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Abstract 

Challenges to discovery and preclinical development of long-acting release systems for 

protein therapeutics include protein instability and use of organic solvents during encapsulation, 

specialized equipment and personnel, and high costs. Remote loading self-healing encapsulation 

has been used to gently and efficiently encapsulate proteins in controlled-release polymers, 

primarily through protein-specific affinity for a trapping agent. To create a universal remote 

loading self-healing encapsulation platform, coordination bonds between polyhistidine tags 

(HisTags) of proteins and divalent transition metal cations (M2+) in self-healing polymers were 

utilized, similar to immobilized metal affinity chromatography. 

Porous, drug-free self-healing poly(lactic-co-glycolic acid) (PLGA) microspheres with 

high molecular weight dextran sulfate (HDS) and immobilized remotely-loaded M2+ ions were 

placed in the presence of proteins with HisTags to bind in the polymer pores before healing the 

surface with modest temperature. Using human serum albumin (HSA), insulin-like growth factor 

1, and granulocyte-macrophage colony-stimulating factor (GM-CSF), encapsulation efficiencies 

(EE) of immunoreactive protein increased with the inclusion of HisTags and Zn2+. 

Immunoreactive protein was continuously released over seven to ten weeks. GM-CSF showed 

bioactivity >95% relative to immunoreactive protein throughout. Increased EEs were found with 

other M2+ ions, but not with Ca2+. Ethylenediaminetetraacetic acid interfered with this process, 

reverting EE to Zn2+-free levels.  

Following this promising proof-of-concept work, areas of potential improvement were 

identified: (1) reducing thermal stress, (2) decreasing the complexity and duration of the 
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protocol, (3) increasing the loading capacity, (4) increasing the penetration depth of protein, and 

(5) improving the release profile. Directly encapsulating ZnCO3, rather than remotely loading 

Zn2+, increased the Zn content in the microspheres ~6-fold. Microspheres with directly 

encapsulated ZnCO3 (DEZnCO3) more efficiently encapsulated HSA at protein loading solution 

concentrations ≥ 100 μg/mL than remotely loaded Zn2+ (RLZn2+) microspheres. HisTag green 

fluorescent protein was more deeply encapsulated in DEZnCO3 microspheres than in RLZn2+ 

microspheres. Tributyl acetylcitrate was an effective plasticizer in terms of decreasing the glass 

transition temperature, but also led to a decrease in EE. The loading stage was reducible to 2 

hours at 4°C and the healing stage to 6 hours at 37°C while maintaining strong EE for DEZnCO3 

microspheres, which slowly released immunoreactive protein for months, following a substantial 

burst release. Plasticization decreased the initial burst release.  

Next, the effects of various excipients on physiochemical properties of the formulations 

were studied. HDS was shown to function as a porosigen and encourage water uptake. While 

HDS did not significantly affect the Zn2+ loading of DEZnCO3 microspheres, it was shown be 

critical in remote loading of M2+ cations. Though the erosion and degradation profiles of the 

microspheres were not affected by HDS, replacing MgCO3 with ZnCO3 accelerated erosion and 

degradation significantly, potentially owed to the superior pH-modulation of MgCO3. HDS 

exhibited a high burst release followed by a plateau and seemingly degradation-dependent 

release. Zn2+ release appeared erosion-driven and was released more quickly from ZnCO3-

containing microspheres than from MgCO3-containing microspheres. HisTag HSA release from 

HDS-free DEZnCO3 microspheres showed higher burst and faster release than HDS-containing 

formulations have shown previously. 
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The self-healing polymer platform described here for remote loading of HisTag proteins 

could be a valuable asset to drug discovery and early development scientists interested in the 

controlled release of delicate biologic candidates using very small quantities of the proteins in in 

vitro and pre-clinical in vivo studies, providing valuable information to inform further potential 

development and clinical translation. 
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Chapter 1: Introduction 

1.1. Biologics 

1.1.1. History 

Before the elucidation of the structure of deoxyribonucleic acid (DNA) by Watson and 

Crick in 1953,1 and even for decades after it, the drug discovery industry was dominated by 

small molecules. Synthetic organic chemistry was necessary and nearly sufficient to discover and 

optimize novel therapeutics, which were most often “small molecules.”2 There were, though, 

exceptions to this rule. For example, vaccine antigens and antitoxins, including the diphtheria 

antitoxin, which was derived from blood serum of horses, were produced with the help of living 

organisms.3 In the decades following 1953, molecular biologists set about altering the sequence 

of DNA, with Paul Berg being the first to do so in 1972, earning him the 1980 Nobel Prize in 

chemistry.4 The massive potential of recombinant DNA was understood by the scientific 

community such that influential scientists met to create self-regulations regarding 

experimentation with recombinant DNA at the Asilomar Conference of 1975.5 In 1982, 

Humulin, recombinant insulin (though identical to endogenous human insulin in sequence of 

amino acids), became the first FDA-approved therapeutic produced with recombinant DNA.4 

Since then, the biotechnology industry has exploded and biologics accounted for $286-$303 

billion in global sales in 2020 and are projected to reach $422-$509 billion by 2026.6,7 In 2020, 

13 of the 53 new molecular entities (NME’s) (25%) approved for either a new drug application 

(NDA) or biologics license application (BLA) by the U.S. Food and Drug Administration (FDA) 

were biologics.8 
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1.1.2. Uses and advantages 

In many disease states, the primary cause of pathogenesis is decreased expression levels 

or impaired function of a given endogenously expressed protein. In these cases, protein or 

enzyme replacement therapy by a recombinant version of the molecule is a logical and often 

effective therapy. In other disease states, it is the overexpression of proteins (i.e., tumor necrosis 

factor [TNF]-⍺) that leads to pathology. In these cases, monoclonal antibodies raised specifically 

to bind to and neutralize these targets have proven to be an effective clinical treatment. 

Advantages of protein therapeutics include the fact they often lead to fewer and milder off-target 

effects and toxicity than small molecule drugs, which, unlike proteins, are not endogenous to the 

body. Further, proteins have evolved naturally (for billions of years, in some cases) to bind to 

specific targets. Thus, they often bind to a given target with higher specificity and affinity than a 

small molecule drug competitor can.9 Indeed, biologics tend to have higher success rates in the 

FDA authorization process as compared to small molecules, though this is affected by the 

difference in financial investment needed to bring biologics to market. 

Biologics are often much more complicated and expensive to develop and produce, 

owing to the fact that they are most often expressed via cell lines, have delicate secondary and 

tertiary structures that must be maintained, and are often prone to aggregation, which can lead to 

poor efficacy as well as immunogenicity.10 Another barrier to the development of biologics is 

their poor oral bioavailability (proteins are degraded and poorly absorbed in the stomach and GI 

tract), which leads to the need for these products to be injected. This, paired with their relatively 

short half-lives, necessitates frequent injection, which results in poor patient compliance and 

outcomes.11 For these reasons, controlled release products, which are injected less frequently but 

slowly release drug for days, weeks, or months after injection, have become popular. 

1.2. Controlled release of biologics 
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Controlled release technologies have taken many forms, including micelles, liposomes, 

nano- and microparticles, hydrogels, in situ forming systems, osmotic pumps, thin films, 

implants, and more, with polymeric systems being especially popular.12 Besides simply 

decreasing the frequency of injection, increasing patient convenience and compliance and, 

therefore, outcomes, controlled release systems can provide myriad other benefits.13,14 Controlled 

release can help lead to stabilized plasma concentrations, increasing the amount of time plasma 

concentrations remain in the therapeutics window, which can increase efficacy and lower 

toxicity and inefficacy of the treatment. Relatedly, controlled release can result in a smaller mass 

of the therapeutic being needed, which saves costs. Encapsulating the protein within a controlled 

release formulation can improve the stability of protein within the body by slowing or preventing 

degradation, denaturation, and/or aggregation, increasing the half-life of the therapeutic. 

Controlled release can also be helpful in local delivery of proteins by releasing the protein at or 

near its site of action, drastically lowering systemic exposure to the protein, which can lower 

toxicity and costs. Crucially, local controlled release delivery (i.e. include implants, drug-eluting 

stents, and intravaginal rings) can be accomplished with far fewer applications (i.e. injections) of 

the drug than would be needed for a standard formulation.15 Some controlled release 

formulations are produced using “smart” polymers or other materials than can behave differently 

depending on environmental stimuli.16 For example, a vehicle could release the therapeutic upon 

a change in pH, temperature, force, light, magnetic field, or other stimulus). Today, controlled 

release formulations of biologics are highly desirable for the reasons described, and such 

formulations have had commercial success, including Nutropin Depot (human growth 

hormone)17, Lupron Depot (leuprolide)18 and Bydureon (exenatide)19. 

1.3. Poly(lactic-co-glycolic acid) 
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One of the most popular materials used in biologic controlled release formulations is 

poly(lactic-co-glycolic acid) (PLGA), a synthetic random polyester comprised of both L- and D- 

enantiomers of lactic acid and glycolic acid (Figure 1-1) or lactide and glycolide cyclic dimers. 

PLGA has been used in at least 19 FDA-approved products and is generally recognized as safe 

(GRAS) by FDA. PLGA is biocompatible and biodegradable.20-22 After undergoing water-

catalyzed hydrolysis, PLGA breaks down into lactic acid and glycolic acid, which are 

metabolized and excreted, respectively. One reason the use of PLGA has become so common is 

that the behavior of the polymer in physiological environments can be tuned by adjusting certain 

physiochemical attributes of the polymer. For example, the ratio of lactic acid to glycolic acid 

monomers can be adjusted. Glycolic acid is more hydrophilic than lactic acid. Therefore, PLGAs 

with higher glycolic acid content will degrade more quickly. The terminal group of the polymer 

chains can also be adjusted between an ester group or a free carboxylic acid, with the free acid 

leading to faster degradation, and the molecular weight of the polymer chains can be adjusted, 

with heavier chains requiring more time to degrade, leading to slower gross erosion.  

 
Figure 1-1. Chemical structure of PLGA. Lactic acid and glycolic acid monomers are joined via ester linkages. Adapted from 

Danhier, et al.23 

PLGA can be formed into a variety of drug-encapsulating geometries, including thin 

films, micro- and nanospheres, and implants. It is a versatile polymer and has been used to 

encapsulate and slowly release small molecules, hormones, peptides, proteins, and antibodies for 
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weeks-to-months. For example, PLGA microspheres have been used to deliver leuprolide acetate 

for 1, 3, 4, and 6 months with just a single injection in Lupron Depot.24 

1.3.1. PLGA microsphere formulation 

PLGA microspheres can be formed using several different processes, including single 

emulsion or double emulsion and solvent evaporation, spray drying, and coacervation (or phase 

separation), and newer, less developed methods including electrospraying and membrane 

emuslsification.21,25  

1.3.1.1. Emulsion and solvent evaporation 

All microspheres used in the research presented herein were formulated using a water-in-

oil-in-water (w/o/w) double emulsion and solvent evaporation method. Other emulsion systems 

(oil-in-water, solid-in-oil-in-water, e.g.) can also be used, but w/o/w is preferred for water-

soluble proteins or similar drug molecules.21,25 Here, the drug is initially dissolved in the aqueous 

phase, known as the “inner-water phase” or “disperse phase”. This solution is added to an 

organic solution of PLGA (usually dichloromethane (DCM)) and homogenized to create a w/o 

primary emulsion. This primary emulsion is then added to another aqueous phase, which often 

contains an emulsifying agent, like polyvinyl alcohol (PVA), and homogenized, creating a w/o/w 

double emulsion, with the protein in the inner-water phase, the polymer in the oil phase, and an 

aqueous bath surrounding.26 This double emulsion is then stirred in a larger aqueous bath for 

several hours to allow for the microspheres to harden and for the organic solvent used in the oil 

phase to evaporate, leaving PLGA microspheres (with inner-water-phase encapsulated) 

suspended in an aqueous bath (Figure 1-2). Microspheres can then be washed with water to 

remove any PVA or other species in the aqueous bath and sieved to isolate the size fraction of 

interest. Finally, the washed microspheres can be lyophilized and stored at -20°C for extended 

periods of time. 
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Figure 1-2. Schematic cartoon of the double emulsion solvent evaporation method of PLGA microsphere formulation. Adopted 

from Iqbal et al.27 

1.3.1.2. Alternative microsphere formulation techniques 

Two other commonly used methods of fabricating PLGA microspheres are coacervation 

(phase separation) and spray drying. Coacervation involves creating a w/o emulsion using 

homogenization, similar to the first step of the solvent evaporation technique. The protein is 

dissolved in the water phase and the polymer is dissolved in the oil phase (usually DCM). Then, 

a coacervating agent, in which PLGA is much less soluble (often silicone oil) is added. This 

leads to the creation of droplets of o/w emulsions (i.e., a o/o/w emulsion). This o/o/w emulsion is 

then added to a bath of a hardening solvent (usually heptane), to allow for the inner organic 

solvent and coacervating agent to be removed from the microspheres. Excess solvents can then 

be removed via microsphere washing, and microspheres are sieved and lyophilized.28,29  

Challenges of PLGA microsphere formulation by coacervation include the possibility of 

aggregation and agglomeration of microspheres before they harden as well as incomplete 

removal of the coacervating or hardening agents, which can lead to biocompatibility issues.30 

In spray drying, an emulsion or mixture of the protein and PLGA is atomized in a stream 

of very hot air creating microspheres. Then, the microspheres are moved into a heated drying 

chamber, where solvents can be evaporated, usually with the aid of nitrogen gas. The precise 

parameters of inlet and outlet air pressures and temperatures, atomization energy input, feed rate, 

and others can have large effects on the process.28,31 While spray drying removes some of the 
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stressors present in other microencapsulation techniques, aggregation and denaturation of 

proteins has been found to occur due to high temperatures and atomization shear stress.32,33 Low 

yields can also be a difficulty with spray drying. 

1.3.2. Release mechanisms from PLGA microspheres 

Drug release from PLGA microspheres is typically controlled by three mechanisms: 

aqueous diffusion through pores in the polymer (1), diffusion through the polymer matrix 

(release via this mechanism is often negligible for large molecules like proteins) (2), and release 

of drug as the polymer matrix erodes around it (3) (Figure 1-3). These underlying mechanisms 

that control the rates of each of these processes are complex and dependent on many factors, 

including details of the polymer, excipients, and the microsphere formulation process.  

 
Figure 1-3. Drug release mechanisms. Diffusion through water filled pores, diffusion through the polymer, osmotic pumping, and 

erosion. Adopted from Fredenberg, et al.34 

Generally, the drug release from PLGA microspheres can be broken down into three 

temporal phases: an initial burst phase of quick release (1), a lag phase of minimal or slow 

release (2), and an erosion phase of increased release (3) (Figure 1-4). In the initial burst phase, 

drug molecules that are at or near the surface of the microspheres and are not bound or trapped 

by the polymer matrix are able to aqueously diffuse out through pores or cracks in the 

microspheres. As microspheres are exposed to physiological conditions, polymer chains become 

mobile and can rearrange, leading to closure of pores, and a reduction in aqueous diffusion out of 

the microspheres. In the lag phase, polymer erosion and is very slow, and therefore, so is drug 
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release. In the erosion phase, the microspheres undergo bulk erosion as polymer chains diffuse 

away, freeing encapsulated cargo, leading to steady release. The competition between these 

release mechanisms is complex and can give rise to a wide variety of release profiles.  

