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Abstract

Injectable or implantable PLGA devices for the sustained delivery of proteins have been widely 

studied and utilized to overcome the necessity of repeated administrations for therapeutic proteins 

due to poor pharmacokinetic profiles of macromolecular therapies. These devices can come in the 

form of microparticles, implants, or patches depending on the disease state and route of 

administration. Furthermore, the release rate can be tuned from weeks to months by controlling 

the polymer composition, geometry of the device, or introducing additives during device 

fabrication. Slow-release devices have become a very powerful tool for modern medicine. 

Production of these devices has initially focused on emulsion based methods, relying on phase 

separation to encapsulate proteins within polymeric microparticles. Process parameters and the 

effect of additives have been thoroughly researched to ensure protein stability during device 

manufacturing and to control the release profile. Continuous fluidic production methods have also 

been utilized to create protein laden PLGA devices through spray drying and electrospray 

production. Thermal processing of PLGA with solid proteins is an emerging production method 

that allows for continuous, high throughput manufacturing of PLGA/protein devices. Overall, 

polymeric materials for protein delivery remain an emerging field of research for the creation of 

single administration treatments for a wide variety of disease. This review describes, in detail, 

methods to make PLGA devices, comparing traditional emulsion based methods to emerging 

methods to fabricate protein-laden devices.

Graphical abstract

Manufacturing of PLGA based devices encapsulating proteins is dependent on the methodology, 

protein properties, and processing parameters.
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Introduction

Peptide and protein drugs are some of the most effective therapies due to their highly 

specific interactions with biological targets to elicit a desired therapeutic effect.1 Systems 

ranging from low molecular weight growth factors and inhibitory agents to high molecular 

weight antibodies and viral nanoparticles have been utilized for regenerative medicine, 

disease treatment, and immunotherapy.2–5 Effective administration of these drugs requires 

repeated doses as the proteins are rapidly cleared and exhibit low half-lives in circulation.6 

Protein therapeutics exhibit poor bioavailability when administered orally, limiting them to 

parenteral routes of administration. Intravenous, subcutaneous, and intramuscular injections 

are typically utilized for administration; however, repeated administration has low patient 

compliance, thus limiting the effectiveness of the protein therapeutics.7 Implantable 

sustained release devices are an alternative to repeat injections, allowing for a single 

administration followed by a controlled delivery of a protein therapeutic for an extended 

period. Lyophilized and solution formulations of protein therapeutics often require storage at 

4 to −20°C to maintain stability before administration. This requirement can result in costly 

shipping conditions and limitations for utilization in developing countries where 

refrigeration may not be readily available. Encapsulation of proteins within solid-state 

implantable devices enhances the thermal stability of the protein, resulting in less stringent 

storage conditions.8,9

Polymeric materials for sustained drug delivery have been extensively studied for more than 

50 years to create formulations for enteral, parenteral, and topical administration of 

therapeutic molecules. Peptides and proteins have been encapsulated within polymers to 

create a multitude of implantable or injectable hydrogels, microparticles, nanofibers, and 

monolithic devices.10,11 These devices have been produced through a number of different 

processing methods and consist of a wide variety of synthesized and commercially available 

polymers.12,13 The release of proteins from these devices is driven by the erosion and 

formation of pores in the polymer matrix by hydrolytic or triggered degradation of the 

polymer. The protein then diffuses out of the encapsulating polymer driven by chemical 

potential, resulting in a sustained release. Polyesters are ubiquitous in drug delivery systems 

owing to their biocompatibility, biodegradability, processability, and ability to tune release 

rate.14 In particular, poly(lactic-co-glycolic acid) (PLGA) is one of the most popular 

polyesters for drug delivery and is utilized clinically in several FDA approved medical 

devices.15–17
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PLGA Material Properties

PLGA is a copolymer of lactic and glycolic acid that completely biodegrades under in vivo 
conditions and the resulting monomers are readily metabolized and cleared.18 The glass 

transition temperature (Tg) and crystallinity of PLGA is dependent on the ratio of lactic to 

glycolic acid and whether it is a random or block copolymer.19 PLGA can also be end-

capped with hydrophobic, acidic, or basic groups based on the polymerization chemistry.20 

These factors affect the release of drugs encapsulated within PLGA materials and allow for 

the tuning of release duration from time frames of 10 to over 45 weeks.21 PLGA is soluble 

in many organic solvents and exhibits relatively low melt temperatures, making it amenable 

to many solution and traditional plastic processing techniques.22,23 Owing to these favorable 

properties for in vivo sustained release of therapeutics, PLGA has been extensively studied 

to create a wide variety of PLGA materials laden with peptide and protein drugs.

The composition of lactic and glycolic acid in PLGA affects the release profile through the 

crystallinity of the polymer matrix. Poly(glycolic acid) (PGA) is highly crystalline as a 

homopolymer and poly(lactic acid) (PLA) can exhibit varying degrees of crystallinity 

depending on the stereochemistry of the polymer.24 The crystallinity of the PLGA 

copolymer depends both on the amount of glycolic acid units, the stereochemistry of the 

lactic acid units, and whether the PLGA is a block or random copolymer.25,26 PLGA with a 

higher crystallinity reduces the release rate of encapsulated proteins due to the lower chain 

flexibility and inability of water to penetrate the crystalline regions of the polymer.27 The 

size of the PLGA devices also has an impact on the release profile. In general, the smaller 

the device the faster the release owing to the higher surface area to volume ratio. The larger 

the surface area relative to the volume of the device, the more surface is in contact with the 

release medium allowing for more rapid penetration of the medium and release of the 

protein.28,29 However, in practice the relationship between size and release rate may be more 

complex as the size differences effect device stability during solvent based manufacturing 

steps of emulsification, solvent removal rate, and the resulting protein dispersion within the 

material.30

The release of proteins from PLGA devices is dependent on the physicochemical character 

of the encapsulated protein and different interaction types (i.e. ionic, hydrophobic, 

adsorption etc.) with the PLGA matrix. Protein release is also dependent on the molecular 

weight of the PLGA used, with lower molecular weight PLGA generally yielding more rapid 

release profiles.31,32 This is due to less physical entanglement between the polymer chains 

and more rapid pore formation during initial hydration. Lower molecular weight PLGA also 

exhibits more rapid generation of oligomeric species that are able to diffuse out of the bulk 

polymer matrix, further increasing the porosity of the system and allowing the encapsulated 

proteins to more rapidly diffuse through the resulting pores.33 Additives to the PLGA device 

formulation can be used to affect the release profile as well. Pore forming additives in the 

device are typically low molecular weight hydrophilic molecules or polymers that are able to 

easily diffuse out of the polymer matrix during hydration, leaving behind channels and pores 

that allow the encapsulated proteins to rapidly diffuse out.34–36 PEG and sugars have been 

shown to act as porogens, as well as stabilizing agents for protein encapsulation.37,38 

Therefore, there is a balance in designing PLGA systems with these stabilizing additives and 
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controlling the release profile of the encapsulated protein. Incorporation of basic additives, 

such as metal hydroxide salts, has been shown to slow the release profile and enhance the 

stability of proteins during release by neutralizing carboxylic acid groups generated during 

PLGA hydrolysis.39,40 Neutralizing these acidic groups reduces further hydrolysis of nearby 

PLGA chains and results in an overall diminishment in the polymer degradation rate.

