mobility to 

the polymer.  Such is the case with shape memory polymers, which utilize a annealing 

stage of 3h at 100°C after damage [88].  Alternatively, healing in poly(methyl 

methacrylate) was observed using methanol and ethanol as co-solvents [89], subsequently 

reducing the surface Tg and initiating interdiffusion of the interface polymer chains.  

 While polymer ‘joining’ or ‘self-healing’ can occur after damage to the polymer, 

it also can be observed if two separate, undamaged polymer interfaces are brought in 

close contact with one another.   For either mechanism, a mechanism has been proposed 

by Wool and O’Connor [90, 91] discussing the steps for polymer healing.  These five 

stages are 1) surface rearrangement, including post-crack chain-end distribution changes 

at the surface and surface chemical reactions, 2) surface approach, or the time, space, and 

force required to bring the two surfaces in contact with each another, 3) wetting, 

specifically the initial formation of an interface between the two surfaces, 4) diffusion, 

the migration and diffusion of the polymer chains with one another, and 5) 

randomization, the further random crossing of the interface, forming new polymer 

entanglements [92-94].  These last two steps, diffusion and randomization of the polymer 

chain segments, are what gives the healed polymer segment its strength.  
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 Self-healing has also been observed via the spontaneous formation of latex films 

from a spread of latex particles, in a dry open air state above the Tg of the polymer [95, 

96].  The activation energy for this agglomeration of particles was not dependent on 

polymer molecular weight [95].  Furthermore, this film formation was divided into two 

steps: void closure and interdiffusion, the latter of which corresponds to Wool and 

O’Connor’s aforementioned diffusion and randomization steps.  Void closure is seen in 

the beginning step of the annealing process, as the particles have increasing surface 

energy to flow and spread [97]. Brownian motion is believed to be responsible for this 

chain interdiffusion across the polymer gap [97].  The healing of this gap is only possible 

once the polymer coils from each side are at least capable of spanning half the distance 

during their random motion, meeting one another in the middle [97].   The strength 

increases with time and temperature and follows a t1/4 law using the reptation model of 

confining polymer chains to ‘tubes’ [98].   

1.6.3 Surface versus Bulk 

 While healing is possible between two polymer surfaces above the glass transition 

temperature, it is important to note that in polymer films the Tg at or very near the surface 

of the polymer can differ markedly from the Tg of the bulk polymer, as seen in 

polystyrene [99-104] and poly(methyl methacrylate) [102].   This reduced Tg of the 

polymer is typically seen at thicknesses less than 50 – 100 nm from the surface, with 

increasing Tg as the distance into the bulk increases [105-107].   The reduced glass 

transition values at the surface have been explained by an increase of free volume from 

the chain end groups at the surface and reduced cooperativity of intermolecular coupling 

between motions of different chains because of the existence of the polymer surface 
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[101]. Thus, the polymer near the surface has a higher amount of inherent mobility than 

the bulk polymer [108].  In fact, with polystyrene films less than 100 nm thick, the 

polymer film had so much mobility that annealing above the Tg ruptured the polymer 

film, where upon the polystyrene formed polymer droplets. The authors point out that this 

coalescing into droplets minimizes the film/substrate interface [109], and subsequently 

the interfacial energy.  Thus, these polymers had so much mobility that droplet formation, 

presumably due to the driving force of interfacial tension minimization, overpowered the 

cohesive forces of the polymer film. The observed reduced surface glass transition 

temperature prompted Keddie et al [106] to prophetically state over 15 years ago that this 

potential decrease in glass transition temperature at the surface and subsequent more 

mobile surface layer may allow for “the autoadhesion of glassy polymers” in the future .   

Indeed, polystyrene has been observed to heal at a temperature significantly below (23-

43°C below) its bulk Tg [110].  This ultimate threshold temperature, at which healing is 

possible, appears to be dependent on the molecular weight of the polymer, which 

corresponds to the amount of polymer mobility [111].  

 Such features are apparent in the biodegradable polymers utilized in this research. 

For instance, polymer rearrangement (e.g. visible changes in a smooth surface and 

spherical shape) of polymeric poly(D,L-lactic acid) (PLA) microspheres was only seen in 

lower molecular weight PLA, specifically when the now revised polymer Tg (due to 

degradation and decreasing oligomer MW) passed below the incubation temperature 

[112, 113], showing the importance of surpassing Tg for polymer mobility.  Additional 

surface mobility has been reported in PLA and PLGA films, as the methyl side chains in 

the lactic acid units were discovered to exist preferentially at the polymer/air surface and 
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are more free to vibrate, especially in films over 1 µm in thickness [114].   Such films go 

through reformation as their surface is wetted with water, with the methyl side chains 

units reorientation believed to be the major movement responsible for rearrangement 

[114].   

1.7 Conclusion 

 Clearly, much of the future focus for polymer protein delivery must be on 

maintaining stability of the encapsulated molecule.  Numerous ways of improving 

stability during encapsulation have been reported, but all still expose the protein to non-

biological solvents, and none completely alleviate the stability problem.  Furthermore, 

during release, these controlled release systems are subjected to additional stresses, 

including an increasingly acidic pH.  Separately, during release the pores in these 

controlled release systems are observed to rearrange, sealing off their internal network 

from the outside environment.  This polymer rearrangement appears to be related to an 

intrinsic ability of the polymer to ‘self-heal.’  Self-healing has been studied in many other 

polymers, although questions about its mechanism still remain.  

 An earlier set of experiments utilized penetration of a fluorescently labeled sugar 

molecule to visualize a phenomenon similar to self-healing, the pore closing phenomenon 

in PLGA microspheres. These experiments succeeded in using this procedure to visualize 

the pore network, but also created microspheres with a polysaccharide encapsulated 

inside.  Thus, perhaps this pore closing, ‘self-healing’ phenomenon could be used to 

encapsulate proteins in a novel way, where the encapsulated molecules are not subjected 

to the stability perils usually associated with protein encapsulated microsphere 

manufacture. The aim of this research project is to exploit pore closing to create 
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microparticles with encapsulated protein that is more stable, as well as presumably 

displaying different release characteristics.  This new method of drug encapsulation is 

called ‘self-healing microencapsulation’ since it is the polymer and its environment, not 

external forces or chemicals, that drives the encapsulation. 
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  CHAPTER 2 

2 Proof of Principle and Formulation 

2.1 Abstract 

 Microencapsulation of medicines in modern polymeric biomaterials plays a 

crucial role in success of long-term injectable depots, drug-eluting stents, tissue 

engineering scaffolds, and blood-circulating nanoparticles. Until now, drugs are most 

commonly dissolved in organic solvent, which has several disadvantages. Described here 

is a new microencapsulation paradigm based on the polymer’s own natural “self-healing” 

capacity in aqueous media without use of organic solvents.  For initial evaluation of the 

feasibility of this method, porous microspheres were dispersed in concentrated solutions 

of protein (BSA and lysozyme) (45-330 mg/mL), with or without 150 mg/mL sucrose as 

a protein stabilizer, at 4°C, T < Tg of the polymer, and then the pores were closed by 

raising the temperature to 37 – 42 °C, T > Tg, before washing and lyophilization, 

microencapsulating the protein inside.  Drug loading and release kinetics in PBS + 0.02% 

Tween 80 at 37°C were determined.   Microsphere size and morphology were determined 

by SEM.   Protein was quantified by SE-HPLC and Coomassie Plus protein assay.  By 

using high aqueous sugar solution concentrations in the inner water phase, or suspending 

low concentrations of MgCO3 in the organic phase, 20-90 µm microspheres were 
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reproducibly loaded with 1-6% w/w protein or peptide after self-encapsulation and 

exhibited controlled release over 30 or 60 days.  Confocal micrographs of FITC-BSA 

loaded and coumarin-BSA loaded microspheres localized the loaded molecules in a pore 

network throughout the microspheres.  This loading amount was found to be strongly 

dependent on blank particle manufacturing excipients and the loading solution protein 

concentration.  The new paradigm opens the door to improved compatibility with large 

biotechnology derived drugs, potentially lower manufacturing cost, the ability to create 

new biomaterial architectures, and more practical use among non-formulation scientists 

and clinicians.  

2.2 Introduction 

 Polymeric biomaterials are widely used for the in vivo sustained release of drugs 

over a period of days or even years [1].  Such polymers can be utilized in numerous 

biomedical and pharmaceutical forms (spheres, rods, coatings, porous matrices) including 

micro- to millimeter scale injectable depots [2, 3], drug-eluting stents [4], scaffolds for 

engineering tissues [5], and blood-circulating nanoparticles [6]  and can be made 

biodegradable or nondegradable.  Up to this point however, drugs, particularly peptides 

and proteins, are most commonly microencapsulated after mixing with a polymer/organic 

solvent solution [7].  Before or after this combination the drug is either micronized (e.g., 

by homogenization, sonication, or grinding) or molecularly dissolved in the solvent, and 

later becomes dispersed throughout the final polymer matrix [7].  Both steps can 

compromise protein stability [8, 9], due to the manufacturing stresses proteins are 

exposed to, including increased temperatures, water/organic interfaces, air/liquid 

interfaces, and shear forces.  Before use, the organic solvent is removed to clinically 
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acceptable levels and the polymer/drug matrix is dried.  Additionally, because the 

biomacromolecule is often subject to destabilization through sterilization processes (e.g. 

γ-irradiation), the entire encapsulation process has to be conducted under aseptic 

conditions.  

 Presented here is a new microencapsulation paradigm based on the polymer’s 

own natural “self-healing” capacity in aqueous media [10, 11], possible through polymer 

surface self-association.   This new encapsulation technique is thus called ‘self-healing 

microencapsulation.’  The key steps to this new encapsulation technique are: 1) using 

porosigens to create a blank porous particle through a traditional w/o/w encapsulation 

technique, absent of drug; 2) loading of the drug through the polymer network by simple 

mixing at a temperature less than the Tg of the polymer (e.g., like mixing naked DNA to 

lipofectin gene delivery vector [12]); and 3) self-healing of the particle and the pores, 

through incubation at a temperature above the Tg of the polymer.   This paradigm allows 

the biomacromolecule to be encapsulated without being exposed to the stresses during 

particle manufacturing, including the aforementioned interfaces, shear forces, and 

increased temperatures.   Furthermore, this process also provides the ability for the 

manufactured microsphere to be terminally sterilized, since the protein/peptide that could 

be harmed by the irradiation is not encapsulated until sometime after microparticle 

manufacture.   Additionally, since previous research has correlated surface pore closing 

with the cessation of initial burst from the microparticles [11], this new method of 

microencapsulation may provide a new way to reduce or eliminate the initial burst release 

as the pores are closed during the encapsulation process and before in vivo delivery.  
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 A summary of the differences between the traditional method of encapsulation 

and this new method is shown in Figure 2.1. As shown in the figure, self-healing 

microencapsulation can be used after manufacture with many different 

biomacromolecular drugs and may not require extensive variation in blank particle 

formulation for each.  One possible scenario for application of this new encapsulation 

method is a point-of care encapsulation (Figure 2.2).  Other examples of point-of care 

encapsulation have already been discussed in the literature [13], but this appears to be the 

only one that completely avoids toxic substances at the time of injection.    

 In order to determine the feasibility of this new self-healing microencapsulation, 

the goal of this study was to perform a series of experiments exploring the optimal 

conditions for encapsulation, loading, and release to demonstrate for the first time this 

new principle.  

2.3 Materials and Methods 

2.3.1 Materials 

 Several PLGAs were used. PLGA with an i.v. = 0.19 dL/g (50:50, PLGA DL 2M, 

methyl ester end group, Alkermes Lot No. 1158-515, 19 kD MW) was purchased from 

Lakeshore Biomaterials (Birmingham, AL), formerly Alkermes; PLGA with an i.v. = 

0.20 dL/g (50:50, Part #B6017-1G, Lot #A07-044) was from Lactel Absorbable Polymers 

from DURECT Corporation (Cupertino, CA), formerly Birmingham Polymers; PLGA 

with an i.v. = 0.57 dL/g (50:50, PLGA DL LOW IV, Lot No. W3066-603, lauryl ester 

end group, 51 kD) was purchased from Lakeshore Biomaterials (Birmingham, AL), 

formerly Alkermes; PLGA with an i.v. = 0.20 dL/g (50:50, PLGA Resomer RG 502H, 
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free acid end group, Lot. No. 1029124) was purchased from Boehringer Ingelheim 

(Germany). PLGA-Glu, a copolymer of PLGA and glucose (50:50, MW of 50 kDa), was 

a generous gift from Novartis Pharm AG (Basle, Switzerland). α,α-Trehalose dihydrate 

was purchased from Pfanstiehl (Waukegon, IL), zinc carbonate (ZnCO3) was purchased 

from ICN Biomedicals Inc. (Aurora, OH), polyethylene glycol (PEG), MW 17,500, was 

purchased from Fluka (Steinheim, Germany), poly(vinyl alcohol) or PVA (25 kDa, 88% 

mol hydrolyzed) was purchased from Polysciences, Inc. (Warrington, PA), and 

Poly(vinyl alcohol) (9-10 kDa, 80% mol hydrolyzed) was purchased from Sigma Aldrich 

(St. Louis, MO). Magnesium carbonate (MgCO3), Bovine serum albumin (BSA), fraction 

V, and lysozyme (from chicken egg white) was purchased from Sigma Aldrich (St. Louis, 

MO). α-Chymotrypsin, from bovine pancreas, Type II was obtained from Sigma Aldrich 

(St. Louis, MO).  Phthaldialdehyde reagent, P0532, containing 1 mg σ-phthaldialdehyde 

(P 0657) per mL solution with 2-mercaptoethanol as the sulfhydryl moiety, was obtained 

from Sigma Aldrich (St. Louis, MO). Leuprorelin acetate (Lot No. 071002) was 

purchased from Shanghai Shnjn Modern Pharmaceutical Technology Co. (Shanghai, 

China).  7-methoxycoumarin-3-carbonyl azide was purchased from Molecular Probes 

(Eugene, OR), now Invitrogen (Carlsbad, CA).  All other common salts, reagents, and 

solvents were purchased from Sigma Aldrich (St. Louis, MO).  

 HPLC columns used included an SE-HPLC column from Tosoh Biosciences 

(TSK gel G3000SWxl column or TSK gel G2000SWxl column), an SE guard column 

(Shodex, Protein KW-G), C18 column (4 µm Nova-Pak, 3.9 x 150 mm, Waters, Part 

#WAT086344, Serial #112837351338), and a C18 guard column (Bonda-Pak, C18 

Guard-Pak, Waters, 4 µm).  
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2.3.2 Methods 

2.3.2.1 Conjugating BSA to a pH-Insensitive Fluorescent Coumarin 

 1.2 g of BSA was dissolved in 40 ml of 0.2 M sodium bicarbonate pH 4.5 and to 

this was added 2 ml of 10 mg/ml 7-methoxycoumarin-3-carbonyl azide in DMSO while 

stirring.  The solution was stirring continuously at room temperature in darkness for 90 

min.  To quench the reaction, 4 ml of 1.5 M hydroxylamine hydrochloride was added and 

then the solution was extensively dialyzed using a 25,000 MWCO membrane against dd 

H2O at 4°C.  

2.3.2.2 Preparation and Loading of PLGA-Glu Microparticles  

 150 µl of H2O was added to 2 ml of 300 mg PLGA-Glu in 1 ml CH2Cl2 and 

homogenized at 10,000 rpm for 1 min in an ice water bath. 2 ml 5% PVA (9-10k, 80% 

hydrolyzed) added to tube and the solution was vortexed for 15 seconds, then 

immediately poured into 100 ml of 0.5% PVA and stirred for 3h.  Microspheres were 

sieved, washed with dd H2O, and separated into 20-90 µm, 90-120 µm, and > 120 µm 

fractions, then lyophilized.  

 PLGA-Glu microspheres were dispersed in either 32.5 mg/ml BSA-FITC or 152 

mg/ml BSA at 4°C for 36 hours and then at either a) 4°C for an additional 24 hours or b) 

37°C for 24 hours. For BSA loading, particles exposed to 37°C were washed 10 times in 

a 1X PBS buffer, with the particles collected via centrifugation at 2,000 rpm for 60 

seconds, while particles exposed only to 4°C were washed using 4°C 1X PBST.  For 

BSA-FITC washing, those particles exposed only to 4°C were washed once with 4°C 1X 

PBST, and then immediately observed via confocal microscopy. 
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2.3.2.3 Preparation of Blank PLGA (i.v. = 0.19 dL/g) Microparticles with 

Porosigen 

 Inner water phases with or without a solution of a porosigen (e.g., 150 µl of 300 

mg/ml BSA, 300 mg/ml gum Arabic, 270 mg/ml dextran, 55 mg/ml dextran, etc.) in 1X 

PBS (pH 7.4) was added to 1 ml of 700 mg PLGA in 1 ml CH2Cl2 and immediately 

homogenized at 10,000 rpm for 1.0 min.  2 ml of 5% PVA (9-10 kDa, 80% hydrolyzed) 

was added and the mixture vortexed for 15 seconds at a high setting, and the mixture was 

then poured into 100 ml of 0.5% PVA (9-10 kDa, 80% hydrolyzed) solution under 

continuous stirring. Microspheres were stirred for 3 h at room temperature for in-water 

drying, and collected and washed with dd H2O through sieves, separated by size into 20-

45 µm or 20-63 µm, 45-90 µm or 63-90 µm, 90-120 µm, and 120+ µm fractions.  

2.3.2.4 Preparation of Blank PLGA (i.v. = 0.57 dL/g) Microparticles with 

Porosigen 

 An inner water phase of 100-200 µl in PBS (normally 500 mg trehalose dehydrate 

in 1g 1X PBS) was added to 1 ml of 50:50 (i.v. = 0.57 dL/g) PLGA/CH2Cl2 solution and 

immediately homogenized in an ice water bath at 10,000 rpm for 1.0 minutes creating the 

first emulsion. 2 ml of 5% PVA (9-10 kDa, 80% hydrolyzed) was added and the mixture 

vortexed for 15 s, and the resulting emulsion was poured into 100 ml of 0.5% PVA (9-10 

kDa, 80% hydrolyzed) solution under continuous stirring.  Microspheres were stirred for 

3 h at room temperature for in-liquid drying, and collected and washed with dd H2O 

through sieves, separated by size into 20-45 µm, 45-90 µm, 90-120 µm, and 120+ µm 

fractions or 20-63 µm,  63-90 µm, 90-120 µm, and 120+ µm fractions.  



 
39 

2.3.2.5 Preparation of Blank PLGA (Resomer 502H) Microparticles with 

Porosigen 

 An inner water phase of 500 mg trehalose dehydrate in 1g 1X PBS pH 7.4 (150 or 

300 µl) was added to 1 g 502H PLGA in 1 ml CH2Cl2 and homogenized at 17,000 rpm 

for 1.5 minutes in a syringe.  3 ml 3% PVA (25k, 88% hydrolyzed) was immediately 

added to a syringe and the mixture was homogenized at speed of 6,000 rpm for 30 

seconds, and then injected into 100 ml of 0.5% PVA (25kD, 88% hydrolyzed) under 

continuous stirring.  Microspheres were stirred for 3 h at room temperature, collected and 

washed with dd H2O through sieves, separated into 20-63 µm and 63-90 µm fractions. 

2.3.2.6 Loading of Microparticles 

 Dry microspheres were dispersed in concentrated protein solutions (43-325 

mg/ml) at 4°C for 24-48 h on a rocking platform, then the pores were closed on a rotary 

shaker at 37°C for 20-24 h (PLGA i.v. = 0.19 dL/g) or at 42.5°C for 44-48 h (PLGA i.v. 

= 0.57 dL/g).  After loading, microspheres were washed with distilled, deionized (dd) 

H2O, collected by centrifugation at 3200 rpm for 5 min, and the supernatant removed. 

This washing step was repeated 10-fold, and the microspheres were then freeze dried.  

2.3.2.7 Evaluation of Loading and Release of Microparticles 

For determination of soluble lysozyme, BSA, and BSA-Coumarin, particles were 

dissolved in acetone and dispersed for 1 hour, centrifuged at 13,000 rpm for 10 minutes 

and the supernatant removed.  Centrifugation/supernatant removal was repeated three 

times, and the residual solvent was removed via concentrator.  The remaining protein was 
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then dissolved in 10 mM potassium phosphate buffer, pH 7.0 (lysozyme) or 1X PBS, pH 

7.4 (BSA).   

To quantify the protein, an SE column (Tosoh Biosciences TSKgel G3000SWxl) 

with a guard column (Shodex Protein KW-G) was used.  The mobile phase for lysozyme 

was 0.05 M potassium phosphate, 0.2M NaCl, pH 7.0 at a flow rate of 0.9 ml/min, and 

for BSA and BSA-Coumarin, 1X PBS, pH 7.4.  UV detection at 215 and 280 nm and 

fluorescence detection with excitation and emission wavelengths of 278 nm and 350 nm 

for BSA and lysozyme, and 384 nm and 480 nm for BSA-Coumarin were used.  

For the release study, 0.5 – 1.0 ml of PBST (0.02% Tween 80), pH 7.4 was added 

to approximately 4-10 mg of microspheres and release was conducted at 37°C under 

agitation.  Release medium was removed and replace with fresh buffer at specified time 

intervals.  For determination of soluble protein monomer remaining in the particle, the 

release media sample was run according to the procedure used to analyze the loading of 

the microparticles.  

2.4 Results and Discussion 

2.4.1 Initial Feasibility of Self-healing Microencapsulation and 

Visualization of Loaded Molecule 

 In order to confirm the feasibility of loading large biomacromolecules through the 

pore network, BSA-FITC, a commercially available 51 kDa fluorescently-labeled protein, 

was selected for loading observation.  After blank PLGA-Glu microparticles were 

created, they were incubated in a dilute solution of BSA-FITC in H2O at 4°C, a 

temperature well below the Tg of the hydrated PLGA.   The particles were incubated at 
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4°C for 36 hours, and then split into two groups: 4°C for an additional 24 hours or 37°C 

for 24 hours.   

 Both particle groups showed large pockets of encapsulated BSA-FITC throughout 

the particles, even in the center of the spheres (Figure 2.3), showing that deep penetration 

of BSA-FITC through the pore network was possible.  The internal pore structure 

appeared to contain large pores and was unevenly distributed in size between particles.  

However, the amount of loaded BSA was similar, at 0.26% ± 0.03 (SEM) for the 4°C 

incubated particles versus 0.31% (± 0.18 SEM) for the 37°C incubated particles. 

Furthermore, after setting up a short in vitro release, those particles exposed to 37°C still 

had a small detectable amount (5-10%) of BSA remaining inside after 5 days of release 

whereas no BSA was detected in the particles incubated only at 4°C.   