 
Figure 1-4. Typical release profiles. Initial burst phase, followed a lag phase where drug may be slowly diffusing out of the polymer 

matrix, followed by a period of faster release where significant mass loss occurs. Adopted from Fredenberg, et al.34 

PLGA microspheres undergo heterogenous degradation and erosion. This is due to the 

buildup of acidic metabolites within the microsphere. As the ester bonds of PLGA are 

hydrolyzed, lactic acid and glycolic acid, or PLGA oligomers ending in lactic acid or glycolic 

acid, are created. Near the surface of the microspheres, these species can diffuse away (if they 

are of low enough molecular weight), or they can be buffered by the surrounding environment.35 

Deeper within the microspheres, on the other hand, these species are trapped, causing a drop in 

the pH, which leads to autocatalysis of PLGA chains and increased rates of degradation via a 

positive feedback loop. Decrease in molecular weight of polymer chains can increase the rate of 

diffusion of drug molecules through the polymer matrix, though large molecules, like proteins, 

are not thought to be released significantly through this mechanism. Once chains have been 

hydrolyzed to monomers or oligomers small enough that they are water-soluble, they can diffuse 

away from the PLGA formulation.36 As polymer erodes, encapsulated drug molecules can be 

freed, or they can diffuse through pores that have been left behind by degraded and/or eroded 

polymer chains. The degradation rate of PLGAs can be controlled by physical properties of the 
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polymers, such as the ratio of lactic acid to glycolic acid, the initial molecular weight of the 

polymer chains, and the blockiness and crystallinity of the polymer.37 

Water can also catalyze the hydrolysis of the ester bonds. Water content can be affected 

by the porosity of the microspheres and the osmotic pressure, which is driven by solutes trapped 

within the microspheres. The porosity and osmotic pressure can be increased by including 

solutes, especially salts, as excipients during microsphere formulation.38 These “porosigens” can 

create porous networks throughout the microspheres, which can impact a variety of behaviors of 

the microspheres, including remote loading, which is discussed below. 

1.3.3. Protein stability issues during encapsulation 

Each of the PLGA microsphere fabrication techniques described above, including double 

emulsion solvent evaporation, requires emulsifying an aqueous solution of protein in an organic 

polymer-containing phase, which exposes the proteins to a variety of stressors. Proteins are often 

sensitive molecules whose structure and therefore function can be affected by chemical and 

physical stresses and modifications. This can be a dangerous combination, as the process of 

encapsulating proteins for controlled release can cause instability in the protein (Table 1-1), 

resulting in an inefficacious and potentially immunogenic biologic product. 

Specifically, the emulsification process can expose proteins to aqueous-organic interfaces 

and air-liquid interfaces. As proteins are amphiphilic and surface active, they are prone to 

aggregating at these interfaces, leading to loss of activity. Further, the emulsification process 

(which can include ultrasonification or mechanical shear due to vortexing or homogenization) 

can expose proteins to high shear stresses and extreme local temperatures, which can denature 

proteins, as well.20,39-46 The lyophilization process, which includes freezing and dehydrating the 

microspheres, can also be deleterious to proteins, and lyo-protective excipients (often sugars, e.g. 

trehalose) are included for this reason.47 
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Table 1-1. Examples of instability of proteins encapsulated in PLGA delivery systems, with examples occurring during 

encapsulation highlighted. Adapted from Schwendeman, et al.40 

 
1.4. Remote Loading 

To avoid the stressors introduced by the encapsulation process, the Schwendeman Lab 

has developed a technique known as remote loading and self-healing, or self-encapsulation.42 

Here, porous, “blank” drug-free PLGA microspheres are produced via the double emulsion 

solvent evaporation process previously discussed. A leachable solute is included in the inner-

water phase of the double emulsion. This porosigen leaches out of the microspheres during the 

solvent evaporation process, leaving a porous network behind it. Briefly, the microspheres are 

subsequently exposed to an aqueous solution of the molecule of interest, which diffuses into the 

microspheres via the porous network. Then, the temperature is raised above the glass transition 

temperature (Tg) of the microspheres, leading to polymer chain mobility. This mobility allows 

the polymers to rearrange into a more thermodynamically favorable orientation, which involves 
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the closure of pores (Figure 1-5).48,49 Thusly, the molecule of interest becomes encapsulated 

within the PLGA microspheres without exposing it to harmful conditions discussed above, 

including air-liquid interfaces, oil-water interfaces, high shear stress, and high temperatures.26 

Remote loading and self-healing has been used to successfully and efficiently encapsulate 

peptides, proteins, and vaccine antigens while greatly reducing instability and aggregation of 

encapsulated molecules.50,51 Previously, protein solutions have been highly concentrated, >> 1 

mg/mL. 

 
Figure 1-5. The remote loading and self-healing paradigm. Adapted from Giles.26 

Self-healing of polymers is not a novel concept and is not unique to PLGA. Polymers in 

solution are mobile and intrinsically move to repair damage, moving toward conformations with 

less interfacial tension. This process has been described in five steps: surface rearrangement, 

surface approach, wetting, diffusion, and randomization.52 Our lab has shown that PLGA self-

healing follows a similar process.42 

1.4.1. Passive Remote Loading 

When no moiety is included in the “blank” PLGA microspheres for the purpose of 

attracting and binding the remotely loaded molecule of interest, this is referred to as passive 

remote loading, which relies mostly on simple diffusion. Model proteins including lysozyme and 

bovine serum albumin have been remotely loaded and encapsulated this way at 1-10% w/w 

loading, although encapsulation efficiencies were found to be low, due to the very high 

concentration of the protein loading solution.42,50 Cationic peptides have also been passively 
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remotely loaded. This capitalizes on the charge interaction between the positively charged 

peptide and negatively charged carboxylic acid end-groups of PLGA, and encapsulation 

efficiencies have been shown to depend on the number of ionizable moieties on the peptide.26 

1.4.2. Active Remote Loading 

To improve on the low encapsulation efficiencies seen in passive remote loading, 

biocompatible molecules with affinity for the molecule of interest can be included in the inner 

water phase of the microspheres during the initial formulation of the microspheres. These 

“trapping agents” have included aluminum hydroxide gel for vaccine antigens, and biopolymers 

such as chitosan, dextran sulfate, and hyaluronic acid for a variety of proteins including vascular 

endothelial growth factor (VEGF) and fibroblast growth factor 20 (FgF-20). Using these active 

remote loading methods, encapsulation efficiencies above 85% and 70%, respectively, have been 

achieved.42,50,53 As stated, the trapping agent is included in the inner water phase. This localizes 

the trapping agent within the porous network through which the molecule of interest diffuses. 

Here, the trapping agent and molecule of interest bind, allowing the molecule to be efficiently 

encapsulated upon self-healing. Further, complexing the proteins has shown to improve their 

stability in the release process. In all, remote loading, particularly active remote loading, has 

shown to be an exciting and valuable tool to efficiently encapsulate delicate peptides, proteins, 

and vaccine antigens without exposing them to many of the harsh conditions needed for 

traditional direct encapsulation. One major drawback of active remote loading, however, is that it 

is not a universally applicable method. Specific proteins are only compatible with specific 

trapping agents.  

1.5. Metal – Histidine Coordination Bonding 

1.5.1. Histidine Tags 
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When recombinant proteins are produced via expression hosts, nucleotides coding for 

several amino acids at the C-terminus or N-terminus end of the protein-coding region are often 

included in the vector for the purpose of being used to purify the recombinant protein from the 

result of the cellular media. One such type of “affinity tag” involves adding a series of histidine 

residues. Specifically, two to 14 histidine residues are added, with six being the most common. 

This “hexa histidine tag,” “6xHis tag,” or “His6 tag” was first developed by Roche in 1988, with 

the original patent having expired in 2003.54 Often, the histidine tag is preceded or followed by a 

sequence of amino acids that allows for the tag to be cleaved by an endopeptidase, like the 

tobacco etch virus Nia protease, after purification, leaving the protein in its native sequence.55 

Sequences of histidine residues interspersed with glutamine residues, asparagine residues, and 

glycine residues have also been used, though studies have shown that these tags have no practical 

advantage over exclusively histidine tags.56 The location of the tag (i.e. N-terminus or C-

terminus) and the amino acid immediately following the methionine have been shown to be of 

more consequence, with certain residues increasing expression.57 In most cases, including the tag 

at the N-terminus results in increased expression levels and protein solubility as well as increased 

stability of the mRNA intermediate, although this can vary between some proteins.58,59 

Histidine is a very versatile amino acid, and this is owed to its molecular structure.60 

Histidine’s side chain contains an imidazole ring, which has a pKa of 6.5. At neutral charge, this 

group contains an electron pair, which allows histidine to act as a coordinating ligand with metal 

cations. At pH below its pKa, the imidazole ring becomes protonated, and is unable to form the 

coordination bonds. 

1.5.2. Coordination Bonding 

Metallic elements are capable of forming a type of bond known as a coordination 

covalent bond with ions or molecules that contain at least one lone pair of electrons, which is 
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shared with the metal. These coordination complexes were first accurately described by Alfred 

Werner in 1893.61 In these cases, the metal atom is known as the coordination center, and it is 

typically bound to two, four, or six ligands.62 

Metal coordination complexes occur naturally in biology, with hemoglobin and 

chlorophyll containing coordination centers of iron and magnesium, respectively, for examples. 

Metal coordination bonds are used in medicinal chemistry, with the mechanism of action of the 

anticancer drug cisplatin involving a platinum coordination center forming coordination covalent 

bonds with nucleotides within tumor cells.63 Metal coordination complexes have becomes widely 

used as industrial catalysts, as well, with many commonly used materials including 

polypropylene (titanium complex) being manufactured with the aid of metal coordination bonded 

catalysts.64 Metal coordination bonds can even be found in a naturally occurring instance of 

polymer self-healing. The mussel byssus, an acellular tissue that many marine mussel species 

including Mytilus spp. use to attach to hard substrates (most commonly rocks), utilizes 

coordination bonds between zinc ions and histidine to repair deformations caused by mechanical 

stress.65 Coordination complexes can be of neutral charge, or be positively or negatively charged 

(“complex ions”). 

1.5.3. Immobilized Metal Affinity Chromatography 

In 1975, Jerker Porath discovered that proteins could be separated based on their relative 

histidine and cysteine content, which correlated with their relative affinity for transition metal 

cations, like Co2+, Cu2+, Ni2+, and Zn2+.66 Porath wrote, “A gel loaded with strongly fixed Zn2+ 

and Cu2+ ions with excess binding capacity may therefore interact with surface-exposed 

imidazole and thiol groups of proteins. Consequently, zinc and copper-containing hydrophilic 

gels might be selective adsorbents for histidine and cysteine-containing peptides and proteins.” 

What Porath described is now known as immobilized metal affinity chromatography (IMAC), 
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and it is now one of the most popular chromatographic methods of purifying recombinant 

protein. With the rise of recombinant DNA, scientists no longer had to rely on a protein’s innate 

histidine or cysteine content; polyhistidine tags (HisTag) can now be expressed on the protein, 

allowing it to be isolated and purified with IMAC. In IMAC, metal ions (usually Ni2+, though 

other divalent transition metals are used for HisTag proteins and trivalent and tetravalent cations 

are used for other applications) are rather irreversibly bound to chelating ligands in the stationary 

phase.67 Common chelating ligands include iminodiacetic acid (IDA), which binds the metal 

cation using three of the six coordination sites (although only two are likely available to bind to 

protein of interest), nitrilotriacetic acid (NTA), which binds the metal cation using four of the six 

coordination sites, and tris(carboxymethyl) ethylenediamine (TED), which binds the metal cation 

using five of the six coordination sites.68 The yield, purity, and amount of metal leaching can be 

affected by the choice of metal ion and chelating ligand. Once the protein of interest has been 

bound to the column, it can be eluted and purified using one of two common techniques. The pH 

of the mobile phase can be decreased from ~8 (where the affinity between the HisTag and the 

metal cation is strongest) to below 6 (where histidine becomes protonated and the coordination 

bond is interrupted). Alternatively, a chelating agent, like imidazole or 

ethylenediaminetetraacetic acid (EDTA), can be added to the mobile phase, displacing the 

HisTag from the metal cation.69 The dissociation rate of HisTags from Ni-NTA has been 

measured to be in the low μM to low tens of nM.56  

1.6. Motivation and potential use of Metal-HisTag Coordination Remote Loading during 

drug discovery phase to meet a translational need 

This work is in some ways a solution to a solution to a solution to a solution. Specifically, 

the development of the field of biologics has been a wonderful solution to many untreated or 

poorly treated diseases. Biologics, however, must be injected quite often. To help solve this 



 16 

problem, controlled release formulations, with PLGA microspheres being a favorite, have been 

developed. Unfortunately, the process of encapsulating biomacromolecules within PLGA 

microspheres is harsh and can cause instability in the molecules. To address this, our lab has 

pioneered remote leading and self-encapsulation, which removes the biomacromolecule from the 

traditional encapsulation process. Penultimately, a shortcoming of current active remote loading 

technologies is that they are not universal, but rely on some specific binding affinity of the 

molecule. Finally, the goal of this work is to create a remote loading controlled release platform 

that (1) is virtually universal for any recombinant peptide or protein, (2) is highly efficient, (3) 

uses very small quantities of the protein or peptide, (4) slowly and continuously releases active 

protein, and (5) can be performed by scientists without training in microencapsulation and 

without specialized mixing or drying equipment.  

Meeting these goals would make this platform attractive during the discovery and early 

development of biologics, when producing and using large amounts of the molecules of interest 

could be very costly or infeasible. This platform would be most useful for local delivery of 

potent proteins, such as growth factors, due to the relatively small amounts of protein 

encapsulated, although it is not limited to these applications. To date, due partly to lack of 

involvement of drug delivery and formulation scientists early in the drug discovery and 

development process, a common cause of failure in clinical trials has been inaccurate preclinical  

pharmacokinetic data.70 Thus, allowing non-formulation scientists to easily and cost-effectively 

test early stage drug candidates with a controlled release formulation in in vitro and in vivo pre-

clinical studies could allow for much better translation from the bench to the patient.71 This 

would help inform decisions regarding whether or not to pursue further development of a 

potential clinical controlled release formulation. We offer this platform as a potential solution to 
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this critical translational need. Due to the immunogenicity of HisTags, this platform does not 

lend itself to clinical use. 

1.7. Proteins Used 

In the experiments described herein, a variety of proteins were used as molecules of 

interest in an effort to prove universality and usefulness. To begin, two growth factors, for both 

of which recombinant protein biologics are marketed, were used: granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and insulin-like growth factor 1 (IGF-1). Each of these 

proteins has utility for local controlled release applications.72-79 GM-CSF is a hematopoietic 

cytokine that is endogenously secreted by blood cells to induce to proliferation and maturation of 

certain types of white blood cells.80 It has a molecular weight of 14.5 kDa (when non-

glycosylated) and an isoelectric point (pI) of 5.21, though this can be lower depending on 

glycosylation. Recombinant GM-CSF has been marketed as both sargramostim and 

molgramostim. IGF-1 is an anabolic growth hormone that is most abundant in the body during 

puberty.81 It has a molecular weight of 7.7 kDa and a pI of 9.78. A recombinant form of IGF1 is 

marketed as mecasermin. Human serum albumin (HSA) was used as an inexpensive model 

protein. It is the most abundant protein in human plasma and acts as a carrier protein and 

osmotic.82 It has a molecular weight of 67.3 kDa and a pI of 4.7. HSA has also been shown to 

have affinity for Zn2+.83 Finally, green fluorescent protein (GFP) was used for its fluorescent 

properties. It was first discovered in jellyfish and is used commonly in molecular biology as a 

reporter gene, due to the convenient fact that it fluoresces at 509 nm when excited at 395 nm.84 It 

has a molecular weight of 32.7 kDa and a pI of 5.7.85 
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Table 1-2. Information regarding proteins used as molecules of interest. 

