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Abstract

Biological pharmaceuticals are growing rapidly and represent some of the most effective 

pharmaceuticals on the market, however, delivery of these agents remains a challenge. Melt 

processing is emerging as a viable protein encapsulation method because it is solvent free, is high 

throughput, and yields very high encapsulation efficiencies. Problematically though, proteins can 

denature and lose activity during melt processing due to high heat and shear forces. Covalent 

attachment of poly(ethylene glycol) (PEG), commonly referred to as PEGylation, has been widely 

used to increase the thermal stability and prevent aggregation of proteins in aqueous solutions. 

This study explored the effect of PEGylation on protein stability during melt processing using 

lysozyme and poly(lactic-co-glycolic acid) (PLGA). The results indicate that PEGylation can 

increase the retained activity of lysozyme post-processing, increase dispersion in the melt, and 

reduce the biphasic release profile exhibited by lysozyme in PLGA melt processed systems.
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1. Introduction

The use of protein therapeutics for disease treatment and tissue regeneration has increased 

greatly over the past ten years with advances in biotechnology and large-scale protein 
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production methods.[1] The delivery of protein therapeutics remains a challenge as oral 

administration results in degradation and low bioavailability.[2][3] Intravenous injection is 

the most commonly used administration route, even though protein therapeutics are rapidly 

cleared from circulation via renal clearance and proteolytic degradation.[4] As a result, there 

has been an increase in research developing depot formulations, in which a protein 

therapeutic is encapsulated in a biodegradable polymer that can be injected or implanted.[5] 

Depot formulations are advantageous because proteins are protected from in vivo 

degradation and the release profile can be sustained and controlled over time based on the 

polymer composition.[6] Current protein encapsulation methods used to create 

microspheres,[7][8] electrospun fibers,[9][10] and hydrogels[11]–[13] have seen great progress 

both in vitro and in vivo. These techniques, though, often involve co-dissolution steps where 

the protein is dissolved or dispersed into organic media alongside polymer excipients and 

surfactants. The dissolution or dispersion of proteins into organic solvents often results in 

interfacial adsorption, unfolding, aggregation, and inactivation of the protein.[14][15] 

Solvent-based encapsulation processes have encapsulation efficiencies of 30 – 50%,[16][17] 

requiring the use of excess, expensive protein therapeutics.

Melt processing is a viable alternative to emulsification based encapsulation techniques and 

a handful of studies have explored protein stability after encapsulation via melt 

extrusion.[18][19] Melt processing is advantageous due to the lack of organic solvent, high 

protein loading, and the variety of geometries that can be produced.[20] Furthermore, melt 

processing is a high throughput industrial process and does not require solvent removal 

steps, allowing for rapid and economical encapsulation compared to other methods.[21][22] A 

limitation of melt processing is the exposure of proteins to high heat and shear stress which 

can result in denaturation and aggregation. Studies have shown that proteins can be 

successfully integrated into biodegradable polyester matrices and recovered intact and in 

active conformations despite the high stresses and heat during melt processing, depending 

on the processing temperature.[23] Additionally, stabilizing additives and multiblock 

copolymers have also been used to improve protein stability and lower temperature 

requirements during melt processing.[19][24] However, modifications to the protein to 

improve stability have not yet been explored.

Covalent attachment of poly(ethylene glycol) (PEG) to proteins, also known as PEGylation, 

has been widely used to improve the therapeutic value of many FDA approved protein 

drugs.[25] PEGylation of proteins reduces immunogenicity, increases circulation time,[26] 

improves thermal stability,[27] and can prevent denaturation during lyophilization.[28] In this 

study, poly(lactic-co-glycolic acid) (PLGA) was used as the excipient and lysozyme as a 

model protein in a melt-processing system. Lysozyme is a common model protein used in 

PEGylation studies due to the wide varieties of PEGylation chemistries that can be applied, 

well characterized secondary structure of lyszozyme, and the ability to quantify enzymatic 

activity via simple assays. The impact of PEGylation on the thermal stability of solubilized 

lysozyme[27] and adsorption onto solid substrates[29] has been explored, however no studies 

to date have investigated thermal stability in the solid/melt state. PLGA is a biodegradable 

polymer that has been widely researched and utilized for several FDA-approved biomedical 
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applications.[30] Lysozyme has also been melt processed with PLGA and recovered with 

relative activities ranging from 60 to 90% depending on the processing temperature.[23]

The results presented herein detail the melt processing of PEGylated lysozyme. These 

studies reveal improved activity of recovered protein, increased dispersion within the melt, 

and a more linear release profile relative to unmodified protein. As a host of therapeutic 

proteins are PEGylated, we anticipate that the results of this study can be translated to 

therapeutic biopharmaceuticals.