 In another feasibility test, coumarin, an amine reactive pH insensitive fluorescent 

probe, was conjugated to BSA to create a model protein. Because of its pH insensitivity, 

BSA-coumarin is not subject to changes in fluorescent intensity due to the pH 

heterogeneity found throughout the microparticle.  The effective conjugation of BSA-

coumarin was confirmed by SE-HPLC of the BSA-coumarin detected at 280 nm and by 

fluorescence (ex. 350 nm, em. 415 nm) (Table 2.1).  

 BSA-coumarin was loaded into blank PLGA (i.v. = 0.19 dL/g) microparticles that 

had been prepared using either 300 mg/ml BSA in 1X PBS, pH 7.4 or only 1X PBS, pH 

7.4 as the inner water phase.  The BSA-coumarin was loaded using a protein solution 

concentration of 111 mg/ml in H2O.  After incubation at 4°C for 24 hours, followed by a 

pore closing period at 42°C for 18 hours, loading was determined via SE-HPLC to be 

0.19% (w/w) ± 0.01% (SEM) and 0.40% (w/w) ± 0.12% (SEM) for the PBS and PBS 
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with BSA microparticles, respectively.  Imaging of the dye through confocal microscopy 

using a Coherent UV laser in the higher loaded particles indicates the dye was throughout 

the particle in pore ‘pockets’ (Figure 2.4).  These pore pockets appeared to be smaller and 

more homogeneously dispersed than the PLGA-Glu microparticles investigated 

previously. Furthermore, BSA-coumarin continued to be released from the particles 

through 30 days (Figure 2.5), suggesting the pore network had rearranged, closing some 

of the internal pore structure from the outside environment, and a sustained, long-term 

release of the encapsulated molecule was possible.  

 In a third feasibility test, self-healing encapsulation was observed using particles 

prepared with a higher MW PLGA (i.v. = 0.57 dL/g) with α,α-trehalose dihydrate used in 

the inner water phase to improve percolation of the pore network.  After sugar leaching, 

pores on the scale of 250 to 2500 nm were easily viewed by electron microscopy (Figure 

2.6).  The dry microspheres were incubated at 4°C (<< hydrated Tg ~ 30 °C) in 

concentrated lysozyme solution (230 mg/ml) for 48 h to allow the protein to enter the 

open pores.  Self-healing of the pores was initiated without organic solvent by raising the 

temperature (> Tg) to 42.5°C for 44 h, resulting in lysozyme-encapsulated microspheres 

with a high mass fraction protein (3.84 ± 0.09% loading, SEM, N=5) and a nonporous 

polymer surface (Figure 2.6).  

2.4.2 Effect of Loading Solution Concentration on Loading 

 To investigate the effect the loading solution concentration has on overall loading, 

four different concentrations of BSA-Coumarin (43, 79, 115, and 157 mg/ml) were 

loaded into the same formulation of 0.19 dL/g microspheres that were prepared using 

unlabeled BSA as the inner water (i.w.) phase porosigen.    It was discovered that the 
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loading was strongly correlated with the loading solution concentration (Figure 2.7), and 

of the 5 concentrations tested, no maximum loading was achieved.  This loading 

correlation with solution concentration suggests that the loading of the protein was not 

taking place by a simple adsorption to the surface of the microparticle, and instead the 

protein was equilibrating in the pores available before being encapsulated.   Thus, the 

loading through self-encapsulation can be altered by changing the drug concentration in 

the loading solution.  Furthermore, the loaded microspheres showed similar burst release, 

as is evidenced by their 3 day release curves (Figure 2.8).  

2.4.3 Internal Pore Structure Changing 

 During these experiments, it became evident that during the pore closing step, the 

internal pore network was changing as well as the surface pore structure.  While thorough 

washing of the porous microspheres before pore closing would remove virtually all the 

protein residing inside the microsphere pore network, during release the protein never 

underwent a rapid release, even after the degradation phase had begun.  This lack of a 

‘burst’ phase at any time during release suggests that the protein was isolated in pockets 

after pore closing, and exposure of one pore channel to the outside environment did not 

result in exposure of the entire internal network to the outside environment.  Indeed, even 

in instances where the surface pore structure did not completely close and additional 

surface pores were visible on the surface, a significant amount of protein remained inside 

the microsphere.  Later mechanistic experiments also will show that protein or dextran 

loading will take place even before the surface pore structure appears to close. 

 Thus, it is hypothesized that the internal pore structure is changing even before 

the surface pores visually close.  It is expected that the mechanism of this internal 
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polymer rearrangement is the same as the external pore rearrangement.  Confocal images 

of loaded protein in the microspheres localizes the protein in small, spherical internal 

pores, indicating that this internal rearrangement ultimately results in spherical pores 

isolated from each other.  

2.4.4 Particle Formulation Parameters Effect on Loading and Release 

2.4.4.1 Effect of Different i.w. Phase Excipients on Loading in Low MW 

PLGA 

 The effect of different excipients on the loading was also investigated.  Nine 

different inner water phases were used in otherwise identical formulations utilizing 50:50 

PLGA (i.v. = 0.19 dL/g). The 45-90 µm fraction of each formulation was subsequently 

loaded with BSA-coumarin solution (205 mg/ml) in 1X PBS.   Loading varied greatly 

with the type and amount of inner water phase excipients used as the porosigen (Figure 

2.9). Some formulations, particularly those with high concentrations of sugar or protein 

porosigens, loaded high levels of protein (approximately 2% w/w) while others, 

especially those with extremely low porosigen concentrations, loaded almost no protein.  

All formulations had a similar burst release of 8 to 20% release in first 48 hours of 

release (data not shown).   

 After a short 7 day release, the remaining BSA-coumarin was recovered and 

analyzed. Of the formulations with higher protein loading, only that which used BSA as a 

porosigen had near complete recovery of the loaded BSA-coumarin (Figure 2.10). This 

suggests that the BSA may have helped to stabilize the BSA-Coumarin, as has been 

reported previously for molecules competing for the interface [14]. In addition, protein 



 
45 

itself can help buffer acidic solution pH   Several excipients were then used to create 

blank particles in PLGA (i.v. = 0.19 dL/g and 0.57 dL/g) and excipient type had a 

profound affect on both the loading and release (Figure 2.11). Further analysis suggests 

that higher concentrations of substances in the inner water phase tend to lead towards 

higher loading (Figure 2.12), presumably due to known effects that osmotic pressure 

differences have on creating pores [15] and thus a more comprehensive pore network. 

 SEM images of two formulations show the surface morphology of particles 

before, during, and after loading (Figure 2.13).  After manufacture, the surface of the 

particle is porous, and pores are still visible after incubation at 4°C, while after 

incubation at 37°C nearly all the surface pores are gone.  The pores close only after the Tg 

of the hydrated PLGA is passed. Additionally, a formulation using a low concentration of 

PEG, which had an extremely low loading, had almost no visible surface pores after 

manufacture, further supporting the conclusion that loading occurs through the porous 

network and stressing the importance of excipient type and concentration.   

2.4.4.2 Effect of Polymer Concentration on Loading 

 In early experiments, it was observed that when the polymer concentration in 

microparticles using the low MW PLGA (i.v. = 0.19 dL/g) was changed from 700 mg 

PLGA to 650 mg PLGA in 1 ml CH2Cl2, porous microparticles were unable to close. 

Subsequently, 6 formulations of microparticles of varying polymer concentration were 

created, this time a higher MW PLGA (i.v. = 0.57 dL/g).  These six formulations were 

identical except for the amount of polymer (200, 240, 280, 320, 360, or 400 mg) in 1 ml 

of CH2Cl2.   All formulations had a loading above 2% w/w (Figure 2.14), and only the 

lowest concentration (200 mg PLGA) had a significant burst in the first 48h of release (> 
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50% w/w).  Polymer concentration does appear to have an effect on microsphere loading 

via self-healing microencapsulation, as lower loadings were seen at both lower and 

higher concentrations.  This may partially be explained by previous research suggesting a 

less interconnecting pore network when lower polymer concentrations are used [16] as 

well as decreased porosity at higher concentrations [17, 18].  

2.4.4.3 Effect of Incubation Temperature on Pore Closing 

 Two formulations were prepared using different concentrations of PLGA (i.v. = 

0.57 dL/g) in CH2Cl2 (280 mg and 320 mg PLGA in 1 ml CH2Cl2).  These particles were 

incubated in a 240 mg/ml BSA solution for 48h at 4°C and 24h at 37°C, followed by 

incubation in for an additional 24h at either 37°C or 42°C.   When the particles were 

loaded at the higher incubation temperature, the amount of protein loaded strongly 

increased, while the burst release similarly decreased (Table 2.2).  Evidently with the 

higher MW PLGA, a loading temperature of 42°C was critical for pore closing to take 

place within 48 h.    

2.4.4.4 502H Resomer Pore Closing 

 To confirm pore closing is universal to PLGA, and not an artifact of one 

particular manufacturer or lot number, microspheres were prepared with using another 

commonly used PLGA, Boeringher Ingelheim’s 502H Resomer. Indeed, pore closing 

with 502H Resomer was achieved (Figure 2.15). Both preparations were incubated at 

42°C in dd H2O as well as low and high concentrations of octreotide, a eight amino acid 

peptide, and pore closing in all cases were complete before 76 h of incubation.   
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2.5 Conclusion 

 Initial evaluation of self-healing microencapsulation indicated a deep penetration 

of the loaded molecule into the microsphere, visible through confocal microscopy.  This 

loading was only possible after a self-healing step of incubation at a temperature above 

the Tg of the hydrated polymer was introduced. The loading was observed to depend on a 

number of blank particle formulation parameters, including polymer and excipient type 

and concentration.  The temperature used during the self-healing step was also deemed to 

be important, as well as the loading solution concentration.  Overall, the feasibility of 

loading through self-healing has been confirmed, and the loading and release are greatly 

affected by manufacturing parameters. 
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Figure 2.1 Traditional and New Self-healing Microencapsulation Microsphere 
Encapsulation Methods. Self-healing microencapsulation provides a means to pre-
sterilize the delivery device, whereas traditional methods do not. 
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Figure 2.2 Scenarios for Self-healing Microencapsulation Use. Point-of-care 
encapsulation is one scenario where self-healing microencapsulation could be 
utilized.  
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A BA B

Figure 2.3 Observing BSA-FITC distribution in microsphere through 
confocal microscopy.  Microspheres were incubated in BSA-FITC solution 
for either A) 60h at 4°C or B) 36h at 4°C and 24h at 37°C. 



 
51 
Figure 2.4 Visualization of BSA-Coumarin in 0.19 dL/g 
Microparticles.  Loading was 0.40% (w/w) ± 0.12% (SEM).   
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Table 2.1 Fluorescently Labeled BSA and Unlabeled BSA.  BSA and BSA-Coumarin conjugate 
solutions of similar concentration injected into HPLC with a size exclusion column, mobile phase of 
1X PBS (1 ml/min). 
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Figure 2.5 30 Day release of BSA-coumarin from 0.19 dL/g 
microparticles. BSA-Coumarin, loading at 0.40% (w/w) ± 
0.12% (SEM) was released over 30d.  Release of monomeric 
protein was in PBST (0.02% Tween-80) and assayed by SE-
HPLC of the release media through SE-HPLC. N=3.  
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Figure 2.6 Surface morphology before and after self-healing microencapsulation. 
MgCO3 was incorporated in PLGA 50/50 (i.v. = 0.57 dL/g) microspheres by 
double emulsion method (dd H2O i.w. phase). Dried pre-loaded microspheres were 
incubated with 230 mg/ml Lysozyme at 4°C to load protein in porous 
microspheres while pores were open for 48h (A) and then pores were closed at 
42°C for 44 h (B).  Microspheres were sieved between 45 and 90 µm.  
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Figure 2.7 Average % loading vs. loading solution concentration.  6 different 
loading solution concentrations (43, 79, 115, 157, 175, and 204 mg/ml) were 
loaded in the same formulation (150 µl 300 mg/ml BSA in PBS as i.w. phase, 700 
mg PLGA (i.v. = 0.19 dL/g) in 1 ml CH2Cl2, 20 to 90 µm size). N=5.  
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Figure 2.8 Similar release curves of microspheres loaded by 
different concentrations of protein solution.  Formulation loadings 
are in Figure 2.7.  N=3.  
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Figure 2.9 Effect of i.w. phase porosigen type and concentration on loading 
of BSA-coumarin via self-healing microencapsulation in blank PLGA 
microparticles. Particles were prepared using 150 µl of i.w. phase (above) 
in 1 g PLGA (50:50, i.v. = 0.19 dL/g) in 1 ml CH2Cl2, with all particles 
between 20 and 90 µm. N=5.  
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Figure 2.10 Recovered BSA-coumarin after loading and subsequent 7d release.  Dark bars represent 
the % released in the first 7d of release, while the grey bars represent the amount recovered after 
digestion of the remaining particles. Blank particles were prepared using 150 µl of i.w. phase (above) 
in 1 g PLGA (50:50, i.v. = 0.19 dL/g) in 1 ml CH2Cl2, with all particles between 20 and 90 µm.  N=3.  
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Figure 2.11 Loading and Burst Release for Microspheres Prepared with Different 
Excipients.  Blank particles were prepared with different excipients in 1X PBS 
using 50:50 PLGA (19 kD or 51 kD MW), and subsequently loaded with 250 
mg/ml BSA.   
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Figure 2.12 The effect of the concentration of the i.w. phase porosigen on % 
loading.  All formulation parameters were identical except for the identity and 
concentration of the i.w. phase porosigen in 1 g 1X PBS, pH 7.4, which was either 
270 mg dextran ( ), 55 mg dextran (○), 300 mg Kollidon (PVP)(▲), 50 mg 
Kollidon (PVP) (∆), 500 mg sucrose (■), 250 mg sucrose (), 20 mg PEG ( ), 10 
mg PEG ( ), 50 mg gelatin type A (▼), 50 mg gelatin type B (─), and 300 mg 
BSA ( ).  
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Figure 2.13 SEMs of microspheres before and after loading.  Two formulations of i.v. 
= 0.19 dL/g microparticles were manufactured and freeze dried, and then incubated 
to close the pores.  A) Manufactured particles using sucrose as the i.w. phase, B) 
Microparticle surface after incubating in BSA-Coumarin solution at 4°C for 48h and 
C) Surface morphology after incubating in BSA-Coumarin at 4°C for 48h followed by 
37°C for 20h.  D) Image of a separate formulation, a microparticles using low 
concentration of PEG as the i.w. phase, directly after manufacture and before any 
incubation. 
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Figure 2.14 Dependence of loading on initial polymer 
concentration.  Microparticles were prepared using 50:50 
PLGA (i.v. = 0.57 dL/g), N=5.  
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Formulation A Formulation B  

% Loading 
(w/w) % Burst Release % Loading 

(w/w) % Burst Release 

37°C Pore Closing 1.24 (± 0.01) 50.91 (± 1.52) 1.87 (± 0.03) 41.39 (± 0.99) 
42°C Pore Closing 5.12 (± 0.04) 17.64 (± 1.71) 6.04 (± 0.15) 16.97 (± 1.44) 

 

 

 

 

Table 2.2 Effect of pore closing temperature on loading and burst release for two formulations.  
Loading increases and burst release (BSA released in the first 48 hours) decreases when the pore 
closing temperature for the last 24h of loading is changed from 37°C to 42°C for both formulation A 
(280 mg/ml PLGA concentration) and formulation B (320 mg/ml PLGA concentration).  Calculated 
error is standard error of the mean, N=3. 
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Figure 2.15 Pore closing of Resomer 502H.  Microparticles were prepared using 
trehalose in PBS as the inner water phase in either 300 µl (A&B) or 150 µl (C&D). 
Pores were closed by incubating in H2O for 76h at 42°C.   
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CHAPTER 3 

3 Effects of Porosity on Self-Encapsulation 

3.1 Abstract 

The purpose of this study was to elucidate the effects of porosity on self-

microencapsulating (SM) poly(lactic-co-glycolic acid) (PLGA) microparticles on the 

microencapsulation of proteins. SM-microparticles were prepared by standard solvent 

evaporation methods without loaded protein. Porosity was controlled by adjusting three 

parameters: the amount of inner water phase, the amount of acid-neutralizing and pore 

forming MgCO3, and the concentration of polymer in the oil phase.  SM-microspheres 

were loaded with lysozyme via self-encapsulation and porosity and size distribution 

measurements were detected by mercury porosimetry. Protein loading and aggregation 

were quantified through Coomasie Plus protein assay and SE-HPLC.  Specific activity of 

encapsulated lysozyme was determined through established methods.  Microspheres 

prepared with varying inner water phase and base content had observable increases in 

porosity concurrent with increasing excipient content, with a slight decrease in porosity 

with those formulations with the most excipients.  Overall, the calculated porosity ranged 

from ~ 50% to 70% of total microparticle volume.  More importantly, the porosity in 

formulations with varying inner water phase and base content had a striking linear 

correlation with the loading (r2 = 0.949).   The release of those microspheres prepared 
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with varying base content had increasing amounts of burst and subsequent total release 

over 28 days, with release [% w/w ± SEM] of 30.4 ± 0.7% (0% MgCO3), 41.3 ± 0.5% 

(1.5% MgCO3), 51 ± 4% (4.3% MgCO3), and 57 ± 4% (11.0% MgCO3)  for loaded 

lysozyme.  The amount of aggregation decreased as base content increased, with 

aggregation determined to be [% w/w ± SEM] 8.7 ± 0.6% (0.0% MgCO3), 6.0 ± 0.2% 

(1.5% MgCO3), 4.7 ± 0.2% (4.3% MgCO3), and 3.4 ± 0.1% (11% MgCO3) of total 

loading.  Overall, increases in porosity of the SM-microparticles increased the loading via 

self-encapsulation.  These porosity changes also affected the release rates of the 

microparticles over a 28 day release.  The addition of acid-neutralizing base was found to 

help stabilize the encapsulated lysozyme over this release, reducing aggregation and 

increasing enzymatic activity.     

3.2 Introduction 

In the solvent evaporation preparation technique of preparing polymeric 

microparticles, a number of processing parameters have been found to influence the 

encapsulation efficiency, microsphere morphology, and subsequent release of the 

encapsulated molecule.  These processing parameters include polymer molecular weight 

[1], preparation atmospheric pressure [2], and the dispersed phase/continuous phase ratio 

[3] along with many others. All of these parameters affect the rate of exchange of organic 

solvent and drug inside the microemulsion with the continuous phase.  Ultimately they 

affect drug loading and release by altering the properties of the resulting microspheres, 

including size, composition, and notably, the pore network. 

It has been shown that the amount of excipients or drug inside the microparticle 

affects encapsulation efficiency and pore structure.  Addition of these excipients affect 
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the osmotic pressure gradient between the inner microsphere and the continuous network 

[4], increasing the uptake of water, and increasing the porosity of the particles as well as 

subsequently decreasing the encapsulation efficiency [5].   This has been seen for 

numerous substances, including antacids [6, 7], Pluronic F-58 [8], PEGs [8, 9], and 

various salts and sugars [10, 11], all of which generally increased the porosity and release 

rate.   After a loaded microsphere is first subjected to aqueous release conditions, a 

common observation is a quick release of hydrophilic biomacromolecular drugs into the 

surrounding environment, a phenomenon known as the ‘initial burst.’  Previous work has 

shown that the initial burst release ceases once the surface pores are closed [12], thus 

linking porosity with release rate.    

Because of these artifacts due to porosity – reduced encapsulation efficiency and 

rapid drug release – much of the research surrounding microsphere porosity has been in 

an attempt to retard its formation or eliminate its surface presence through coating the 

particle after manufacture [13].  One approach to reduce said porosity is to minimize the 

aforementioned osmotic pressure difference during manufacture.  Thus, the addition of 

salt and other additives into the continuous phase has been shown to help minimize this 

net uptake of water in the microemulsion, leading to a lower internal porosity, a higher 

encapsulation efficiency and a denser internal structure [14-16].   

 Therefore, the amount of excipients in microspheres, including base for acid 

neutralization [6], can affect the pore structure and porosity.   Likewise, it has been 

established that increasing the inner water phase volume increases the porosity of the 

particles [17-20]. However, the effect of polymer concentration on porosity is not as well 

understood. The rate of solvent removal has a clear impact on microsphere morphology 
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[21] though not always predictable.  The concentration of polymer directly influences 

how fast the microparticles harden, and in turn how developed the pore network 

becomes.  Higher initial PLGA concentrations will allow polymer to precipitate quickly 

in the periphery preventing internal solvent from migrating to the continuous phase, and 

potentially allowing higher residual organic solvent in the microparticle [3].  Higher 

initial polymer concentrations are generally believed to cause a decrease in porosity [3, 

17, 22] and have been shown to cause a decrease in the release rate of the encapsulated 

drug [20].   However, low initial polymer concentrations can cause a less torturous 

porous network, and consequently can result in higher porosity, but less interconnecting 

of these pores [23]. 

In self-encapsulation however, early research has demonstrated that a large and 

well developed pore network is crucial; a rich pore network in self-microencapsulating 

(SM) microparticles allows extensive and deep penetration of the loaded drug throughout 

the microsphere, increasing loading and decreasing the initial burst.  Thus, studying 

parameters that can increase not only the pore volume, but also the pore network 

percolation, are critical.   Here, we sought to control microsphere porosity in an attempt 

to improve the pore network and subsequent loading and release after self-encapsulation 

by adjusting three different formulation variables: 1) the amount of excipients used, e.g., 

a pore-forming base, MgCO3; 2) the amount of inner water phase and excipients therein; 

and 3) the initial concentration of polymer solution. By altering these three parameters, 

their effect on porosity and on self-encapsulation was investigated.  Additionally, the 

relationship between porosity and loading, release, and stability of the encapsulated 

protein, in this case lysozyme, was explored.  
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3.3 Materials and Methods   

3.3.1 Materials 

 PLGA with an i.v. = 0.57 dL/g (50:50, PLGA DL LOW IV, Lot No. W3066-603, 

lauryl ester end group, 51 kD) was purchased from Lakeshore Biomaterials 

(Birmingham, AL), formerly Alkermes. α,α-Trehalose dihydrate was purchased from 

Pfanstiehl (Waukegon, IL) and poly(vinyl alcohol) (9-10 kDa, 80% mol hydrolyzed) was 

purchased from Sigma Aldrich (St. Louis, MO).  Magnesium carbonate (MgCO3), 

Bovine serum albumin (BSA), fraction V, and lysozyme (from chicken egg white) were 

purchased from Sigma Aldrich (St. Louis, MO).  Coomassie Plus Protein Reagent was 

purchased from Pierce (Thermo Fisher Scientific, Rockford, IL).  All other common salts, 

reagents, and solvents were purchased from Sigma Aldrich (St. Louis, MO).  