Protein MW (kDa) pI Recombinant product 

GM-CSF 14.5 5.21 sargramostim, molgramostim 

IGF-1 7.7 9.78 mecasermin 

HSA 67.3 4.7 N/A 

GFP 32.7 5.7 N/A 

 

1.8. Dissertation Scope Overview 

With the goals discussed in mind, this dissertation moves through the discovery and 

development of a novel and universal PLGA microsphere aqueous remote loading platform that 

requires very small quantities of protein: Metal-HisTag Coordination Remote Loading 

(MHCRL). In building a new platform, there are many considerations to weigh including ease of 

use, release profile, versatility, protein stability, encapsulation efficiency, polymer erosion and 

degradation, and more. Using a variety of proteins, these aspects of various MHCRL 

formulations are examined, with the intention of developing a tested, optimized, and 

characterized platform. Hopefully, this platform, or one that builds off its development, can be 

used in preclinical biologic discovery and early development to help advance candidates into 

later stages of development. This dissertation is comprised of five chapters, beginning with this 

introduction. 

The second chapter is focused on proof-of-concept. Here, metal-HisTag coordination is 

utilized as a remote loading trapping mechanism for the first time. Using three proteins, the 

effects of the inclusion of Zn2+ and/or HisTags on encapsulation efficiency are measured and the 

release profile of the Zn2+- and HisTag-containing formulations are examined. Several 

experiments are also conducted with the aim of determining whether or not metal-HisTag 

coordination is the mechanism driving the encapsulation. This work is separately produced in a 

peer-reviewed publication in the journal Bioengineering and Translational Medicine. 
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  The third chapter is aimed at optimizing MHCRL. A change in Zn source, the inclusion 

of plasticizers, a range of pH’s of loading solutions, and various temperatures and durations of 

loading and healing stages are tried in an effort to improve upon a series of areas of focus. These 

changes are meant not just to improve the performance of the platform (in terms of encapsulation 

efficiency, protein stability, and release profile), but also to make the platform a more practical 

and helpful tool for the eventual user. This work is being submitted for publication to the 

International Journal of Pharmaceutics. 

In the fourth chapter, mechanisms of release of drug and excipients and the effect of 

various excipients and release conditions on the erosion and degradation of the formulation are 

explored. The formulation proposed here is rather complex as compared to a standard double-

emulsion PLGA microsphere. A robust characterization of the microspheres and the factors 

affecting their breakdown and release of payload is valuable information in the pursuit of further 

development of this or similar platforms.  

The fifth chapter discusses the major conclusions drawn from the second, third, and 

fourth chapters, and proposed future directions to probe deeper and beyond the findings of this 

work.  

In all, this dissertation provides a ground-up perspective of Metal-HisTag Coordination 

Remote Loading, a novel PLGA microsphere platform which has demonstrated potential to be a 

useful tool in the discovery and development of delicate and/or costly biologic candidates. 

Remote loading has proven to be a valuable technique in the controlled release formulation of 

proteins and peptides, and it is the goal of this platform to extend this technique to virtually any 

recombinant protein while requiring very small quantities of that protein. 
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Chapter 2: Proof-of-Concept of Metal-HisTag Remote Loading of Very Small Quantities of 

Biomacromolecules into PLGA Microspheres 

2.1. Abstract 

Challenges to discovery and preclinical development of long-acting release (LAR) 

systems for protein therapeutics include protein instability, use of organic solvents during 

encapsulation, specialized equipment and personnel, and high costs of proteins. We sought to 

overcome these issues by combining remote-loading self-healing encapsulation with binding 

HisTag protein to transition metal ions. Porous, drug-free self-healing microspheres of 

copolymers of lactic and glycolic acids (PLGAs) with high molecular weight dextran sulfate 

(HDS) and immobilized divalent transition metal (M2+) ions were placed in the presence of 

proteins with or without HisTags to bind the protein in the pores of the polymer before healing 

the surface pores with modest temperature. Using human serum albumin (HSA), insulin-like 

growth factor 1 (IGF-1), and granulocyte-macrophage colony-stimulating factor (GM-CSF), 

encapsulated efficiencies of immunoreactive protein relative to non-encapsulation protein 

solutions increased from ~41%, ~23%, and ~9%, respectively, without Zn2+ and HisTags to 

~100%, ~83%, and ~75% with Zn2+ and HisTags. These three proteins were continuously 

released in immunoreactive form over seven to ten weeks to 73-100% complete release, and 

GM-CSF showed bioactivity >95% relative to immunoreactive protein throughout the release 

interval. Increased encapsulation efficiencies were also found with other divalent transition 

metals ions (Co2+, Cu2+, Ni2+, and Zn2+, but not with Ca2+. Ethylenediaminetetraacetic acid 

(EDTA) was found to interfere with this process, reverting encapsulation efficiency back to 
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Zn2+-free levels. These results indicate that M2+-immobilized self-healing microspheres can be 

prepared for simple and efficient encapsulation by simple mixing in aqueous solutions. These 

formulations provide slow and continuous release of immunoreactive proteins of diverse types 

by using a fraction of protein (e.g., <10 μg), which may be highly useful in the discovery and 

early pre-clinical development phase of new protein active pharmaceutical ingredients, allowing 

for improved translation to further development of potent proteins for local delivery. 

2.2. Introduction 

Over the last several decades, the landscape of pharmaceutical drug products has been 

transformed from a near monolith of small molecules to a diverse space with biologics gaining 

more and more dominance. In 1982, the first genetically engineered form of insulin was 

approved.1 By 2017, half of the top ten best-selling drug products over the previous 15 years 

were biologics.2 Recombinant proteins, fusion proteins, antibodies, and others biologics have led 

to therapeutic breakthroughs in a number of treatment areas. They are also costlier and often 

more complicated to discover, develop, formulate, and manufacture. Another challenge of 

biologics is that they must be injected, rather than taken orally like most small molecule drug 

products, which is a significant impediment to patient compliance.3 To reduce the number of 

injections and increase patient compliance, controlled release formulations have been developed, 

which require weekly, biweekly, or monthly injections rather than daily injections for non-

controlled release formulations. Particularly useful for proteins, controlled release can also be 

helpful for local delivery to hard-to-reach areas, like the brain,4,5 joints,6,7 and posterior segment 

of the eye.8,9 One difficulty, however, in the evaluation and development of new protein APIs, 

which require slow release to evaluate drug efficacy, is that large quantities of the 

biomacromolecule are required during formulation of controlled release dosage forms. 

Moreover, common encapsulation procedures require trained personnel with the use of organic 
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solvent-based unit operations.3 These combined factors can significantly impede the early drug 

development process when producing and using large amounts of the proteins of interest can be 

financially infeasible.10 Here, we aim to address these cases by creating a simple, general, and 

low-cost paradigm for preparation of local controlled-release dosage forms for protein drug 

discovery that could be simple enough for most any bench scientist to use. 

Copolymers of lactic (or lactide) and glycolic (or glycolide) acids (PLGAs) have become 

a desired delivery vehicle for a wide variety of therapeutics, including peptides, proteins, 

antibodies, vaccine antigens, and nucleic acids. Advantages of PLGA microspheres include 

biocompatibility and biodegradability, injectability of PLGA microspheres through a syringe 

needle with minimal discomfort, and tunable and long-term complete release of the therapeutics, 

including peptides and proteins.11-15 PLGA is used in at least 19 FDA-approved controlled-

release products on the market in the US,3,16,17 and therefore usually is the first biodegradable 

polymer considered for such applications. 

While many hurdles of PLGA drug product formulation have been overcome, one long-

standing issue is protein stability during encapsulation.18 Traditional methods of encapsulation in 

PLGA microspheres require exposing biomacromolecules to micronization, organic/aqueous 

interfaces, air/water interfaces, high shear stress, organic solvents, and high temperatures, all of 

which can result in instability or aggregation of the biomacromolecule and low encapsulation 

efficiencies.16,19-25 

To avoid these stressors and the resulting damage to protein and low encapsulation 

efficiency, our group previously devised organic solvent-free self-healing microencapsulation, in 

which porous PLGA microspheres are mixed with an aqueous solution of biomacromolecule.22 

The temperature is then raised above the glass transition temperature (Tg), causing the pores in 
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the surface of the microspheres to heal, encapsulating the biomacromolecule within the 

microspheres.26,27 In active remote loading, a trapping agent is contained in the drug-free self-

healing microspheres before exposure to the biomacromolecule to dramatically increase 

encapsulation efficiency.18,28 The charge interaction between cationic peptides and the negatively 

charged carboxylic end-group of PLGA chains has also been targeted as an active remote loading 

strategy for smaller net cationic peptides that do not require preservation of tertiary structure.29 

Using active remote loading, encapsulation efficiencies greater than 95% have been achieved 

with elevated drug loading (>7% w/w).18,28 Examples of trapping agents include aluminum- and 

calcium-based adjuvants22,30-33 for vaccines and glycosaminoglycan-like biopolymers18 that often 

bind growth factors. One drawback of these methods is that the trapping agent must be paired 

with specific biomacromolecules that have binding affinity for said trapping agent, and therefore, 

the methods are not universal. Here, we aim to take advantage of the coordination binding 

between divalent transition metals and poly-histidine tags (HisTags) to create an active remote 

loading method that is more universal to a broader spectrum of recombinant proteins. 

Immobilized metal affinity chromatography (IMAC) was first developed in 1975 as a 

method of separating and purifying proteins based on their cysteine and histidine content.34 

These amino acids form coordination bonds with transition metals like Ni2+, Cu2+ and Zn2+.35 

Thus, proteins rich in cysteine and histidine can be purified by flowing them through a column 

with immobilized divalent transition metals. As the capability to express recombinant proteins 

expanded, so did strategies for IMAC. Today, HisTags (typically His6 or His10) can be expressed 

at the C- or N-terminus end of peptides and proteins, allowing them to be easily purified via 

IMAC.36 To elute purified proteins or peptides of interest from the column, the pH can be 

lowered to protonate the histidine, interrupting the coordination bond, or imidazole, glycine, or a 
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chelating agent like ethylenediaminetetraacetic acid (EDTA) can be added to the column buffer 

solution, displacing the molecule of interest.37 

In the active remote loading and self-encapsulation platform described in Figure 2-1, our 

approach is to directly encapsulate high molecular weight dextran sulfate (HDS), a negatively 

charged branched polysaccharide,18 in drug-free and porous PLGA microspheres to serve as a 

metal-immobilizing scaffold. A divalent metal cation is then bound to the HDS to serve as a 

trapping agent for HisTag proteins before self-healing encapsulation. Our goal is to create a 

remote-loading controlled-release platform that (1) is virtually universal for any recombinant 

peptide or protein, (2) is highly efficient, (3) uses very small quantities of the protein or peptide, 

(4) slowly and continuously releases active protein, and (5) can be performed by scientists 

without training in microencapsulation and without specialized mixing or drying equipment. 

Meeting these goals would make this platform attractive during the discovery and early 

development of biologics, when producing and using large amounts of the molecules of interest 

could be very costly or infeasible and controlled release efficacy data is desired. Due to the low 

quantities encapsulated here, local delivery of potent proteins is the targeted application of this 

platform.  For example, a single injection of only 0.01% protein-loaded PLGA implants for 

controlled release of basic fibroblast growth factor was sufficient to rescue limbs and restore 

perfusion in a murine hindlimb ischemic model.38 

For decades, unpredictable or inadequate pharmacokinetics, resulting in undesirable 

toxicology and poor efficacy, has plagued drug candidates in clinical trials.39 To combat this, 

drug delivery and formulation scientists have been introduced earlier in the development process. 

Allowing drug researchers with or without formulation expertise to easily and cost-effectively 

test early stage drug candidates with a controlled release formulation in vivo could allow for 



 31 

much better translation from the bench to the patient.40 We offer this platform as a potential 

solution to this critical translational need. 

 

Figure 2-1. Schematic of remote loading mechanism into porous PLGA microspheres as related to Immobilized Metal Affinity 

Chromatography (IMAC). PLGA acts as the support structure. HDS acts as the chelating agent, immobilizing the metal ion, which 

binds a HisTag protein out of the loading solution through the porous network within the microsphere. 

2.3. Experimental Methods 

2.3.1. Materials 

Resomer RG 504 PLGA (50:50, ester-terminated, molecular weight 38,000-54,000 Da), 

magnesium carbonate, trehalose, 88% hydrolyzed poly(vinyl alcohol) (PVA), and high 

molecular weight (>500,000 Da) dextran sulfate (HDS) were purchased from Sigma Aldrich. 

Zinc, copper, cobalt, nickel, and calcium acetate salts were purchased from Sigma Aldrich. Poly-

histidine tagged (HisTag) Human Serum Albumin (HSA) was purchased from Arco Biosystems 

and untagged (NoTag) HSA was purchased from Raybiotech. HisTag and NoTag granulocyte 

macrophage colony stimulating factor (GM-CSF) was purchased from Sino Biological. HisTag 

and NoTag insulin-like growth factor 1 (IGF-1) was purchased from Signalway Antibodies. All 

HisTag proteins contained tags of six histidine residues. Tags were at the N-terminus for GM-

CSF and IGF-1. Tags were at the C-terminus for HSA. Ethylenediaminetetraacetic acid (EDTA) 

HDS

Ni2+

Metal 
Ion
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and bovine serum albumin (BSA) were purchased from Sigma Aldrich. Blocker casein in PBS 

was purchased from ThermoFisher. All other common reagents and solvents were purchased 

from Sigma Aldrich, except where otherwise specified. 

2.3.2. Preparation of microspheres 

Porous PLGA microspheres with HDS as a metal immobilizer, MgCO3 as a pH-

modulator and porosigen,18,19 and trehalose as a porosigen were prepared by double water-oil-

water (w/o/w) emulsion and solvent evaporation. The first emulsion was created by 

homogenizing a suspension of 1 mL of 250 mg/mL dissolved PLGA and 6% w/w fine particulate 

MgCO3 in methylene chloride with an inner water phase of 200 μL of 4% w/v HDS and 3% w/v 

trehalose in a glass cell culture tube at 18,000 rpm for 60 s over an ice bath, using the Tempest 

IQ2. The second emulsion was created by adding 2 mL of 5% PVA to the primary emulsion and 

vortexing for 60 s. The w/o/w double emulsion was added to 100 mL of 0.5% PVA and stirred 

for 3 h at room temperature in a 150 mL beaker to allow for hardening and evaporation of 

methylene chloride. The 20-63 μm fraction of microspheres was collected using sieves and the 

microspheres were washed with excess double-distilled water and lyophilized. 

2.3.3. Assessment of microsphere morphology by scanning electron microscopy 

The surface morphology of microspheres was examined via a Tescan MIRA3 FEG 

electron microscope (SEM). Microspheres were mounted onto a brass stub via double-sided 

adhesive tape and sputtered with gold for 60 s at 40 W under vacuum. Images were taken at an 

excitation voltage of 5 kV. Prior to imaging, microspheres were incubated in protein-free loading 

solution for the specified duration at the specified temperature rotating at 30 rpm, then washed 

with double-distilled water and lyophilized. 