2. Results and Discussion

This work investigated the effect of the covalent attachment of a single 20kDa PEG chain 

(i.e. monoPEGylation) on the thermal stability of lysozyme during melt processing within a 

PLGA matrix. Lysozyme has exhibited higher thermal stability after covalent attachment of 

at least one PEG chain, preventing aggregation[31] and limiting solvent accessibility to the 

secondary structure of the protein.[32] PEGylated therapeutic proteins are typically 

monoPEGylated,[33]–[35] hence monoPEGylation was used to represent the methods used in 

clinical formulations of therapeutic proteins. Attachment of a single, long PEG chain has 

been increasingly utilized due to enhanced circulation times and improved in vivo activity 

when compared to attachment of multiple, shorter PEG chains.[36] Furthermore, we 

expected that a longer PEG chain would more effectively shield the protein during melt 

processing compared to PEG chains of 5 or 10 kDa size. N-hydroxysuccinimide (NHS) 

functionalized PEG was used to PEGylate lysozyme because of the ease of the reaction and 

prior studies utilizing NHS chemistry to monoPEGylate lysozyme.[37][38] The NHS 

functionalized PEG was reacted with lysozyme in 0.1 M phosphate buffer (pH 8) at a 

substoichiometric ratio to prevent multiple PEGylations of the same protein. The 

monoPEGylated conjugates were purified from unreacted PEG and native lysozyme via 

FPLC purification, with an average yield of 10.15 mg (69%) per reaction mixture (Figure 

S1). SDS-PAGE results of the lyophilized and resuspended fractions indicated that the 

product was 95% monoPEGylated lysozyme and free of native lysozyme (Figure 1A). FPLC 

of the collected fractions further verified the removal of native lysozyme (Figure 1B). 

MALDI-TOF mass spectroscopy verified the molecular weight of the lysozyme-PEG 

conjugate (Figure S2).

The activity of lysozyme and lysozyme-PEG conjugates was measured colorimetrically as a 

function of the ability to degrade glycol chitosan,[39] and the activity of the PEG conjugate 

was 40.4% relative to native lysozyme (Figure S3). The loss in activity is expected for 

enzymes that act on macromolecular substrates,[27][38] as a large PEG chain will sterically 

hinder the active site from complexing with the macromolecule. Previous studies have 

determined the K33 residue to be the most reactive lysine and this is likely the predominate 

site of attachment.[40] However, diPEGylation and monoPEGylation at the K97 or K116 

residue can result in a lower activity through steric effects.[27] The secondary structure of the 

lysozyme-PEG conjugate was analyzed via infrared spectroscopy (Figure S4) and circular 

dichroism spectroscopy (CD). Second derivative analysis of the Amide I band in the FT-IR 

spectra (Figure 1C) and the CD spectra (Figure 1D), both demonstrated that the secondary 

structure was maintained through the conjugation reaction and subsequent purification. The 

Lee et al. Page 3

Macromol Biosci. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



spectroscopy results therefore support that the decrease in relative activity of the lysozyme-

PEG conjugate is due to steric hindrance of the active site by the PEG chain and not loss of 

active site conformation. Once protein activity and conformation were confirmed, implants 

were manufactured using a self-built syringe-die extruder driven by a syringe pump. The 

syringe extruder was built to allow for the melt processing of small sample masses. The 

syringe-die was heated using heating tape with a digital controller and the extrudate was air 

cooled to prevent die-swell and skin instabilities (Figure 2). All implants were loaded with 

7.5 wt% of lysozyme or lysozyme-PEG conjugate and processed at 95°C with a volumetric 

flowrate rate of 2.35 mm3 s−1. The volumetric flowrate was selected as the upper limit that 

would still produce uniform samples and 95°C was selected as the lowest temperature that 

would homogeneously melt the sample in 10 minutes. The 10 minute processing time was 

chosen to represent the upper-limit of residence times encountered in industrial scale 

pharmaceutical extrusion.[41]