Emulsion Based PLGA Microparticle Production

PLGA microparticles (5 – 100 μm in diameter) encapsulating peptides and proteins are one 

of the most prevalent devices researched for sustained protein delivery.21,41 Protein 

encapsulated microparticles can be readily prepared through a number of solvent 

evaporation methods and there have been a variety of emulsion methods developed for 

protein incorporation.42 Microparticle suspensions can be easily administered through 

typical intramuscular injection methods, obviating the need for surgery to administer the 

polymeric device.43,44 Additives in the formulation and the microparticle geometry allow for 

further control over the protein release rate and biodegradation.

Single Emulsion

Emulsion based methods for microparticle production are some of the most widely used in 

protein encapsulation research. Single emulsion, oil-in-water (O/W), is a microparticle 

production method where both the polymer and protein are co-dissolved in an organic 

solvent and emulsified in an aqueous solution.45 The organic solvent is evaporated, resulting 

in spherical polymer/protein microparticles. This method is facile, however this method is 

typically suited for hydrophobic drugs and not hydrophilic proteins. Hydrophilic molecules 

encapsulated via this method have a tendency to migrate to the outer aqueous phase.46,47

Double Emulsion

Double emulsion processes, water-in-oil-in-water (W/O/W), are more commonly used for 

microparticle production with proteins, as they more efficiently encapsulate water soluble 

peptides and proteins (Figure 1).31,48 The basic principle of double emulsion microparticle 

production involves dissolving the protein in an aqueous solution that is added to PLGA 

dissolved in an organic phase, typically dichloromethane (DCM) or ethyl acetate, and the 

emulsification of the two phases via stirring. The resulting emulsion is then added to a large 

volume of water typically containing a poly(vinyl alcohol) (PVA) stabilizer. The organic 

phase is removed under reduced pressure and the solid microspheres encapsulating the 

protein are separated from the solution and dried. Microparticles prepared via the double 

emulsion methodology laden with proteins have been used for delivery of vaccines, 

regenerative growth factors, and regulatory hormones.49–54 Lupron Depot®, Nutropin 

Depot®, and Sandostatin LAR® Depot are PLGA microparticle devices for peptide and 

protein delivery that have been approved by the FDA for treatment of prostate cancer, 

growth hormone deficiency, and acromegaly, respectively.55

The W/O/W methodology for microparticle production is highly dependent on the 

concentrations of PLGA and stabilizing polymer, emulsification volumes, emulsification 

energy applied, viscosities of the different phases, and additives.56–60 Controlling these 

Lee and Pokorski Page 4

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2019 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different factors is essential in controlling the microparticle size, protein stability, and 

release kinetics. Additionally, the size, surface chemistry, and loading level of the 

encapsulated protein can have a dramatic effect on the release kinetics.61,62 The release of 

the protein through the polymer matrix involves diffusion through pores and water channels 

formed during swelling and degradation.63 Thus, the smaller hydrodynamic size of the 

encapsulated protein the more rapidly it is able to diffuse through small pores and channels. 

The surface charge and hydrophilic characteristic of the encapsulated protein can interact 

with carboxylic acid moieties present on the ends of PLGA, affecting the release through 

ionic and hydrogen bonding forces.64–66 Hydrophobic surfaces of a protein can also inhibit 

the release through Van der Waals interaction with hydrophobic portions of PLGA.67,68 

These binding interactions control the diffusional rate of the protein through water channels 

within the polymer matrix, controlling release rate. Increased loading of the protein drug 

also results in a more rapid release, attributed to more protein present at the surface layer of 

the microparticle.69,70 The initial hydration and swelling of the microparticle allows for the 

protein to diffuse out, leaving behind more pores and channels allowing for more protein to 

diffuse out and accelerate release.

During W/O/W production of microparticles, the protein therapeutic is exposed to an 

aqueous/organic interface during emulsification with the polymer. Proteins in aqueous 

solution are folded to minimize hydrophobic interactions with the surrounding water, and the 

resulting active conformation of proteins typically has a hydrophobic core.71,72 Exposure to 

the aqueous/organic interface induces protein unfolding, adsorption, and aggregation.39,73,74 

This is due to protein rearrangement to a more thermodynamically stable state in response to 

exposure to the hydrophobic organic solvent.75 Shear forces present during emulsification 

can also contribute to the denaturation process. The resulting unfolded and aggregated 

proteins can exhibit lower biological activity due to the misfolded conformations.76,77 This 

result can be reversible for small peptides and proteins that exhibit reversible unfolding 

events, however for complex and larger therapeutic proteins this effect can be highly 

detrimental.78,79 There have been many studies utilizing stabilizing additives to reduce the 

adsorption of proteins along the aqueous/organic interface.80–82 These additives are typically 

amphiphilic sugars or polymers that align along the interface and effectively “shield” the 

protein from interacting with the hydrophobic polymer solution. For example, the model 

protein α-chymotrypsin was encapsulated within PLGA microspheres with several different 

stabilizing sugars and poly(ethylene glycol) (PEG). The resulting aggregation and retained 

activity of α-chymotrypsin was analyzed and the addition of PEG during emulsion increased 

the retained activity from 70 to 96%. The increase in retained activity was attributed to PEG 

completely occupying the aqueous/organic interface, preventing the protein from 

aggregating.83 Covalent attachment of PEG to lysozyme has also been shown to improve 

protein stability during microsphere encapsulation instead of free PEG additive, owing to the 

same mechanism of shielding the protein from the interface.84,85

The amount of protein encapsulated within the PLGA microparticle versus the targeted 

amount is known as the encapsulation efficiency shown by the equation below.