2.3.4. Remote loading and encapsulation of metals and proteins 

2.3.4.1. Standard Procedure 
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Metals were remotely loaded into the PLGA microspheres by incubating the 

microspheres in at least 1 mL of 500 mM metal acetate salt solution (or water as a control) per 1 

mg of microspheres for 24 h rotating at 30 rpm at room temperature. Microspheres were washed 

with double-distilled water under vacuum on a 0.2 μm nylon filter and lyophilized. Remote 

loading HisTag and NoTag protein solutions were prepared by buffer exchange with Amicon 

ultra centrifugal filter units (for HSA and 10 μg/mL GM-CSF) or by diluting lyophilized 

powders in loading solution. Proteins were remotely loaded into the metal-loaded microspheres 

by incubating 1 mg of microspheres in 100 μL of 50 μg/mL protein (HisTag or NoTag), unless 

otherwise specified at 10 μg/mL GM-CSF in one case, in 50 mM sodium acetate, 300 mM 

sodium chloride, pH 8.0 solution (loading solution) for 48 h at room temperature rotating at 30 

rpm followed by 42 h at 43 ºC rotating at 30 rpm to induce healing and pore-closure. 

2.3.4.2. Inhibition of remote loading with EDTA  

The effect of EDTA on the capacity of Zn-loaded microspheres to remotely load HisTag 

HSA was determined by incubating Zn-loaded microspheres (or water-incubated microspheres as 

a control) in 50% saturated EDTA solution (or water as a control) for 24 h rotating at 30 rpm at 

room temperature. Microspheres then underwent HSA loading as described above and loading 

and encapsulation were determined using Coomassie Plus protein assay as described below. 

2.3.4.3. Effect of divalent metal cation on remote loading 

To examine the effect of different divalent metal cations on the remote loading and 

encapsulation of HisTag IGF-1, zinc acetate, copper acetate, cobalt acetate, nickel acetate, or 

calcium acetate were used in the metal loading step as described above. Metal loading 

percentage and IGF-1 encapsulation efficiency were quantified as described below. 
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2.3.4.4. Determination of divalent metal cation loaded 

The amount of divalent metal cation remotely loaded into microspheres was determined 

by dissolving several mg of microspheres in acetone, centrifuging for 5 min at 8,000 rpm, and 

removing the supernatant for three cycles. The pellet was then reconstituted in water and 

analyzed using a Perkin-Elmer Nexion 2000 ICP-MS using appropriate standards and scandium 

as an internal standard. Metal cation loading percentage was calculated as (mass of metal cation 

in microspheres / total mass of microspheres) x 100. 

2.3.4.5. Determination of immunoreactive protein by ELISA 

HSA and IGF-1 ELISA kits were purchased from Raybiotech and performed according to 

kit instructions to determine immunoreactive protein concentrations. GM-CSF ELISA kits were 

purchased from Raybiotech and PeproTech and were similarly applied. In all ELISAs, NoTag 

and HisTag proteins used for remote loading encapsulation were also included as reference 

standards. 

2.3.4.6. Determination of total protein by Coomassie Plus protein assay 

Total protein content for No Tag and HisTag HSA in loading solutions was measured by 

Coomassie Plus protein assay using a 1:1 sample-to-reagent ratio. BSA standards were used, 

with the HSA proteins included as reference standards, and absorbance was read at 595 nm in 

accordance with the protocol. 

2.3.4.7. Estimation of protein loading and encapsulation efficiency 

Protein loading (l) in microspheres was estimated by ELISA and Coomassie Plus protein 

assay by comparing the final concentrations of protein in the loading solution to a control 

loading solution, which underwent the same conditions without microspheres as follows: 

𝑙 = 𝑉(𝐶𝐶 − 𝐶𝑀𝑆) 
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Where V (= 0.1 mL), CC, and CMS are the volume of loading solution, concentration of 

protein in control loading solution, and the concentration of protein in the loading solution with 

microspheres, respectively. 

Encapsulation efficiency of the available active protein (i.e., relative to unencapsulation 

control) was calculated as: 

𝐸𝐸𝑎𝑣𝑎𝑖𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝐶
× 100% 

 
Where CC and CMS are the concentration of protein in control loading solution and the 

concentration of protein in the loading solution with microspheres quantified by ELISA, 

respectively. Encapsulation efficiency of available total protein was calculated similarly with 

concentrations of protein quantified by Coomassie Plus protein assay used in place of those 

measured by ELISA. 

Actual active encapsulation efficiency of active protein was calculated as: 

𝐸𝐸𝑎𝑐𝑡𝑢𝑎𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝑖
× 100% 

Where CC, CMS, and Ci are the concentration of protein in control loading solution, 

concentration of protein in the loading solution with microspheres, and the original concentration 

of protein in the loading solution quantified by ELISA, respectively. Actual total encapsulation 

efficiency was calculated similarly with concentrations of protein quantified by Coomassie Plus 

protein assay used in place of those measured by ELISA. 

2.3.4.8. Evaluation of release kinetics 

HSA release was conducted by incubating 1 mg microspheres in 1 mL phosphate 

buffered saline (PBS) + 0.02% Tween 80 + 1% casein, pH 7.4. IGF-1 release was conducted 

from 1 mg microspheres in 1 mL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4. GM-CSF release 
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was conducted from 1 mg microspheres in 1 mL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4 or 1 

mL 0.1M HEPES buffer + 1% BSA, pH 7.4. Media was completely replaced at each timepoint. 

All samples were incubated at 37 ºC with shaking. Casein was used as a blocking agent in place 

of BSA for HSA release to avoid interference in the HSA ELISA. HEPES was used in place of 

PBS in one instance in an effort to measure Zn2+ release, as phosphate salts are known to co-

precipitate Zn.41 

2.3.4.9. GM-CSF activity assay 

The activity of HisTag GM-CSF released from Zn-loaded microspheres was determined 

using the PathHunter® Sargramostim Bioassay Kit from Eurofins DiscoverX. HisTag GM-CSF 

was included as a reference standard. 

2.3.5. Statistics 

All significance testing was conducted using one-tailed Student’s t-tests.  Statistical 

significance was considered p < 0.5. 

2.4. Results and Discussion 

To test our approach, high-molecular weight dextran sulfate (HDS) and MgCO3 were co-

encapsulated in the porous PLGA 50/50 microspheres, as described previously.18 These 

microspheres were originally designed to microencapsulate growth factors that are known to 

bind to extracellular matrix. In these formulations, HDS binds the growth factor and MgCO3 is 

present to both inhibit acid drop caused by PLGA hydrolysis and provide continuous release by 

production of salt when reacting to low-molecular weight degradation products.18,42 We 

demonstrated high loading and encapsulation efficiency, and slow release of vascular endothelial 

growth factor without significant loss of immunoreactivity or heparin-binding affinity for weeks 

during slow and continuous release. Basic proteins, bFGF20 and lysozyme, were similarly 

encapsulated.18 
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2.4.1. Remote Zn2+ Loading 

To expand the capability of these microspheres to deliver a wider spectrum of proteins, 

we bound Zn2+ and other divalent metal cations to HDS/PLGA microspheres by incubating 1 mL 

of acetate salt solution of the cation in the presence of a modest 1 mg of microspheres at room 

temperature for 24 h before loading the protein. ICP-MS showed that Zn2+ was significantly 

loaded into the microspheres after Zn-acetate exposure at a level of 0.42 ± 0.12% w/w%. 

2.4.2. Encapsulation and Release of GM-CSF 

After metal-ion uptake in HDS/PLGA microspheres, exchanging the solution to a 100 μL 

solution of 1 μg of HisTag granulocyte-macrophage colony-stimulating factor (HisTag GM-

CSF), which has local delivery applications,43-45 and raising the temp for 42 h at 43 ºC resulted in 

an estimated self-healing microencapsulation of ~75% protein available in the loading solution 

(Figure 2-2a, Table 2-1). If the Zn2+ was not added before loading, the encapsulation efficiency 

(EE) dropped to ~14%. If GM-CSF was added without a HisTag, the encapsulation efficiency 

was ~28% for Zn2+/HDS/PLGA and ~9% for HDS/PLGA. The release kinetics of the resulting 

HisTag GM-CSF in the self-healed Zn2+/HDS/PLGA microspheres is shown in Figure 2-2b. 

After a modest initial burst release, a continuous release of protein was recorded by ELISA over 

70 days. Because of the focus on protein drug discovery, we did not seek to further stabilize the 

encapsulated protein and/or examine the immunoreactivity of any protein remaining in the 

polymer after the release incubation. Scanning electron micrographs also confirmed that open 

surface pores were maintained until the final heated self-healing step (Error! Reference source n

ot found.). Hence this proof-of-principle experiment shows that a protein that does not seem to 

bind well to HDS can be encapsulated on a very small scale with Zn2+/HDS/PLGA microspheres 

when using the HisTag version and then slowly release immunoreactive protein under 

physiological conditions for months. Note that the SEM images were acquired after washing and 
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drying the microspheres. Therefore, the polymer loses the swollen state that exists during 

incubation and the drying creates an altered morphology under the electron microscope. 

However, the number and size of the pores on the dry microsphere surface in the micrographs 

when evaluated at each stage of the aqueous encapsulation procedure is useful to confirm the 

healing of the polymer, as we have demonstrated in previous studies.18,22,26,27  

 
Figure 2-2. HisTag GM-CSF is efficiently encapsulated in Zn2+-immobilized PLGA microspheres by remote loading and slowly 

released. a) Active available protein encapsulation efficiency of NoTag and HisTag GM-CSF into Zn2+-free and Zn2+-immobilized 

PLGA microspheres from ~10μg/mL protein loading solution. b) Release of immunoreactive HisTag GM-CSF from Zn2+-

immobilized PLGA microspheres in 1 mL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4 at 37 °C. One μg protein and 1 mg of 

microspheres in 100 μL loading solution for self-healing encapsulation. Zn / HisTag EEavail significantly greater than each control; 

p < 0.05 

Table 2-1. Summary of remote self-healing encapsulation by Zn2+-HisTag protein binding (EE = Encapsulation Efficiency). 

Protein 

Active Protein 

Loaded (μg) 

Total Protein 

Loaded (μg) 

Active 

Available 

EE 

Total 

Available 

EE 

Actual 

Active EE 

Actual 

Total EE 

GM-CSF 

(~10µg/mL) 
0.21 ± 0.03 

-- 75 ± 9% -- 37 ± 4% -- 

GM-CSF 

(50 µg/mL) 
1.9 ± 0.3 

2.3 ± 0.2 55 ± 7% 49 ± 1% 37 ± 6% 46 ± 3% 

IGF-1 

(50 µg/mL) 
2.4 ± 0.9 

-- 81 ± 23% -- 48 ± 17% -- 

HSA  

(50 µg/mL) 
3.5 ± 0.2 

4.6 ± 0.4 100 ± 3% 97 ± 2% 70 ± 2% 92 ± 6% 

 

2.4.3. Increased Encapsulation and Release of GM-CSF 

Although promising, the above remote loading example used a very low concentration of 

protein and only 49.5 ± 1% of protein remained immunoreactive in the control solution. Proteins 
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at this low concentrations commonly bind to vessel walls even if coated with low-protein-

binding materials.46 We then increased the protein concentration in the loading media to 50 

μg/mL HisTag GM-CSF. In this case the loading efficiency decreased slightly to ~55%, and the 

differential advantage relative to the Zn2+-free/HisTag or Zn2+/NoTag controls also decreased 

slightly (Figure 2-3a). Moreover, encapsulation of active and total protein by employing ELISA 

(55 ± 7%) and Coomassie Plus protein assay (49 ± 1%), respectively, were performed and shown 

to yield consistent values. Here, 68 ± 6% of the protein in the control loading solution remained 

immunoreactive after incubation at loading conditions, which is much higher than at the lower 

concentration. Once again, we observed slow and continuous release of immunoreactive HisTag 

GM-CSF for 49 days (Figure 2-3b) The bioactivity of the protein was also monitored according 

to a CSF2RA-CSF2RB dimerization cell-based assay (Figure 2-3c). As seen in the figure, there 

was no noticeable loss in bioactivity over the entire release interval. 

 
Figure 2-3. HisTag GM-CSF is efficiently encapsulated in Zn2+-immobilized PLGA microspheres by remote loading and slowly 

released while maintaining bioactivity. a) Active and total available protein encapsulation efficiency of NoTag and HisTag GM-

CSF into Zn2+-free and Zn2+-immobilized PLGA microspheres from 50 μg/mL protein loading solution. b) Release of 

immunoreactive HisTag GM-CSF from Zn2+-immobilized PLGA microspheres in 0.1 M HEPES + 1% BSA, pH 7.4 at 37 °C. c) 

Bioactivity of released GM-CSF relative to immunoreactive protein. Five μg protein and 1 mg of microspheres in 100 μL loading 

solution was used for self-healing encapsulation. Zn / HisTag EEavail by ELISA and total protein assay significantly greater than 

each control; p < 0.05. 
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2.4.4. IGF-1 Encapsulation and Release 

While promising for GM-CSF, we further tested our approach with a second protein, 

insulin-like growth factor-1 (IGF-1), which also has local delivery utility,47-51 at the higher 50 

μg/mL level. As expected, the HisTag IGF-1 was loaded in the self-healing Zn2+/HDS/PLGA 

microspheres at about 80% efficiency, as measured by ELISA (Figure 2-4a). All other controls 

displayed encapsulation efficiencies of ~20% or less. Here, 59 ± 13% of the protein in the 

control loading solution remained immunoreactive after incubation at loading conditions. 

Release of the protein was again continuous and nearly complete over 56 days, although with a 

larger burst release than for GM-CSF (Figure 2-4b). 

 
Figure 2-4. HisTag IGF-1 is efficiently encapsulated in Zn2+-immobilized PLGA microspheres by remote loading and slowly 

released. a) Active available encapsulation efficiency of NoTag and HisTag IGF-1 into Zn2+-free and Zn2+-immobilized PLGA 

microspheres from 50μg/mL protein loading solution. b) Release of immunoreactive HisTag IGF-1 from Zn2+-immobilized PLGA 

microspheres in 1 mL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4 at 37 °C. Zn / HisTag EEavail by ELISA significantly greater than 

each control; p < 0.05. 

2.4.5. Effect of divalent metal cation on remote loading 

To examine the effect of the divalent cation on our approach, self-healing HDS/PLGA 

microspheres were exposed to acetate salts of transition metals (Co2+, Cu2+, Ni2+, and Zn2+), an 

alkaline earth metal (Ca2+), or no salt control. Compared to the no salt control, HisTag IGF-1 

was encapsulated with higher efficiency in the microspheres exposed to divalent transition 

metals. Accounting for the amount of metal loaded into the microspheres (Figure S2-9) and the 
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amount of protein encapsulated in the metal-free microspheres, the encapsulated protein above 

control per mole of metal ion followed Cu2+ > Zn2+ > Ni2+ ≈ Co2+ >>> Ca2+, as expected by the 

relative affinity of these cations for HisTag (Figure 2-5).34 Microspheres exposed to Ca2+ 

showed no substantial difference in encapsulation efficiency as compared to the no salt control, 

as Ca2+ is known to possess much less affinity than transition metals for HisTags. Hence, these 

data further strongly support the HisTag-to-transition metal binding occurring during loading of 

the HisTag protein before self-healing encapsulation. 

 
Figure 2-5. The immobilization of divalent transition metals improves the total protein encapsulation efficiency of HisTag IGF-1 

into PLGA microspheres. Encapsulation efficiency of HisTag IGF-1 into Ca2+-, Co2+-, Cu2+-, Ni2+-, and Zn2+-immobilized, and 

M2+-free PLGA microspheres. Ca2+ EEavail by total protein assay not significantly greater than water control; p > 0.05. All 

transition metal EEavail by total protein assay significantly greater than water and Ca2+ controls; p <0.05. 

2.4.6. Encapsulation and Release of HSA 

We then applied a third protein, human serum albumin (HSA), as a model protein to 

examine various phenomena at lower cost and to further support the generality of the approach. 