The thermal properties of lysozyme, NHS functionalized 20kDa PEG, and lysozyme-PEG 

conjugate were determined via differential scanning calorimetry (DSC). The melting 

temperatures of lysozyme, NHS functionalized 20kDa PEG, and lysozyme-PEG conjugate 

were 202°C, 60°C, and 222°C respectively, as determined from DSC thermographs (Figure 

S5). Therefore, the temperatures used during melt processing are not high enough to fully 

melt (or thermally denature) the protein or conjugate. DSC analysis of the PLGA indicated a 

glass transition temperature (Tg) of 37°C with enthalpic relaxation from 30°C to 50°. These 

results are consist with previous studies on PLGA[42] and indicate the melting temperature 

of polymer complexes instead of melting as a first-order transition.[43]

Previous studies have used low molecular weight PEG additives to enhance the release of 

proteins from a scaffold,[18][23] but did not examine if PEG additives have any stabilizing 

effect during processing. As an additional control PEG6000 was utilized as the PEG additive 

at 4 wt%. The size and percentage of PEG were chosen to be the highest that would yield 

uniform samples. Higher molecular weight PEG additives and higher loadings of PEG6000 

decreased the viscosity of the blend and resulted in non-uniform samples. Therefore, 

samples processed with 4% by weight PEG6000 and 7.5 wt% lysozyme were used to 

distinguish the effect of covalent PEGylation versus the addition of free PEG to the blend 

and to account for the effect of small amounts of unreacted 20kDa PEG possibly present in 

the lyophilized conjugate. All samples produced had a uniform cross-section determined 

visually via optical microscopy and SEM. The dispersion and aggregation of protein in the 

implant was analyzed via EDX-SEM. The sulfur K series peak was mapped due to the 

unique atomic signature, derived from cysteines in the protein, and the spectral distance 

from the predominant carbon and oxygen peaks in the EDX spectrum. Under high heat and 

shear conditions, it was expected that native lysozyme would exhibit unfolding and 

aggregation behavior in response to increased temperatures, as has been previously 

observed.[23] In contrast, we expected a covalently attached PEG to act as a stabilizer when 

the protein and polymer matrix are in the melt state, mitigating protein unfolding and 

aggregation due to the amphiphilic nature of the PEG. The results indicate the formation of 

large aggregates when lysozyme is processed with no additives (Figure 3D). The simple 

blending of PEG6000 leads to decreased aggregation, but aggregation still remains 

significant in the EDX map (Figure 3E). Additionally, the melt viscosity is lowered by 
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adding low molecular weight PEGs leading to non-uniform samples lacking in robust 

mechanical properties once processed. Finally, the lysozyme-PEG conjugates exhibited 

minimal aggregation when melt-extruded (Figure 3F). A simple covalent PEG modification 

imparted shielding behavior and significantly improved dispersion within the melt. As is 

detailed in activity and release studies, this improved dispersion had a substantial effect on 

protein stability and linearity of release.

The protein content of the implants was extracted using ethyl acetate, a method that has been 

used to recover lysozyme from similar systems with full activity.[44] The activity of the 

extracted and resuspended protein was measured via the glycol chitosan assay (Figure S7). 

Samples of released protein from day 1, 10, and 20 were analyzed for relative activity to 

unprocessed lysozyme using the glycol chitosan assay (Figure S8). The extracted and 

released sample activities were averaged and the results demonstrated that lysozyme 

processed with and without the PEG6000 additive lost 48% of initial activity after melt-

extrusion and release, while covalently PEGylated lysozyme retained 93% of initial activity 

(Figure 4A). The enhanced retention of enzymatic activity is consistent with the EDX-SEM 

results, as the lysozyme processed with and without the PEG6000 additive exhibited 

aggregation that can result in loss of activity.[16] These results demonstrate that protein 

PEGylation, with a single large PEG chain, allows for almost full retention of pre-processed 

activity. As more protein:polymer conjugates are coming to market, these findings have 

significant implications in the high-throughput encapsulation of protein depot formulations.