Encapsulation Efficiency % = massExtracted Protein / massTheoretical Mass Loading ∗ 100
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Where:

massExtracted Protein = mass of protein recovered per mass of PLGA microparticles 

after removal of PLGA via organic solvent

massTheoretical Mass Loading = theoretical maximum mass of protein per mass of PLGA 

microparticles

Loading levels of proteins within PLGA microparticles are typically 1 – 10 wt% and the 

encapsulation efficiency using emulsion based production can vary from 30 – 95%.86–89 The 

encapsulation efficiency of peptides and proteins is dependent on the physicochemical 

characteristic of the protein and stabilization of the primary and secondary emulsion. If the 

microparticles formed during the primary emulsion are not properly stabilized before 

addition into the second aqueous phase, the encapsulated protein can leach into the aqueous 

phase and lower the encapsulation efficiency.90,91 Using higher molecular weight PLGA for 

microparticle production increases the encapsulation efficiency, likely due to lower polymer 

chain mobility limiting the ability of proteins to diffuse out of the microsphere during the 

second emulsion process.92 Protein leaching can be mitigated by tuning the pH of the 

aqueous phase to favor protein solubility and the pH of the secondary emulsion aqueous 

phase to decrease protein solubility.92,93 Leaching into the secondary emulsion aqueous 

phase can also be decreased by metal complexation of the protein to decrease aqueous 

solubility.94 PLGA has also been functionalized with small molecules that have resulted in 

increased encapsulation efficiency, potentially due to favorable interactions between residues 

on the encapsulated protein and the functional group conjugated to PLGA.95 While these 

approaches have resulted in improved encapsulation efficiency, effective loading of PLGA 

microparticles with proteins requires optimization of the emulsion process and conditions.

A recent example of double emulsion production for PLGA microparticles encapsulating a 

peptide for in vivo extended release depot application is microspheres containing the peptide 

liraglutide for diabetes treatment.96 The recombinantly produced peptide liraglutide is 

currently used as an FDA approved treatment for type 2 diabetes and binds the glucagon- 

like peptide-1 receptor, resulting in insulin secretion.97 Liraglutide was incorporated into 

PLGA (MW = 30 kDa, 50/50 lactide/glycolide) microspheres via the double emulsion 

method to create an injectable formulation for sustained release of the peptide and 

depression of blood glucose levels over 30 days. Twelve microsphere formulations were 

tested to determine the optimal conditions for liraglutide encapsulation and release, varying 

the volume of the polymer solution, the volume of the second emulsion aqueous phase, PVA 

stabilizer content, sonication time, and stirring speed (Figure 2 (A.)). Varying these 

parameters yielded encapsulation efficiencies from 47 – 74% and particle diameters from 6.8 

to 16.2 μm. Based on the in vitro release profile, particles with a diameter of 9.4 μm were 

used for in vivo studies and a single injection of the liraglutide encapsulated microspheres 

was shown to be as effective as daily injections of liraglutide solution (Figure 2 (B.) and 

(C.)). While the liraglutide loaded PLGA microspheres were effective, this example 

highlights the many microparticle production parameters that must be considered when 

developing PLGA/protein microparticle systems produced via W/O/W double emulsion 

methods.
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Another recent example of extended release PLGA microparticles is the encapsulation of a 

Leishmania protein antigen NH36 for vaccination against the parasitic infection 

leishmaniasis.98 Vaccines require booster doses in order to elicit an effective humoral 

immune response, thus single administration depot formulations can obviate the need for 

repeat injections and increase patient compliance. The 36 kDa NH36 protein was effectively 

encapsulated at 83% encapsulation efficiency using the W/O/W double emulsion method. 

Vaccination also requires the stimulation of appropriate receptors, including toll-like 

receptors (TLRs), often accomplished through the co-administration of immunostimulatory 

adjuvants alongside the antigen.99 PLGA microspheres themselves enhance the uptake of the 

antigen by antigen presenting cells and adjuvants can also be encapsulated within 

microspheres to supply a sustained release of adjuvant with the antigen.100 In this study, the 

hydrophobic TLR 3M-052 was encapsulated within separate microspheres using the single 

emulsion W/O method that is more suitable for hydrophobic drug encapsulation. Co-

administration of the NH36 and 3M-052 loaded microspheres elicited a higher response 

indicative of leishamaniasis immunity relative to multiple injections of NH36. This example 

highlights the utility of emulsion prepared PLGA microparticle formulations for single 

administration vaccine development and considerations in different emulsion methods for 

encapsulation of hydrophilic and hydrophobic components of a vaccine cocktail.

Coacervation

Coacervation is a production method for protein-laden PLGA microparticles involving phase 

separation of a PLGA solution around an aqueous protein solution (Figure 3).101 The 

microparticles are prepared by first emulsifying the aqueous protein solution in an organic 

solution of PLGA. An organic PLGA nonsolvent is then added to the emulsion, causing the 

polymer to phase separate due to the first organic solvent being extracted by the PLGA non-

solvent.102 The PLGA microparticles encapsulating the protein are further solidified by the 

addition of a second non-solvent and separated via centrifugation, filtration, or sieving. 

Coacervation is more efficient at encapsulation of hydrophilic proteins than single emulsions 

processes, as the aqueous phase is completely encapsulated by the organic phase during 

polymer phase separation.103,104 The absence of the second aqueous phase that is present in 

double emulsion processes also typically yields higher encapsulation efficiencies during 

coacervation because the protein cannot diffuse out of the inner aqueous phase. Hydrophobic 

drugs can also be encapsulated via this process through co-dissolution with PLGA in the 

first organic phase and use of a second organic phase that is a nonsolvent for both the drug 

and the polymer.105,106

The primary solvent containing PLGA is typically DCM or ethyl acetate, similar to other 

emulsion processes. The first nonsolvents used to induce phase separation included 

vegetable and silicone oils, poly(butadiene), poly(dimethylsiloxane), poly(methacrylics), and 

parrafins.107 These nonsolvents must be immiscible with both the polymer and the aqueous 

solution, while effectively extracting the primary organic solvent. The second nonsolvent 

must be miscible with the first nonsolvent and is used to wash away both the first nonsolvent 

and the primary solvent, which further hardens the microspheres by solvent extraction. 

Examples of the second nonsolvent include hexanes, heptanes, ether, and mineral oil.107 As 

with the single and double emulsion production methods, the protein being encapsulated is 
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in contact with an aqueous/organic interface which can lead to protein destabilization during 

coacervation. Stabilization of the protein can be accomplished through addition of small 

molecule stabilizers, as previously described, provided they are insoluble in the first and 

second nonsolvents.108

The stirring rate and temperature used during phase separation are critical factors during 

coacervation due to a tendency for the particles to aggregate and coalesce during solvent 

extraction.102 Furthermore, changes in stirring rate control the size of the microparticles and 

insufficient agitation can entirely suppress microparticle formation. The polymer 

concentration in the primary emulsion and volumetric ratios of polymer solution to protein 

solution are critical in the controlling the successful formation of microspheres.109,110 The 

ratio of the aqueous phase to polymer phase is typically 0.02 to 0.12 for stable coacervation.
102 This ratio window can limit the amount of protein that can be encapsulated within the 

microparticle via coacervation. This is due to the phase separation and encapsulation process 

relying on the interfacial energies during polymer microparticle hardening.111 The 

coacervation process is also highly dependent on the rate of addition of the first nonsolvent 

to extract the primary solvent, owing to the non-equilibrium nature of coacervation and 

dependency of the microparticle size and morphology on the kinetics of phase separation.112