As shown in Figure 2-6a, again the HisTag HSA bound preferentially to the Zn2+/HDS/PLGA 

microspheres, with an encapsulation efficiency of >95%. Controls without HisTag, without Zn2+, 

and without HisTag and Zn2+ were higher for HSA than for the previously studied proteins, but 

nonetheless all below ~41% as measured by ELISA. Here, 70 ± 1% of the protein in the control 

loading solution remained immunoreactive after incubation at loading conditions. HisTag HSA 

release from the standard formulation was complete, and slow and continuous after a modest 

initial burst by ELISA (Figure 2-6b).  
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Figure 2-6. HisTag HSA is efficiently encapsulated in Zn-immobilized PLGA microspheres by remote loading and slowly released. 

a) Active and total protein encapsulation efficiency of NoTag and HisTag HSA into Zn2+-free and Zn2+-immobilized PLGA 

microspheres from 50μg/mL protein loading solution. b) Release of immunoreactive HisTag HSA from Zn2+-immobilized PLGA 

microspheres in 1 mL PBS + 0.02% Tween 80 + 1% casein, pH 7.4 at 37 °C. Zn / HisTag EEavail by ELISA and total protein assay 

significantly greater than each control; p < 0.05. 

2.4.7. EDTA blockade of HSA Encapsulation 

To further probe the Zn2+-HisTag coordination, we tested whether EDTA, a strong 

chelating agent often used to elute HisTag proteins of IMAC columns, interfered with the 

encapsulation of HisTag proteins. To do this, after exposing HDS/PLGA microspheres to Zn2+ 

but before exposing the microspheres to HisTag HSA, we exposed the microspheres to EDTA. 

The EDTA/Zn2+/HDS/PLGA microspheres showed nearly the same encapsulation efficiency as 

microspheres that had been exposed to neither Zn2+ nor EDTA, and far lower efficiency than the 

standard formulation (Figure 2-7). These data again support the HisTag-to-transition metal 

binding and are consistent with EDTA entirely inhibiting the coordination.  
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Figure 2-7. EDTA interferes with the ability of Zn-immobilized PLGA microspheres to efficiently encapsulate HisTag HSA. 

Encapsulation efficiency of HisTag HSA into Zn2+-immobilized PLGA microspheres without and with incubation with EDTA and 

into Zn2+-free PLGA microspheres without incubation with EDTA from 50μg/mL loading solution as determined by mass loss from 

loading solution compared to control loading solution, measured by Coomassie assay. Zn+/EDTA- EEavail by total protein assay 

significantly greater than other treatments; p < 0.05. 

2.4.8. Protein stability considerations 

As previously discussed, the stability of proteins is a major obstacle in controlled release 

formulations. Our data strongly support the stable, immunoreactive, and bioactive encapsulation 

and release of a wide variety of HisTag proteins via Zn2+/HDS/PLGA microspheres. This 

formulation evolved from multiple improvements in protein stabilization during encapsulation 

and release. The poorly soluble base, MgCO3, has been shown capable of helping to obviate pH-

induced protein damage from aliphatic ester-capped PLGA 50/50 under specific formulation 

conditions.52 The common damage to protein during organic solvent exposure and excess mixing 

was averted by making use of passive polymer healing to allow encapsulation under aqueous 

conditions with gentle agitation.22 Finally, when combining a protein-binding excipient that 

largely remains in the polymer during loading such as HDS, we found that both high efficiency 

loading of protein drugs and further stabilization during release was observed.18  

While this encapsulation method avoids many of the harsh stressors of direct double 

emulsion and solvent evaporation encapsulation, it is not free of potential damage to the protein. 

The relatively high pH (8) of the loading solution buffer needed to optimize the interaction 
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between the metal cations and the HisTag proteins can be deleterious to proteins, particularly at 

elevated temperature.53,54 The slightly high temperature (43 °C) used to heal the microspheres 

can cause unfolding and/or aggregation of some proteins. Indeed, we did see decreases in 

immunoreactivity of proteins after exposure to loading conditions (Table 2-1).  

2.5. Conclusion 

During biologic drug discovery and early development, the slow and continuous release 

of immunoreactive and bioactive protein is crucial so that protein candidates can be studied in 

vivo in hard-to-reach areas like the brain, eye, and joints, where repeated injection may not be 

feasible, or in tissue engineering applications where local growth factor support is also desired.55 

Aside from PLGA formulations, osmotic pumps are another option, but these can be 

cumbersome and difficult to apply in certain cases.39 For traditional PLGA formulations, though, 

depending on the desired protein loading, typically more than 1-100 mg of protein is often used 

(with the lower level often accompanying a second bulk protein excipient such as albumin38,52) to 

formulate microspheres using traditional direct encapsulation batch methods depending on the 

target loading, and there is no specific binding mechanism used to help stabilize the protein. For 

these reasons, studying candidates in the proper formulation and pharmacokinetic settings is 

difficult, leading to costly failures or missed opportunities.56,57 Using the method described here, 

immunoreactive and bioactive protein can be encapsulated and slowly released using just 1-5 μg 

of protein (in a 100 μL loading solution and 1 mg of microspheres). Others have developed 

micro- and nanoparticle encapsulation methods for biologics that require very small quantities of 

drug, for example with poly(ethylene-co-vinyl acetate),58 or with PLGA.38,52 However, these 

methods require organic solvent, are not generalizable, and require specialized equipment and 

training to perform encapsulation. It is noted that the current goal here is to develop a more 

universal formulation for simple and low-cost remote loading of proteins in the drug discovery 
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phase and not to identify a final formulation for development. This represents a drug delivery 

solution to a drug discovery problem, with the aim of improving translation from discovery to 

pre-clinical studies and, eventually, to the clinic.  
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2.7. Supplementary Information 

 
Figure S2-8. A porous network is created, maintained, and healed. a,b) Scanning electron micrographs of PLGA microspheres 

prepared as described. c,d) Scanning electron micrographs of PLGA microspheres prepared without the inclusion of trehalose in 

the inner-water phase. e,f) Scanning electron micrographs of PLGA microspheres following incubation at room temperature for 

48 h rotating at 30 rpm. g,h) Scanning electron micrographs of PLGA microspheres following incubation at room temperature for 

48 h rotating at 30 rpm and at 43 °C for 42 h rotating at 30 rpm. 

 
Figure S2-9. Divalent metal cations are remotely loaded into PLGA microspheres via simple mixing. Weight-by-weight loading as 

measured by ICP.  
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Chapter 3: Optimizing Zinc-HisTag Coordination Remote Loading of Proteins in PLGA 

Microspheres 

3.1. Abstract 

Metal-HisTag coordination remote loading (MHCRL) of HisTag proteins in PLGA 

microspheres was previously developed to help overcome challenges to discovery and preclinical 

development of controlled release formulations. While proof-of-concept MHCRL was 

promising, several areas of potential improvement have been identified, including (1) reducing 

thermal stress on the proteins, (2) decreasing the complexity and duration of the procedure, (3) 

increasing the loading capacity, (4) increasing the penetration depth of protein, and (5) 

improving the release profile. Directly encapsulating ZnCO3 to provide a source of Zn2+ for 

HisTag coordination, rather than remotely loading Zn2+ and binding the cation with dextran 

sulfate, increased the Zn content in the microspheres ~6-fold. Microspheres with directly 

encapsulated ZnCO3 (DEZnCO3) more efficiently encapsulated HSA at protein loading solutions 

concentrations ≥ 100 μg/mL than remotely loaded Zn2+ microspheres (RLZn2+). HisTag green 

fluorescent protein was more deeply encapsulated in DEZnCO3 microspheres than in RLZn2+ 

microspheres. To reduce the loading and healing temperatures, tributyl acetylcitrate was included 

in the PLGA matrix and was found to be an effective plasticizer in terms of decreasing the glass 

transition temperature, but also led to a decrease in protein encapsulation efficiency. With or 

without plasticizer, the loading stage was reducible to 2 hours at 4°C and the healing stage to 6 

hours at 37°C while maintaining strong encapsulation efficiency for DEZnCO3 microspheres, 

potentially owed to the use of shorter and higher solubility PLGA chains compared to those used 
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in previous, non-MHCRL, studies. This resulted in significant improvements in protein stability. 

Immunoreactive protein was slowly released for months following a modest burst release, 

showing improved release kinetics as compared to previous MHCRL formulations. Plasticization 

was found to decrease the initial burst release. The improved remote loading microspheres and 

shorter, low-temperature encapsulation procedure developed here could be a valuable asset to 

drug discovery scientists who seek to study the controlled release of a delicate and/or costly 

biologic candidate. 

3.2. Introduction 

Metal-HisTag coordination remote loading (MHCRL) was developed in order to provide 

a universal remote loading platform that requires very small quantities of protein.1 Proteins and 

other biologics have allowed us to treat previously untreated or undertreated diseases. Due to 

poor bioavailability by non-invasive routes, though, these game-changing drug products must 

most often be injected, which is inconvenient for patients and leads to poor patient compliance.2 

To reduce the frequency of injection, controlled release formulations have been developed, with 

poly(lactic-co-glycolic acid) (PLGA) being an industry standard due to its versatility, 

biodegradability, strong safety profile, and tunable performance. PLGA has been used to 

encapsulate and slowly release a wide variety of therapeutics, including peptides, proteins, 

antibodies, vaccine antigens, and nucleic acids in formulations including nanospheres, 

microspheres, implants, and thin films.3-10  

One challenge of encapsulating biologics within PLGA microspheres is the harsh 

conditions of directly encapsulating the molecule, which lead to instability and aggregation of 

proteins.11 This process can expose the molecule to stressors including micronization, 

organic/aqueous interfaces, air/water interfaces, high shear stress, organic solvents, and high 

temperatures.8,12-18 Another issue that is particularly challenging during drug discovery and early 
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development is that the standard batch formulation process requires large amounts of the drug 

molecule, which can be cost-prohibitive or simply infeasible at these stages.19,20  

To avoid these stressors and reduce the mass of protein required during formulation, 

aqueous remote loading and self-healing encapsulation has been developed with our group being 

pioneers in the space.11,13,21-23 Here, briefly, porous and drug-free microspheres are produced and 

then exposed to an aqueous solution containing a biomacromolecule of interest, which loads into 

the microspheres and becomes encapsulated after modest heating, which closes the pores of the 

microspheres. One shortcoming, however, of current remote loading preformed microsphere 

formulations is that they rely on an inherent property of the protein of interest (i.e., charge or 

binding affinity for a particular moiety) and, thus, are not universally applicable to any 

recombinant protein.11 

MHCRL was developed to create a more universally applicable remote loading approach 

to easily encapsulate and control the release of small quantities of proteins in PLGA. In previous 

work, porous, drug-free self-healing PLGA microspheres with high molecular weight dextran 

sulfate (HDS) and remotely loaded and immobilized divalent transition metal ions were placed in 

the presence of proteins with or without HisTags to bind the protein in the pores of the polymer 

before healing the surface pores.1 This mechanism relies on the coordination bond formed 

between histidine and divalent transition metal cations above pH 6. This same mechanism is 

used in immobilized metal affinity chromatography, a commonly utilized method of isolating 

and purifying recombinant proteins.24-27 It was shown that MHCRL was able to efficiently 

microencapsulate micrograms of multiple HisTag proteins and slowly release them while 

minimizing losses of protein immunoreactivity and/or bioactivity over weeks-to-months.  
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Here, we aim to build on and improve this work. Specifically, we identified five areas of 

focus to improve the platform and make it more applicable for its intended purpose of preclinical 

drug discovery and development: (1) reduce the thermal stress on the proteins, (2) decrease the 

complexity and duration of the protocol, (3) increase the protein loading capacity of the 

microspheres, (4) increase the penetration depth of the encapsulated protein, and (5) improve the 

release profile of the encapsulation protein. In this effort, ZnCO3 was introduced as an excipient 

to help control the acidity of the microclimate within PLGA delivery systems in addition to 

serving as a porosigen.28-30 Aside from these functions, ZnCO3 can provide a reservoir of Zn2+ 

ions for HisTags to bind. Other excipients introduced to meet these goals include two 

plasticizers, tributyl acetylcitrate (TBAC) and triethyl citrate (TEC). These agents were 

introduced in the preformed microspheres to increase the polymer chain mobility, decreasing the 

Tg of the polymer phase, which would allow for faster healing of microspheres at lower 

temperatures. TBAC has been used to plasticize PLGA microspheres previously31,32 and has 

been shown to have a very favorable toxicity profile.33,34 Meanwhile, TEC has also been used in 

the release medium of PLGA microspheres to increase polymer permeability35 and is used as a 

food and cosmetic additive. 

3.3. Experimental Methods 

3.3.1. Materials 

Resomer RG 504 PLGA (50:50, ester-terminated, molecular weight 38,000-54,000 Da), 

magnesium carbonate, trehalose, 88% hydrolyzed poly(vinyl alcohol) (PVA), and high 

molecular weight (>500,000 Da) dextran sulfate (HDS) were purchased from Sigma Aldrich. 

Zinc acetate and zinc carbonate basic were purchased from Sigma Aldrich. Poly-histidine tagged 

(HisTag) Human Serum Albumin (HSA) was purchased from Arco Biosystems and untagged 

(NoTag) HSA was purchased from Raybiotech. HisTag insulin-like growth factor 1 (IGF-1) was 
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purchased from Signalway Antibodies and NoTag IGF-1 was purchased from Sino Biological. 

HisTag green fluorescent protein (GFP) was purchased from Sino Biological. All HisTag 

proteins contained tags of six histidine residues. Tags were at the N-terminus for GFP and IGF-1, 

whereas the Tag for HSA was at the C-terminus. Bovine serum albumin (BSA) was purchased 

from Sigma Aldrich and blocker casein in PBS was purchased from ThermoFisher. Tributyl 

acetylcitrate (TBAC) and triethyl citrate (TEC) were purchased from Sigma Aldrich. All other 

common reagents and solvents were purchased from Sigma Aldrich, except where otherwise 

specified. 

3.3.2. Preparation of MHCRL PLGA microspheres 

3.3.2.1. Remotely loaded Zn2+ in HDS/MgCO3 microspheres 

Porous PLGA microspheres with HDS as a metal immobilizer, MgCO3 as a pH-

modulator and porosigen,28-30 and trehalose as a porosigen were prepared by double water-oil-

water (w/o/w) emulsion and solvent evaporation. The first emulsion was created by 

homogenizing a suspension of 1 mL of 250 mg/mL dissolved PLGA and 6% w/w fine particulate 

MgCO3 in methylene chloride (continuous phase) with an inner water phase (disperse phase) of 

200 μL of 4% w/v HDS and 3% w/v trehalose in a glass cell culture tube at 18,000 rpm for 60 s 

over an ice bath, using a Tempest IQ2. The second emulsion was created by adding 2 mL of 5% 

PVA to the primary emulsion and vortexing for 60 s. The w/o/w double emulsion was added to 

100 mL of 0.5% PVA and stirred for 3 h at room temperature in a 150 mL beaker to allow for 

hardening and evaporation of methylene chloride. The 20-63 μm fraction of microspheres was 

collected using sieves and the microspheres were washed with excess double-distilled water and 

lyophilized. For future HisTag coordination, Zn2+ was then remotely loaded into the HDS/PLGA 

microspheres by incubating the microspheres in at least 1 mL of 500 mM zinc acetate salt 

solution (or water as a control) per 1 mg of microspheres for 24 h rotating at 30 rpm at room 
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temperature. Microspheres were washed extensively with double-distilled water under vacuum 

on a 0.2 μm nylon filter and lyophilized. Microspheres that were incubated in water, rather than 

500 mM zinc acetate, are referred to as Zn2+-free HDS/PLGA. The remotely loaded Zn2+ 

microspheres thus prepared are referred to RLZn2+ microspheres. The DEZnCO3 microspheres 

described below did not undergo this procedure. 