 HPLC columns used included an SE-HPLC column from Tosoh Biosciences 

(TSK gel G3000SWxl column or TSK gel G2000SWxl column), an SE guard column 

(Shodex, Protein KW-G), C18 column (4 µm Nova-Pak, 3.9 x 150 mm, Waters, Part 

#WAT086344, Serial #112837351338), and a C18 guard column (Bonda-Pak, C18 

Guard-Pak, Waters, 4 µm).  
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3.3.2 Methods 

3.3.2.1 Preparing SM-Microencapsulating Particles with Varying MgCO3 

Content 

Two hundred µl trehalose dehydrate solution (500 mg in 1g 1X PBS, pH 7.4) was 

added to 320 mg PLGA (50:50, 0.57 dL/g) with or without MgCO3 (0, 4.8, 14.4, or 39.5 

mg), in 1 ml of CH2Cl2 in a 5 ml syringe and immediately homogenized in an ice water 

bath at 17,000 rpm for 1.0 minutes creating the first emulsion. 2 ml of 5% PVA (9-

10kDa, 80% hydrolyzed) was added and the mixture homogenized at 6,000 rpm for 25 

seconds, creating the second emulsion and the resulting solution was injected into 100 ml 

of 0.5% PVA (9-10kDa, 80% hydrolyzed) solution under continuous stirring.  

Microspheres were stirred 3h at room temperature, and collected with sieves to separate 

by size and washed thoroughly with dd H2O to remove residual PVA, sugar, salt, and 

solvent. The particles were immediately freeze dried after collecting 20-63 µm and 63-90 

µm fractions.   

3.3.2.2 Preparing SM-Microencapsulating Particles with Varying Polymer 

Concentration  

Two hundred µl trehalose dehydrate solution (500 mg in 1g 1X PBS, pH 7.4) was 

added to 200, 260, 320, or 400 mg PLGA (50:50, 0.57 dL/g) with 4.8 mg MgCO3, in 1 ml 

of CH2Cl2 in a 6 ml syringe and immediately homogenized in an ice water bath at 17,000 

rpm for 1.0 min to create the first emulsion. Two ml of 5% PVA was added and the 

mixture homogenized at 6,000 rpm for 20 s to create the second emulsion and the 

resulting solution was injected into 100 ml of 0.5% PVA solution under continuous 
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stirring.  Microspheres were stirred 3h at room temperature, and collected with sieves to 

separate by size and washed thoroughly with dd H2O to remove residual PVA, sugar, salt, 

and solvent. The particles were immediately freeze dried. The sizes collected were 20-63 

µm and 63-90 µm fractions.   

3.3.2.3 Preparing SM-Microencapsulating Particles with Varying Inner Water 

Phase Volume 

25, 100, 200, or 350 µl trehalose dehydrate solution (500 mg in 1g 1X PBS, pH 

7.4) was added to 320 mg PLGA (50:50, 0.57 dL/g) in 1 ml of CH2Cl2 in a 6 ml syringe 

and immediately homogenized in an ice water bath at 17,000 rpm for 1.0 minutes 

creating the first emulsion. 2 ml of 5% PVA (9-10kDa, 80% hydrolyzed) was added and 

the mixture homogenized at 6,000 rpm for 20 seconds, creating the second emulsion and 

the resulting solution was injected into 100 ml of 0.5% PVA (9-10kDa, 80% hydrolyzed) 

solution under continuous stirring.  Microspheres were stirred 3h at room temperature, 

and collected with sieves to separate by size and washed thoroughly with dd H2O to 

remove residual PVA, sugar, salt, and solvent. The particles were immediately freeze 

dried. The sizes collected were 20-63 µm and 63-90 µm fractions.   

3.3.2.4 Loading SM-Microencapsulating Particles 

Approximately 1 ml of 250 mg/ml 4°C lysozyme solution was added to 

approximately 80 mg of 20-63 µm blank particles and the microsphere/protein solutions 

were incubated at 4°C for 3 d on a rocking platform, and then transferred to a 43°C 

incubator on a rotary shaker for 46 h.  Microspheres were removed and washed 
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thoroughly with dd H2O, centrifuging at 3,800 rpm for 5 min to collect the microspheres 

after each of 10 washes, and then freeze dried. 

3.3.2.5 Microsphere Loading and Release  

For loading analysis, approximately 4 mg of microspheres were dissolved in 

approximately 1.5 ml of acetone, and the protein was concentrated by centrifugation at 

13,200 rpm for 15 min, and the supernatant removed. This was repeated three times, and 

the residual acetone was removed via evaporation.   

For the release study, 1.0 ml of PBST (0.02% Tween 80), pH 7.4 was added to 

approximately 7-10 mg of microspheres and incubated at 37°C.  Release medium was 

removed and assayed for protein content at each time point and replaced by fresh media.  

For determination of soluble lysozyme monomer in the release media and in the 

loading assays, a Coomassie protein assay was run, using Coomassie Plus Protein 

Reagent and measuring the protein solution absorbance at 595 nm. For determination of 

soluble lysozyme monomer remaining in the particle, the sample was run using SE-

HPLC (Tosoh Biosciences TSKgel G3000SWxl) using a guard column (Shodex Protein 

KW-G), with a mobile phase of 0.05 M potassium phosphate, 0.2M NaCl, pH 7.0 at an 

isocratic flow rate of 0.9 ml/min.  The absorbance at 215 and 280 nm were measured. 

Insoluble lysozyme was determined after removing all soluble lysozyme in 6 M 

urea, 1 mM EDTA, 10 mM DL-dithiothreitol (Cleland’s Reagent) (DTT), and after brief 

vortexing and assaying the protein using Coomassie Plus Protein Reagent as above. 

Standards were analyzed in the same denaturing and reducing solution. 
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3.3.2.6 Determination of SM-Microencapsulating Particle Porosity 

 Porosity measurements on blank particles were made by Porous Materials, Inc. 

(Ithaca, NY) using an AMP-60K-A-1 mercury porosimeter, generating pore volume 

versus pressure data.  The pore volume was reported as amount of volume per gram 

(cc/g). Total microparticle volume was calculated as the sum of the pore volume and the 

polymer volume, where the polymer density (1.25 g/cc, provided by manufacturer) and 

sample weight of the porosimetry sample were used to calculate the pore volume.  

Porosity was calculated as the quotient of pore volume to total microparticle volume.   

Pressure associated with microsphere packing and surface wetting, before mercury 

intrusion into the pores had taken place, was not calculated into the final pore volume 

(Figure 3.1), as has been reported previously [24].   

3.3.2.7 Activity of Lysozyme 

 The activity of the loaded soluble lysozyme was determined according to 

established methods [25, 26]. Briefly, lysozyme was extracted from the microspheres and 

dissolved in PBST (0.02% Tween), pH 7.4, of approximately 8.5 (± 1) µg/ml.  Standard 

solutions were dissolved in the same buffer at the same approximate concentration at the 

same time.  For analysis, 0.15 ml of soluble protein solution was combined with 0.15 ml 

of 1.5 mg/ml Micrococcus lysodeikticus in 1X PBS, pH 7.4 and the absorbance at 450 nm 

was monitored every 30 s for a period of 5 min. The activity was calculated using the 

decrease in absorbance for the linear portion (between 0.5 and 3.0 min) assuming one 

unit of enzyme activity will reduce the A450nm by 0.001/min.  Specific activity is 

defined in units of activity per mg of protein and is given as % of the specific activity of 



 
75 

the native, standard lysozyme.  The actual amount of soluble monomer lysozyme in the 

solution was determined via SE-HPLC and was used for the specific activity calculations.   

3.3.2.8 Scanning Electron Microscopy 

Surface images of microspheres were taken after a brief gold coating (60s) using a 

Hitachi S3200N Scanning Electron Microscope at voltages ranging from 5 to 10 kV.   

3.4 Results and Discussion 

3.4.1 Effect of Base on Self-Encapsulation 

3.4.1.1 Loading and Release 

 All four blank formulations that incorporated differing amounts of pore-forming 

MgCO3 (0, 1.5, 4.3, 11.0% w/w) had a surprisingly similar surface morphology (Figure 

3.2), although the amount of surface pores appeared to increase with the amount of base 

encapsulated and also those surface pores visibly decreased slightly in size with 

increasing base content.   After the pore closing/encapsulation step, all microspheres had 

very similar morphologies, with the highest base content (11% w/w) having a slightly 

rougher surface (Figure 3.3).  Thus, any differences in loading would be expected to 

result from differences in porosity, and not because of incomplete pore closing. 

 The loading of lysozyme in the particles increased with increasing MgCO3 

content, suggesting higher porosity with increasing base amount, except there was a 

slight decrease with the highest MgCO3 added (Figure 3.4).  Enzyme loading was (% 

w/w ± SEM) 4.5 ± 0.2% (0% MgCO3), 6.4 ± 0.1% (1.5% MgCO3), 9.8 ± 0.3% (4.3% 

MgCO3), and 8.7 ± 0.4% (11.0% MgCO3).  This drop in loading due to the highest base 
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content may be attributed to insufficient internal pore closing due to the very porous 

internal structure. 

 The release rate of the particles directly correlated with the amount of base used 

to create the blank particles (Figure 3.5). The amount released from the microspheres 

after 28 days was (% ± SEM) 30 ± 1% (0% MgCO3), 41 ± 1% (1.5% MgCO3), 51 ± 4% 

(4.3% MgCO3), and 57 ± 4% (11.0% MgCO3).  Increases in base content resulted in 

increased burst release after 4 days, whereas all formulations displayed a similar lag 

period, with virtually no protein release, from day 7 to day 28.  

3.4.1.2 Recovery and Activity 

 The amount of protein remaining in the microspheres after 28 days of release, 

including soluble monomer, soluble aggregates, and insoluble aggregates, was quantified.  

Nearly 100% mass balance was achieved for all formulations (Figure 3.6).  Total amount 

recovered was (% ± SEM) 92 ± 2% (0.0% MgCO3), 91 ± 1% (1.5% MgCO3), 99 ± 4% 

(4.3% MgCO3), and 110 ± 4% (11% MgCO3).  The total amount of soluble protein, both 

released over 28 days and recovered as residual soluble monomer was (% ± SEM) 83.1 ± 

1.6% (0.0% MgCO3), 85.0 ± 0.5% (1.5% MgCO3), 94.5 ± 3.6% (4.3% MgCO3), and 

107.0 ± 3.3% (11% MgCO3).   

 The amount of aggregation was observed to decrease with increasing base content 

(Figure 3.6), as has been reported previously [7, 27, 28] and therefore was expected.  The 

percent of loaded protein that had aggregated in the recovered enzyme from the particles 

after 28 days of release was 8.7 ± 0.6% (0.0% MgCO3), 6.0 ± 0.2% (1.5% MgCO3), 4.7 ± 

0.2% (4.3% MgCO3), and 3.4 ± 0.1% (11% MgCO3).  Thus, it is presumed that the 

addition of base as a porosigen in the blank particles helped neutralize acid microclimates 
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during degradation of the PLGA microparticles and/or facilitated subsequent release of 

acidic monomers, minimizing acid-induced aggregation.   

 The specific activity of the residual lysozyme remaining in the particles after 28 

days of release was analyzed.  The specific activity was calculated based upon the total 

amount of soluble protein analyzed, both monomer and aggregated.  The specific activity, 

given as the percentage of the specific activity of the native, standard lysozyme was 102 

± 6% (0.0% MgCO3), 116 ± 19% (1.5% MgCO3), 100 ± 5% (4.3% MgCO3), and 97 ± 

5% (11% MgCO3).  Thus, the soluble lysozyme retained in the microparticles after 28d of 

release was still completely active within experimental error for all formulations. 

3.4.1.3 Porosity Measurements 

 The blank particle porosity was calculated from mercury porosimetry.  The 

intrusion volume per gram showed a similar trend as the loading: generally increasing 

with increasing base content, although a slight decrease was seen with the highest base 

content.  This intrusion volume per gram was 1.20 (0.0% MgCO3), 1.44 (1.5% MgCO3), 

1.76 (4.3% MgCO3), and 1.57 cc/g (11% MgCO3).  Samples were consumed with the 

testing, and thus only one test was run and there is no statistical variance.  Porosity was 

calculated as the percentage of volume of pores in the microspheres over the entire 

volume of the microspheres. These measurements were 60.0% (0.0% MgCO3), 64.3% 

(1.5% MgCO3), 68.8% (4.3% MgCO3), and 66.2% (11% MgCO3).  

 A graph of the loading versus the porosity shows the strong linear correlation 

between the loading and the porosity, with an r-squared value of 0.96 (Figure 3.8).  

Additionally, the amount of pore volume utilized for loading increased with base amount, 

but appeared to level off at around 24% of the total pore volume (Figure 3.9).   
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3.4.2 Effect of Inner Water Phase Volume on Self-Encapsulation 

3.4.2.1 Loading and Release 

 The surface morphology of four blank formulations prepared with differing 

amounts of inner water phase (25, 100, 200, and 350 µl of 500 mg trehalose dehydrate in 

1 g PBS, pH 7.4) had a similar appearance to one another (Figure 3.10) except for the 

formulation prepared with the lowest i.w. phase (25 µl), which appeared less porous.  

After the pore closing/encapsulation step (self-healing), all had indistinguishable 

morphologies.  Thus again, any differences in loading would be expected to result from 

differences in porosity, and not because of incomplete pore closing (Figure 3.11). 

 The loading of lysozyme in the particles increased with increasing i.w. phase 

volume, suggesting a higher porosity with increasing i.w. phase volumes, although there 

was a slight decrease with the highest i.w. phase volume (Figure 3.12).  Loading was (% 

w/w ± SEM) 1.15 ± 0.05% (25 µl), 5.7 ± 0.2% (100 µl), 7.5 ± 0.3% (200 µl), and 5.3 ± 

0.2% (350 µl).   

 The 28-d release of these formulations showed no distinct trend based upon i.w. 

phase volume and all released between 24 and 34% of lysozyme by Day 28 (Figure 3.13). 

The amount released from the microspheres after 28 days was (% ± SEM) 29.7 ± 0.3% 

(25 µl), 25.9 ± 0.3% (100 µl), 33 ± 2% (200 µl), and 24.5 ± 0.6% (350 µl).   

3.4.2.2 Recovery and Activity 

 The amount of total remaining protein in the microspheres after 28 days of release 

was quantified.  Nearly 100% mass balance was achieved for 3 formulations (Figure 

3.14).  Total amount recovered was 117 ± 5% (25 µl), 96 ± 3% (100 µl), 100 ± 3% (200 
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µl), and 85 ± 1% (350 µl).  The lack of 100% mass balance for the 350 µl formulation 

may be in part attributed to the existence of some of the lysozyme as soluble aggregates 

and fragments not quantified by SE-HPLC. In fact, when Coomassie was run on the 

soluble protein remaining, a mass balance of 4% greater was achieved (88.6 ± 0.6%).   

The total amount of soluble protein, both released over 28 days and recovered as residual 

soluble monomer was 84 ± 4% (25 µl), 86 ± 3% (100 µl), 92 ± 3% (200 µl), and 75.4 ± 

0.8% (350 µl).   

 The amount of aggregates, both soluble and insoluble, was calculated as well 

(Figure 3.15).  The percent of loaded protein that was aggregated that was recovered in 

the microspheres after 28 days of release was (% ± SEM) 33.2 ± 2.0% (25 µl), 9.5 ± 

0.3% (100 µl), 7.9 ± 0.4% (200 µl), and 9.2 ± 0.2% (350 µl).   The lowest i.w. phase had 

a significant amount of aggregation, but this may be an artifact of either the low loading 

of lysozyme or the low porosity.  The low porosity microspheres may sequester higher 

levels of acidic degradation products, whereas the higher porosity particles are expected 

to more rapidly release hydrolysis products into the release media.  Additionally, it has 

been shown that the presence of bulk protein can stabilize other proteins [29], so in the 

higher loadings much of the polymer/water interfaces may have become saturated, and 

much of the encapsulated protein is not at the interface, whereas at lower loadings, much 

of the loaded lysozyme may be exposed to acidic interfaces, leading to a higher 

percentage of unstable protein.   

 The specific activity of the residual lysozyme remaining inside the microspheres 

after 28 days of release was (% ± SEM) 28.0 ± 5.5% (25 µl), 84.9 ± 0.6% (100 µl), 86 ± 

6% (200 µl), and 85.0 ± 0.8% (350 µl) (Figure 3.16).   Thus, except for the lowest i.w. 
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phase volume formulation, the soluble lysozyme that was retained in the microparticles 

after 28 d of release was still mostly enzymatically active.  

3.4.2.3 Porosity Measurements 

 The blank particle porosity was calculated by mercury porosimetry.  The intrusion 

volume per gram displayed a similar trend as the loading: generally increasing with 

increasing inner water phase volume, though a slight decrease was seen with the highest 

base content.  This intrusion volume per gram was 0.78 (25 µl), 1.23 (100 µl), 1.43 (200 

µl), and 1.18 cc/g (350 µl), corresponding to the following porosity values: 49.5% (25 

µl), 60.6% (100 µl), 64.0% (200 µl), and 59.7% (350 µl).  

 A graph of the loading versus the porosity showed a very strong linear correlation 

between the loading and the porosity, with an r-squared value of 0.997 (Figure 3.17).  

Additionally, the amount of pore volume utilized for loading increased with base amount, 

but appeared to level off at around 20-25% of the total pore volume (Figure 3.18).   

 It is clear that the porosity decreased once the inner water phase volume was 

increased from 200 µl to 350 µl.   One possible explanation for this is the 350 µl 

formulation may have been a more porous particle immediately after creation but part of 

what had made it so porous – the large amount of inner water volume – allowed the 

porosigen to be released out of the microparticle quicker than other formulations.  Thus, 

by the end of the hardening phase, this particle may have seen less water uptake due to a 

lower osmotic gradient, generating a particle that was less porous.  Similarly, a higher 

inner water phase volume and more extensive channels initially provides a greater surface 

area for the methylene chloride pockets to migrate to, increasing the rate of phase 
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separation and hardening.  As discussed previously, increased hardening rate decreases 

the porosity of microparticles prepared via the solvent evaporation method.   

3.4.3 Effect of Polymer Concentration on Self-Encapsulation 

3.4.3.1 Loading and Release 

 The four blank formulations that were created using differing concentrations of 

PLGA in the organic phase (200, 260, 320, and 400 mg PLGA in 1 ml CH2Cl2) had 

similar surface morphologies, although the pore size did appear to decrease with 

increasing polymer concentration (Figure 3.19).   After the pore closing/encapsulation 

step, the number of visible pores on the surface appeared to increase with polymer 

concentration as well, suggesting that there was incomplete pore closing with ahigh 

polymer concentration (400 mg in 1 ml CH2Cl2) formulation (Figure 3.20). 

 The loading of lysozyme in the particles was roughly constant followed by an 

increase at the highest polymer concentration formulation (Figure 3.21).  Loading was (% 

w/w ± SEM) 6.7 ± 0.3% (200 mg), 6.4 ± 0.2% (260 mg), 7.4 ± 0.2% (320 mg), and 9.9 ± 

0.4% (400 mg).   

 The 28-d release of these formulations show no distinct trend, although the 

differences between the formulations was larger than that seen for previous formulations. 

The highest release rate was the 400 mg PLGA formulation, while the slowest and least 

released over 28d was the 260 mg PLGA formulation. By day 28, 21 to 57% of lysozyme 

was released in all formulations (Figure 3.22). The amount released from the 

microspheres after 28 days was (% ± SEM) 34.4 ± 0.3% (200 mg), 20.6 ± 0.9% (260 

mg), 46.6 ± 0.5% (320 mg), and 57 ± 2% (400 mg).   
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3.4.3.2 Recovery and Activity 

 Nearly 100% mass balance was achieved for 3 formulations after 28 days of 

release (Figure 3.23).  The total amount recovered was (% ± SEM) 93 ± 2% (200 mg), 

100 ± 2% (260 mg), 95 ± 3% (320 mg), and 89 ± 2% (400 mg), i.e. slightly higher than 

the total amount of soluble protein, both released over 28 days and recovered as residual 

soluble monomer, at 86 ± 2% (200 mg), 90 ± 2% (260 mg), 86 ± 2% (320 mg), and 84 ± 

2% (400 mg).   

 The amount of aggregates, both soluble and insoluble, was calculated as well 

(Figure 3.24).  The percent of loaded protein, recovered in the particles after 28 days of 

release which had aggregated, was 7.7 ± 0.5% (200 mg), 9.6 ± 0.4% (260 mg), 9 ± 3% 

(320 mg), and 5.2 ± 0.3% (400 mg).  The formulation that utilized 400 mg PLGA in 1 ml 

CH2Cl2 clearly had less aggregation, but also had the highest amount of unrecovered 

lysozyme (over 10%), so it is unlikely the lysozyme in that formulation was the most 

stable of the group.   

 The specific activity of the residual lysozyme left inside the particles after 28 days 

of release was analyzed.  The specific activity was calculated based upon the total 

amount of soluble protein analyzed, both monomer and aggregated.  The specific activity, 

relative to native lysozyme was 89 ± 1% (200 mg), 97 ± 5% (260 mg), 108 ± 4% (320 

mg), and 91 ± 3% (400 mg).   Here again, the soluble lysozyme retained in the 

microparticles after 28 d of release was still mostly enzymatically active (Figure 3.25), 

although surprisingly the formulation with a polymer concentration of 320 mg in 1 ml 

CH2Cl2 conferred higher enzyme stability relative to the other formulations. 
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3.4.3.3 Porosity Measurements 

 The blank particle porosity was calculated through mercury porosimetry.  The 

intrusion volume per gram showed no distinct trend.  The intrusion volumes were 1.50 

(200 mg), 1.25 (260 mg), 2.13 (320 mg), and 1.46 cc/g (400 mg), corresponding to 

porosities of 65.2% (200 mg), 61.0% (260 mg), 72.7% (320 mg), and 64.6% (400 mg).  

 A graph of the loading versus the porosity shows no visible correlation between 

the loading and the porosity (Figure 3.26).  Additionally, the amount of pore volume 

utilized for loading does not show a strong correlation with increasing polymer 

concentration, but the highest polymer concentration did utilize the higher percentage of 

pores, using over 30% of the total pore volume (Figure 3.27).   

 The trend of increasing loading with increasing porosity is seen for these varying 

polymer concentrations, although the 400 mg in 1 ml CH2Cl2 is not consistent with this 

trend.  Previous work has indicated that with a PLGA of a similar MW (53,600), a 

significant increase in residual methylene chloride content was observed with a similar 

polymer concentration [30], where 200, 300, and 400 mg/ml solutions of PLGA were 

used to create microparticles and the residual solvent in the microparticles was 0.01 ± 

0.01%, 0.60 ± 0.07%, and 1.62 ± 0.07%, respectively.   