An example of coacervation encapsulation of a protein antigen is the tetanus toxoid that was 

encapsulated within PLGA microparticles to elicit neutralizing antibodies in a murine 

model.113 The microparticles had tetanus toxoid with an aluminum adjuvant encapsulated 

via coacervation at 0.45 wt% loading and an encapsulation efficiency of 96% (Figure 4 

(A.)). In vivo administration of the microparticles elicited enhanced antibody titers relative 

to administration with free tetanus toxoid with aluminium (Figure 4 (B.)). Another example 

of coacervation encapsulation is the production of PLGA microparticles with the luteinizing 

hormone releasing hormone analog triptorelin for contraceptive application.114 A series of 

microparticles were prepared using different volumetric ratios of dichloromethane, methanol 

additive amounts to the dichloromethane phase, and amount of silicone oil as the first 

nonsolvent. This parameter study was used to develop a phase diagram elucidating the 

stability window for successful microparticle formation (Figure 4 (D.)). These parameters 

were used to optimize the microparticle diameter, size dispersity, and release properties. The 

encapsulation efficiency of triptorelin for all samples was 70 – 73% regardless of 

coacervation conditions. Both of these examples highlight the consistent and high loading 

levels achieved using coacervation, but also demonstrate that the process parameters for 

coacervation must be thoroughly optimized to produce microparticles with the desired 

properties.

While coacervation has advantages in ease and efficiency of encapsulation of hydrophilic 

drugs, the complex variables controlling microparticle size and particle morphology have 

limited the widespread application in protein laden microparticle production. Recent studies 

with protein coacervates have been focused on forming complexes between polyelectrolyte 

polymers and proteins that become insoluble upon complexation.115,116 These coacervates 

do not require organic solvent for production have less dependence on mixing and 

volumetric ratio parameters. However, polyelectrolyte coacervation is limited to proteins 

bearing enough charged residues to effectively complex with the charged polymer.
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Continuous Fluidic PLGA Material Production Methods

Emulsion based processes have been successful in creating clinically used peptide and 

protein microparticle depot systems, however there are inherent scalability issues with batch 

production methods.117 Fluid spraying methodologies have been developed to overcome the 

batch nature of typical emulsion production methods, owing to the continuous and high-

throughput spraying production. The basic principle of spray based microparticle production 

is forcing an emulsion of PLGA and protein solutions through a nozzle and then rapidly 

drying to solidify the formed protein laden material.

Spray Drying

Spray drying was originally used in the pharmaceutical industry to create solid particles 

from small molecule solutions and has recently been expanded to drug laden polymeric 

particle production.118 The process first involves the creating of a O/W emulsion of an 

organic solution containing PLGA and an aqueous solution containing a peptide or protein 

therapeutic. Typical spray drying processes then use a two-fluid atomizing nozzle where the 

emulsion is flowed through the inner channel and a stream of hot gas is flowed through the 

outer channel. Both streams are then forced through a small opening and the air stream 

causes the fluid to be broken up into small particles. The atomized particles are then flowed 

into a drying chamber to remove the solvent and collected via inertial or filtration separation. 

This process can be run in a continuous manner, provided the particles can be effectively 

removed during production and the collection method is not prone to clogging.

While the two-fluid atomizing nozzle is one of the most widely used, there are several other 

systems that have been utilized for microparticle production (Figure 5). Rotary atomizers are 

systems comprising a rotating disk at the nozzle exit where droplets are formed through 

centrifugal force at the edge of the disk.119 A pressure nozzle involves simply forcing the 

fluid through a narrow barrel at high pressure, forcing the stream to break up into small 

particles.120 Ultrasonic atomization consists of using ultrasonic vibrations to form droplets 

during flow through the nozzle.121 Three-fluid atomizing nozzle have also been explored to 

eliminate the primary emulsion step in two-fluid atomization processes. Both the polymer 

solution and protein solution are flowed separately and are mixed in the nozzle immediately 

before atomization. The three-fluid method can also be utilized to mix an emulsion with 

another polymer solution to form more complex core-shell microparticle systems.122,123

While all of the atomization methods have been successful in creating microparticles laden 

with proteins, each has distinct advantages and disadvantages.124–127 The two-fluid 

atomization method produces particles with a narrow distribution and offers good control 

over the particle size, however it can suffer from scale-up limitations due to the drying 

residence time in the nozzle. The three-fluid atomization method eliminates the emulsion 

step and streamlines the production process, but is highly sensitive to the flow rates and 

viscosities of the three-fluids being fed into the nozzle. Pressure nozzles are simple in design 

and application, but control over particle size can be difficult and the narrow orifice can 

block during microparticle production. Rotary atomizers are more mechanically complex 

due to multiple moving parts, but do not suffer blockage issues and exhibit low particle 

dispersities. Particles prepared via ultrasonic atomization exhibit uniform and controlled 
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particle sizes, however the ultrasonic energies imparted during production can destabilize the 

protein being encapsulated.

Regardless of the atomization method, successful formulation of microparticles via spray 

drying requires rapid solvent removal and drying to solidify the polymer around the 

encapsulated protein. The solvent removal primarily takes place when the solution comes 

into contact with the heated gas applied during atomization, thus the contact time with the 

heated air must be controlled to allow for adequate drying and hardening of the 

microparticle.128 The solvent system used for polymer dissolution must be volatile and the 

addition of azeotrope forming cosolvent systems have been utilized to enhance the drying 

rate.129,130 Control of the particle size, particle dispersity and drug distribution within the 

polymer is highly dependent on both the flow rate through the atomization nozzle and the 

drying rate, thus tuning these parameters for the desired microparticle property can be a 

complex process.131–133

Spray drying for protein laden microspheres utilizes emulsion, thus it can suffer similar 

protein destabilization along the aqueous/organic interface observed with the previously 

discussed emulsion based production methods. The atomization and drying process also 

involve exposure to hot gas, which can further induce destabilization due to protein exposure 

to a water/air interface. Proteins can exhibit adsorption and unfolding in response to a 

water/air interface due to the differences in polarity between the two phases.134 In addition, 

proteins exhibit further destabilization with applied shear forces at the water/air interface.135 

Shear forces are applied during the atomization process, thus protein stability during spray 

drying can be highly dependent on the flow rates and atomization method utilized. The 

microparticle is also rapidly subjected to high temperatures during atomization and solvent 

removal inducing thermal denaturation and aggregation.136

A recent example of spray drying was a study utilizing three-fluid atomization to create 

PLGA microspheres laden with lysozyme via a one-step process (Figure 6 (A.)).137 The aim 

of the study was to optimize the process parameters during microparticle production to 

control microparticle morphology, microparticle size, protein stability, protein distribution 

within the particle, and in vitro release. The solvent system used for PLGA did not have a 

dramatic effect on the particle size and residual moisture, indicating the solvents were 

effectively removed during drying in the lab-scale spray dryer. While the solvent system did 

not affect the particle size, both the type of solvent used and the feed rates of the organic and 

aqueous phases dramatically effected the distribution of lysozyme within the microparticle. 