The effect of covalent PEGylation on release from the implants was investigated by 

monitoring the release at 37°C with agitation at 80 rpm over a 32 day period. Lysozyme 

exhibits the highest stability in sodium acetate buffer at pH 5 and was used to eliminate any 

potential reduction in activity due to buffer or pH effects.[27] The release profiles indicate 

that covalent PEGylation resulted in a more continuous release throughout the study period 

in comparison to lysozyme processed with and without PEG additive, with a reduction in the 

typical biphasic kinetic profile (Figure 4B). Covalently PEGylated lysozyme samples and 

samples processed with PEG6000 additive both exhibited accelerated release rates when 

compared to samples with solely native lysozyme. The release of covalently PEGylated 

lysozyme was similar to lysozyme processed with 4 wt% PEG6000 after 10 days, with the 

major differences occurring during the initial hydration stage of release over the first 24 

hours. Samples with PEG additive released 38% of total protein mass during initial 

hydration over the first 24 hours. This burst release was attributed to expansion of the matrix 

and pore formation by diffusion of PEG out of the matrix, as PEG is a known porogen in 

PLGA implants.[45] The release after this point was controlled by the degradation of the 

matrix and diffusion of lysozyme through the matrix. Covalently attached PEG reduces the 

initial release to 16% and continued to release up to 51% after 5 days. This resulted in a near 

exponential release profile as opposed to the distinct two phase release observed in the other 

samples. The release study was stopped after 32 days when the implants were completely 

dissolved.

The results of this study shed light on the ability to formulate proteins in a solvent-free and 

high throughput process. Simple PEGylation, as is often seen in the pharmaceutical industry, 

leads to enhanced dispersion of proteins in the melt, allows for stabilization of protein 
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activity at high temperatures, and mitigates some of the burst release associated with depot 

formulations. In our system, we developed a syringe extruder to process extremely small 

masses of implants, but industrial scale extruders can process in excess of 1000 kg h−1,[22] 

perhaps leading to a more robust manufacturing process as the biopharmaceutical field 

advances. The activity of lysozyme was diminished upon PEGylation, however, there are a 

host of therapeutic proteins that can be PEGylated where this isn’t the case, for instance N-

terminal PEGylation of bone morphogenetic protein 2.[46] Proteins such as this could benefit 

from the improved retention of activity post-processing, as the high temperatures of melt 

processing had little effect on lysozyme activity. Lastly, an additional advantage of melt-

processing is the 100% encapsulation efficiency. This can be compared to solvent-based 

encapsulation methods where encapsulation can be below 50%,[16][17] both wasting a costly 

active pharmaceutical and introducing organic solvents which could potentially have 

residual biological effects.

3. Conclusions

The results of this study indicate that covalent attachment of PEG prevented loss of activity 

of lysozyme and minimal aggregation during the melt-extrusion process. PEGylation also 

reduced the biphasic characteristic of the release profile when compared to implants 

processed with native lysozyme and with a PEG additive. These initial results demonstrate 

that the stability of proteins during melt processing can be enhanced using PEGylation and 

the release profile is dependent on polymer attachment. Further studies are planned to 

investigate how the release profile can be tuned depending on the conjugated PEG length 

and the protein behavior in response to temperature and time spent in the melt state. 

PEGylating therapeutically relevant proteins to increase stability in the melt state will also 

be explored.
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Figure 1. 
A. SDS-PAGE of protein ladder (L), native lysozyme (1) and the purified lysozyme-PEG 

conjugate (2). B. FPLC trace of the purified PEG-lysozyme conjugate. C. 2nd derivative of 

the Amide I band from FT-IR spectra of native (solid) and PEGylated (dotted) lysozyme. B. 
Circular dichroism spectra of native (solid) and PEGyated lysozyme (dotted).
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Figure 2. 
A. Schematic of the syringe extruder set-up with heating tape. Inset shows samples of the 

extrudates; (1) PLGA/lysozyme, (2) PLGA/lysozyme/PEG6000, (3) PLGA/20kDaPEG-

lysozyme. B. Top down view of syringe extruder. C. Front view of syringe extruder.
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Figure 3. 
A–C: SEM micrographs. A. PLGA with native lysozyme, B. PLGA with native lysozyme 

and PEG6000 additive, and C. PLGA with PEGylated lysozyme with the region examined 

via EDX marked in white. D–F: EDX mapping of the sulfur peak for D. PLGA with native 

lysozyme, E. PLGA with native lysozyme and PEG6000 additive, and F. PLGA with 

PEGylated lysozyme.
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Figure 4. 
A. Initial and post-processing (denoted ‘Initial’ and ‘Post’ respectively) relative activities of 

protein samples measured via glycol chitosan assay. B. Release profiles of melt processed 

samples for native lysozyme (bottom), native lysozyme with PEG6000 additive (middle), 

and PEGylated lysozyme (top) over 32 days.
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