 It is clear that highest polymer concentration had the highest loading although 

with just moderate porosity.  There are a few possible explanations for this apparent 

discrepency. First, the transfer of methylene chloride to the continuous phase assumingly 

approached a slow, minimal rate much more quickly in the 400 mg/ml formulation than 

the 300 mg/ml formulation.  This has been predicted theoretically before [3].  This can be 

attributed to the formation of a polymer buildup on the periphery, a ‘skin’ that prevents 
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migration of the CH2Cl2 to the continuous phase.   These results suggest that a high 

polymer concentration may create a formulation with less pores, but with increased 

residual solvent and subsequent more polymer chain mobility during encapsulation, and 

higher loading associated with those formulations.  

 Secondly, the quicker hardening of the higher concentration formulation could 

have meant that much of the porosigen was still trapped inside during freeze drying.  

Once the particles were incubated at a temperature above their Tg during the self-healing 

microencapsulation step, freedom of mobility would have been given to the polymer 

chains, perhaps creating even more pores due to the osmotic pressure differences.  Thus, 

the actual measurement of the porosity of the dry particles may not be an exact 

representation of the entire porosity during encapsulation.   

 Thirdly, although its porosity is relatively modest, the percolation and 

interconnecting network of this formulation may be higher relatively than the other 

formulations.  Perhaps the interconnectiveness of the pore network decreases during the 

hardening process, presumably from further phase separation.  Consequently, it may be 

possible to increase loading via self-encapsulation by shortening the hardening process 

by increasing polymer concentration or the amount of continuous phase.  

3.5 Conclusions 

 By adjusting various formulation parameters during microsphere manufacture, 

microsphere porosity can be controlled over a broad range.  Loading via self-

encapsulation is strongly dependent on this porosity.  Here we have demonstrated that 

increasing amounts of excipient, in this case a base, MgCO3, causes increases in porosity 

and subsequent loading.  Likewise, an increase in the inner water phase also increases the 
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porosity of microspheres.   The effects of increasing polymer concentration on porosity 

are not clearly defined, but the potential for high loading of drug via self-encapsulation 

can be seen when high concentrations of polymer are employed for blank particle 

manufacture.  The results demonstrate that self-healing microencapsulation loading 

correlates strongly with porosity created by excipients.  Nearly a 100% mass balance 

after 28 day release was achieved for most formulations, allowing aggregation and 

release to be accurately measured.  The inclusion of acid-neutralizing base has again been 

demonstrated to minimize the amount of protein aggregation and increase enzymatic 

activity during release.  Results also show that no more than 30% of the available pores 

were utilized during loading. Thus, clearly there is room for increased loading via self-

encapsulation, perhaps allowing sufficient loading to take place even at low protein 

loading solution concentration. 
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Figure 3.1 Representative pore volume data obtained by mercury porosimetry.  Pressure 
was required to spread and wet the microspheres before penetration into pore network. 
Here, a pressure of 10.4 bars (1.4 µm) was required for wetting and spreading. Therefore 
the size of pores measured was 1.4 µm or smaller.  



 
87 

BA

C D

BA

C D

Figure 3.2 Effect of base on blank particle morphology by SEM.  Four formulations were 
created using  PLGA and trehalose in PBS in the inner water phase with varying amounts of 
theoretical loading of MgCO3 (w/w): A) 0%, B) 1.5%, C) 4.3%, and D) 11.0%. 
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Figure 3.3 Effect of base on lysozyme loaded particle morphology by SEM.  Four 
formulations were created using trehalose in PBS in the inner water phase with 
varying amounts of theoretical loading of MgCO3 (w/w): A) 0%, B) 1.5%, C) 4.3%, 
and D) 11.0%.  Loading/pore closing in lysozyme solution was conducted at 4°C for 
72h and 42°C for 46h.   
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Figure 3.4 Effects of theoretical MgCO3 content in blank PLGA microparticle preparation on 
lysozyme loading (% w/w) via self-encapsulation. Four formulations were created with differing 
amounts of MgCO3 in the organic phase.  Soluble aggregation was measured through SE-HPLC and 
insoluble aggregation was measured through Coomassie after dissolving insoluble residual in 6M 
urea, 1 mM EDTA, 10 mM DTT.  
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Figure 3.5 Slow release of lysozyme from microparticles created by varying loading of base 
and constant trehalose content in the inner water phase.  SM-microspheres were created 
using MgCO3 (%, w/w) added to the organic phase: 0% ( ), 1.5% ( ), 4.3% ( ), and 
11.0% ( ).  
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Figure 3.6 Mass balance of lysozyme after 28 d release from microparticles created with various 
loading of base and constant trehalose content in inner water phase.  Four SM-formulations were 
created using differing amounts of MgCO3 (w/w): 0%, 1.5%, 4.3%, and 11.0%.  Estimated amount 
of lysozyme recovered as aggregates (soluble and insoluble) was 9 ± 1% (0.0% MgCO3), 6 ± 1% 
(1.5% MgCO3), 5 ± 1% (4.3% MgCO3), and 3 ± 1% (11% MgCO3). 
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Figure 3.7 Specific activity of lysozyme remaining in microspheres after 28 d release. Four SM-
formulations were created using differing amounts of MgCO3 (w/w): 0%, 1.5%, 4.3%, and 11.0%. 
[% Specific activity was calculated as a percentage of the specific activity of fresh, unencapsulated 
lysozyme.]  
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Figure 3.8 Lysozyme loading as a function of porosity from microspheres created with varying 
amounts of base and constant trehalose content in inner water phase.  Four SM-formulations 
were created using trehalose in PBS as the inner water phase and differing amounts of 
MgCO3 (w/w): 0% ( ), 1.5% ( ), 4.3% ( ), and 11.0% ( ).  
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Figure 3.9 Estimate of percentage of pore volume utilized for lysozyme loading in microspheres
created with varying amounts of base.  SM-formulations were created with differing amounts of
MgCO3 (%, w/w) in the organic phase.  Fraction of pore volume utilized for self-encapsulation
was estimated by the SM-microsphere porosity measured by mercury porosimetry and
assuming concentration of lysozyme in pores for encapsulation equaled external solution
concentration. 



 
95 

 BA

C D

BA

C D

Figure 3.10 Effect of inner water phase volume on SM-microsphere particle porosity.  Four 
formulations were created using differing volumes of inner water phase solution (trehalose in 
PBS, pH 7.4): A) 25 µl, B) 100 µl, C) 200 µl, and D) 350 µl.   
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Figure 3.11 Effect of inner water phase volume on lysozyme loaded SM-microsphere 
morphology.  Four formulations were created using differing volumes of inner water phase 
solution (trehalose in PBS, pH 7.4): A) 25 µl, B) 100 µl, C) 200 µl, and D) 350 µl.   
Loading/pore closing step in lysozyme solution was 72h at 4°C and 46h at 42°C.   
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Figure 3.12 Effects of i.w. phase volume in SM-microparticle preparation on lysozyme 
loading via self-encapsulation. Four SM-formulations were created using differing 
volumes of inner water phase solution (trehalose in PBS, pH 7.4): 25 µl, 100 µl, 200 µl, and 
350 µl.    
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Figure 3.13 Controlled release of lysozyme from microspheres created with various 
volumes of inner water phase.   Four formulations were created using differing 
volumes of inner water phase solution (trehalose in PBS, pH 7.4): 25 µl ( ), 100 µl 
( ), 200 µl ( ), and 350 µl ( ).   
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Figure 3.14 Mass balance of lysozyme after 28 d release from SM-microspheres created 
with differing inner water phase volumes (trehalose in PBS, pH 7.4): 25 µl, 100 µl, 200 
µl, and 350 µl. 
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Figure 3.15 Extent of lysozyme aggregation in varying inner water phase formulations
after release.  Formulations were created with differing volumes of i.w. phase (trehalose 
in PBS, pH 7.4) in the SM-microparticles.   Aggregation was calculated from the 
solution of loaded lysozyme recovered as soluble and insoluble aggregates after 28 d 
release.  Soluble aggregation was measured by SE-HPLC and insoluble aggregation was 
measured through Coomassie after dissolving insoluble residual in 6M urea, 1 mM 
EDTA, 10 mM DTT.  
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Figure 3.16 Specific activity of lysozyme remaining in varying inner water phase microspheres after 
28 d Release.   Four formulations were created using differing volumes of inner water phase solution 
(trehalose in PBS, pH 7.4): 25 µl, 100 µl, 200 µl, and 350 µl.   
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Figure 3.17 Lysozyme loading as a function of porosity from particles created with varying volumes 
of inner water phase.  Four formulations were created using differing volumes of inner water phase 
solution (trehalose in PBS, pH 7.4): 25 µl ( ), 100 µl ( ), 200 µl ( ), and 350 µl ( ).  



 
103 

i.w. Phase Volume (µl)
25 100 200 350%

 V
ol

um
e 

of
 P

or
es

 U
til

iz
ed

0

5

10

15

20

25

30

 
 
 
 
 

Figure 3.18 Estimate of pore volume utilized for lysozyme loading in varying inner water phase
formulations.  SM particles were created with differing volumes of i.w. phase solution (trehalose
dihydrate in 1X PBS, pH 7.4): 25 µl, 100 µl, 200 µl, and 350 µl.  Fraction of pore volume utilized
for self-encapsulation was estimated by the SM-microsphere porosity measured by mercury
porosimetry and assuming concentration of lysozyme in pores for encapsulation equaled external
solution concentration. 
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Figure 3.19 Effect of polymer concentration on SM-microparticle porosity by SEM.  Four 
formulations were created using constant base amount (4.8 mg) and different amounts of PLGA 
(50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: A) 200 mg, B) 260 mg, C) 320 mg, and D) 400 mg.  
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Figure 3.20 Effect of polymer concentration on lysozyme loaded particle morphology by 
SEM.  Four formulations were created using constant base amount (4.8 mg) and different 
amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: A) 200 mg, B) 260 mg, C) 320 
mg, and D) 400 mg.  Loading/pore closing step in lysozyme solution was 72h at 4°C and 46h 
at 42°C. 
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Figure 3.21 Effect of polymer concentration in particle preparation on lysozyme loading via self-
encapsulation. Four formulations were created using constant base amount (4.8 mg) and different 
amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: 200 mg, 260 mg, 320 mg, and 400 mg.   
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Figure 3.22 Controlled release of lysozyme from SM-microparticles created 
with varying concentrations of PLGA.   Four formulations were created using 
constant base amount (4.8 mg) and different amounts of PLGA (50:50, i.v. = 
0.57 dL/g) in 1 ml CH2Cl2: 200 mg ( ), 260 mg ( ), 320 mg ( ) and 400 mg 
( ).  
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Figure 3.23 Mass balance of lysozyme from particles created with differing polymer 
concentrations after 28 d Release.  Four formulations were created using constant base 
amount (4.8 mg) and different amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: 
200 mg, 260 mg, 320 mg, and 400 mg.  
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Figure 3.24 Extent of loaded lysozyme aggregation in varying polymer concentration 
formulations after release.  Four formulations were created using constant base amount (4.8 
mg) and different amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: 200 mg, 260 
mg, 320 mg, and 400 mg.    Aggregation (%) was calculated from the fraction of loaded 
lysozyme recovered as soluble and insoluble aggregates after 28 d release.  Soluble 
aggregation was measured through SE-HPLC and insoluble aggregation was measured 
through Coomassie after dissolving insoluble residual in 6M urea, 1 mM EDTA, 10 mM 
DTT.  
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Figure 3.25 Specific activity of lysozyme remaining in varying polymer concentration microspheres 
after 28 d release.   Four formulations of SM-microparticles were created using constant base 
amount (4.8 mg) and different amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: 200 mg, 
260 mg, 320 mg, and 400 mg.  
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Figure 3.26 Loading as a function of porosity from SM-microparticles created with differing 
polymer concentrations. Four formulations were created using constant base amount (4.8 mg) 
and different amounts of PLGA (50:50, i.v. = 0.57 dL/g) in 1 ml CH2Cl2: 200 mg ( ), 260 mg ( ), 
320 mg ( ) and 400 mg ( ).  
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Figure 3.27 Estimate percentage of pore volume utilized for lysozyme loading in varying 
polymer concentration formulations. Four formulations of SM-microparticles were created 
using constant base amount (4.8 mg) and different amounts of PLGA (50:50, i.v. = 0.57 dL/g) 
in 1 ml CH2Cl2: 200 mg, 260 mg, 320 mg, and 400 mg. Fraction of pore volume utilized for 
self-encapsulation was estimated by the SM-microsphere porosity measured by mercury 
porosimetry and assuming concentration of lysozyme in pores for encapsulation equaled 
external solution concentration. 
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Figure 3.28 Enzyme loading as a function of porosity for varying base and inner water 
phase microspheres. Triangles represent varying base microparticles and circles 
represent varying inner water phase microparticles. 
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Figure 3.29 Enzyme loading as a function of porosity for varying base, varying inner water 
phase, and varying polymer concentration microspheres. Triangles represent varying base 
microparticles circles represent varying inner water phase microparticles, and squares shows 
varying polymer concentration microparticles.  
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  CHAPTER 4 

4 Release of Peptide and Proteins 

4.1 Abstract 

Here, the in vitro release characteristics of protein and peptide loaded poly(lactic-

co-glycolic acid) (PLGA) microspheres after self-healing microencapsulation was 

evaluated.  Leuprolide acetate, a peptide currently utilized in commercial injectable 

depots, was released continuously over a period of 60 days.  Formulations using ZnCO3 

as the blank particle porosigen provided near zero-order release of the peptide after 7 

days.  Two proteins, bovine serum albumin and lysozyme, were released over a period of 

28 days, although release was closer to first order.  By incorporating antacids as the 

porosigens, the amount of insoluble aggregates after 28 days of release was negligible for 

BSA (< 2%), indicating the absence of highly acidic pH in the polymer.  The amount of 

PLGA-encapsulated lysozyme aggregation after 28 days of release was also decreased 

from 8.7 ± 0.6% (0.0% MgCO3 w/w) to 4.7 ± 0.2% (4.3% MgCO3), and 3.4 ± 0.1% (11% 

MgCO3) relative to the initial enzyme loaded.  While some formulations after self-

healing microencapsulation experienced little or no initial burst, the incorporation of 

large amounts of antacids in the blank particle preparation or the incorporation of sugar 

and lysine in the loading solution predictably increased the initial burst of protein-loaded 

microparticles after self-healing microencapsulation.  Higher amounts of protein in the 
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loading solution also increased the initial burst. In summary, the feasibility of continued 

release of protein and peptide from particles loading through self-healing 

microencapsulation was confirmed, and its rate was dependent on both blank particle 

preparation parameters as well as loading solution content. 

4.2 Introduction 

In polymer depot systems, for continual dosing over the course of treatment, a 

sustained release of drug from the depot is necessary.  The desired release rate is usually 

zero-order, with a constant release rate leading to consistent pharmacological effects and 

easier dosing.  In practice however, zero-order release from polymer systems is not 

always observed. Obtaining an ideal release profile is an important issue in development 

of injectable poly(lactic-co-glycolic acid) (PLGA) microsphere depots [1]. 

The release of drug from conventional PLGA microspheres frequently can be 

broken down into three phases: 1) an initial burst from the drug near the polymer surface 

and deep in the polymer phase before pore closing [2], 2) a lag period of reduced drug 

release, when the pore network is isolated from the particle surface and polymer 

degradation has yet to take place, and 3) a period of increased release due to polymer 

degradation and erosion [3].  In some instances, the initial burst can be retarded or the lag 

phase is minimal, but in general these 3 phases predominate. 

The first phase, a quick bolus called either the burst release or initial burst, is 

influenced by a number of formulation parameters, including the molecular weight of the 

polymer, the ratios of the different phases to one another (i.e. inner water phase, 

dispersed phase, and continuous phase), the preparation temperature, the concentration of 

polymer solution, the makeup of the continuous phase, the existence of excipients, and 
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drug loading, among others [4, 5].  Many of these parameters, including polymer 

molecular weight and concentration, phase ratios, and preparation temperature – alter the 

rate of phase separation during the solidification process, ultimately affecting the porosity 

and morphology of the microparticles.  As discussed previously, this porosity can 

ultimately impact the release of drug from the loaded microparticles, particularly during 

this initial burst release.  

The second phase of release, a lag phase of limited drug release, is generally an 

undesired release characteristic. The previous initial burst, usually a period of hours or at 

most several days, may not be sufficient to provide a continued pharmacological response 

[6], and the consequence is a reduced release and pharmacological activity.  In order to 

overcome the lag phase and have a continuous release, the earlier diffusion dominated 

phase and the later polymer degradation dominated phase must have some overlap [7].  It 

is recognized that overcoming this lag phase will thus have to be accomplished by either 

1) increasing or extending the diffusion controlled release phase, through modification of 

protein loading or polymer morphology, namely particle size, surface area, and porosity 

[6] or 2) accelerating commencement of the third release phase, bulk polymer 

degradation, namely through reduced polymer molecular weight or lactic acid content 

[8].  

The third and final phase of release, polymer degradation, can be modified by 

altering polymer composition.  Microspheres made up of PLGA undergo bulk 

degradation, where water penetrates into the entire polymer phase, initiating degradation 

in the bulk polymer [9].   PLGA undergoes degradation via hydrolysis of its ester bonds 

into lactic and glycolic acids [10, 11].  This hydrolysis is further catalyzed by both acidic 
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and alkaline conditions [12], meaning in effect that the PLGA degradation acid products, 

namely the carboxylic acid end groups, further accelerates bulk polymer degradation.  

Finally, the polymer undergoes erosion where soluble polymer fragments, sometimes not 

yet completely degraded, are released from the microspheres [13].   

Research has shown that the first phase of initial burst release subsides when the 

surface pores close, separating the internal pore network from the outside environment [1, 

2].  Pore opening in the very early part of the initial burst has also been shown to play a 

likely role [2]. Furthermore, the opening of pores during normal release conditions can be 

monitored by uptake of fluorescent-dextran pore markers [1].  Thus, it is clear that the 

initial porosity and state of the surface pores has an impact on the release rate.  

We have previously introduced a new method of microencapsulation, self-healing 

microencapsulation without organic solvents. The purpose of this study was to examine 

release characteristics of various formulations prepared via self-healing 

microencapsulation, in order to determine the feasibility of this microencapsulation 

method to yield dosage forms suitable for controlled drug delivery. For this purpose, a 

common peptide, leuprolide acetate, and multiple model proteins, bovine serum albumin 

(BSA) and lysozyme, were self-microencapsulated in PLGA microspheres. For 

lysozyme, the initial stability was examined as well.  

4.3 Materials and Methods   

4.3.1 Materials 

 Several PLGAs were used. PLGA with an i.v. = 0.19 dL/g (50:50, PLGA DL 2M, 

methyl ester end group, Alkermes Lot No. 1158-515, 19 kD MW) was purchased from 
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Lakeshore Biomaterials (Birmingham, AL), formerly Alkermes; PLGA with an i.v. = 

0.20 dL/g (50:50, Part #B6017-1G, Lot #A07-044) was from Lactel Absorbable Polymers 

from DURECT Corporation (Cupertino, CA), formerly Birmingham Polymers; PLGA 

with an i.v. = 0.57 dL/g (50:50, PLGA DL LOW IV, Lot No. W3066-603, lauryl ester 

end group, 51 kD) was purchased from Lakeshore Biomaterials (Birmingham, AL), 

formerly Alkermes. α,α-Trehalose dihydrate was purchased from Pfanstiehl (Waukegon, 

IL), zinc carbonate (ZnCO3) was purchased from ICN Biomedicals Inc. (Aurora, OH), 

Germany), poly(vinyl alcohol) or PVA (25 kDa, 88% mol hydrolyzed) was purchased 

from Polysciences, Inc. (Warrington, PA), and Poly(vinyl alcohol) (9-10 kDa, 80% mol 

hydrolyzed) was purchased from Sigma Aldrich (St. Louis, MO). Magnesium carbonate 

(MgCO3), Bovine serum albumin (BSA), fraction V, and lysozyme (from chicken egg 

white) were purchased from Sigma Aldrich (St. Louis, MO). a-Chymotrypsin, from 

bovine pancreas, Type II was obtained from Sigma Aldrich (St. Louis, MO).  

Phthaldialdehyde reagent containing 1 mg σ-phthaldialdehyde (P 0657) per mL solution 

with 2-mercaptoethanol as the sulfhydryl moiety, was obtained from Sigma Aldrich 

(P0532, St. Louis, MO). Leuprorelin (leuprolide) acetate (Lot No. 071002) was 

purchased from Shanghai Shnjn Modern Pharmaceutical Technology Co. (Shanghai, 

China).  7-methoxycoumarin-3-carbonyl azide was purchased from Molecular Probes 

(Eugene, OR), now Invitrogen (Carlsbad, CA). Coomassie Plus Protein Reagent was 

purchased from Pierce (Thermo Fisher Scientific, Rockford, IL).  All other common salts, 

reagents, and solvents were purchased from Sigma Aldrich (St. Louis, MO).  

 HPLC columns used included an SE-HPLC column from Tosoh Biosciences 

(TSK gel G3000SWxl column or TSK gel G2000SWxl column), an SE guard column 
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(Shodex, Protein KW-G), C18 column (4 µm Nova-Pak, 3.9 x 150 mm, Waters, Part 

#WAT086344, Serial #112837351338), and a C18 guard column (Bonda-Pak, C18 

Guard-Pak, Waters, 4 µm).  

4.3.2 Methods 

4.3.2.1 Leuprolide Acetate 

4.3.2.1.1 Preparing Particles for Self-healing Microencapsulation 

Two hundred µl of inner water phase solution (either 1X PBS, pH 7.4 or trehalose 

dehydrate solution (500 mg in 1g 1X PBS, pH 7.4) was added to a 5 ml syringe 

containing 320 mg PLGA (50:50, i.v. = 0.57 dL/g) or 1100 mg PLGA (50:50, i.v. = 0.20 

dL/g) in 1 ml of CH2Cl2, with or without 10 mg ZnCO3, and immediately homogenized 

in an ice water bath at 10,000 rpm for 1 min (i.v. = 0.57 dL/g) or 23,000 rpm for 1.5 min 

(i.v. = 0.20 dL/g) creating the first emulsion. Two ml of 5% PVA (9-10kDa, 80% 

hydrolyzed) was added and the mixture vortexed for 15 seconds at medium speed, 

creating the second emulsion and the resulting solution was injected into 100 ml of 0.5% 

PVA solution under continuous stirring.  Microspheres were stirred 3 h at room 

temperature, and collected with sieves to separate by size and washed thoroughly with dd 

H2O to help remove residual PVA, sugar, salt, and solvent. The particles were 

immediately freeze dried. The sizes collected were 20-63 µm and 63-90 µm fractions.   