The use of both acetone and acetonitrile in place of dichloromethane for the organic phase, 

Figure 6 (B.), resulted in extensive lysozyme migration to the particle surface and high burst 

release values during in vitro release (75%, 100%, and 40% for acetone, acetonitrile, and 

dichloromethane respectively). This was attributed to the low surface tension gradient 

between the acetone or acetonitrile phase and the aqueous phase, reducing the ability of the 

PLGA to spread and cover the lysozyme droplets. Increasing the feed rate of the organic 

phase relative to the aqueous phase also reduced the burst release and surface content of 

lysozyme, owing to more PLGA phase available to fully encapsulate the inner aqueous 

phase. The encapsulated lysozyme had minimal secondary structure loss and a trehalose 

stabilizer was used to shield the protein from interface induced denaturation during spray 
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drying. This example demonstrated the high variability of microparticle properties prepared 

via three-fluid spray drying in response to solvent systems and feed rates. Furthermore, the 

parameters developed in the study were for a lab-scale spray drying system that will vary 

during scale-up to larger systems with different drying residence times and throughput rates.

Electrospinning and Electrospraying

Electrospinning and electrospraying are similar methods utilizing electric potential to 

generate polymer droplets, known as electrohydrodynamic (EHD) production techniques, 

containing proteins that can be subsequently dried for the formation of solid materials 

(Figure 7).138–140 A polymer/protein emulsion at the tip of a needle is subjected to a strong 

electric potential that causes the build-up of charge on the liquid droplet. When the charge 

reaches a critical level it overcomes the surface tension of the liquid and causes a jet or 

droplets of the solution to discharge from the tip. The discharged solution is collected onto a 

grounded plate or rotating drum and the solvent is either removed via evaporation during 

discharge or further drying depending on the volatility of the solvent. Both methods have the 

ability to create polymeric materials in the micro- to nano-scale laden with protein 

therapeutics.141,142

Electrospinning is utilized to create fibrous materials, while electrospraying is used to create 

particle systems. Both methods use similar needle and applied voltage set-ups, and the 

fabrication of fibers versus particles is controlled by polymer concentration and the 

viscoelastic properties of the solution.143,144 Electrospinning requires a continuous stream of 

polymer solution to form uniform fibers, therefore a higher polymer concentration and 

higher viscoelastic property of the solution prevents break-up of the stream during discharge 

from the needle. In contrast, effective particle formation during electrospraying requires a 

lower polymer concentration with low viscoelasticity to promote break-up of the droplets. 

The solvent used to dissolve the polymer will affect these properties, making solvent 

selection an important aspect of designing electrospinning or electrospraying processes.145 

Beaded fibers will develop if the solution properties fall in the middle of those for particle or 

fiber formation. Electrospinning and electrospraying have also been utilized simultaneously 

to embed micro- or nanoparticles within the fibrous materials.146,147 The size and 

morphology of the fibers and particles formed via EHD is controlled by the applied voltage 

and flow rate of solution through the needle.148,149 In general, higher applied voltage and 

lower flow rates result in fibers or particles with smaller diameters. Controlling the solvent 

evaporation rate is an important aspect of electrospraying, as too rapid evaporation rates can 

result in collapse of the particles and formation of wrinkled and porous structures.148,150 

Electrospray microparticle formation does not require the co-administration of hot gas to 

induce particle formation and drying, removing a potential source of thermal denaturation 

for proteins being encapsulated within the particles.

PLGA fibers and particles formed via EHD have been widely utilized as tissue engineering 

scaffolds for regenerative medicine and as implantable drug delivery devices.10,151,152 

Protein therapeutics can be incorporated into the electrospun fibers via surface attachment or 

incorporation into the polymer matrix. Successful delivery of surface attached proteins 

requires that the attachment can be released over time via hydrolysis, degradation, or 
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specific enzymatic activity.153–155 While surface attachment has been effective, it requires 

excess protein and extensive washing steps for attachment and the loading of proteins on the 

surface can suffer from batch-to-batch variability.156,157 PLGA microparticles and 

nanoparticles produced via electrospraying are not typically subjected to surface 

modification and the bioactive agent is encapsulated within the particle. Encapsulation of 

proteins within the PLGA matrix can be accomplished by creating an emulsion of the 

protein solution with the polymer prior to electrospinning.158,159 Utilizing an emulsion for 

EHD can have deleterious effects on fiber or particle integrity depending on the solvent 

volumetric ratios, limiting the amount of protein that can be incorporated into the polymeric 

material.160 Furthermore, there are still the inherent protein stability issues involved with 

creating an aqueous/organic emulsion containing proteins. Protein destabilization can be 

further induced via the strong shear forces induced during expulsion of the liquid droplet 

from the needle tip.161,162 The incorporation of emulsion and protein stabilizers can further 

alter the viscoelastic properties of the solution, complicating the integrity of fibers or 

particles formed during EHD.

While emulsion EHD methods have been successful in generating protein laden polymeric 

materials, co-axial EHD methodology has been developed to create more complex and stable 

formulations.163 Co-axial EHD involves the simultaneous flow of an inner aqueous phase 

containing the protein and an outer phase containing the polymer. The two fluids meet at the 

tip of the needle and are simultaneously discharged from the tip to form a core-shell 

structure encapsulating the protein in the interior of the polymeric structure.164 The resulting 

material avoids complications with protein dispersion throughout a polymer matrix by 

localizing protein within the interior of the structure.165 Controlling the flow rates of both 

fluids is essential in the successful formation of the core-shell structure and the thickness of 

the polymer shell can be tuned via the flow rate of the polymer phase.166,167 The polymer 

concentration and molecular weight are also important parameters due to the influence on 

the solution viscoelastic properties.168 These process parameters make the process more 

complex relative to emulsion EHD and effective core-shell structure formation may be 

difficult to achieve. While co-axial EHD with two fluids has been widely utilized in 

research, the process has been expanded to three fluid systems to create more complex 

systems for release of multiple drugs at different rates.169

Protein encapsulation via co-axial EHD avoids protein instability issues by eliminating the 

emulsion step and lowering the size of the interface between the organic and aqueous phase.
170,171 Elimination of the emulsion step also increases the simplicity of the overall process 

and makes it one-step. Encapsulation efficiency is also typically increased during co-axial 