3.3.2.2. Inclusion of plasticizers 

To create 2.5% or 5% w/w TBAC- or TEC-plasticized microspheres, 6.5 μL or 13.4 μL 

TBAC, respectively, was added to the 250 mg PLGA in 1 mL methylene chloride continuous 

phase before emulsification. To create 2.5% or 5% w/w TEC-plasticized microspheres, 6 μL or 

12.3 μL TEC, respectively, was added to the 250 mg PLGA in 1 mL methylene chloride 

continuous phase before emulsification.  

3.3.2.3. Direct encapsulation of ZnCO3 in place of remote Zn2+ loading and MgCO3 

To create direct encapsulation ZnCO3 HDS/PLGA microspheres (DEZnCO3 

microspheres), ZnCO3 replaced MgCO3 in the 250 mg PLGA in 1 mL methylene chloride 

continuous phase before emulsification. These microspheres were not remotely loaded with Zn2+ 

from zinc acetate as described above. 

3.3.3. Determination of dry and hydrated Tg with differential scanning calorimetry 

Thermographs were collected with the TA Instruments (USA) nano series differential 

scanning calorimeter (DSC). Approximately 0.5-1 mg of microspheres were weighed into the 

provided aluminum pans. For hydrated samples, 20 µL ddH2O was added, incubated at room 

temperature for 24 h, and the pans were sealed with aluminum hermetic lids. Data were collected 

on the second heating from 5-75 ºC at a scan rate of 3 ºC /min using a heat-cool-heat cycle. 

Empty reference pans were also used and the Tg was determined by TA TRIOS software 

analysis. 
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3.3.4. Assessment of microsphere morphology by scanning electron microscopy 

The surface morphology of microspheres was examined via a Tescan MIRA3 FEG 

electron microscope (SEM). Microspheres were mounted onto a brass stub via double-sided 

adhesive tape and sputtered with gold for 60 s at 40 W under vacuum. Images were taken at an 

excitation voltage of 2 kV or 5 kV as indicated. Prior to imaging, microspheres were incubated in 

protein-free sodium acetate, sodium chloride loading solution for the specified duration at the 

specified temperature rotating at 30 rpm, then washed with double-distilled water and 

lyophilized. 

3.3.5. Remote loading and encapsulation of and proteins 

3.3.5.1. Standard Procedures 

Remote loading HisTag and NoTag protein solutions were prepared by buffer exchange 

with Amicon ultra centrifugal filter units (for HSA) or by diluting lyophilized powders in loading 

solution (for GFP and IGF-1). Proteins were remotely loaded into the Zn-loaded microspheres by 

incubating 1 mg of microspheres in 100 μL of HisTag or NoTag protein of the indicated 

concentration in pH 8 phosphate buffered saline, or 50 mM sodium acetate, 300 mM sodium 

chloride, pH 8 solution where indicated. Remote loading and self-healing consisted of a loading 

stage followed by a healing stage at increased temperature. During both stages, microspheres and 

protein loading solutions were rotated at 30 rpm. The durations and temperatures of these stages 

were adjusted as described below.  

3.3.5.2. Determination of Zn loading 

The amount of Zn2+ remotely loaded into RLZn2+ microspheres was determined by 

dissolving several mg of microspheres in acetone, centrifuging for 5 min at 8,000 rpm, and 

removing the supernatant for three cycles. The pellet was then reconstituted in water and 

analyzed using a Perkin-Elmer Nexion 2000 ICP-MS using appropriate standards and scandium 
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as an internal standard. To determine the amount of Zn directly encapsulated in DEZnCO3 

microspheres, the same procedures were followed, although 10% nitric acid was used in place of 

water to reconstitute the ZnCO3. Loading percentage was calculated as: 

mass of Zn in micropsheres

total mass of microspheres
 ×  100% 

3.3.5.3. Determination of immunoreactive protein by ELISA 

HSA and IGF-1 ELISA kits were purchased from Raybiotech and performed according to 

kit instructions to determine immunoreactive protein concentrations. In all ELISAs, NoTag and 

HisTag proteins used for remote loading encapsulation were also included as reference 

standards. 

3.3.5.4. Determination of total protein by Coomassie Plus protein assay 

Total protein content for NoTag and HisTag HSA in loading solutions was measured by 

Coomassie Plus protein assay using a 1:1 sample-to-reagent ratio. BSA standards were used, 

with the NoTag and HisTag proteins included as reference standards, and absorbance was read at 

595 nm in accordance with the protocol. 

3.3.5.5. Estimation of encapsulation efficiency 

Encapsulation efficiency of the available protein was estimated by ELISA and Coomassie 

Plus protein assay by comparing the final concentrations of protein in the loading solution to a 

control loading solution, which underwent the same conditions without microspheres as follows: 

𝐸𝐸𝑎𝑣𝑎𝑖𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝐶
× 100% 

 

Where CC and CMS are the concentration of protein in control loading solution and the 

concentration of protein in the loading solution with microspheres quantified by either 

Coomassie Plus protein assay (for total protein) or ELISA (for immunoreactive or “active” 

protein), respectively.  
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Actual active encapsulation efficiency of active protein was calculated as: 

𝐸𝐸𝑎𝑐𝑡𝑢𝑎𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝑖
× 100% 

Where CC, CMS, and Ci are the concentration of protein in control loading solution, 

concentration of protein in the loading solution with microspheres, and the original concentration 

of protein in the loading solution quantified by ELISA, respectively. Actual total encapsulation 

efficiency was calculated similarly with concentrations of protein quantified by Coomassie Plus 

protein assay used in place of those measured by ELISA. 

3.3.5.6. Determination of spatial loading with confocal imaging 

Following remote loading of HisTag GFP from 50 mM sodium acetate, 300mM sodium 

chloride, pH 8 loading solution into DEZnCO3 and RLZn2+ microspheres, and Zn2+-free 

HDS/PLGA microspheres using a 48h room temperature loading stage followed by a 42h, 43°C 

healing stage, microspheres were suspended in water and imaged. A Leica SP8 confocal laser 

scanning microscope (Leica Microsystems, Wetzlar, Germany) was equipped with a four-laser 

system and an inverted microscope. HisTag GFP was excited at 487 nm by an Ar laser and the 

emission at 508 nm was captured. All measurements were conducted using a HC PL APO CS2 

40X water immersion objective lens with numerical aperture of 1.1. The detection gain was set at 

100, and the pinhole was 330 µm. The power of the Ar laser was set to 30% of its full power. 

The image size was 512 x 512 pixels, and the images were scanned by 8-bit plane mode at a scan 

speed of 400 Hz. 

3.3.5.7. Optimization of protein loading stage 

The duration of the room temperature loading stage was varied from 48 h down to 0.5 h. 

The healing stage was held constant at 42 h at 37°C. Using a 100μg/mL HisTag HSA pH 8 PBS 

loading solution (pH was increased with NaOH), the available total protein encapsulation 
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efficiency was measured by Coomassie Plus protein assay as described above. The temperature 

of the loading stage was also decreased to 4°C and the duration varied from 2 h to 12 h, with the 

healing stage being held constant at 42 h at 37°C before determination of total protein 

encapsulation efficiency by Coomassie Plus protein assay. 

3.3.5.8. Optimization of microsphere healing stage 

Using a 2h, 4°C loading stage, the duration of the 37°C healing stage was varied from 42 

h down to 2 h. Using a 100μg/mL HisTag HSA pH 8 PBS loading solution, the available total 

protein encapsulation efficiency was measured by Coomassie Plus protein assay as described 

above. 

3.3.5.9. Evaluation of release kinetics 

HSA release was conducted by incubating 10 mg microspheres in 0.15 mL phosphate 

buffered saline (PBS) + 0.02% Tween 80 + 1% casein, pH 7.4. IGF-1 release was conducted by 

incubating 1 mg microspheres in 0.4 mL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4. Media was 

completely replaced at each timepoint after centrifuging for 5 min at 8,000 rpm and removing the 

supernatant. All samples were incubated at 37 ºC with shaking. Casein was used as a blocking 

agent in place of BSA for HSA release to avoid interference in the HSA ELISA. All samples for 

release studies were prepared by encapsulating protein with a 2h, 4°C loading stage followed by 

a 6h, 37°C healing stage in pH 8 PBS loading solution. 

3.3.5.10. Effect of pH on remote loading encapsulation efficiency 

Using both HisTag HSA (100 μg/mL) and HisTag IGF-1 (50 μg/mL), the pH of PBS 

loading solution was adjusted to 4, 5, 6, 7, or 8 and microspheres underwent a 2h, 4°C loading 

stage followed by a 6h, 37°C healing stage. The available total protein encapsulation efficiency 

was measured by Coomassie Plus protein assay as described above. Unencapsulation controls 

were included at each pH. 
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3.4. Results and Discussion 

To build off the proof-of-concept work completed previously,1 we identified five goals: 

(1) reduce the thermal stress on the proteins, (2) decrease the complexity and duration of the 

protocol, (3) increase the loading capacity of the microspheres, (4) increase the penetration depth 

of the encapsulated protein, and (5) improve the release profile of the encapsulation protein. As 

described below, we sought to accomplish these goals by investigating: (a) plasticization of the 

microspheres, (b) changing the way the transition metal is introduced in the microspheres (and at 

the same time switching the basic additive), and (c) adjusting loading/healing conditions (time, 

temperature, protein concentration, and pH). 

3.4.1. Plasticization of microspheres 

The first of these goals is an extension of one of the purposes of remote loading in 

general: to encapsulate delicate proteins without exposing them to stressors which cause 

denaturation and aggregation. One of the most significant sources of stress present in the 

MHCRL protocol previously described1 is the duration and temperature of the healing stage (42 

h at 43°C), when the temperature of the microspheres and protein loading solution must be raised 

above the Tg of polymer phase to induce self-healing pore-closure, which encapsules the protein 

within the microspheres. Stress from this heating stage has been shown to damage proteins 

previously.1,13  

The second of these goals was set with the end-user in mind. This platform is meant to be 

able to be utilized by non-formulation scientists during the drug discovery and early 

development process. Shortening the duration of the protocol from the ~six-day protocol 

described previously and reducing the complexity of the protocol would make it a more useful 

tool in this sense.1 Decreasing the duration of the loading and/or healing stages helps towards 

this goal. One method of reducing the necessary duration and temperature of the healing stage is 
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to reduce the Tg of the polymer phase by incorporating plasticizers into the continuous phase of 

the double-emulsion formulation.13 

Here, we incorporated TBAC or TEC at 2.5% or 5% w/w. To determine the extent that 

these agents were able to lower the Tg of the microspheres, DSC was used to measure the dry and 

hydrated Tg. The inclusion of 2.5% and 5% TBAC resulted in a decrease in the dry Tg from 47.3 

°C to 43.0 °C and 38.4 °C, respectively, and a decrease in the hydrated Tg from 31.6 °C to 28.1 

°C and 25.0 °C, respectively (Figure 3-1). Inclusion of 2.5% and 5% TEC, on the other hand, 

was far less effective at lowering the Tg (dry: 46.8 °C and 46.5 °C, respectively; hydrated: 31.3 

°C and 31.0 °C, respectively). This led us to further investigate the 2.5% and 5% TBAC 

formulation, along with the unplasticized formulation. 

 
Figure 3-1. Inclusion of TBAC results in a dose-dependent decrease in both dry and hydrated Tg of HDS/PLGA microspheres with 

negligible effect of TEC. Hydrated microspheres were incubated in ddH2O for 24 h before analysis. Horizontal lines indicate Tg of 

unplasticized microspheres for reference. Values represent mean ± SD (n=3). 

3.4.2. Direct encapsulation of ZnCO3 

The next potential change to the formulation was motivated by the second, third, fourth, 

and fifth goals. Rather than creating microspheres free of metal cations and remotely loading 

Zn2+, we replaced the 6% w/w MgCO3 in the continuous phase of the microspheres with 6% w/w 

ZnCO3. This helps towards the second goal of decreasing the complexity and duration of the 

protocol by obviating the remote loading of Zn2+, removing a 24h incubation period and a 
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lyophilization step. Incorporating ZnCO3 in PLGA has been shown to release Zn2+ during remote 

encapsulation of proteins.36 

The third goal of increasing the loading capacity of the microspheres was motivated by 

the fact that a decrease in encapsulation efficiency was seen with an increase in protein loading 

solution concentration in previous studies.1 It was hypothesized that increasing the amount of 

Zn2+ available to the HisTags for coordination bonding would help address Zn2+ availability. 

Directly encapsulating ZnCO3 in the HDS/PLGA microspheres (DEZnCO3 microspheres) 

resulting in a nearly 6-fold increase in the Zn2+ content (2.42% ± 0.14%) as compared to 

remotely loaded Zn2+ HDS/PLGA microspheres (RLZn2+ microspheres) (0.42% ± 0.12%) (Figure 

3-2). 

 
Figure 3-2. Effect of Zn incorporation method on metal loading. ZnCO3 was either directly encapsulated in HDS/PLGA 

microspheres (DEZnCO3) or remotely loading HDS/PLGA microspheres (RLZn2+). Values represent mean ± SD (n=3). 
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Figure 3-3. Effect of Zn incorporation on remote encapsulation of HisTag HSA from MHCRL PLGA microspheres. Available 

protein encapsulation efficiency of HisTag HSA from 400 μg/mL protein loading solution. Forty μg protein and 1 mg of 

microspheres in 100 μL sodium acetate, sodium chloride pH 8 loading solution. Total EEavail by total protein assay. Values 

represent mean ± SD (n=3). 

Table 3-1. Summary of remote self-healing encapsulation by Zn2+-HisTag protein binding. One mg microspheres, 100 μL loading 

solution was used unless noted otherwise. Values represent mean ± SD (n=3). 

HisTag 

Protein 

Zn2+ 

source 

Loading/

Healing 

duration, 

temp 

Active 

Protein 

Loaded 

(μg)  

Total 

Protein 

Loaded 

(μg)  

Active 

Available 

EE (%) 1 

Total 

Available 

EE (%) 1 

Actual 

Active 

EE 

(%) 1 

Actual 

Total 

EE 

(%) 1 

HSA  

(400 µg/mL) 

Direct 

ZnCO3 

48h, RT / 

42h, 43°C 
-- 

19.1 ± 

1.5 
-- 48.2 ± 3.7 -- 

47.8 ± 

3.7 

HSA  

(400 µg/mL) 

Remote 

Zn2+ 

48h, RT / 

42h, 43°C 
-- 

11.6 ± 

3.7 
-- 29.4 ± 9.4 -- 

29.0 ± 

9.3 

GFP 

(50 µg/mL) 

Direct 

ZnCO3 

48h, RT / 

42h, 43°C 
-- 

4.3 ± 

0.2 
-- 89.0 ± 3.0 -- 

86.8 ± 

2.9 

GFP 

(50 µg/mL) 

Remote 

Zn2+ 

48h, RT / 

42h, 43°C 
-- 

3.1 ± 

1.1 
-- 

64.6 ± 

18.5 
-- 

63.0 ± 

18.0 

IGF-1 

(50 µg/mL) 

Direct 

ZnCO3 

2h, 4°C / 

6h, 37°C 

3.6 ± 

0.1 

4.0 ± 

0.0 
79.7 ± 1.5 83.9 ± 1.0 

72.4 ± 

1.3 

80.6 ± 

1.0 

IGF-1 

(50 µg/mL) 

Remote 

Zn2+ 

48h, RT / 

42h, 43°C 

2.4 ± 

0.7 
-- 

81.0 ± 

23.4 
-- 

47.5 ± 

17.3 
-- 

HSA 

(100 µg/mL)2 

Direct 

ZnCO3 

2h, 4°C / 

6h, 37°C 

84.9 ± 

1.3 

86.7 ± 

2.3 
92.2 ± 1.4 88.3 ± 2.3 

84.9 ± 

1.3 

86.7 ± 

2.3 
1 EE = Encapsulation Efficiency. 
2 10 mg microspheres, 1 mL loading solution 
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there. This could have negative effects on the loading capacity and efficiency, as well as the 

release profile of the proteins. It was hypothesized that directly encapsulating ZnCO3 would 

result in Zn being more evenly distributed throughout the microspheres, which should result in 

remotely loaded protein being encapsulated deeper within the microspheres. To test this, HisTag 

GFP was used as the protein drug in a 50 μg/mL loading solution. It was found that the 

encapsulation efficiency into DEZnCO3 microspheres was significantly greater (p < 0.10) than 

into RLZn2+ microspheres (Figure 3-4a). Next, to visualize the spatial distribution of the 

encapsulated GFP within the microspheres, the microspheres were imaged under confocal 

microscopy. As shown, the GFP in the DEZnCO3 microspheres appears to be encapsulated much 

more deeply within the microspheres as compared to the GFP in the RLZn2+ microspheres, which 

appears to be mostly located near the surface of the microspheres (Figure 3-4b).  