4.3.2.1.2 Self-healing Microencapsulation and Release 

Two ml of 465 mg/ml for encapsulation in PLGA, i.v. = 0.20 dL/g or 127.5 

mg/ml for encapsulation in PLGA, i.v. = 0.57 dL/g  leuprolide acetate solution (4°C) was 
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added to approximately 150-200 mg SM-microparticles (20-63 µm) and the 

microsphere/peptide suspension were incubated at 4°C for 42 h on a rocking platform, 

and then transferred to an incubator on a rotary shaker (set at 45% power) at 37°C for 7 h 

(PLGA i.v. = 0.20 dL/g) or 43°C (PLGA i.v. = 0.57 dL/g) for 48 h.  Microspheres were 

removed and washed thoroughly with dd-H2O, centrifuged at 3,800 rpm for 5 min to 

collect microspheres after each of 10 washes, and then freeze dried. 

 Release of peptide was determined via release in PBST (0.02% Tween), pH 7.4.  

Remaining peptide content in microspheres was determined at specified time points and a 

release curve was generated.  For both loading assay and release, peptide in microspheres 

were extracted with 1:1 ratio of methylene chloride and 0.1 M sodium acetate buffer (pH 

4.5) followed by another extraction with 1M sodium chloride in 0.1M sodium acetate 

buffer (pH 4.5).   

 Analysis of leuprolide acetate was accomplished by HPLC, with a gradient of 

acetonitrile (Solvent A) and 0.05 sodium phosphate buffer, pH 7.0 (Solvent B) on a 

Nova-Pak C18 4 µm Waters Column.  The gradient method was 0 min (20% A), 6 min 

(30% A), 9.5 min (37% A), 11.5 min (37% A), 16.5 min (50% A), and 19 min (20% A), 

followed by a 2 min recovery.  UV detection was measured at 215 nm, 280 nm, and 

fluorescence detection was measured using 278 ex. and 350 em.  

4.3.2.2 BSA and Lysozyme 

4.3.2.2.3 Preparing Particles for Self-healing Microencapsulation  

200 µl of inner water phase solution, 1X PBS, pH 7.4 or trehalose dehydrate 

solution (500 mg in 1g 1X PBS, pH 7.4) was added to a 5 ml syringe 320 mg PLGA 

(50:50, 0.57 dL/g) containing 1 ml of CH2Cl2, and immediately homogenized in an ice 
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water bath at 17,000 rpm for 1 min creating the first emulsion. Two ml of 5% PVA was 

added and the mixture homogenized at 6,000 rpm for 20 to 30 seconds, creating the 

second emulsion and the resulting solution was injected into 100 ml of 0.5% PVA (9-

10kDa, 80% hydrolyzed) solution under continuous stirring.  Microspheres were stirred 

for 3 h at room temperature, and collected with sieves to separate by size and washed 

thoroughly with dd H2O to help remove residual PVA, sugar, salt, and solvent. The 

particles were immediately freeze dried. The sizes collected were 20-63 µm and 63-90 

µm fractions.   

4.3.2.2.4 Self-healing Microencapsulation and Release 

 SM-microspheres were suspended in concentrated protein solutions (200 – 300 

mg/ml) with or without sucrose (0.45 M) at a ratio of approximately 150 mg 

microspheres per 1 ml of solution.  Particles were immersed in solution at 4°C for 16-48 

h, and then removed and incubated at 43°C for 48 h.  Loaded particles were then washed 

thoroughly with dd H2O and immediately freeze dried.  

For release of BSA and lysozyme, protein-loaded particles were dispersed in 

PBST (0.02% Tween), pH 7.4 at 37°C.  Release media was removed and replaced at 

appropriate intervals, and protein in media was quantified. 

For analysis of lysozyme and BSA in the polymer, the proteins were extracted 

from the polymer by first dissolving the microparticles in acetone and dispersing for 1 h, 

followed by centrifugation at 13,000 rpm for 25 min and the removal of supernatant.  

This was repeated twice, and the residual solvent was removed via evaporation.  The 

remaining protein was then dissolved in 1X PBST, pH 7.4 for analysis. 
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For total lysozyme release and loading, a Coomassie protein assay was run, using 

Coomassie Plus Protein Reagent and measuring the protein solution absorbance at 595 

nm. For determination of soluble lysozyme and BSA monomer, the sample was run using 

SE-HPLC (Tosoh Biosciences TSKgel G3000SWxl) using a guard column (Shodex 

Protein KW-G), with a mobile phase of 0.05 M potassium phosphate, 0.2M NaCl, pH 7.0 

at a flow rate of 0.9 ml/min.  The absorbance at 215 and 280 nm were measured. 

Insoluble BSA and lysozyme were detected by preparing fresh samples and 

standards in 6 M Urea, 1mM EDTA, 10 mM DL-Dithiothreitol (Cleland’s Reagent) 

(DTT) in 1X PBST, and after brief vortexing, measuring the protein using Coomassie 

Plus Protein Reagent as above. 

4.3.2.3 Activity of Lysozyme 

 The activity of the loaded soluble lysozyme was determined as reported 

previously [14, 15]. Briefly, lysozyme was extracted from the microspheres after 28 day 

release as discussed above, and dissolved in PBST (0.02% Tween), pH 7.4, at 

approximately 8.5 ug/ml (± 1 ug/ml).  Standard solutions were dissolved in the same 

buffer at the same approximate concentration at the same time.  

For analysis, 0.15 ml of soluble protein solution was combined with the same 

volume of 1.5 mg/ml Micrococcus lysodeikticus in 1X PBS, pH 7.4 and the absorbance at 

450 nm was monitored every 30 s for a period of 5 min. The activity was calculated using 

the decrease in absorbance for the linear portion (between 0.5 and 3.0 minutes) assuming 

one unit of enzyme activity will reduce the A450nm by 0.001/min.  Specific activity is 

defined in units of activity per mg of protein and is given as % of the specific activity of 
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the native, standard lysozyme.  The actual amount of soluble monomer lysozyme in the 

solution was determined via SE-HPLC and was used to determine specific activity.   

4.4 Results and Discussion 

4.4.1 Loading and Release of Leuprolide Acetate 

 Blank particles were prepared using trehalose dihydrate in 1X PBS, pH 7.4 as the 

porosigen with lower MW PLGA (i.v. = 0.20 dL/g, free acid).   These particles were 

loaded in 465 µg/ml leuprolide acetate solution and 7h at 37°C was sufficient to close the 

surface pores (Figure 4.1). However, the loading was somewhat low at 1.26 ± 0.05% 

(w/w) with a burst release in first 48h of 17.41 ± 1.07%.   Only 30% was released over 

28d however (Figure 4.2). 

 Assaying of the 28-d sample provided evidence of another species in the 

microspheres.  After addition of a concentrated solution of sodium chloride, the separate 

species slowly merged with the leuprolide acetate peak, indicating ion-pairing with the 

polymer degradation products as opposed to a degradant (Figure 4.3).   

 To increase the loading, a higher MW PLGA (i.v. = 0.57 dL/g) was used.  SM-

microparticles were created using both trehalose in PBS, pH 7.4 as well as PBS, pH 7.4 

with ZnCO3 as porosigens.  Only 7 h after the loading procedure began at 4°C, using 240 

mg/ml leuprolide acetate solution, the congealing of the particles was observed in both 

formulations, so additional water was added bringing the total concentration of leuprolide 

acetate to 120 mg/ml.  After pore closing at 42°C for 48 h, the surface pores appeared to 

close (Figure 4.4).  The loading using this new polymer was significantly higher, at 3.4 ± 

0.2% (trehalose) and 2.7 ± 0.2% (ZnCO3).  The release of the two formulations were 
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significantly different however, with a burst release in the first 24 h of 33 ± 2% for the 

trehalose formulation compared to only 2 ± 4% for the ZnCO3 formulation. Both did 

however maintain a continuous release over 7 weeks (Figure 4.5).  

 This experiment was repeated, except the concentration of leuprolide acetate was 

kept at 120 mg/ml the entire time through the loading process.   The particles appeared 

similar to the previous experiment (Figure 4.6), and the results of the loading were 

comparable to the earlier experiment, with a loading of 2.62 ± 0.09% (w/w) in the 

trehalose formulation, and 2.75 ± 0.01% (w/w) in the ZnCO3 formulation.  The release 

curves for the two formulations were similar to one another (Figure 4.7), with initial burst 

in the first 72 h of 10.8 ± 2.8% for the trehalose formulation and 12.0 ± 1.8% for the 

ZnCO3 formulation.  An increased initial burst of 19.8 ± 2.2% was seen when the two 

formulations were combined at 50:50 weight ratio.  Although the difference may be 

attributed to experimental error, it is plausible that the release of the separate 

formulations influenced one another.  

 It also should be noted that two release curves utilizing trehalose as the porosigen 

were starkly different (Figure 4.5 and Figure 4.7).  This may be due to simple variance in 

the loading and the pore closing process, or specifically the difference in the initial 

loading solution concentration.  The initial formulation with the much higher burst did 

have a higher loading (3.4 ± 0.2% versus 2.6 ± 0.1%) which could possibly explain some 

of the increased burst, due to the phenomenon of pore opening during initial release.  

Further support for this notion is that it is expected that any solution encapsulated early 

on the loading process of the formulation utilizing the higher initial peptide concentration 

would have more concentrated pockets initially.  
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4.4.2 Loading and Release of BSA 

 When a low MW PLGA (50:50, 0.19 dL/g) was used and BSA-Coumarin was 

self-encapsulated, the release curve over 30 days approached zero order (Figure 4.8), 

although the release remains low at 0.40 ± 0.2% (SEM) of the loaded microparticles, as 

was seen in the leuprolide acetate encapsulated inside low MW PLGA. 

 After self-healing microencapsulation of BSA in blank microspheres prepared 

with differing amounts of MgCO3 used as a porosigen (3.0 and 4.5% w/w), the release in 

PBST (PBS + 0.02% Tween), pH 7.4 was conducted (Figure 4.9).  The formulations 

studied used either PBS or trehalose in PBS as the inner water phase, 3.0 or 4.5% MgCO3 

(w/w), and some preparations were pore-closed with 0.45 M sucrose in the loading 

solution.  Details for the loading and release of these microspheres can be seen in Table 

4.1. 

 Analysis of the remaining protein in the microspheres after 28 d release provided 

a mass balance of between 108.54 (± 3.11%) and 120.85 (± 2.06%).  However, less than 

2% of the recovered BSA after 28 d release had aggregated, as determined through SE-

HPLC and Coomassie assay.   

4.4.3 Loading and Release of Lysozyme 

 Lysozyme was loaded in  PLGA (50:50, i.v. = 0.57 dL/g) using SM- 

microparticles that were created with differing concentrations of polymer in original 

solution, i.e., either 280 or 350 mg in 1 ml CH2Cl2, and using trehalose in PBS, pH 7.4 as 

the inner water phase porosigen.  The loading for the two formulations was comparable at 

2.52 ± 0.28% (280 mg) and 2.87 ± 0.43% (350 mg).  The release rates of lysozyme from 
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these two formulations were distinctly different however, with initial bursts in the first 48 

h of 53.8 ± 0.6% (280 mg) and 28.6 ± 1.2% (350 mg) (Figure 4.10).  

 As reported previously, the release rate of lysozyme is affected by the amount of 

excipients encapsulated inside.  For instance, as the base content increases, the initial 

burst of lysozyme also increases.  As seen in Figure 3.5, the amount released from the 

microspheres after 28 days was 30.4 ± 0.7% (0% MgCO3), 41.3 ± 0.5% (1.5% MgCO3), 

51.0 ± 3.6% (4.3% MgCO3), and 57.1 ± 3.3% (11.0% MgCO3).  Increases in base content 

resulted in increases in the burst release, specifically the amount of lysozyme released in 

the first 4 days, while all formulations displayed a similar lag period of the release profile 

from Day 7 to Day 28.  The aggregation of lysozyme decreased with increasing base 

content as well, with the amount of aggregation after 28d of release was 8.7 ± 0.6% 

(0.0% MgCO3), 6.0 ± 0.2% (1.5% MgCO3), 4.7 ± 0.2% (4.3% MgCO3), and 3.4 ± 0.1% 

(11% MgCO3) (Figure 3.7).  

 Changing the inner water phase volume in blank particle manufacture does not 

appear to have a significant impact on the release rate however (Figure 3.14), and only 

those particles prepared with the smallest amount of inner water phase produced 

significant aggregation after self-healing microencapsulation (Figure 3.16).   Changing 

the polymer concentration does have an impact on the release (Figure 3.23), however not 

in a clear manner.   A PLGA concentration of 260 mg in 1 ml CH2Cl2 produced the 

lowest burst, with both lower and higher concentrations giving a higher burst release.   

The activity in changing the inner water phase volume, where SM-microparticle 

formulation utilized no base (Figure 3.17) was lower than both changing the base content 

(Figure 3.8) and changing the polymer concentration (Figure 3.26).  



 
131 

 Clearly, the sustained release of lysozyme from microspheres after self-healing 

microencapsulation is possible.  Self-healing microencapsulation of lysozyme can 

produce loaded microspheres that have minimal initial burst as well.  Furthermore, to 

ensure its biologic activity is retained, acid-neutralizing base also should be encapsulated 

inside the microparticles.    

 It should be noted changing these formulation characteristics can produce release 

curves with a significant initial diffusion-mediated release phase.  This initial release 

extends from Day 0 to approximately Day 14 during lysozyme release (Figures 3.8, 3.17, 

and 3.26).  However, an apparently extensive subsequent lag release phase appears to 

follow, lasting from approximately Day 14 to sometime after Day 28.  The absence of 

another more rapid release phase suggests that the microspheres have not hit their 

diffusion-mediated step yet. In other words, the PLGA (i.v. = 0.57 dL/g) has not begun to 

rapidly degrade after 28 days of release.  Similar results with BSA (Figure 4.9) suggest 

that self-healing microencapsulation utilizing this particular polymer may result in the 

degradation phase occurring sometime after Day 28.   This delay of the degradation phase 

may only be a factor with proteins, as a near zero-order release was observed with 

leuprolide (Figure 4.7).  

4.4.4 Porosigens, Excipients, and Protein Concentration Affect Burst 

 When microspheres are prepared with additional excipients in the loading 

solution, the initial burst release is altered (Figure 4.11).  For instance, while the loading 

is similar for formulations prepared with BSA (223 mg/ml) 2.25 ± 0.02% (w/w) or BSA 

(206 mg/ml), trehalose (129 mg/ml), and lysine (34 mg/ml) 1.93 ± 0.02% (w/w) in the 

loading solution, the burst release was dependent on both the amount of blank particle 
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porosigen as well as the excipients in the loading solution.   Clearly, the presence of 

MgCO3 and/or the use of lysine and trehalose in the loading solution led to a greater 

release of loaded protein in the first 3 days of release.   

 Five formulations of microspheres were prepared with different amounts of 

MgCO3 used in the CH2Cl2/polymer phase: 1%, 2.9%, 4.8%, 9.1%, and 13.0% (w/w). 

The formulation with the lowest amount of base used displayed both the highest loading 

and lowest initial burst of BSA in the first 43 h of release, and the formulation with the 

highest amount of base had the highest burst release (Figure 4.12).  

 When the protein concentration in the loading solution was increased extensively 

(from 232 to 316 mg/ml), the loading increased only slightly, but the 48 h burst release 

increased significantly, from 17% (± 7) to 45% (± 3) (Table 4.2).   

4.5 Conclusions 

 Zero order, sustained release of peptides and proteins from PLGA microparticles 

continues to be an important issue for controlled release products.  Here, we evaluated the 

release of a synthetic nonapeptide, leuprolide acetate, over an in vitro release of 60 days, 

as well as two proteins, BSA and lysozyme, over a period of 30 days.  The leuprolide 

acetate showed near zero-order release after 7 days, whereas the proteins often exhibited 

more of a first order release.  Further mechanistic studies are needed to help optimize 

protein release kintecs from SM-microparticles 

 The incorporation of antacids in the blank particle formulation was found to 

improve the stability of BSA and lysozyme over 28 days of release, as the amount of 

aggregation of the remaining protein decreased with increasing base content. 

Furthermore, the incorporation of excipients in blank particle manufacture, as well as in 
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the loading solution, was found to substantially increase the initial burst after self-healing 

microencapsulation.  Because the surface pores appeared to be closed after self-healing 

microencapsulation, this is presumably through a pore opening process during the initial 

period of release, as has been reported by our group previously.    These experiments 

demonstrate the feasibility of the continued release of proteins and peptides after self-

healing microencapsulation, with possibly a new strategy for reducing the initial burst 

phase.  
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Figure 4.1 Low MW PLGA microspheres before and after self-healing microencapsulation of 
leuprolide acetate.  Blank microspheres (A) of 50:50 PLGA (0.20 dL/g) with free acid end groups 
were loaded with leuprolide acetate through self-healing encapsulation (B).  Loading was at 1.26 ± 
0.05% (w/w) with a initial burst of 17.4 ± 1% over the first 48 h of release. 



 
135 

Day
0 7 14 21 28

C
um

ul
at

iv
e 

Le
up

ro
lid

e 
A

ce
ta

te
 R

el
ea

se
 (%

)

0

10

20

30

40

50

Figure 4.2 Leuprolide acetate release from free acid end group PLGA after self-healing 
microencapsulation.  Leuprolide acetate was loaded via self-healing encapsulation in 0.20 
dL/g PLGA at a loading of 1.26 ± 0.05% (w/w). 
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Figure 4.3 Appearance of unidentified peak after 28 d release of leuprolide 
acetate.  Initial extraction of the peptide from the polymer after 28-day 
release (A) showed two clear peaks that moved closer 10 min after addition of 
1M NaCl to the vial (B) and were completely combined 60 minutes after 
NaCl addition (C).   
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Figure 4.4 Morphology of leuprolide acetate microspheres, before and after encapsulation with
additional loading solution to avoid microsphere congealing.  PLGA (50:50, 0.57 dL/g) SM-
microspheres were made using trehalose (A) or ZnCO3 (B) as the porosigen.  Leuprolide 
acetate solution (240 mg/ml) was loaded and solution dispersed at 4°C for 16 h, before 
additional water was needed, bringing each concentration to 120 mg/ml.  Microspheres were 
then incubated for an additional 8 h at 4°C, and then pores were closed at 43°C for 48 h for 
both trehalose (C) and ZnCO3 (D).  
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Figure 4.5 Cumulative leuprolide acetate release after self-healing microencapsulation. Leuprolide 
acetate solution (240 mg/ml) was loaded and solution dispersed at 4°C for 16 h, before additional 
water was needed, bringing each concentration to 120 mg/ml.  Microspheres were then incubated 
for an additional 8 h at 4°C, and then pores were closed at 43°C for 48 h.  Porosigen used for blank 
porous particles were either trehalose ( , 200 µl of 500 mg trehalose dihydrate in 1g PBS, pH 7.4), 
or ZnCO3 (○, with 200 µl PBS, pH 7.4).  



 
139 

A

C D

BA

C D

B

 
Figure 4.6 Images of leuprolide acetate microspheres, before and after encapsulation.  SM-PLGA
(50:50, 0.57 dL/g) microspheres were made using trehalose (A) or ZnCO3 (B) as the porosigen.  
Particles underwent self-healing encapsulation at 4°C for 40 h and 43°C for 48 h for both 
trehalose (C) and ZnCO3 (D).  
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Figure 4.7 Cumulative leuprolide acetate release after self-healing microencapsulation. Leuprolide 
acetate was loaded from 120 mg/ml peptide 4°C for 40h and 43°C for 48h.  Porosigen used for SM-
microparticles were either trehalose ( , 200 µl of 500 mg trehalose dihydrate in 1g PBS, pH 7.4), or 
ZnCO3 (○, with 200 µl PBS, pH 7.4).  : 50:50 weight combination of the other two formulations. 
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Figure 4.8 30 Day release of BSA-coumarin from 0.19 dL/g microparticles. BSA-coumarin 
loading was 0.40% (w/w) ± 0.12% (SEM) was released over 30d.  Release was in PBST (PBS + 
0.02% Tween-80) and was assayed by analyzing release media for monmeric protein by SE-
HPLC. N=3.  
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Figure 4.9 Cumulative BSA release after self-healing microencapsulation. BSA was loaded from 250 
mg/ml protein solution at 4°C for 16 h and 43°C for 48 h.  Porosigen used for SM-microparticles 
were combinations of PBS, trehalose in PBS, and MgCO3.  ( : 200 µl PBS, pH 7.4, 3% MgCO3; : 
200 µl PBS, pH 7.4, 4.5% MgCO3; ■: 200 µl of 500 mg trehalose dihydrate in 1g PBS, pH 7.4, 4.5% 
MgCO3; ○: 200 µl of 500 mg trehalose dihydrate in 1g PBS, pH 7.4, 4.5% MgCO3 with 0.45 M 
sucrose in the loading solution).  Note burst release dropped when trehalose dihydrate was added to 
the PBS inner water phase.   
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Inner Water Phase MgCO3 

(w/w%) 
Sucrose in Loading 
Solution (M) 

% Loading (w/w) Burst Release (24h) 

1X PBS ( ) 3.0 - 4.25 ± 0.05% 54 ± 2% 
1X PBS ( ) 4.5 - 5.65 ± 0.06% 49 ± 3% 
Trehalose in 1X PBS (■) 4.5 - 7.26 ± 0.09% 29 ± 2% 
Trehalose in 1X PBS (○) 4.5 0.45 5.54 ± 0.04% 38 ± 2% 

Table 4.1 Results of self-healing microencapsulation of BSA using different parameters. BSA was 
self-encapsulated in blank PLGA (50:50, 0.57 dL/g) microparticles, and release was conducted in 
PBST (PBS + 0.02% Tween), pH 7.4.  
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Figure 4.10 Release of lysozyme after self-healing microencapsulation in PLGA over 14 days. 
Lysozyme was self-encapsulated in PLGA (50:50, 0.57 dL/g), using an initial polymer 
concentration of 280 mg (○) or 350 mg ( ) in 1 ml CH2Cl2, with 200 µl of 500 mg trehalose in 
1 g PBS, pH 7.4 as the SM-microparticle porosigen.   Loading was 2.5 ± 0.3% (280 mg) and 
2.9 ± 0.4% (350 mg).   
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Figure 4.11 Effect of excipients on 48 h initial burst.  SM-microparticles were prepared 
with trehalose or sucrose in the inner water phase (200 µl of 500 mg sugar in 1g 1X PBS, pH 
7.4) with or without 3.3% MgCO3 (w/w), and loaded with BSA (223 mg/ml) or BSA (206 
mg/ml), trehalose (129 mg/ml), and lysine (34 mg/ml) in solution. 
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Figure 4.12 Effect of theoretical base content on loading ( ) and burst release (▲) in SM-
microparticles.   Microparticles were prepared using PLGA (50:50, i.v. = 0.57 dL/g) with 
different amounts of MgCO3 in the organic phase, and the second emulsion was created via 
vortexing.   The lowest amount of base had the highest loading, as well as the lowest burst 
release.  
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Trehalose Trehalose + 3.0% MgCO3
 

% Loading (w/w) % Burst Release % Loading (w/w) % Burst Release 
232 mg/ml BSA 

Loading Solution 6.1 (± 0.1) 16.9 (± 6.7) 1.8 (± 0.1) 60.0 (± 0.4) 

316 mg/ml BSA 
Loading Solution 7.8 (± 0.2) 45.2 (± 3.0) 2.7 (± 0.2) 72.7 (± 3.3) 

Table 4.2 Effect of loading solution concentration on loading and burst release for two 
formulations.  When the loading solution concentration is increased from 232 mg/ml BSA to 316 
mg/ml BSA for two formulations, A) Trehalose as the lone porosigen and B) trehalose and 3.0% 
MgCO3 w/w as the porosigens the loading increased from 6.1% w/w to 7.8% w/w, and 1.8% w/w 
and 2.7% w/w, respectively.  Additionally, the burst release (BSA released in the first 48 hours) 
also substantially increases with the increased loading solution concentrations.  Calculated error is 
standard error of the mean, N=3. 
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  CHAPTER 5 

5 Improved Protein Stability 

5.1 Abstract 

Traditional w/o/w encapsulation techniques to create protein loaded 

biodegradable microparticles involve a number of manufacturing stresses that can 

damage the protein.  A new method of encapsulation, termed ‘self-healing 

microencapsulation’ may circumvent many of these problems by loading the protein after 

particle manufacture.  To test this concept, protein-loaded PLGA microspheres were 

prepared both via a traditional w/o/w emulsion encapsulation technique and self-healing 

microencapsulation and examined for stability after encapsulation and controlled release.  