EHD due to total encapsulation of the inner aqueous phase.172 The protein must diffuse 

through the encapsulating PLGA layer in order be released and the polymer must reach a 

level of porosity to permit protein penetration. This limitation can result in long lag times 

before protein release, however the effect can be mitigated by incorporating porogens in the 

polymer layer to accelerate protein diffusion.173

A recent study compared co-axial and emulsion electrospray processes to encapsulate the 

model protein bovine serum albumin (BSA) within PLGA microparticles.174 Co-axial 

electrospraying resulted in particles having a size an order of magnitude lower than those 
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prepared via emulsion electrospraying and exhibited narrower size distributions (Figure 8 

(A.) and (B.)). Particles prepared via emulsion electrospraying exhibited a rougher, wrinkled 

surface morphology relative to those prepared via co-axial electrospraying (Figure 8 (D.) 

and (E.)). This difference was attributed to uneven solvent removal due to the heterogeneous 

dispersion of organic and aqueous phases in the emulsion. The co-axial technique localized 

the polymer phase on the outside of the particle, allowing for even solvent removal and 

PLGA coating of the inner, protein rich phase (Figure 8 (C.) and (F.). This effect also 

increased the encapsulation of BSA from 74% to 89% for particles prepared via emulsion or 

co-axial electrospraying respectively. Analysis of BSA distribution within the microparticles 

resulted in BSA localized in the interior of co-axial microparticles and on the exterior of 

emulsion microparticles, consistent with the expected location of the aqueous phase based 

on the production method. The burst release of BSA during in vitro release was decreased 

from 26% to 10% for emulsion and co-axial prepared particles, with both types reaching 50 

– 55% cumulative release over 6 weeks (Figure 8 (G.) and (H.). The release study indicated 

that the co-axial electrospray prepared microparticles exhibited a more consistent release 

and protein was able to consistently diffuse out over the duration of the study. Overall, the 

study highlighted the control over release, protein dispersion, and particle morphology 

afforded by utilizing co-axial versus emulsion electrospray production of PLGA 

microparticles. However, both production methods had 7 formulations tested to determine 

the optimal conditions and compositions for particle production, demonstrating the 

sensitivity of electrospraying to the process parameters.

Thermal Processing

Thermal processing of PLGA materials into solid, implantable materials in the solid and 

melt state is an alternative to the traditional solvent based production methods. In general, 

thermal processing involves applying heat and pressure to induce coalescence between 

PLGA particles to form a macroscopic assembly. The PLGA particles can be loaded with 

proteins before or during processing and the resulting assembly can be implanted for 

sustained release. PLGA particles have been developed into larger implantable devices 

through sintering, where particles are subjected to heat in a mold and allowed to fuse 

together.175–177 This methodology is advantageous, as it is high throughput and allows for 

continuous operation.178 The encapsulation efficiency of the therapeutic is also high, owing 

to the closed nature of the process, and allows for good control over the loading level. The 

melting temperature (Tm) and glass transition temperature (Tg) of PLGA are dependent on 

the stereochemistry of the lactic acid units and the percentage of glycolic acid in the 

copolymer. The Tm and Tg can range from 80 – 160°C and 33 – 60°C respectively based on 

the type of PLGA used.19,22 PLGA with a 50:50 ratio of lactic to glycolic acid exhibits the 

lowest Tm and Tg and has been the most widely used for thermal processing application. 

Additionally, viscosity modifiers such as PEG or sugars can be used as plasticizing agents to 

lower the required temperature for thermal processing.179,180 Temperatures typically used 

for successful thermal processing of proteins with PLGA are in the range of 80 – 105°C. 

These temperatures readily and fully denature proteins when in solution, however processing 

proteins in the solid state imparts further thermal stability due to the lower hydration state 

and resulting restriction of protein molecular motion.181,182 This allows for proteins to be 
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processed at the elevated temperatures required for melt encapsulation, however the 

encapsulated proteins can still exhibit some denaturation and aggregation depending on the 

biochemical properties of the protein and additives used. Studies with synthesized block 

copolymers of poly(ε-caprolactone)-b-poly(ethylene glycol)-b-poly(ε-caprolactone) and 

poly(2-Isopropoxy-2-oxo-1,3,2-dioxaphospholane)-b-poly(L-lactic acid) have yielded 

biodegradable polymers with melt temperatures in the range of 35 – 55°C and were used to 

encapsulate proteins via melt processing.183–185 The proteins exhibited enhanced stability 

when thermally processed at lower temperatures, however these polymers are not readily 

available to most researchers.

Extrusion

Protein encapsulation via thermal processing has predominately been accomplished via melt 

extrusion, where solid PLGA and protein are mixed together and melted in a heated barrel 

with a conveying screw until it is forced through a die and solidified (Figure 9). Extrusion 

has been extensively utilized for encapsulation of small molecule drugs with excipients for 

conventional pharmaceutical formulations.186 However, melt extrusion normally requires 

high temperatures to melt the polymer matrix and high levels of shear imparted by the 

conveying screw, which can have detrimental effects on protein secondary structure and 

retained biological activity. As previously stated, melt extrusion with protein/PLGA blends 

requires temperatures of 80 - 105°C. Hydrated proteins typically exhibit Tm values of 50 - 

70°C, indicating that above these temperatures the proteins denature and form misfolded 

oligomeric and aggregated species.187 Additionally, proteins in the aqueous state have Tg 

values in the range of −75 – 30°C, indicating that above these temperatures the polypeptide 

chain is able to move and rearrange in order to achieve different conformations.188,189 

However, when water is removed, the resulting solid protein exhibits Tg values of 130 - 

185°C due to the restricted molecular motion of the protein chains in response to the absence 

of the plasticizing water molecules.190–192 The shift in Tg is beneficial when designing melt 

extrusion and processing proteins in the solid state, as the restricted molecular motion of 

solid proteins can help retain the correct conformation after extrusion at elevated 

temperatures.

Thermal processing of PLGA/protein blends has largely focused on the model proteins 

lysozyme and BSA due to their relative expense and ability to be obtained in high quantity. 