 
Figure 3-4. HisTag GFP is deeply and efficiently encapsulated in DEZnCO3 microspheres by remote loading relative to RLZn2+ 

microspheres, and Zn2+-free HDS/PLGA microspheres. a) Available protein encapsulation efficiency of HisTag GFP from 50 

μg/mL protein loading solution into DEZnCO3 microspheres, RLZn2+ microspheres, and Zn2+-free HDS/PLGA microspheres. Five 

μg protein and 1 mg of microspheres in 100 μL PBS pH 8 loading solution. EEavail by total protein assay. b) Confocal microscopic 

images of HisTag GFP loading into DEZnCO3 microspheres, RLZn2+ microspheres, and Zn2+-free HDS/PLGA microspheres. Total 

EEavail by total protein assay. Values represent mean ± SD (n=3). 
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3.4.5. Optimization of loading stage and healing stage times 

Following these results, we explored if TBAC, at 2.5% and 5% w/w, could be used to 

plasticize the DEZnCO3 microspheres as it had the RLZn2+ microspheres. The results, in terms of 

dry and hydrated Tg (Figure S3-11) were similar as compared to the unplasticized and 2.5% and 

5% TBAC MgCO3-containing microspheres (Figure 3-1), with the Tg’s of the DEZnCO3 

microspheres being 1.5-3 C° lower. 

  As described above, the main purpose of including plasticizers was to shorten the 

duration and/or decrease the temperature of the healing stage of the remote loading and self-

encapsulation process. It would also be beneficial to decrease the duration and/or lower the 

temperature of the loading stage. These changes would make the protocol gentler on the proteins 

by decreasing the thermal stress and would make the protocol more convenient for the user. To 

begin, we focused on optimizing the loading stage varying duration of this stage from 48 h down 

to 0.5 h and measured the encapsulation efficiency of HisTag HSA from a 100μg/mL protein 

loading solution into unplasticized, 2.5% TBAC, and 5% TBAC DEZnCO3 microspheres. At 

nearly all durations, the unplasticized formulation was superior to the 2.5% TBAC formulation, 

which was superior to the 5% TBAC formulation (Figure 3-5a). Also, with the exception of the 

5% TBAC formulation at durations above 12 h, the increase in duration of the loading stage 

above 0.5 h did not result in an increase in encapsulation efficiency.  

One possible explanation for the decrease in encapsulation efficiency observed with an 

increase in TBAC content could be that the microspheres were becoming plasticized such that 

the pores were healing during the room temperature loading stage before protein was able to load 

into the microspheres. Indeed, the Tg of the 5% TBAC DEZnCO3 microspheres was measured to 

be near room temperature, and SEM micrographs suggest an accelerated rate of pore-closure 

(Figure S3-12). This increased plasticization could also explain the increase in encapsulation 
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efficiency into the 5% TBAC microspheres observed at longer loading stage durations; new 

pores may have been able to form, allowing protein to load into the microspheres. 

To address this issue, the temperature of the loading stage was decreased to 4°C and the 

experiment was repeated, with loading stage durations ranging from 2 h to 12 h. Again, an 

increase in TBAC content was associated with a decrease in encapsulation efficiency and no 

significant changes (p > 0.10) in the encapsulation efficiencies within formulations with 

increasing loading stage duration were seen (Figure 3-5b). Also, for the unplasticized 

formulation, the change in loading stage temperature from room temperature to 4°C did not yield 

a significant change (p > 0.10) in encapsulation efficiency at any duration. The lower 

temperature, though, should be gentler on the protein. 

Next, using a 2h, 4°C loading stage, we focused on optimizing the duration of the 37°C 

healing stage by varying the duration of it from 1 h to 42 h, again using a 100μg/mL HisTag 

HSA protein loading solution. An increase in this duration past six hours was not associated with 

a significant increase (p > 0.10) in encapsulation efficiency (Figure 3-5c), suggesting that this 

stage, too, can be decreased in duration in the interest of protein stability and convenience 

without sacrificing encapsulation efficiency. 



 67 

 
 

Figure 3-5. Optimization of loading stage and healing stage durations. Available protein encapsulation efficiency of HisTag HSA 

from 100 μg/mL protein loading solution into unplasticized, 2.5% TBAC, and 5% TBAC DEZnCO3 microspheres. Ten μg protein 

and 1 mg of microspheres in 100 μL PBS pH 8 loading solution. a) Room temperature loading stage times were varied as indicated, 

followed by a 42hr, 37°C healing stage. b) 4°C loading stage times were varied as indicated, followed by a 42hr, 37°C healing 

stage. c) 2h 4°C loading stage was followed by a 37°C healing stage of the indicated duration. In all cases, Total EEavail was by 

total protein assay. Values represent mean ± SD (n=3). 

3.4.6. Comparison of encapsulation efficiencies at increased loading solution 

concentrations 

As described before, one purpose of directly encapsulating ZnCO3 was to increase the 

loading capacity and efficiency of the microspheres at increased concentrations. To probe this 

improvement following the loading and healing stage optimization experiments, DEZnCO3 

microspheres underwent a 2h, 4°C loading stage and a 6h, 37°C healing stage and the 

encapsulation efficiencies from HisTag HSA loading solutions of various concentrations were 

measured. Remote loading Zn2+ underwent a 48h, room temperature loading stage and a 42h, 

43°C healing stage per the previously described protocol1 and the encapsulation efficiencies from 

HisTag HSA loading solutions of various concentrations were measured. While the RLZn2+ 

protocol slightly outperformed the DEZnCO3 protocol at a protein loading solution concentration 
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of 50 μg/mL, the DEZnCO3 protocol showed greater encapsulation efficiencies and loading 

percentages at greater loading solution concentrations ranging from ~250 μg/mL to ~750 μg/mL 

HisTag HSA as compared to the RLZn2+ protocol (Figure 3-6). Additionally, using the two-

sample F-test for the equality of variances, the variances in encapsulation efficiencies between 

replicates at given conditions with loading solution concentrations greater than 500 μg/mL for 

the DEZnCO3 protocol were shown to be significantly smaller (p < 0.10) than the for the RLZn2+ 

protocol, and trend that is consistent across other data presented here. This could be very helpful 

during drug discovery and development, when a level of precise control is desired. 

 

 
Figure 3-6. Effect of loading solution (LS) concentration on (a) total available protein encapsulation efficiency and (b) protein 

loading of HisTag HSA for two different protocols. The protein was loaded from 100 μL protein loading solution at the indicated 

concentration into 1 mg DEZnCO3 microspheres and RLZn2+ microspheres. DEZnCO3 microspheres underwent a 2h, 4°C loading 

stage followed by a 6h, 37°C healing stage using PBS pH 8 loading solution. RLZn2+ microspheres underwent a 48h, room 

temperature loading stage followed by a 42h, 43°C healing stage using sodium acetate, sodium chloride pH 8 loading solution. 

Total EEavail and loading was by total protein assay. Values represent mean ± SD (n=3). 50 μg/mL LS Concentration RLZn2+ / 43C 

data (left-most · in each plot) reproduced from Albert, et al.1 

3.4.7. Effect of loading protocol optimization on IGF-1 encapsulation efficiency 

While DEZnCO3 microspheres have been shown to more efficiently encapsulate HisTag 

GFP from a protein loading solution of 50 μg/mL (Figure 3-4a) and from HisTag HSA loading 

solutions of ≥ 100 μg/mL (Figure 3-6), we wanted to test the new DEZnCO3 protocol with a 

pharmaceutically relevant protein: IGF-1. DEZnCO3 microspheres underwent a 2h, 4°C loading 

stage and a 6h, 37℃ healing stage, while RLZn2+ microspheres underwent a 48h, room 

temperature loading stage and a 42h, 43°C healing stage per the previously described protocol1 
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and the active encapsulation efficiencies from a 50 μg/mL protein loading solution were 

measured. At this relatively low loading solution concentration, there was no significant 

difference (p > 0.10) in active encapsulation efficiencies between the two protocols, although the 

variance of the DEZnCO3 formulation was again far smaller than that of the RLZn2+ formulation 

(Figure 3-7). Active protein loading was 0.36 ± 0.01% and 0.24 ± 0.07% for DEZnCO3 and 

RLZn2+ microspheres, respectively. Crucially, the actual active encapsulation efficiency for 

DEZnCO3 microspheres was 72.4 ± 1.3% compared to 47.5 ± 17.3% for RLZn2+ microspheres 

(Table 3-1). This was owed to the increase in protein stability under the optimized loading and 

healing protocol with shorter time and lower temperature. 

  
Figure 3-7. Effect of Zn incorporation method on active available protein encapsulation efficiency of HisTag IGF-1. The protein 

was loaded from 100 L 50 μg/mL protein solution and 1 mg DEZnCO3 microspheres or RLZn2+ microspheres. DEZnCO3 

microspheres underwent a 2h, 4°C loading stage followed by a 6h, 37°C healing stage using PBS pH 8 loading solution. RLZn2+ 

microspheres underwent a 48h, room temperature loading stage followed by a 42h, 43°C healing stage using sodium acetate, 

sodium chloride pH 8 loading solution. Active EEavail was by ELISA. Values represent mean ± SD (n=3). RLZn2+ data reproduced 

from Albert, et al. 2022. 

3.4.8. Effect of pH on encapsulation efficiency  

To further probe the Zn2+-HisTag coordination mechanism and to explore how durable 

this remote loading platform can be across a range of pH’s, the pH of the loading solution was 

varied from the standard 8 down to 4 and the encapsulation efficiencies of NoTag and HisTag 

HSA and IGF-1 into DEZnCO3 microspheres were monitored using a 2h, 4°C loading stage and a 
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6h, 37°C healing stage. It was hypothesized that the encapsulation efficiency for the HisTag 

proteins would be highest above pH 6, where histidine begins to deprotonate and is able to form 

coordination bonds with metal cations, and that below pH 6, HisTag proteins would have similar 

encapsulation efficiencies to NoTag proteins, as the protonated histidine should offer little-to-no 

increased binding activity. With HSA, HisTag protein did have significantly higher (p < 0.10) 

encapsulation efficiencies than NoTag protein at pH > 6 (Figure 3-8a), while the encapsulation 

efficiencies were nearly identical at pH ≤ 5. At pH 4, though, the encapsulation efficiencies of 

both the HisTag and NoTag HSA was found to be higher than at any other pH. One possible 

explanation for this is that the isoelectric point of HSA is reported to be 4.7.37 Thus, at pH 4, 

HSA carries a net positive charge, which may aid the protein to bind to the negatively charged 

HDS present in the microspheres. Another possible explanation is that HSA is known to undergo 

a conformational change at this pH,38 which could increase its binding affinity for Zn2+ and/or 

HDS. As the HisTag and NoTag HSA were similarly affected, HisTag-metal coordination does 

not seem to be playing a role in this phenomenon. With IGF-1, the hypothesized trend was 

confirmed; HisTag IGF-1 was encapsulated most efficiently at pH ≥ 6 and least efficiently at pH 

< 6 (Figure 3-8b). Further, HisTag IGF-1 is encapsulated significantly more efficiently (p < 

0.10) than NoTag IGF-1 at pH ≥ 6, while the encapsulation efficiencies at pH < 6 are remarkably 

similar.  

Another significant finding suggested by these results is that the pH of the loading 

solution can be decreased from 8 to 7 or 6 while maintaining relatively high encapsulation 

efficiency. This could prove useful for proteins that may retain activity better at pH < 8, allowing 

this platform to be more generalizable and robust. 
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Figure 3-8. Effect of loading solution pH on available total protein encapsulation efficiency of a) HisTag HSA and b) HisTag IGF-

1 into DEZnCO3 microspheres. One mg microspheres in 100 μL PBS loading solution underwent a 2h, 4°C loading stage followed 

by a 6h, 37°C healing stage. a) Loading solution of 100 μg/mL HisTag HSA. b) Loading solution of 50 μg/mL HisTag IGF-1. Total 

EEavail by total protein assay. Values represent mean ± SD (n=3). 

3.4.9. Evaluation of release kinetics from DEZnCO3 microspheres 

One of the goals of directly encapsulating ZnCO3 within HDS/PLGA microspheres was 

to improve the release profile as compared to RLZn2+microspheres. From the confocal images of 

HisTag GFP, proteins likely are encapsulated more deeply within DEZnCO3 microspheres 

(Figure 3-4b), which will hopefully limit the burst release and lead to more steady release of 

protein. 

To test this, the release of immunoreactive HisTag HSA and HisTag IGF-1 from 

DEZnCO3 microspheres was monitored via ELISA (Figure 3-9). HisTag proteins were remotely 

loaded and encapsulated from a pH 8 loading solution using a 2h, 4°C loading stage and a 6h, 

37°C healing stage. The active loading and encapsulation efficiency of HisTag HSA and HisTag 

IGF-1 were 0.85 ± 0.01% and 92.2 ± 1.4%, and 0.36 ± 0.01% and 79.7 ± 1.5%, respectively. In 

both cases, modest burst release remained, followed by approximately two months of steady, 

continuous release. While these profiles are more desirable than what was previously seen with 

RLZn2+ microspheres, the initial burst can still be improved upon (see below). 
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Figure 3-9. Release of immunoreactive HisTag protein from DEZnCO3 microspheres. a) Release of immunoreactive HisTag HSA 

from 10 mg DEZnCO3 microspheres in 150 μL PBS + 0.02% Tween 80 + 1% casein, pH 7.4 at 37 °C. Loading was conducted using 

100 μg protein and 10 mg of microspheres in 1 mL PBS pH 8 loading solution. b) Release of immunoreactive HisTag IGF-1 from 

1 mg DEZnCO3 microspheres in 400 μL PBS + 0.02% Tween 80 + 1% BSA, pH 7.4 at 37 °C. Loading was conducted using 5 μg 

protein and 1 mg of microspheres in 100 μL PBS pH 8 loading solution. Values represent mean ± SD (n=3). 

3.4.10. Effect of plasticization on initial burst release of HisTag HSA  

To address the initial burst (~20-30% in Figure 3-9), which may be high for certain 

applications, the effect of TBAC plasticization on the release of HisTag HSA from DEZnCO3 

microspheres was measured. Initial burst release is initiated by the hydration of microspheres, 

which solubilizes drug and excipients located on the surface or in percolating pores connected to 

the surface of the microspheres. These dissolved species can then easily diffuse out of the 

microspheres through interconnected pores, or from the surface, of microspheres. The hypothesis 

was that the increase in plasticizer content would lower the Tg of the microspheres, allowing the 

polymer chains to be more mobile and close pores more completely and more quickly as the 

influx of water creates new pores, and that this decrease is surface porosity would correspond to 

a decrease in initial burst, as encapsulated protein would be less freely able to diffuse out of the 

microspheres. 