For self-healing microencapsulation, blank porous microspheres were created and first 

dispersed in concentrated solutions of lysozyme and α-chymotrypsin (250 mg/ml), with 

or without 0.45M sucrose as a protein stabilizer, at 4°C, a T < Tg of the polymer, and then 

the pores were closed by raising the temperature to above the Tg of the polymer, 37 – 

42°C, before washing and lyophilization.  Protein loading was quantified by amino acid 

analysis after acid hydrolysis, and soluble and insoluble protein aggregation were 

determined via both SE-HPLC and amino acid analysis.  The specific activity of both 

loaded enzymes was determined by using established methods. Analysis of loaded 
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lysozyme in traditional w/o/w (water-in-oil-in-water) microspheres (0.57 dL/g) indicated 

12.4 ± 1.1 % (mean ± sem) of loaded protein formed insoluble aggregates, compared to 

8.0 ± 2.2 % for self-healing microencapsulation, and < 3% for self-healing 

microencapsulation formulations utilizing sucrose in the loading solution.  Specific 

activity of loaded α-chymotrypsin was also substantially improved via self-healing 

microencapsulation compared to w/o/w microspheres, where the self-encapsulated α-

chymotrypsin had a specific activity of 54.02 ± 4.51% versus 15.79 ± 2.34% for the 

traditionally encapsulated protein.  Self-encapsulated protein exhibited excellent stability 

relative to protein loaded by the traditional w/o/w emulsion-based method. Additionally, 

it was possible to encapsulate large amounts of stabilizers with the protein via the self-

healing microencapsulation loading solution. 

5.2 Introduction 

Proteins can be encapsulated into polymer microparticles numerous ways, 

including spray drying, emulsion, and coacervation.  Perhaps the most popular method is 

that of an emulsion based technique, in which the protein is dispersed throughout the 

liquid polymer/organic solvent solution, and after solvent removal, hardened polymer 

particles with drug encapsulated inside remain.  However during the manufacturing 

process of these microparticles, the protein is exposed to a number of stresses that can 

damage it.  Many of these stresses include an organic solvent/aqueous interface [1], shear 

forces, an air/liquid interface [2], organic solvent denaturant dissolved in the aqueous 

protein phase, and elevated temperatures.   

The mere presence of an organic solvent can damage a protein [3].  However, its 

instability with organic solvents is amplified by the subsequent organic/aqueous interface 
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that is created during the emulsion process, which can further destabilize the protein [1, 

4-7]. At this interface, the protein will be in contact with both water and the hydrophobic 

solvent, increasing its conformational mobility and possibly leading to unfolding and 

subsequent aggregation [8].  

Shear and the existence of the air-liquid interface, particularly in combination 

with one another, can also be detrimental to proteins [2, 9].  Furthermore, the required 

addition of energy to create the emulsion, either through homogenization or 

ultrasonication, can increase local temperatures and harm the integrity of these sensitive 

molecules [10].  

When one such protein, lysozyme, is encapsulated in PLGA microspheres, the 

result is a substantial loss in activity and an increase in aggregation [11], that has been 

found to be a direct result of the emulsification step [12] and exposure to the 

water/organic solvent interface [13].  This aggregation has been described as 

predominantly non-covalent [13, 14].  As is commonly known for proteins [15], this 

aggregation and subsequent loss in activity is improved when lysozyme is encapsulated 

with sugar, particularly lactulose [11], as well as the inclusion of surface-active additives, 

such as bovine serum albumin and partially hydrolyzed polyvinyl alcohol [14].  The 

lysozyme encapsulated in the microparticles that remains soluble is usually completely 

intact and enzymatically active [14, 16].  

Another protein that has been studied for stability during microencapsulation is α-

chymotrypsin, partly because of its measurable activity and its unfolding is irreversible 

[17].  The aggregation and activity of α-chymotrypsin during traditional emulsion 

encapsulation techniques was found to be dependent on inner water phase volume as well 
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as the type of organic solvent used, with hydrophilic solvents more detrimental to 

physical instability [18].  Even the mere exposure of some solvents to α-chymotrypsin 

was enough to lower the enzyme activity of α-chymotrypsin [18], which was particularly 

sizeable when methylene chloride was used [6], and improved activity was observed with 

quicker solvent removal from the microparticles [18].  In fact, the formation of as much 

as 35% non-covalent aggregates was observed after traditional w/o/w encapsulation [6]. 

This aggregation was found to be mainly caused by the first w/o emulsification step, 

although subsequent encapsulation steps also played a role [6]. This inactivity and 

aggregation was also decreased through the inclusion of a sugar, maltose, in the aqueous 

phase [6].  

Thus, both lysozyme and α-chymotrypsin have stability issues during 

microencapsulation via emulsion methods. We have previously confirmed that it is 

possible to encapsulate biomacromolecules in self-microencapsulating (SM)-

microparticles after particle manufacture, without exposing them to the emulsion process. 

These biomacromolecules are thus not exposed to any of the normal manufacturing 

stresses, including organic solvents and shear forces. In order to evaluate any actual 

improvement over traditional methods, α-chymotrypsin and lysozyme were both 

encapsulated via self-healing microencapsulation and a traditional w/o/w emulsion 

method, and the amount of aggregation and activity of the proteins encapsulated via both 

methods were compared.   
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5.3 Materials and Methods   

5.3.1 Materials 

 Several PLGAs were used.  PLGA with an i.v. = 0.20 dL/g (50:50, Part #B6017-

1G, Lot #A07-044) was from Lactel Absorbable Polymers from DURECT Corporation 

(Cupertino, CA), formerly Birmingham Polymers; PLGA with an i.v. = 0.57 dL/g (50:50, 

PLGA DL LOW IV, Lot No. W3066-603, lauryl ester end group, 51 kD) was purchased 

from Lakeshore Biomaterials (Birmingham, AL), formerly Alkermes. α,α-Trehalose 

dihydrate was purchased from Pfanstiehl (Waukegon, IL), zinc carbonate (ZnCO3) was 

purchased from ICN Biomedicals Inc. (Aurora, OH), poly(vinyl alcohol) (PVA) (9-10 

kDa, 80% mol hydrolyzed) was purchased from Sigma Aldrich (St. Louis, MO). 

Magnesium carbonate (MgCO3), Bovine serum albumin (BSA), fraction V, and lysozyme 

(from chicken egg white) were purchased from Sigma Aldrich (St. Louis, MO). a-

Chymotrypsin, from bovine pancreas, Type II was obtained from Sigma Aldrich (St. 

Louis, MO).  Phthaldialdehyde reagent containing 1 mg σ-phthaldialdehyde (P 0657) per 

mL solution with 2-mercaptoethanol as the sulfhydryl moiety, was obtained from Sigma 

Aldrich (P0532, St. Louis, MO). Coomassie Plus Protein Reagent was purchased from 

Pierce (Thermo Fisher Scientific, Rockford, IL).  All other common salts, reagents, and 

solvents were purchased from Sigma Aldrich (St. Louis, MO).  

 HPLC columns used included an SE-HPLC column from Tosoh Biosciences 

(TSK gel G3000SWxl column or TSK gel G2000SWxl column), an SE guard column 

(Shodex, Protein KW-G), C18 column (4 µm Nova-Pak, 3.9 x 150 mm, Waters, Part 
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#WAT086344, Serial #112837351338), and a C18 guard column (Bonda-Pak, C18 

Guard-Pak, Waters, 4 µm).  

5.3.2 Methods 

5.3.2.1 Preparing Traditional w/o/w Formulations 

110 µl of 200 mg/ml protein (either α-chymotrypsin or lysozyme) in water was 

added to 320 mg PLGA (50:50, i.v. = 0.57) in 1 ml CH2Cl2 and immediately 

homogenized in a syringe at 20,000 rpm for 1.5 minutes, creating the first emulsion.  2 ml 

of 5% PVA was immediately added to the tube and the mixture was then homogenized 

for 45 seconds at 6,000 rpm and the resultant emulsion was injected into 100 ml of 0.5% 

PVA under continuous stirring.  Microspheres were stirred 3 h at room temperature, and 

collected with sieves to separate by size and washed thoroughly with dd water to help 

remove residual PVA, protein, and solvent. The sizes collected were 20-63 µm and 63-90 

µm fractions.  

5.3.2.2 Preparing SM-Microspheres 

5.3.2.2.1 Creating and Loading SM-Microparticles using PLGA (i.v. = 0.20 

dL/g) 

 Trehalose dehydrate solution (175 µl of 500 mg in 1g PBS, pH 7.4) was added to 

a 10 ml syringe containing 1100 mg PLGA (50:50, 0.20 dL/g) in 1 ml of CH2Cl2 and 

immediately homogenized in an ice water bath at 20,000 rpm for 1.5 min to create the 

first emulsion. Two ml of 5% PVA was added and the mixture homogenized at 6,000 

rpm for 45 s, and the resulting emulsion was injected into 100 ml of 0.5% PVA solution 
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under continuous stirring.  Microspheres were stirred 3 h at room temperature, and 

collected with sieves to separate by size and washed thoroughly with dd H2O to help 

remove residual PVA, sugar, salt, and solvent. The sizes collected were 20-63 µm and 

63-90 µm fractions. 

To load and microencapsulate the enzymes, 1 ml of 200 mg/ml lysozyme or α-

chymotrypsin (with or without 0.45M sucrose) chilled solution (4°C) was added to 

approximately 200 mg of 20-63 µm blank particles and the microsphere/protein solutions 

were incubated at 4°C for 24 h on a rocking platform, and then transferred to a 37°C 

incubator on a rotary shaker (set at 15% speed) for 12 h.  Microspheres were removed 

and washed thoroughly with dd H2O, centrifuging at 3,000 rpm for 8 min to collect 

spheres after each of 10 washes, then freeze dried. 

5.3.2.2.2 Creating and Loading SM-Microparticles using PLGA (i.v. = 0.57 

dL/g) 

To prepare SM-microparticles with PLGA (50:50, 0.57 dL/g), the same procedure 

as in 4.3.2.2.1 was used except that 320 mg PLGA was used instead of 1100 mg of 

PLGA.  To load and microencapsulate the enzymes in SM-PLGA (i.v. = 0.57 dL/g) 

microparticles, the same procedure was used as in 4.3.2.2.1 except that the following 

conditions were substituted: a) 1.4 ml of enzyme solution was incubated in 225 mg SM-

microparticles and b) microencapsulation was performed at 40.5°C for 40h.   

5.3.2.3 Determination of Loading 

5.3.2.3.3 Soluble Monomer 
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For determination of soluble lysozyme and α-chymotrypsin, lysozyme-containing 

microspheres were dissolved in acetone and α-chymotrypsin-containing microspheres 

were dissolved in ethyl acetate, both appropriate solvents [19, 20] to separate protein 

from polymer. Particles were dispersed for 1 h, centrifuged at 13,000 rpm for 25 min and 

the supernatant removed.  This was repeated twice, and the residual solvent was removed 

via concentrator.  The remaining protein was then dissolved in 10 mM potassium 

phosphate buffer, pH 7.0, with the amount of solution added recorded by weight.   

To quantify the protein, the protein was run on an SE column (Tosoh Biosciences 

TSKgel G3000SWxl) with a guard column (Shodex Protein KW-G).  The mobile phase 

for both proteins was 0.05 M potassium phosphate, 0.2 M NaCl, pH 7.0 at an isocratic 

flow rate of 0.9 ml/min.  The absorbance at 215 and 280 nm was measured, along with 

the fluorescence (excitation at 278 nm; emission at 350 nm), and all three measurements 

had strong agreement with each other.   

The α-chymotrypsin was unable to be quantified due to its very broad peaks, but 

the lysozyme, with a retention time of approximately 16 minutes, was quantified via this 

method. 

5.3.2.3.4 Amino Acid Analysis (AAA) 

To determine the total content of both α-chymotrypsin and lysozyme in the 

microparticles as well as the soluble protein in the samples prepared for SE-HPLC, 

microparticles (approximately 4 mg), soluble protein solutions and standards were 

weighed into clear glass ampules in a total volume of 1.5 ml 6 N HCl.  Ampules were 

sealed under light vacuum, and incubated at 110°C for 25 h. Following incubation, each 

vial was completely emptied into microcentrifuge tubes, and the solution was evaporated 
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under vacuum at room temperature.  Approximately 1 ml of 1.0 M sodium bicarbonate 

buffer, pH 9.5 was weighed into each tube to neutralize the remaining acid.   

For individual amino acid analysis, a weighed amount of 350 µl of hydrolyzed 

protein solution and 350 µl of o-phthaldialdehyde reagent solution (density, ρ, 

experimentally calculated to be 1.026 mg/ml) were combined in a microcentrifuge tube, 

vortexed for 15 seconds, and immediately injected onto a C18 column fitted with a guard 

column (total time from mixing to injection < 1 min), using a previously reported HPLC 

method for amino acid analysis with o-phthaldialdehyde reagent [21-23]. Each sample 

had a run time of 50 min, with a mobile phase at 1.4 ml/min of A) methanol-water 

(65:35) and B) methanol-THF-50 mM phosphoric acid (titrated to pH 7.5 with 10 N 

NaOH (20:20:960).  Conditions for the run were 40% A for 0.5 min, 17 min concave 

gradient to 50% A, 15 min linear gradient to 100% A, 5 min isocratic elution with 100% 

A, 7.5 min linear gradient to 40% A, and isocratic 40% A for 5 min.  Pressure centered 

around 3800 psi during the run.  The fluorescence was measured (excitation at 350 nm; 

emission at 455 nm).  Protein and standards were quantified using the average of the 3 

individual amino acids alanine, phenylalanine, and lysine.   

5.3.2.4 Activity of α-Chymotrypsin 

The activity of the loaded soluble α-chymotrypsin was determined as reported 

previously [6, 20, 24].  Briefly, lysozyme was freshly extracted from the microspheres 

following the procedure used above for soluble protein determination. After extraction, 

the protein was dissolved in 0.1 M Tris-HCl, 0.01M CaCl2 buffer, pH 7.8.  Insoluble 

protein was separated by spinning tubes at 10,000 rpm for 10 min. (Actual amounts of 

soluble α-chymotrypsin in the buffer were determined via AAA as above, and were 
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between 0.84 and 0.97 µg/ml.) The substrate, 0.35 mM of succinyl-Ala-Ala-Pro-Phe-ρ-

nitroanilide was dissolved in identical buffer.   One hundred fifty ml of substrate solution 

was added to the same volume of protein solution, and the time-dependent change in 

absorbance at 405 nm was measured over a period of 10 min.   A standard curve of the 

product of the reaction, ρ-nitroanilide, was also created for determination of the amount 

of product formed. Specific activity is defined as the rate of substrate converstion 

(mM/min/mg protein) and is given as a % of the specific activity of the native, standard 

α-chymotrypsin.  For the specific activity determination, the actual amount of soluble α-

chymotrypsin in the solution was determined through a separate amino acid analysis.   

5.3.2.5 Activity of Lysozyme 

The activity of the loaded soluble lysozyme was determined as reported 

previously [11, 13]. Briefly, lysozyme was freshly extracted from the microspheres 

following the procedure used above for soluble protein determination.  The lysozyme was 

dissolved in 75 mM potassium phosphate buffer, pH 6.2 at a concentration of 

approximately 8.5 ± 1 µg/ml.  Fresh standard solutions were also dissolved in the same 

buffer at the same approximate concentration, though actual concentrations were noted. 

 One hundred fifty ml of soluble protein solution was combined with the same 

volume of 1.5 mg/ml Micrococcus lysodeikticus in identical buffer and the absorbance at 

450 nm was monitored every 30 s for a period of 10 min. The activity was calculated 

using the decrease in absorbance for the linear portion (between 0.5 and 2.5 min) 

assuming one unit of enzyme activity will reduce the A450nm by 0.001/min.  Specific 

activity is defined in units of activity per mg of protein and is given as % of the specific 

activity of the native, standard lysozyme. For the specific activity determination, the 
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actual amount of soluble lysozyme in the solution was determined through a separate 

amino acid analysis.   

5.4 Results and Discussion 

5.4.1 α-Chymotrypsin Loading and Aggregation 

In order to determine the difference in integrity and aggregation of the loaded α-

chymotrypsin encapsulated via self-healing microencapsulation versus a traditional 

w/o/w encapsulation technique, soluble α-chymotrypsin extracted from both preparations 

was examined by SE-HPLC in PBS, pH 7.4.  The chromatograms were unquantifiable, 

probably due to autolysis (Figure 5.1) as has been previously reported [17] and thus 

measurement of soluble α-chymotrypsin at neutral pH was achieved through amino acid 

analysis.   

 Both the soluble and insoluble α-chymotrypsin loading determined by AAA is 

displayed in Figure 5.2. The highest loadings were achieved through self-healing 

microencapsulation utilizing PLGA (i.v. = 0.57 dL/g), with or without sucrose at 4.52 ± 

0.09% and 7.90 ± 0.30%, respectively.   The loading for the traditional w/o/w emulsion 

techniques were 1.00 ± 0.01% and 3.69 ± 0.06%, with or without sucrose.  Self-healing 

microencapsulation utilizing a lower MW PLGA led to lower loading, with or without 

sucrose at 1.21 ± 0.06% and 1.50 ± 0.01% respectively. Insoluble protein was less than 

20% of the loading for all formulations except for the traditional w/o/w encapsulation 

that utilized sucrose (Figure 5.3). 

 Clearly then, the self-healing microencapsulation does not offer a definitive 

advantage over the traditional w/o/w encapsulation in terms of insoluble aggregation with 
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α-chymotrypsin.  However, when viewing the SE-HPLC chromatograms, the traditional 

w/o/w encapsulation did indeed affect the integrity of the loaded α-chymotrypsin, as the 

lower MW fragments (longer retention times) appeared different from protein 

traditionally encapsulated.  In fact, it has been previously reported that α-chymotrypsin is 

capable of undergoing autocatalysis [25]. Thus, even though there is less insoluble α-

chymotrypsin in the traditional w/o/w encapsulation, perhaps the protein that was 

encapsulated may have been inactivated through autocatalysis, leading to the 

aforementioned increase in the lower MW fragments on the SE-HPLC chromatograms.  

The simplest way to determine the effect of the encapsulation methods on the biological 

activity of the soluble α-chymotrypsin is by enzyme assay. 

5.4.2 α-Chymotrypsin Activity 

 The specific activity of freshly extracted soluble α-chymotrypsin was determined 

by its ability to convert succinyl-Ala-Ala-Pro-Phe-ρ-nitroanilide into ρ-nitroanilide.  The 

specific activity was determined for α-chymotrypsin that had been self-encapsulated in 

both low MW PLGA (i.v. = 0.20 dL/g) and medium MW PLGA (i.v. = 0.57 dL/g) with 

sucrose in the loading solution as well as traditionally encapsulated in PLGA (i.v. = 0.57 

dL/g).   

 As evident in Figure 5.4, the self-encapsulated α-chymotrypsin had a significantly 

higher specific activity compared to α-chymotrypsin that had been encapsulated via 

traditional methods.  In fact, for the same PLGA (i.v. = 0.57 dL/g), the self-encapsulated 

α-chymotrypsin had a specific activity of 54 ± 5% for the self-healing 

microencapsulation versus 16 ± 3% for the traditionally encapsulated protein, where the 

self-healing microencapsulation of lower MW PLGA (i.v. = 0.19 dL/g) had a specific 
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activity of 41 ± 7%.  Thus, although there was virtually no insoluble α-chymotrypsin in 

the w/o/w encapsulation, nearly all of the loaded protein was enzymatically inactive, 

showing that aggregation is not an accurate determinant of α-chymotrypsin stability.  

 Because of its ability to undergo autolysis, self-healing microencapsulation at less 

optimal pH for α-chymotrypsin, such as pH 5, may further improve the activity of self-

encapsulated α-chymotrypsin.  

5.4.3 Lysozyme Loading and Aggregation 

As with α-chymotrypsin, the stability of lysozyme encapsulated via self-healing 

microencapsulation was compared with the enzyme encapsulated via a traditional w/o/w 

process was investigated.  Soluble and insoluble lysozyme was measured via amino acid 

analysis, with the soluble amounts further investigated through SE-HPLC.  The total 

loading, determined through amino acid analysis after acid hydrolysis, was again higher 

for those formulations that used the higher MW PLGA (i.v. = 0.57 dL/g).  Self-

encapsulated microspheres with this PLGA had 3.39 ± 0.03% and 5.17 ± 0.08% protein 

loading, with or without sucrose respectively, whereas the lower MW PLGA (i.v. = 0.19 

dL/g) had 1.01 ± 0.06% and 1.24 ± 0.05% loading, with or without sucrose respectively.  