Both proteins were able to be successfully incorporated into rod shaped PLGA implants via 

twin-screw and small scale syringe ram-extrusion. The impact of processing temperature, 

stabilizing additives, and surface biochemistry on protein stability was studied during melt 

extrusion. Investigation of the secondary structure of both proteins exhibited varying degrees 

of denaturation in response to processing temperature and the use of stabilizing PEG, sugar, 

and salt additives.194,195 The secondary structure of the protein was denatured in response to 

increasing temperature, likely due to the applied energy overcoming the activation energy 

for protein unfolding in the solid state. The mechanism of stabilization via the PEG or sugar 

additive is theorized to be similar to stabilization during protein emulsification, where the 

additive aligns along the protein/polymer interface to shield the protein from the 

hydrophobic polymer melt.193 Covalent attachment of PEG to lysozyme has also been 

shown to stabilize the protein, likely owing to a similar shielding mechanism as PEGylated 
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protein stabilization during emulsion microparticle production.196 The enzymatic activity of 

lysozyme was directly affected by the processing temperature and is related to the thermally 

induced denaturation and aggregation in response to melt processing.194 There is also the 

potential for thermally induced chemical reactions between the surface residues of the 

protein and PLGA during melt processing, such as acylation or thioester formation.197

The release properties and stability of proteins during in vitro release from rod shaped 

PLGA implants prepared via melt processing are dependent, similarly to microparticle 

systems, on additives, protein loading, protein dispersion, and protein surface properties. 

The polymer rods have a lower surface area to volume ratio relative to PLGA microparticles, 

therefore the polymer must undergo extensive water uptake and degradation to effectively 

form a porous network that allows the protein to diffuse out of the matrix. This limitation 

has been overcome via the incorporation of low molecular weight PEG and hydrophilic 

molecules as porogens to accelerate release.198 Incorporation of basic metal salts has also 

been shown to increase the release, however this diminished aggregation of proteins within 

the matrix rather than eliciting pore formation.40 Proteins have a tendency to form non-

covalent aggregates during extrusion and during release as a consequence of the acidic 

microenvironment within PLGA. The basic metal salts neutralize the acid formed during 

release and result in less aggregation, which allows the smaller monomeric proteins to more 

readily diffuse through the polymeric implant. Increased loading of the protein additive also 

leads to more rapid release due to the more protein localized closer to the surface that can be 

released during the early hydration and degradation phases of the implant surface layer.
194,198

The aggregation of proteins during melt processing can also lead to segregation within the 

polymer matrix, which results in increased burst release and decreased protein stability 

(Figure 10 (A.) and (B.)).195 Alteration of the protein surface properties with amphiphilic or 

hydrophobic moieties has been shown to increase the release rate relative to the unmodified 

protein.195,196 For example, the covalent attachment of the hydrophobic dye, fluorescein 

isothiocyanate (FITC) to BSA, exhibited an increase in release rate relative to native BSA 

(Figure 10 (C.) and (D.)). The enhanced release rate was attributed to decreased aggregation 

of the protein during extrusion due to the surface chemistry interacting more favorably with 

the hydrophobic PLGA matrix and more readily dispersing within the matrix. An advantage 

of proteins immobilized within polymeric matrices via thermal processing is increased 

thermal stability during storage, which can increase the ability to utilize protein therapeutics 

in developing countries where refrigeration is not readily available. Modification of BSA 

with FITC maintained the same release profile after prolonged storage, while the native BSA 

had an altered release profile. This indicated a change in protein aggregation or interaction 

with the PLGA matrix and demonstrated that the FITC modification prevented changes in 

the BSA/PLGA formulation during storage.

The aggregation of proteins within the PLGA matrix can also be mitigated by controlling the 

initial particle size of the solid protein before melt extrusion with PLGA. In general, a 

smaller particle size of the protein results in less aggregation and segregation of protein 

within the PLGA matrix. This phenomenon is thought to be a result of simple separation of 

adjacent protein particles, preventing proteins from unfolding to form more 
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thermodynamically stable aggregated species with adjacent proteins. The initial protein 

particle size can be controlled through the drying process when the protein is taken from the 

aqueous to the solid state or through mechanical forces breaking up particles after drying. 

Spray drying has been utilized to control the particle size of BSA prior to melt extrusion 

with PLGA and yielded solid BSA particles exhibiting sizes of 1 – 5 μm.193 Spray drying 

also allowed for the incorporation of stabilizing additives during protein preparation. The 

spray dried BSA with excipients exhibited enhanced thermal stability and sustained release 

after melt extrusion with PLGA. Ball milling has been utilized to mechanically break-up 

protein solids into smaller particles prior to melt extrusion. BSA subjected to ball milling 

exhibited a reduction in particle size from 46.7 to 17.7 μm and a dramatic reduction in 

aggregated regions of BSA within PLGA cylinders after melt extrusion.197 Application of 

ball milling to reduce the particle size of lysozyme and glucose oxidase prior to melt 

processing also yielded materials that had decreased aggregated regions of protein within the 

polymer matrix.199 The recovered milled proteins exhibited enhanced retained secondary 

structure and enzymatic activity after melt extrusion compared to the unmilled proteins with 

larger particle sizes. Aggressive milling generates excess physical stress and thermal energy 

and milling at high frequencies resulted in protein denaturation and instability. Thus, there is 

an ideal milling window for controlling the solid protein particle size prior to extrusion with 

PLGA. These examples demonstrate how both the surface chemistry and the size of the solid 

protein being encapsulated with PLGA have a dramatic effect on the protein aggregation and 

stability during melt extrusion.

Studies with PLGA/protein blend extrusion have currently focused on model proteins with 

no therapeutic application to understand the impact of protein physicochemical properties 

and process parameters on protein stability and release. The expansion of melt extrusion to 

therapeutically relevant proteins has been largely limited by the amount of protein needed 

extrusion and the stability of the protein therapeutic. However, a recent study has utilized the 

virus-like particle (VLP) Qβ to create PLGA based single administration vaccine devices via 

melt extrusion.200 Qβ is a protein nanoparticle that has been widely studied as a vaccine 

platform, but also exhibits high thermal stability and can be produced in high yield through 

recombinant expression. These factors made it an attractive candidate for developing 

therapeutically relevant vaccination devices using melt extrusion with PLGA. Processing of 

Qβ with PLGA yielded intact VLPs with limited aggregation and application of the Qβ/

PLGA material in vivo resulted in identical antibody titers relative to a standard soluble 

vaccination schedule (Figure 11). Furthermore, the IgG subtypes generated were identical 

between the PLGA device vaccination and standard vaccination, indicating the melt 

processed device did not elicit a different cellular immune response relative to standard 

vaccination. This study demonstrated the utility of melt extrusion to create therapeutically 

relevant materials for single administration vaccines. Studies are currently underway 

expanding the methodology to other viral nanoparticles to create implantable devices for 

vaccination and cancer immunotherapy applications.

Conclusion

Encapsulation of therapeutic peptides and proteins within polymeric materials for sustained 

release has been a widely studied field of research to decrease the need for repeated 
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injections to elicit a therapeutic effect. Among the polymers studied, PLGA is one of the 

most widely utilized owing to the high degree of tunability and processability afforded by 

PLGA. These PLGA/protein materials have been most commonly prepared via emulsion 

techniques to create injectable microparticle formulations. While emulsion production 

methods have been effective and have led to several clinically used devices, they can suffer 

from protein instability and difficulty in scale-up due to batch-to-batch variation. There have 

been extensive studies that have shown the addition of stabilizing additives and fine-tuning 

of processing conditions can overcome protein instability. Continuous production methods, 

such as spray-drying and electrospraying, have been developed to overcome the batch nature 

of typical emulsion methods. These methodologies can be more readily scaled, but have 

limitations in optimization of process parameters and throughput.

Melt extrusion has been studied as an alternate continuous production method and protein 

laden cylindrical implants have been successfully prepared using this technique. There are 

high thermal and shear stresses during extrusion that can negatively influence protein 

stability and the impact of additives and process parameters has been researched to increase 

the stability of the encapsulated proteins. Melt extrusion has almost exclusively focused on 

model protein systems, however the methodology has been expanded to create materials 

laden with more complex and therapeutically relevant viral nanoparticles for vaccine 

applications. While these studies have shown initial success, the incorporation of 

therapeutically relevant into PLGA implants requires further research into how protein size, 

biochemical properties, and extrusion conditions affect protein integrity and release.

Production methodologies for protein laden PLGA devices requires in depth study of the 

factors controlling protein stability and release during protein encapsulation. Balancing of 

these parameters is imperative in successful device production, however the parameters 

developed during lab-scale production may not readily apply to scaled-up processing. 

Transitioning PLGA/protein device manufacturing toward industrial scales will require a 

focus on more readily scalable techniques in the laboratory setting. Extrusion and other 

continuous processing methods are advantageous from this stand-point as the parameters 

developed can be easily applied to larger manufacturing systems. However, the continuous 

processing methods apply harsher conditions requiring a balance between designing a high-

throughput, scalable process that also maintains the structure and function of the 

encapsulated protein. The knowledge base on production methodologies for protein loaded 

PLGA materials is vast, however, new processes are being constantly introduced to improve 

upon therapeutic effect and production efficiency. The past provides a wealth of knowledge, 

while the future still remains bright for the therapeutic application of these materials and its 

safety.
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Figure 1. 
Schematic of protein encapsulation within PLGA microparticles via the double emulsion 

process (W/O/W).
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Figure 2. 
(A.) Table of parameters for production of liraglutide encapsulated PLGA (MW = 30 kDa, 

50/50 lactide/glycolide) microspheres via the W/O/W emulsion process. (B.) SEM 

micrograph of microspheres used for in vivo studies produced using parameters from Serial 

2. (C.) In vivo plasma glucose response of rat treatment groups after sugar gavage 

administration. The treatment groups were: CG = negative control, HFG = positive control, 

LLG = single injection of microspheres containing 0.9 mg liraglutide, LMG = single 

injection of microspheres containing 1.8 mg liraglutide, LHG = single injection of 

microspheres containing 3.6 mg of liraglutide, and LCIG = daily injection of 0.06 mg of 

liraglutide.96
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Figure 3. 
Schematic of microparticle production via coacervation. The protein solution (blue) is added 

to the polymer (red) dissolved in the primary organic solvent (orange) and emulsified. The 

emulsion is then added to the primary nonsolvent (green) to induce phase separation where 

the polymer coalesces around the aqueous droplet and the primary solvent mixes with the 

primary nonsolvent. The coalesced polymer/protein droplets is then added to a secondary 

non-solvent (purple) that induces further phase separation and hardening of the polymer 

around the inner protein rich phase.
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Figure 4. 
(A.) SEM micrograph of PLGA microparticles encapsulating tetanus toxoid prepared via 

coacervation. (B.) Antibody response of mice immunized with microparticles releasing 

tetanus toxoid (open symbols) and tetanus toxoid adsorbed to aluminium (closed symbols).
113 (C.) Optical image of PLGA microparticles encapsulating triptorelin during phase 

separation. (D.) Phase diagram for PLGA microparticle formation via coacervation with the 

stability window shown in black.114
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Figure 5. 
Schematics of inlet flows and nozzle designs for (A.) two-fluid pressure nozzle spray drying, 

(B.) three-fluid pressure nozzle spray drying, (C.) rotary nozzle spray drying, and (D.) 

ultrasonic nozzle spray drying.
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Figure 6. 
(A.) Schematic of the three-fluid atomizer and spray drying process. (B.) In vitro release 

profile of lysozyme from spray dried microspheres prepared using acetonitrile 

(M50F10ACN), acetone (M50F10ACE), and dichloromethane (M50F10DCM).137
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Figure 7. 
Schematic of the electrospinning and electrospraying process with a rotating drum collector.
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Figure 8. 
(A.) SEM micrograph and (B.) size distribution histogram of PLGA microparticles prepared 

via co-axial electrospray. (C.) Confocal microscopy image of the distribution of 

fluorescently labeled BSA within PLGA microparticles prepared via co-axial electrospray. 

(D.) SEM micrograph and (E.) size distribution histogram of PLGA microparticles prepared 

via co-axial electrospray. (F.) Confocal microscopy image of the distribution of fluorescently 

labeled BSA within PLGA microparticles prepared via co-axial electrospray. Release profile 

of BSA from microparticles prepared via (G.) emulsion and (H.) co-axial electrospray with 

the release over the first day shown by inset.174
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Figure 9. 
Schematic of the melt extrusion process for encapsulation of BSA with PLGA.193
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Figure 10. 
(A.) Dispersion of BSA within a PLGA cylinder prepared via twin-screw extrusion and (B.) 

in vitro release of BSA from cylinders before and after storage at 30°C for 8 weeks. (C.) 

Dispersion of BSA modified with hydrophobic FITC dye within a PLGA cylinder prepared 

via twin-screw extrusion and (D.) in vitro release of BSA modified with hydrophobic FITC 

dye from cylinders before and after storage at 30°C for 8 weeks.195
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Figure 11. 
(A.) Size exclusion chromatography chromatogram, dynamic light scattering histogram, and 

transmission electron micrograph image of native Qβ VLPs showing the correct 30 nm size 

and icosahedral morphology. (B.) Size exclusion chromatography chromatogram, dynamic 

light scattering histogram, and transmission electron micrograph image of Qβ VLPs after 

melt extrusion with PLGA showing the appearance of a small aggregate peak in the 

chromatogram and histogram. (C.) anti-Qβ IgG end-point titers and subtypes generated of 

mice immunized via 3 biweekly injections of Qβ solution, denoted “Injection”, and mice 

implanted once with Qβ/PLGA material, denoted “Implant”. The black arrow indicates an 

injection of Qβ solution for all mice to challenge the immunological memory.200
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