The traditional emulsion encapsulation technique resulted in 0.65 ± 0.01% and 4.86 ± 

0.04% loading, with or without sucrose respectively.  Clearly the addition of sucrose to 

the inner water phase strongly decreased the encapsulation efficiency and total amount of 

lysozyme loading, and further analysis showed that over 30% of the loaded protein in that 

formulation had aggregated (see below). 

Loaded lysozyme displayed a single monomer peak when analyzed via SE-HPLC.  

Furthermore, as seen in both Figure 5.5 and Figure 5.6, the amount of soluble lysozyme 
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as determined via amino acid analysis and SE-HPLC were in close agreement with each 

other, indicating that most, if not all of the soluble protein was intact monomer as 

opposed to soluble aggregates.  The percentage of loaded lysozyme that exists as intact 

soluble monomer is higher in those microparticles that were loaded via self-healing 

microencapsulation than the traditional w/o/w encapsulation (Figure 5.7).  Of the 

lysozyme loaded via self-healing microencapsulation without sucrose, 92 ± 4% and 90 ± 

2% was monomer in the 0.19 dL/g and 0.57 dL/g PLGA respectively, as determined via 

SE-HPLC and total amino acid analysis.   The lysozyme loaded via the traditional 

encapsulation technique had 85 ± 2% of the protein as intact monomer.   Significant 

improvement was seen however with the addition of sucrose in the loading solution, as 

the lysozyme loaded this way had 100 ± 6% and 98 ± 2% of the loaded protein as 

monomer in the 0.19 dL/g and 0.57 dL/g PLGA respectively.  

Furthermore, when the fraction of total lysozyme loaded as insoluble is 

determined for each formulation, it is evident that those formulations that encapsulated 

lysozyme via a traditional method had a higher amount of protein loaded as insoluble 

aggregates (Figure 5.8).  Lysozyme loaded via traditional encapsulation methods 

underwent 40 ± 4% and 12 ± 2% insoluble aggregation for the formulations with or 

without sucrose, respectively.  By contrast, those loaded via the new self-healing 

microencapsulation technique showed marked improvement when sucrose was included 

in the loading solution, with the loaded lysozyme as 8 ± 5% versus 2 ± 6% insoluble 

aggregates in lower MW PLGA (i.v. = 0.19 dL/g) without and with sucrose, respectively, 

and 8 ± 3% versus 1 ± 2% insoluble aggregates in the medium MW PLGA (i.v. = 0.57 

dL/g), without and with sucrose, respectively.    
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 Clearly, lysozyme loaded via self-healing microencapsulation had less insoluble 

aggregates than that which was loaded via a traditional encapsulation technique in all 

cases.   The total soluble protein loading determined via amino acid analysis and SE-

HPLC was shown to agree with each other very well (Figure 5.9), validating the amino 

acid analysis technique as a useful means to measure the protein loading. Earlier research 

(data not shown) had indicated that lysozyme can form soluble aggregates – quantifiable 

via SE-HPLC – during release, but no such soluble aggregation was detected here 

immediately after encapsulation. 

5.4.4 Lysozyme Activity 

 The specific activity of freshly extracted soluble lysozyme was determined by its 

ability to break down the cell walls of Micrococcus lysodeikticus.  All formulations 

measured had at or above 100% of the specific activity of non-encapsulated lysozyme 

standard (Figure 5.10).  Activity above the level of the stock solution has been reported 

before [26] and appears to be a possible artifact of encapsulation.  Previous work has 

indicated that after encapsulation, the amount of intact monomer directly corresponds to 

the activity of the lysozyme [14, 16].  Activity was reported based upon the amount of 

soluble lysozyme as measured through SE-HPLC, indicating a strong correlation between 

the amount of soluble lysozyme and its activity in this instance.  

5.5 Conclusions 

 Both lysozyme and α-chymotrypsin have been confirmed to have stability issues 

during emulsion encapsulation.  By utilizing the self-healing microencapsulation 

technique, the insoluble aggregation of lysozyme was significantly reduced or eliminated, 
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with all enzymatic activity retained within experimental error.  Additionally, α-

chymotrypsin showed improvement in its specific activity compared to a traditional 

w/o/w emulsion encapsulation method.  The addition of high concentrations of sucrose in 

the loading solution resulted in virtually no aggregation in the self-healing 

microencapsulation of lysozyme.  Encapsulating such high concentrations of sucrose in 

the microparticles is not normally possible due to the low drug encapsulation efficiency 

and loading that high sucrose concentrations cause.  Thus, the proteins are able to be 

loaded into a microparticle in a way that reduce the stresses associated with normal 

emulsion encapsulation, but also that allows additional high amounts of stabilizing 

excipients to be encapsulated as well.  
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Figure 5.1 SEC chromatograms of α-chymotrypsin.   Peaks were broad and unquantifiable.  
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Figure 5.3 Insoluble aggregation of α-chymotrypsin as a percentage of 
loading.  The traditional w/o/w emulsion encapsulation had basically no 
measurable insoluble α-chymotrypsin.    
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Figure 5.6 Loading of lysozyme via self-healing microencapsulation and traditional w/o/w 
encapsulation as determined via AAA and SE-HPLC.  Soluble loading was determined via SE-HPLC 
of soluble protein after extraction from loaded microspheres, and insoluble loading is the difference 
between soluble protein determined via SE-HPLC and total protein loaded determined after 
microsphere hydrolysis via AAA. 
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Figure 5.7 Monomer recovery in encapsulated lysozyme measured by SE-HPLC. 
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Figure 5.8 Insoluble lysozyme percentage that was determined insoluble via AAA.  The amount of 
total protein encapsulated in microspheres was determined, as well as the amount of total soluble 
protein.  The insoluble protein not present in the soluble fraction was used to determine the 
amount of lysozyme loaded in each formulation that was insoluble.   
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Figure 5.9 Comparison of the loading as determined via AAA versus that determined via 
SE-HPLC.  The loading determined via both methods for the 6 different formulations were 
in agreement with each other. 
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Figure 5.10 Specific activity of loaded lysozyme.  Lysozyme was loaded via self-healing 
microencapsulation and a traditional w/o/w solvent evaporation methods.  All samples maintained 
their activity.  Soluble protein was quantified through SE-HPLC and was confirmed via AAA.  
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  CHAPTER 6 

6 Mechanism of PLGA Self-Healing 

6.1 Abstract 

 Polymer self-healing is a known phenomenon in which a polymer that is damaged 

undergoes spontaneously rearrangement and repair, and has been shown to occur with 

porous poly(lactic-co-glycolic) (PLGA) microspheres in aqueous media.  To investigate 

the mechanism behind polymer rearrangement in PLGA microparticles, the rate of pore 

closing was examined after a number of manufacturing conditions were changed in 

microsphere preparation, including the hardening time, freezing rate, and the addition of 

an annealing step prior to initial lyophilization. None of these conditions appeared to 

have an impact on the rate of surface pore closing.  However, the utilization of a series of 

salts to alter surface and interfacial tension, based on the well-known Hofmeister series, 

was found to significantly impact the rate of drug entrapment in microspheres.  The rate 

of pore closing through self-healing microencapsulation appeared to act in a manner 

consistent with an ultimate driving force of minimizing interfacial tension.  Ultimately, 

PLGA pore closing appears to require 1) a temperature above the polymer glass transition 

temperature, imparting mobility to the polymer chains, and 2) water, to serve as a 

plasticizer, lowering the glass transition temperature of the PLGA to biological 
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temperature, as well as serving as a medium for polymer mobility and a possible driving 

force for minimization of polymer/water interfacial tension.   

6.2 Introduction 
 In some polymers, when a dent or a crack appears in the polymer the damage is 

repaired through  a spontaneously healing process [1]. This healing occurs through 

diffusion and entanglements of surface polymer chains [2], and a higher number of 

entanglements lead to increased strength.  For this healing to occur, polymer mobility is 

required; thus, the healing is usually done at a temperature above the glass transition 

temperature of the polymer. 

 Poly(lactic-co-glycolic) acid (PLGA) microparticles are used to encapsulate drugs 

for sustained delivery in the body after injection.  During drug release from the spheres, 

the surface undergoes a similar polymer alteration. Pores that were initially open become 

closed during incubation in aqueous solutions [3, 4] at temperatures above the hydrated 

polymer glass transition temperature [5].  This pore closing has been associated with the 

cessation of the initial burst [3] but its exact mechanism remains unclear.  However, 

understanding its mechanism may help to attenuate the release rate from the microsphere. 

Furthermore, with the newly introduced encapsulation technique, ‘self-healing 

microencapsulation,’ understanding the mechanism behind the polymer rearrangement 

may allow encapsulation to occur in other conditions more conducive and safe for protein 

loading.    

 It is generally accepted that this pore closing is observed after surpassing the glass 

transition temperature of the polymer, which occurs at biological temperature due to the 

plasticizing affect of water and large molecular rearrangements [4, 6].  Obviously the 
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polymer has some mobility given its evolved surface morphology.  Yet the exact driving 

force behind these molecular rearrangements has not been discussed in any detail.   

 To investigate the driving force, it would be critical to consider three important 

factors: 1) the impact of the internal enthalpy known to exist in microspheres after 

manufacture, where the processing creates spheres with excess energy [7] 2) the effect of 

water, both as a plasticizer and a medium for polymer rearrangement, and 3) the driving 

force behind the pore closing phenomenon and the spheres assuming a smooth surface. 

6.3 Materials and Methods   

6.3.1 Materials 

 PLGA with an i.v. = 0.57 dL/g (50:50, PLGA DL LOW IV, Lot No. W3066-603, 

lauryl ester end group, 51 kD) was purchased from Lakeshore Biomaterials 

(Birmingham, AL), formerly Alkermes; PLGA with an i.v. = 0.67 dL/g (50:50, PLGA, 

Lactel) was purchased from Durect Corporation (Cupertino, CA). α,α-Trehalose 

dihydrate was purchased from Pfanstiehl (Waukegon, IL), zinc carbonate (ZnCO3) was 

purchased from ICN Biomedicals Inc. (Aurora, OH), poly(vinyl alcohol) or PVA (25 

kDa, 88% mol hydrolyzed) was purchased from Polysciences, Inc. (Warrington, PA), and 

Poly(vinyl alcohol) (9-10 kDa, 80% mol hydrolyzed) was purchased from Sigma Aldrich 

(St. Louis, MO). Magnesium carbonate (MgCO3) was purchased from Sigma Aldrich (St. 

Louis, MO).  All other salts, reagents, and solvents were purchased from Sigma Aldrich 

(St. Louis, MO).  

 HPLC columns used included an SE-HPLC column from Tosoh Biosciences 

(TSK gel G3000SWxl column or TSK gel G2000SWxl column), an SE guard column 

(Shodex, Protein KW-G), C18 column (4 µm Nova-Pak, 3.9 x 150 mm, Waters, Part 
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#WAT086344, Serial #112837351338), and a C18 guard column (Bonda-Pak, C18 

Guard-Pak, Waters, 4 µm).  

6.3.2 Methods 

6.3.2.1 Preparing Blank Particles 

Two hundred µl of inner water phase (500 mg Trehalose in 1g 1X PBS, pH 7.4 or 

1X PBS, pH 7.4) was added to 320 mg PLGA (50:50, 0.57 dL/g, lauryl ester end-capped 

or 50:50, 0.67 dL/g, free acid end group) with 0%, 1% or 3% w/w ZnCO3 (0, 3.2, and 

10.0 mg respectively), in 1 ml of CH2Cl2 in a test tube immediately homogenized in an 

ice water bath at 10,000 rpm for 1 min creating the first emulsion. Two ml of 5% PVA 

(9-10 kDa, 80% hydrolyzed) was added and the mixture vortexed for 15 seconds, 

creating the second emulsion and the resulting solution was poured into 100 ml of 0.5% 

PVA solution under continuous stirring.  Microspheres were stirred 3 h at room 

temperature, and collected with sieves to separate by size and washed thoroughly with dd 

H2O to help remove residual PVA, sugar, salt, and solvent. The particles were 

immediately freeze dried. The sizes collected were 20-45 µm and 45-90 µm fractions.   

6.3.2.2 Determining Solution/Polymer Contact Angle 

 Solutions of PLGA (50:50, 0.57 dL/g) at 20% (w/w) using a SCS G3p-8 spin 

coater.  320 µl was dropped onto a glass round slide and spun at 850 rpm for 20 s with a 

5 s deceleration time and left to air dry overnight.   

 A goniometer was used to measure the contact angle of various salt and control 

solution on the polymer film (Figure 6.1).  Approximately 5-8 samples were run for each 

solution, and the angles were averaged and a standard error of the mean calculated.  



 
181 

 

6.3.2.3 Pore Closing with Various Salt Solutions 

 Approximately 50 mg were placed into separate tubes of salt solutions (3.5 or 4.0 

M) known to affect the surface tension of water (NH4F, NH4Cl, NH4Br, NH4SCN, 

(NH4)2SO4, NH4I, NaCl, NaBr, NaSCN, Na2SO4, (CH3)4NCl, and Guanidine HCl) or 

methylcellulose (45 ng/ml, 180 ng/ml, 3.6 µg/ml, and 3.6 mg/ml) along with dextran-

FITC (4,000 or 10,000 MW).   Microspheres were incubated for 24-48 h at 4°C, and then 

transferred to 42.5°C for 48-72 h, with approximately 10% of microspheres removed at 

specified time points (fresh salt + dextran-FITC solutions were added to replace lost 

solution where possible).  Sample microspheres were washed 10-fold with dd H2O, with 

centrifugation at 3200 rpm for 10 min to collect the spheres after each wash. Microsphere 

morphology was determined via scanning electron microscopy (SEM), and the dextran-

FITC was extracted using acetone to dissolve the PLGA and concentrating the insoluble 

dextran-FITC using centrifugation (10,000 rpm at 10 min), and repeating 3-fold.  

Dextran-FITC was dissolved in 1X PBS, pH 7.4, and loading was determined through 

HPLC fluorescence (absent of a column) using 20 or 40 µl injection volume and a 1 

ml/min 1X PBS, pH 7.4 mobile phase.  The fluorescence of the dextran-FITC was 

measured (490nm ex, 520nm em.) using unencapsulated dextran-FITC for a standard 

curve of the appropriate molecule.   

 One study utilized a higher temperature prehydration step of dextran-FITC at 

42.5°C for 2 h after 4°C incubation, after which the spheres were split up and the 

dextran-FITC solution was replaced with dextran-FITC + salt solutions at the higher 

temperature.   
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6.3.2.4 Scanning Electron Microscopy 

 Surface images of microspheres were taken after a brief gold coating (60 s) using 

a Hitachi S3200N Scanning Electron Microscope at voltages ranging from 5 to 10 kV.   

6.3.2.5 Changing Hardening and Annealing Conditions 

For varying hardening times, 200 µl of inner water phase (500 mg Trehalose in 1g 

1X PBS, pH 7.4) was added to a 6 ml syringe containing 320 mg PLGA (50:50, 0.57 

dL/g, lauryl ester end-capped) with 1.75% w/w MgCO3 (5.6 mg respectively) in 1 ml of 

CH2Cl2 in a 6ml syringe and immediately homogenized in an ice water bath at 20,000 

rpm for 1.5 m to create the first emulsion. Two ml of 5% PVA (9-10kDa, 80% 

hydrolyzed) was added and the mixture homogenized at 6,000 rpm for 30 s, creating the 

second emulsion and the resulting solution was injected into 100 ml of 0.5% PVA (9-10 

kDa, 80% hydrolyzed) solution under continuous stirring.  Microspheres were stirred 1.5, 

3, and 5 h at room temperature.  For annealing step, microspheres were then incubated at 

60°C for 1 h in 0.5% PVA continuous phase.  All microspheres were collected with 

sieves to separate by size and washed thoroughly with dd H2O to help remove residual 

PVA and solvent, collecting the 20-63 µm fraction. The particles were immediately flash 

frozen with liquid N2 and freeze dried. 

6.4 Results and Discussion 

6.4.1 Microspheres Start With a Higher Internal Enthalpy 

 During the hardening process of PLGA microsphere preparation, otherwise 

known as solvent evaporation or phase separation, polymer mobility observed is first 

slowed by polymer chain friction [8, 9] and later by the formation of chain entanglements 
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[6, 10, 11].  When microspheres are subsequently freeze dried after manufacture, the 

polymer chains can be ‘trapped’ in unfavorable energy states [7].   During subsequent 

storage of the polymer at a temperature below its Tg, the polymer can slowly ‘relax’ to a 

lower energy state, a process known as polymer ageing.  Physical ageing of the polymer 

can be observed through comparison of two heating curves of the same sample using 

differential scanning calorimetry.  The difference in area between the curves, an 

endothermic peak, is due to ‘enthalpy relaxation’ [12] between the samples, and 

corresponds to the original amount of excess internal enthalpy inside the microparticles.  

This relaxation, occurring at a temperature less than the Tg of the polymer, is usually 

thought to involve side chain (β-relaxations) and not backbone motions (α-relaxations) in 

different types of polymers, even in PLGA [7].  However, a more accurate explanation is 

likely that the relaxation is from the low amplitude twisting motions of the backbone 

itself [6, 13].  This physical ageing is not observed at 10°C for 50:50 high and low MW 

PLGA microspheres with glass transition temperatures of 47°C and 32°C, respectively 

[7].  

 The amount of internal energy ‘stored’ in this backbone motion is directly related 

to its quench rate, and fast quenching from the molten state produces a glassy polymer 

with a higher amount of excess energy [6].  Manipulating the rate of freezing of PLGA in 

dioxane solution showed that quick flash freezing in liquid nitrogen resulted in lower, 

broader, glass transition temperature compare to slow freezing or high polymer 

concentrations.  It is believed that the lower Tg for the flash frozen polymer resulted from 

a lower density polymer with higher free volume with little resistance to mobility. 

Furthermore, the drying temperatures impacted the final Tg of the PLGA as well, 
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suggesting that this step also played a role in polymer mobility [8], along with the 

microsphere hardening process itself.   

 Accordingly, the influence of this excess internal energy was investigated briefly.  

After microsphere hardening, the microspheres were annealed in the aqueous hardening 

bath for 1 h at 60°C.   Microspheres that had been annealed showed a surface very similar 

to those that had not gone through this step (Figure 6.2).  However, after these 

microspheres were incubated in pore closing conditions, the annealed microspheres had a 

rough, uneven surface compared to those without previous annealing (Figure 6.2).  The 

pore closing was monitored over a period of 48h, and the rate of pore closing was not 

different for these annealed microspheres. Obviously from the pore closed morphology 

images, the annealing step had altered the polymer, presumably in lowering the internal 

enthalpy, yet the pore closing still took place at roughly the same rate.  Indeed, when 

microspheres were allowed to slowly freeze at a temperature of -10°C instead of flash 

frozen in liquid nitrogen, the pores were still present and were able to subsequently close 

in aqueous conditions (data not shown).  Even further indications that changes in 

microsphere structure do not alter the rate of pore closing were seen when the hardening 

time was altered from 1.5 to 3 to 4.5 hours, all at room temperature.  The morphology 

after immediate freeze drying was slightly different, with more pores visible at 3 hours 

than either 1.5 or 4.5 hours (Figure 6.3), but all surface pores appeared to close at the 

same rate (data not shown).     

 PLGA microspheres that start with a higher internal enthalpy may undergo an 

ageing process that lessens this stored energy.  Over time, even storage of such particles 

at temperatures less than the Tg of the microspheres can allow these particles to ‘relax,’ 
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reducing both enthalpy and free volume [6] which can subsequently influence their 

release characteristics.  In some experiments, structural changes (e.g. polymer relaxation) 

of porous microspheres that did not appear to correlate with any morphological changes, 

surface or otherwise (e.g. pore closing), still lowered the burst release [4].  This change in 

polymer structure that was undetected by the electron microscope and pore closing steps 

agrees with the previous annealing experiment.  Importantly, this indicates 1) polymer 

relaxation may occur even without a visual cue and 2) polymer relaxation and pore 

closing are not necessarily strongly related to each other.  Polymer relaxation may lower 

the internal enthalpy of the microspheres and affect their Tg, but may not influence the 

pore closing process. However, there are two conditions that appear to be necessary for 

normal pore closing: water and a temperature greater than the Tg. 

6.4.2 Water a Critical Component 

 It has been firmly established that water can serve as a plasticizer of PLGA, 

lowering its glass transition temperature (a typical unwet Tg is around 40-50°C) by as 

much as 15°C when hydrated [5].  PLGA will take on as much as 2-3% water (w/w) in 

the polymer phase during incubation at high humidity and in solution [5].  Thus, 

incubation of polymer at biological temperature (i.e. 37°C) will typically be below its Tg 

unless the polymer is plasticized, for instance by water.  Again, while below the Tg the 

polymer will still have some mobility (the aforementioned low amplitude twisting 

motions of the backbone), its mobility above the Tg will be much greater with the 

increased flexibility of the polymer backbone (α-relaxations).  Thus, the mobility of the 

polymer will be significantly higher in water due to its plasticizing affects.  Indeed, 

porous microspheres incubated in different amounts of relative humidity showed a higher 
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pore modification as the humidity was increased from 55 to 75% [4].  The authors 

theorized that this was due to increasing plasticizing effect of water, providing the 

polymer chains with mobility.  While 75% relative humidity resulted in major surface 

structural pore changes, it did not completely eliminate the visible pores.  However, 

experiments with porous microspheres in solution have shown that complete surface pore 

closure is possible [3] when the temperature is raised above the polymer glass transition 

temperature [14]. Similarly, pore closure is much slower or non-existent in dry 

environments [4].  The authors conclude that this indicated that the water serves as a 

plasticizer, as well as enabling large polymer molecular rearrangements [4], which others 

have attributed this to behavior similar to viscous flow that can dramatically reduce 

micron-scale porosity [6].  However, these discussions do not entertain the possibility of 

any interfacial driving force behind the pore closing phenomenon.  

  Plasticizers, often reducing the Tg, can result increase PLGA mobility from 

segmental motion to normal mode mobility similar to viscous flow [6].  The plasticizer 

Triton X100 was observed to allow PLGA microsphere surface pores to close at ambient 

temperature.  While water and Triton X100 are PLGA plasticizers, it should be noted the 

surfactant used in these experiments, poly(vinyl alcohol) (PVA), has been determined to 

be a mild antiplasticizing agent [7], though its effects are much less than that of water.  

All of these parameters need to be accounted for, however, as the Tg is a critical 

determinant of polymer relaxation, pore closing, as well as appearing to be one of the 

most important parameters in determining release rates at later release times [15]  

 As mentioned previously, it is important to note that although the PLGA glass 

transition temperature is commonly referred to as one value, actually the polymer and 
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microsphere may have a range of glass transition temperatures from its surface to the 

bulk.  A reduced glass transition temperature near the surface has been seen at the 

surface, with a steady increase in Tg towards the bulk [16-18]. This has been observed for 

polystyrene [19-24] as well as poly(methyl methacrylate) [22].  This reduced Tg, due to 

the surface free volume increase and reduced intermolecular coupling from the presence 

of the surface itself [21], provides a greater polymer surface mobility than found in the 

bulk polymer [25].   

6.4.3 Interfacial Effects 

6.4.3.1 Background on the Hofmeister Series 

 First reported in 1888 [26], the Hofmeister series is a ranking of ions that are 

known to affect the solubility of proteins [27].   Some are known to increase the 

solubility of proteins, while some decrease the solubility. While both anions and cations 

influence solubility, anions are clearly much more important [28].  This series has an 

effect on the surface tension of the solution, and in turn any interfacial tension, which is 

defined as the surface tension between two immiscible liquids. Research indicates that 

these dissolved salts have no effect on the bulk structure of water [29-31], and instead 

only have an effect on the molecules immediately surrounding the ions. 

 Up until very recently, the Hofmeister series was thought affect the water’s ability 

to solvate proteins by making and breaking the structure of water at the interface [28, 32].  

Dissolved solutes that increase the surface tension were thought to do so by disrupting the 

geometry at the water interface and preventing water molecules from maximizing 

interactions at the interface, thus causing the water molecules to prefer to be not at the 
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interface and subsequently creating a force for minimizing the interface [32].  The 

thought behind this is that some strongly hydrated ions (kosmotropes) ‘steal’ water from 

the surface, and from protein hydration, whereas other ions (chaotropes) in fact do the 

opposite, allowing water to ‘lend’ itself to protein hydration (Figure 6.4). Such traditional 

views perceive the surface of water as ion-free [33, 34].    

 Only in the last few years, beginning in 2006, has the consensus switched 

completely the other direction. Now, evidence supports the notion that the ions affect the 

hydration of proteins through their direct presence at the surface and even through 

subsequent interactions with the interface of interest [34-39].   Although these ions may 

not exist at the open water surface, they all seem to show some affinity for water/protein 

interfaces [40].  Thus, it may not be their affect on the water structure that gives rise to 

the different properties of Hofmeister salt solutions, but their direct presence on the 

surface and interaction with the interface. The Hofmeister series has shown agreement 

with the ability of ions to ‘salt-out’ the surfactant octadecylamine [41], which the authors 

proposed is through the ions’ differing ability at the surface to penetrate the surfactant 

head groups.  This is very relevant considering the blank particles prepared herein have a 

surfactant, PVA, on their surface.   

 It is generally recognized that there remains an inability to explain the Hofmeister 

series, and its specific ion effects [42, 43].  There may be many ways an ion interacts 

with an interface (Figure 6.5), and separating them experimentally is not trivial. 

Whatever their method of action, the ability of ions to ‘salt-out,’ generally increases as 

ionic charge density increases, in agreement with the Hofmeister series [44, 45].  These 

increases in ionic charge density with the Hofmeister series have been reported to show 
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stronger hydrophobic interactions in aqueous solutions between hydrophobic particles 

and a tendency of the hydrophobic particles to aggregate [46].  Experiments with another 

polymer, hydroxypropylmethylcellulose, has shown that the anions of the Hofmeister 

series can disrupt the structure of water at the surface, altering the strength of the ‘water 

cages’ and consequently altering hydrophobic association [47].  Thus, using kosmotropic 

ions over chaotropic ions from the Hofmeister series increases the hydrophobic effect.  If 

the pore closing is dominated by surface effects with underlying hydrophobic effect 

components, changing these ions should alter the rate of pore closing.   

 

6.4.3.2 Investigating Hofmeister Series Effects on Pore Closing 

 The Hofmeister salts in this study were selected for their high water solubility.  

Dextran-FITC (4 kDa) was chosen as the marker with which to monitor pore closing.  

The contact angles for the different salt solutions were measured using a goniometer and 

were found to agree with the Hofmeister series, with the plain dextran-FITC solution 

lying somewhere in the middle (Table 6.1).   Thus, according to earlier discussion and 

this result, the interfacial tension between PLGA and salt solutions was assumed to agree 

with the Hofmeister series.  

 It was expected that if the pore closing was due to interfacial energy driving 

forces, increasing the interfacial energy by selecting kosmotropic Hofmeister salts would 

increase the rate of pore closing.  However, this was at first shown to be not the case 

(Figure 6.6).  In this preliminary experiment, the salts that have a tendency to ‘salt-out’ 

through raising surface tension (for ranking see Figure 6.4), actually decreased the 

amount of loaded molecule over the duration of the experiment, especially at the 
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beginning.  Scanning electron microscopy indicated that once the curves approached a 

horizontal orientation (e.g., NH4F at 4h), the visible surface pores closed (data not 

shown), presumably preventing further uptake up the dextran, and at which point the 

microspheres were at their maximum loading.  

 Additionally, this experiment indicated three things.  First, virtually no loading 

was seen at 4°C for all salts, further confirming that the temperature for pore closing 

needs to above the polymer glass transition temperature. Second, those microsphere/salt 

solution suspensions for the most kosmotropic salts (i.e. NH4F and (NH4)2SO4) had a 

significant amount of microspheres were found floating during incubation. This suggests 

that the solution had not fully wetted these spheres [48], albeit there are also unknown 

differences in solution density among these solutions.  Third, aggregation was seen in 

particles at both extremes of the Hofmeister series.  The first spheres to aggregate during 

the incubation were the kosmotropic salts (NH4F and (NH4)2SO4) and the most 

chaotropic salts (NH4SCN and NaSCN, data not shown).  Nonetheless, it is hypothesized 

that the floating particles were a result of the extremely high surface tension and a lack of 

proper hydration of the particles, and similarly the particles that aggregated first were the 

most hydrated.  This would obviously subsequently lower the loading, and thus the 

loading may not be a proper indicator of pore closing. Hence, a pre-hydration step was 

deemed necessary.   

 The pore closing was again monitored through the loading of dextran-FITC in a 

series of Hofmeister salt solutions, except this time a hydration step was added.  All 

microspheres were incubated at 4°C for 24 h followed by 2 h at 37°C in a dextran-FITC 
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only solution, in an attempt to start the experiment with all microspheres properly 

hydrated.    

 The results (Figure 6.7) are in stark contrast to the earlier experiment without the 

pre-hydration step.  With all microspheres hydrated properly before exposure to the 

Hofmeister salts, the highest loading was now the most kosmotropic salt, the (NH4)2SO4. 

In fact, the overall trend appeared to agree with the Hofmeister series (highest surface 

tension salts loaded the quickest), with the lone exception being those utilizing the 

chloride salts (NH4Cl and NaCl).  Clearly though, there was another factor in the 

calculated loading than simply pore closing.  The results show an actual decrease in 

loading after the pre-hydration step for some salts, and especially for the chloride 

solutions. This suggests some sort of pore opening or microsphere rupturing ongoing 

during this time, presumably driven by osmotic related events [14].  Similar decreases in 

loading were observed at later time points for nearly all salts as well. Hence, using the 

dextran loading determination as a determinant of the speed of polymer rearrangement 

may be incorrect for these solutions. Hence, except for the chloride salts, the rate of pore 

closing/drug entrapment was consistent with the notion that hydrophobic association and 

interfacial tension are the driving forces behind rearrangement.   

 It should be noted that no significant difference was seen with any of the solutions 

of methylcellulose used for either the contact angles or the rate of pore closing.  These 

solutions mirrored the dextran-FITC controls, and as the contact angles were not different 

from one another, it was deemed that the methylcellulose did not significantly alter the 

interfacial tension.  
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6.4.4 Altering End Groups 

 Nearly all formulations that utilized self-healing microencapsulation contained 

lauryl (C12) ester end groups at the end of each polymer chain. To confirm this long 

hydrophobic chain was not the key parameter necessary for hydrophobic rearrangement 

to take place, pore closing was attempted utilizing microspheres prepared with PLGA 

(50:50, i.v. = 0.67 dL/g) without this end group.  Instead, this polymer utilized a free 

carboxylic acid end group and as such is not considered ‘end-capped.’  In addition, 

microspheres were created from both polymers using two different molecular weight 

surfactants: 9-10 kD PVA and 25 kD PVA.   All four formulations started with very 

similar porous surface morphologies and had no distinguishable difference in the 

observed surface pore morphology during 48 hours of pore closing incubation, and all 

surface pores appeared to close at the same rate.  

6.4.5 Self-Healing 

 Thus it has been established that the chain mobility of a polymer is higher at the 

surface than the bulk.  This increased flexibility is evident in the decreased Tg at the 

polymer surface.   Further evidence of polymer surface mobility can be seen through the 

phenomenon known as ‘self-healing,’ where two separate interfaces join when brought 

into close proximity to each other. Such healing is only possible once the polymer coils 

from each side are at least capable of spanning half the distance during their random 

motion, meeting one another in the middle [49].  Wool and O’Connor have established 

five critical steps of this polymer healing [1, 2]: 1) surface rearrangement, including post-

crack chain-end distribution changes at the surface and surface chemical reactions, 2) 
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surface approach, or the time, space, and force required to bring the two surfaces in 

contact with each another, 3) wetting, specifically the initial formation of an interface 

between the two surfaces, 4) diffusion, the migration and diffusion of the polymer chains 

with one another, and 5) randomization, the further random crossing of the interface, 

forming new polymer entanglements [50-52], which are thought to occur through 

Brownian motion [49]. These last two steps, diffusion and randomization of the polymer 

chain segments, are what gives the healed polymer segment its strength.  

 Self-healing has been observed via the spontaneous formation of latex films from 

a spread of latex particles, in a dry open air state above the Tg of the polymer [53, 54].  In 

the self-healing of polymer ‘dents,’ it is believed that the driving force behind the healing 

of the polymer is surface tension, in an attempt to keep the polymer surface as small as 

possible [55].  The time scale of such rearrangement depends ultimately on the mobility 

of the polymer chains, i.e., the glass transition temperature of the polymer [55].  It is 

hypothesized that the unknown pore closing mechanism may be a form of polymer self-

healing, in which surface entanglements, facilitated by a temperature above the Tg, 

entangled and strengthened through random motion, and further driven by an attempt to 

minimize interfacial tension, allow polymer rearrangement and pore closing to take place.  

 It should also be noted that the polymer surface rearrangement is not limited to 

pore closing.  In fact, pore closing appears because the aforementioned two interfaces are 

in constant vicinity of one another.  However, the particles during loading are in constant 

mixing, preventing self-healing among different spheres. If this mixing process is not 

sufficient, microspheres will begin to self-heal with one another (Figure 6.8). This may 
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be another way to properly quantify the rate of polymer rearrangement in future 

experiments.   

6.5 Conclusions 
 The observed pore closing phenomenon is believed to occur in much the same 

manner as traditional self-healing systems.  As the temperature is increased above the 

glass transition temperature, which is lowered by the plasticization effect of water, the 

polymer chains are given the freedom to reorient themselves.  While relaxation can occur 

at temperatures less than the Tg of the polymer, it appears that increased polymer 

backbone mobility is required (i.e. temperatures above the Tg).  This surface 

rearrangement does not appear to be necessarily coupled to polymer relaxation, as 

annealed particles and those with lower internal enthalpies still closed at roughly the 

same rate. Instead, the surface rearrangement appears to act through polymer 

entanglement, and may be driven by an attempt to minimize interfacial tension.  The 

attempt to change these forces through the use of Hofmeister series generated data 

consistent with this theory, though evidence exists that another phenomenon, osmotic 

pressure mediated pore rupturing, was also taking place, complicating interpretation of 

these results.  

 One result of self-healing microencapsulation may be a reduced internal free 

volume due to the polymer reaching a lower energy state during the pore closing at a 

temperature above the Tg, similar to observed in ageing.  However, such lower internal 

energy states in PLA microparticles have produced spheres with the ability to lessen the 

rate from enzymatic degradation [56]; similarly, an increased rate of degradation was 

seen with lower density particles from hydrolysis [57] and the inverse could be expected 
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for higher density particles with less free volume.   Thus, by harnessing this pore closing 

process, self-healing microencapsulation may create microspheres with less free volume 

and a subsequent attenuated release (e.g. extended lag phase).  Additional formulation 

considerations (e.g. additives) may have to be added to counteract this. 
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Figure 6.1 Measurement of contact angle on polymer films using goniometer.  A goniometer was 
used to measure the contact angle of various salt solutions on a prepared PLGA (50:50, 0.57 dL/g) 
film.   



 
197 

BA

C D

BA

C D

Figure 6.2 The effect of aqueous annealing on pore closing.  SM-microspheres were prepared 
with PLGA (50:50, i.v. = 0.57 dL/g) and immediately freeze dried (A) or annealed in the 
hardening bath for 1 h at 60°C (B) before freeze drying.  Both formulations were then 
incubated in pore closing conditions for 24 h.  Those that were immediately freeze dried (C) 
showed a smoother surface compared to those that had been annealed (D).   
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Figure 6.3 The effect of hardening time on pore closing.  Blank microspheres were prepared 
with PLGA (50:50, i.v. = 0.57 dL/g) and hardened for different times in 0.5% PVA solution 
for 1.5 h (A), 3 h (B), or 4.5 h (C), immediately freeze dried (A,B,C), and later incubated in 
pore closing conditions for 24 h (D,E,F).  Hardening times were 1.5 h (A,D), 3 h (B,E), and 
4.5 h (C,F). 
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Figure 6.4 Hofmeister series and its effects.  For over 20 years, the Hofmeister series has been 
thought to affect protein solubility and surface tension through its presence near, but not at, the 
interface.    Neutral ions (middle column) have a normal amount of interaction at the interface.  
In solutions with chaotropic ions (right column), the oxygen at the water layer at the surface has 
more hydrogen bonding available to it, ‘freeing up’ some of its own hydrogen for solvating the 
solute.  Kosmotropic ions (left column), ‘borrow’ a hydrogen bond from water molecules near the 
interface, thus causing the molecule at the interface to bind tighter to its hydrogen atoms, and 
decreasing its ability to solvate at the interface. Recent research has suggested that this model is 
not completely correct, however, and the ions are present on the water surface and subsequently 
interact with the interface themselves.  (Bold ions above were used in these series of experiments.) 
Adapted from Collins, Zhang and Cremer, and Cacace et al.  
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Figure 6.5 Possible ion interactions at the boundary layer between two phases.  An ion 
(dark circles) in water solutions can interact with a hydrophobic phase through A) 
local binding to atoms in the other phase (light circles) at certain locations along the 
ion impermeable phase, B) partitioning into the interfacial area, giving rise to 
different solvent properties of the solution, and C) uneven ion distribution due to the 
interfacial field.  Adapted from Leontidis et al.  
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70.4 (± 0.4)Dex-FITC
78.2 (± 1.2)NaCl
66.9 (± 0.7)NaSCN
83.0 (± 0.7)(NH4)2SO4

76.4 (± 0.9)NH4Cl
69.0 (± 0.6)NH4I
62.5 (± 0.7)NH4SCN

Contact AngleSalt (3.5M)

70.4 (± 0.4)Dex-FITC
78.2 (± 1.2)NaCl
66.9 (± 0.7)NaSCN
83.0 (± 0.7)(NH4)2SO4

76.4 (± 0.9)NH4Cl
69.0 (± 0.6)NH4I
62.5 (± 0.7)NH4SCN

Contact AngleSalt (3.5M)

Table 6.1 Contact angles of Hofmeister series salt solutions on PLGA Films.  Salt solutions (3.5 
M) wwith 35 mg/ml dextran-FITC (4,000 MW Avg) and their contact angle on a PLGA (50:50, 
0.57 dL/g, lauryl ester end group) was measured by a goniometer. Dex-FITC is the dextran-FITC 
dye in dd H2O without salt. Values are mean ± SEM (n=5).  
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Figure 6.6 Dextran-FITC loading as a function of loading time in Hofmeister Salt 
Solutions.  Hofmeister salt solutions (3.5M) were made with dextran-FITC (10 kDa) in 
solution (65 mg/ml).  Shown in increasing order of availability to ‘salt-in’: :NH4F, 

:NH4SO4 , ■:NH4Cl, ▲:NH4Br, and :NH4SCN.  The open circle and square represent 
the control solutions (dextran-FITC only).   Time 20h: incubation at 4°C; Time 0: 
incubation began at 42°C.  
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Figure 6.7 Dextran-FITC loading as a function of loading time in Hofmeister salt solutions after 
pre-hydration.  Hofmeister salt solutions (3.5M) were made with dextran-FITC (4 kDa) in solution 
(35 mg/ml).  Listed in increasing order of availability to ‘salt-in’ ammonium salts were: 

:NH4SO4 , ■:NH4Cl, :NH4I, :NH4SCN.  Listed in increasing order of availability to ‘salt-in’ 
of sodium salts were: :NH4Cl, :NH4SCN.  The open circle and x represent the control solutions 
(dextran-FITC only).   Time -2h: incubation began at 37°C in dextran-FITC only solution; Time 
0h: incubation began at 37°C in Hofmeister salt solutions. 
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Figure 6.8 Interparticle self-healing in PLGA microspheres.   If microspheres are not 
properly dispersed, self-healing between particles takes place as well.  
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  CHAPTER 7 

7 Significance and Future Directions 

7.1 Significance 

 Self-healing microencapsulation is a new technique that offers significant 

advantages over traditional encapsulation techniques.  First, this new encapsulation 

technique has been demonstrated to offer improved protein stability over a traditional 

emulsion-based encapsulation technique.  Additionally, high amounts of excipients can 

be encapsulated through this new method as well, providing the opportunity to further 

stabilize any loaded protein during subsequent release.  Thus, self-healing 

microencapsulation may hold a significant advantage in delivering proteins that are 

known to be highly unstable. 

 In addition to the stability improvements offered via this new technique, self-

healing microencapsulation also provides a means to terminally sterilize microspheres 

after manufacture.  Traditional encapsulation techniques encapsulate the protein during 

manufacture, and as such the loaded protein would also be subjected to any sterilization 

procedures (e.g. γ-irradiation).  Consequently, due to the detrimental effects of γ-

irradiation on protein integrity, the manufacturing of protein-loaded microparticles has to 

be undertaken in aseptic conditions, without a final sterilization step.  However, self-



 
210 

healing microencapsulation allows blank porous microparticles to be produced under 

normal manufacturing conditions, and since there is no protein encapsulated inside.  Only 

the final loading step has to be conducted in aseptic conditions, a much easier task than 

the entire manufacturing process.  

7.2 Issues and Future Directions 

 Although self-healing microencapsulation offers some significant advantages over 

traditional microencapsulation techniques, there are a number of issues that will have to 

be improved before this new method is put into widespread use.   First, there is a current 

issue with the encapsulation efficiency through self-healing microencapsulation.  While 

the amount of loading (w/w) in each sphere is relevant to practical use, the amount of 

unencapsulated protein solution following self-microencapsulation is not trivial.  In this 

interpretation then, self-healing microencapsulation results in low encapsulation 

efficiencies. Traditional encapsulation techniques also can have low encapsulation 

efficiencies, though the unloaded molecule has been exposed to a number of destabilizing 

stresses during the encapsulation process.  Because the protein encapsulated via self-

healing microencapsulation shows, in some instances, virtually no aggregation or 

decrease in activity, it is believed that this protein could be recycled for additional 

loading attempts utilizing self-healing microencapsulation.  Additional filtering steps 

and/or quality control checks may be required in between these two separate loading 

procedures.  

 A related issue to the low encapsulation efficiency of self-healing 

microencapsulation is the current dependence of loading on the drug solution 

concentration (e.g. a high concentration of drug solution is required for high loadings).  
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With some proteins, high concentrations are feasible and the protein appears to remain 

stable during the self-healing microencapsulation loading procedure. However, for 

proteins with solubility issues at an appropriate loading solution pH (e.g. insulin) or have 

stability concerns at high concentrations (e.g. α-chymotrypsin), this requirement of high 

drug concentration is a significant problem.  A possible solution to overcome this 

problem is through the use of an active loading procedure that allows for the drug to 

preferentially exist inside the microparticles as compared to the loading solution. Such a 

loading method will also provide improved encapsulation efficiencies.   

 Another issue that will need to be addressed with self-healing microencapsulation 

is the optimization of the release profile.  Currently, loaded microparticles prepared via 

self-healing microencapsulation appear to have a distinct lag phase after the diffusion 

mediated step passes.  Further research may produce formulations with close to zero-

order release profiles. 

 Other unknown questions about this process include the unknown stability of the 

unloaded protein after self-healing microencapsulation.  If recycling of this solution is to 

be accomplished, the unencapsulated protein, which had been exposed to interfaces 

longer than that protein which had been encapsulated quickly, must be investigated.  

Also, while excipients are used to create porous blank microparticles, their remaining 

quantity during and after self-healing microencapsulation, as well as during release, are 

unknown. It is expected that much of these excipients are washed out from the 

microsphere during the loading procedure, but additional retention of certain protein 

stabilizing excipients (e.g. sugars and acid-neutralizing base) would be beneficial.   
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 Obviously, questions remain about the cause of the polymer rearrangement that is 

so crucial for self-healing microencapsulation.  Further experiments examining the role of 

internal enthalpy as well as interfacial tension need to undertaken.   Investigating the pore 

closing in microspheres that have been annealed in the dry state after lyophilization is 

crucial.  In conjunction, the actual decrease in internal enthalpy should be examined by 

DSC.  Accordingly, the presumed decrease in internal enthalpy of microparticles 

annealed after phase separation and before lyophilization should also be confirmed by 

DSC.   In order to determine the affects of interfacial tension on the rate of pore closing, 

agents that alter the surface tension that do not come with the same problems as the 

Hofmeister series (e.g. altering water activity, possibly instigating pore opening) should 

be used.  Such water soluble agents are not numerous, and the affects on interfacial 

tension should be investigated before the pore closing rate experiment is run.  

 In such mechanism elucidation experiments, it may be easier to investigate the 

rate of polymer healing through films and not microspheres.  The rate of film healing 

offers numerous advantages over the rate of microsphere pore closing.  For one, the rate 

of polymer rearrangement can be observed through SEM as well as film strength 

analytical techniques, whereas with microsphere pore closing the rate of pore closing can 

only properly be investigated by the loading of a model drug.  Consequently, other 

factors can mask the true polymer rearrangement rate, such as the known phenomenon of 

pore opening, as well as the possibility of incomplete penetration into the microsphere 

pore network of the model drug solution in different interfacial tension solutions.   
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