 Here, HisTag HSA was remotely loaded and encapsulated into unplasticized DEZnCO3 

microspheres and 2.5% and 5% TBAC DEZnCO3 microspheres using a 2h, 4°C loading stage and 
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a 6h, 37°C healing stage and release was measured with ELISA. These three formulations had 

loading and encapsulation efficiencies of 0.62 ± 0.05% and 74 ± 6%, 0.46 ± 0.06% and 54% ± 

7%, and 0.33 ± 0.12% and 40% ± 14%, respectively. 

Through one, three, and seven days, increase in TBAC content was associated with a 

decrease in released protein (Figure 3-10). This supports the hypothesis that plasticization can 

limit the initial burst, potentially by increasing pore-closure during the healing stage, although 

further studies would be needed to gain a more complete picture of this concept and its utility. 

Preliminary studies do suggest that surface pores of plasticized microspheres heal rather quickly 

(Figure S3-12). The initial burst can also be affected by the osmotic pressure within 

microspheres, which is largely driven by excipients. 

 
Figure 3-10. Plasticization of DEZnCO3 PLGA microspheres slows release of HisTag HSA. Release of immunoreactive HisTag 

HSA from 1 mg TBAC-plasticized or DEZnCO3 microspheres in 400 μL PBS + 0.02% Tween 80 + 1% casein, pH 7.4 at 37 °C. 

Loading was conducted using 10 μg protein and 1 mg of microspheres in 100 μL PBS pH 8 loading solution. Values represent 

mean ± SD (n=3). 

3.5. Conclusion 

This work builds off the proof-of-concept of using metal-HisTag coordination to 

remotely and efficiently encapsulate diverse proteins in PLGA microspheres for controlled 

release. Replacing MgCO3 with ZnCO3 by direct encapsulation in the reformed microspheres 

with HDS removed the need for the remote loading of Zn2+, resulted in higher Zn2+ loading. This 



 74 

improvement also led to deeper encapsulation of HisTag proteins and higher encapsulation 

efficiencies at increased protein loading solution concentrations as compared to the previously 

described formulation. TBAC was found to be an effective plasticizer in terms of lowering the Tg 

of the microspheres and evidence suggests that it speeds pore-healing, but plasticized 

microspheres show generally lower encapsulation efficiencies as compared to unplasticized 

microspheres at short loading times. It was found that the loading and healing stages can be 

dramatically reduced in temperature and/or duration without resulting in substantial decreases in 

encapsulation efficiency, drastically improving protein stability through the encapsulation 

process. This result may be caused by shorter and higher solubility PLGA chains compared to 

those used in previous, non-MHCRL, studies.13 It was found that the pH of the protein loading 

solution can be decreased slightly without substantially decreasing encapsulation efficiency, 

providing more flexibility to basic pH-labile proteins. Finally, while an appreciable initial burst 

release still exists with DEZnCO3 microspheres, plasticization was shown to slow release within 

the first week. In all, this work makes progress toward the five goals of (1) reducing thermal 

stress on the proteins, (2) decreasing the complexity and duration of the protocol, (3) increasing 

the loading capacity of the microspheres, (4) increasing the penetration depth of the 

encapsulation protein, and (5) improving the release profile of the encapsulation protein, though 

further work can be done here. This improved protocol could be a valuable asset to drug 

discovery and development scientists who seek to study the controlled release of a delicate 

biologic candidate using very small quantities of the protein. 
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3.7. Supplementary Information 

 
Figure S3-11. Inclusion of TBAC results in a dose-dependent decrease in both dry and hydrated Tg of DEZnCO3 microspheres. 

Determined by DSC. Hydrated microspheres were incubated in ddH2O for 24 h. Values represent mean ± SD (n=3). 

 
Figure S3-12. Plasticized microspheres undergo quick pore-healing. Scanning electron images of 2.5% and 5% TBAC DEZnCO3 

microspheres after 0 h, 3 h, and 12 h of incubation in protein-free PBS pH 8 at 37°C.  
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Chapter 4: Characterization of the Erosion and Excipient Release from Rapid Self-

Encapsulating PLGA Microspheres 

4.1. Abstract 

Metal-HisTag coordination remote loading (MHCRL) of HisTag proteins is a promising 

method to fill the translational need of a universal PLGA microsphere remote loading platform. 

Previous studies have shown the ability to efficiently encapsulate and slowly release immune and 

bioactive HisTag protein from very small quantities of MHCRL PLGA microspheres, which 

contain divalent metal ions (Zn2+, Mg2+) as freely bound to high molecular weight dextran sulfate 

(HDS) and/or as poorly soluble carbonate bases. However, little is known regarding the 

encapsulation and release of excipients used during MHCRL. This work aimed to characterize 

the properties and behavior of MHCRL formulations with a focus on the role played by 

excipients. Using a variety of techniques, HDS was shown to function as a porosigen and 

encourage water uptake. While HDS was not shown to significantly affect the Zn2+ loading of 

directly encapsulated ZnCO3 microspheres, it was shown to play a critical role in the remote 

loading of various divalent transition metal cations. Replacing MgCO3 with ZnCO3 was shown 

to speed both erosion and degradation significantly, potentially owed to the superior pH-

modulating ability of MgCO3. HDS was shown to exhibit a high burst release followed by a 

multi-week plateau and seemingly erosion-dependent release, while Zn2+ release appears 

erosion-driven. Release of HisTag human serum albumin (HSA) from HDS-free ZnCO3 

microspheres showed higher burst and faster release than HDS-containing formulations have 
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shown previously. Hence, these findings inform future development of self-healing PLGA 

microsphere formulations for MHCRL or other remote loading platforms.  

4.2. Introduction 

Controlled release formulations have allowed for reduced frequency of injection of many 

therapeutics, including biologics which must be injected.1 Such advancements have led to 

increased patient satisfaction and compliance, and improved patient outcomes.2 Due to its 

versatility, biocompatibility and biodegradability, and tunable performance, poly(lactic-co-

glycolic acid) (PLGA) has become one of the most commonly used vehicles for controlled 

release of a wide array of therapeutics and an industry favorite, with at least 19 controlled release 

PLGA formulations having been FDA-approved.1,3,4 While PLGA can be formulated into several 

different structures, including implants and thin films, injectable microspheres have become a 

popular formulation geometry. 

Unfortunately, the process of encapsulating proteins within PLGA microspheres can 

expose molecules to stressors including micronization, organic/aqueous interfaces, air/water 

interfaces, high shear stress, organic solvents, and high temperatures, which can lead to 

instability and aggregation of proteins.3,5-12 For this reason, and to reduce the batch size of the 

encapsulation process, which can require prohibitively large amounts of protein during discovery 

and development, remote loading and self-encapsulation has been developed largely by the 

Schwendeman Lab.8 

In remote loading and self-encapsulation, porous, drug-free microspheres are produced 

and exposed to an aqueous solution of protein or peptide, which diffuses into the microsphere. 

Then, modest heating is used to induce the closure of the pores of the microspheres. To date, 

though, remote loading preformed microsphere formulations rely on an inherent property of the 

protein of interest (i.e. charge or binding affinity for a particular moiety).12,13 In an attempt to 
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create a more universally applicable remote loading platform, metal-HisTag coordination remote 

loading (MHCRL) was developed.14 Here, the affinity between poly-histidine tags, which can 

easily be expressed on recombinant proteins, and divalent metal cations, which can be 

immobilized within PLGA microspheres, is exploited to induce efficient self-encapsulation and 

immunoreactive and bioactive release of protein over weeks-to-months. The work presented here 

builds off of the demonstration of proof-of-concept of MHCRL and significant optimization and 

development of the platform. 

In the initial MHCRL formulation, high molecular weight dextran sulfate (HDS) was 

included in the inner-water phase of the microsphere formulation to serve as a metal trapping 

agent and immobilizer. In these protocols, microspheres were formulated without any transition 

metal or transition metal cation. Rather, metal cations were remotely loaded into the 

microspheres before being lyophilized and then remotely loaded with HisTag proteins. As such, 

HDS served as a trapping agent for the remote loading of metal cations and as a metal 

immobilizer to allow for drug loading. This is analogous to the function of the chelating agent 

that immobilizes metal ions within immobilized metal affinity chromatography (IMAC) 

columns.15-17 In attempts to optimize MHCRL, ZnCO3 was directly included in the continuous 

polymer phase of the microsphere formulation in place of MgCO3, rather than Zn2+ being 

remotely loaded after microsphere formulation (Chapter 3). This change raises the question of 

the need for, and role of, HDS in the formulation.  

Dextran sulfate is a sulfated, anionic, highly soluble, branched polysaccharide, and is a 

glycosaminoglycan (GAG) analog. It is widely used in materials, food, and drug products, and it 

is biocompatible and biodegradable.18 Dextran sulfate sodium has been used as an antiviral, 

anticoagulant, hypocholesterolemic, and extensively as a drug carrier or as part of a drug 
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carrier.19 The dextran sulfate used here is of high molecular weight (>500 kDa) and is a sodium 

salt. This material has also been explored as a trapping agent for remote loading and self-

encapsulation platforms, as it can bind to many proteins that have affinity for GAGs.12 Dextran 

sulfate has been shown to prevent aggregation of proteins, specifically at acidic pH like that 

found within PLGA microspheres.20  

Release of protein (and large excipients) from PLGA microspheres is typically largely 

governed by two processes: aqueous diffusion of the molecule (presuming it is too large to 

diffuse through the polymer at substantial levels) and erosion of the polymer.21,22 The initial 

burst occurs as water enters the microsphere, solubilizing protein at or near the surface of the 

microspheres, allowing them to be quickly released. Large molecules, like proteins, that are 

encapsulated more deeply within the microspheres are typically released as the polymer erodes. 

This process depends on the rate of hydrolysis of the polymer chains, which is promoted by 

water and the available soluble acidic products of the hydrolysis, itself. Basic salts, like MgCO3 

and ZnCO3, have been included in PLGA microspheres in part to mitigate this phenomenon. 

Once in dissociated, basic salts can combine with the acidic byproducts of PLGA degradation, 

moderating the drop in pH, and slowing degradation.23 Eventually, the chains reach a critical 

molecular weight, below which polymer fragments are soluble and can diffuse away, eroding the 

microsphere and creating a network of large pores through which large molecules can diffuse.24 

The inclusion of excipients can affect a wide variety of attributes of PLGA microspheres, 

including porosity, water uptake, internal pH, degradation and erosion, and protein stability, all 

of which can affect the encapsulation efficiency, release profile, and efficacy of the microsphere 

formulation. For these reasons, effects of excipients including MgCO3, ZnCO3, and HDS on the 
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properties and behaviors of the PLGA microsphere formulations previously used in MHCRL are 

investigated here. 

4.3. Experimental Methods 

4.3.1. Materials 

Resomer RG 504 PLGA (50:50, ester-terminated, molecular weight 38,000-54,000 Da), 

magnesium carbonate, trehalose, 88% hydrolyzed poly(vinyl alcohol) (PVA), and high 

molecular weight (>500,000 Da) dextran sulfate sodium (HDS) were purchased from Sigma 

Aldrich. Zinc, copper, cobalt, nickel, and calcium acetate salts were purchased from Sigma 

Aldrich. Zinc carbonate basic were purchased from Sigma Aldrich. Poly-histidine tagged 

(HisTag) Human Serum Albumin (HSA) was purchased from Arco Biosystems and untagged 

(NoTag) HSA was purchased from Raybiotech. HisTag insulin-like growth factor 1 (IGF-1) was 

purchased from Signalway Antibodies and NoTag IGF-1 was purchased from Sino Biological. 

All HisTag proteins contained tags of six histidine residues. Tags were at the N-terminus for 

IGF-1. Tags were at the C-terminus for HSA. Bovine serum albumin (BSA) was purchased from 

Sigma Aldrich and blocker casein in PBS was purchased from ThermoFisher. 1,9 

dimethylmethylene blue, glycine, glacial acetic acid, and Tris base were purchased from Sigma 

Aldrich. All other common reagents and solvents were purchased from Sigma Aldrich, unless 

otherwise specified. 

4.3.2. Preparation of microspheres 

Porous PLGA microspheres with HDS as a metal immobilizer, MgCO3 as a pH-

modulator and porosigen,5,12 and trehalose as a porosigen were prepared by double water-oil-

water (w/o/w) emulsion and solvent evaporation. The first emulsion was created by 

homogenizing a suspension of 1 mL of 250 mg/mL dissolved PLGA and 6% w/w fine particulate 

MgCO3 in methylene chloride with an inner water phase of 200 μL of 4% w/v HDS and 3% w/v 
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trehalose in a glass cell culture tube at 18,000 rpm for 60 s over an ice bath, using the Tempest 

IQ2. The second emulsion was created by adding 2 mL of 5% PVA to the primary emulsion and 

vortexing for 60 s. The w/o/w double emulsion was added to 100 mL of 0.5% PVA and stirred 

for 3 h at room temperature in a 150 mL beaker to allow for hardening and evaporation of 

methylene chloride. The 20-63 μm fraction of microspheres was collected using sieves and the 

microspheres were washed with excess double-distilled water and lyophilized. 

4.3.2.1. Inclusion of ZnCO3 

To create direct encapsulation ZnCO3 microspheres (DEZnCO3/HDS/PLGA) replaced 

MgCO3 in the 250 mg PLGA in 1 mL methylene chloride continuous phase before 

emulsification. These microspheres were not remotely loaded with Zn2+ from zinc acetate as 

described below. 

4.3.2.2. Exclusion of dextran sulfate 

To create HDS-free DEZnCO3/PLGA microspheres, HDS was excluded from the inner 

water phase during microsphere formulation. Instead, an inner water phase of 3% w/v trehalose 

was used. ZnCO3 was included as described above. 

4.3.3. Determination of microsphere porosity 

The porosity of remotely loaded Zn2+ HDS/PLGA (RLZn2+/HDS/PLGA), 

DEZnCO3/HDS/PLGA, and DEZnCO3/PLGA microspheres, prepared as described above, was 

determined by mercury intrusion porosimetry (AutoPore V Series, Micromeritics). Between 100 

and 200 mg of microspheres were used for analysis, which was performed over low and high 

pressure ranging from 0.5 psia to 61,000 psia with a fill rate of 0.5 s and equilibration of 10 s at 

each pressure. Bulk density of samples was calculated by the instrument at atmospheric pressure. 
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4.3.4. Quantification of dextran sulfate 

The amount of dextran sulfate encapsulated in microspheres was determined by 

dissolving several mg of microspheres in acetone, centrifuging for 5 min at 8,000 rpm, and 

removing the supernatant for three cycles. The pellet was then reconstituted in water and 

analyzed using a dimethylmethylene blue (DMMB) assay with dextran sulfate sodium 

standards.25 DMMB Reagent was produced by mixing 16 mg 1,9 dimethylmethylene blue, 3.04 g 

glycine, 1.6 g NaCl, and 95 mL of 0.1M acetic acid in 1 L ddH2O. The solution was adjusted to 

pH 3 and filtered under vacuum using a 0.2μm filter. 

4.3.5. Determination of water uptake 

The water uptake into various formulations of microspheres was measured by first 

incubating ~10 mg microspheres in 1 mL PBS for 10 days, with media replacement at 1, 3, and 7 

days. Microspheres were then collected on pre-weighed nylon membrane filters and washed with 

2 mL ddH2O. Microspheres were dried under vacuum for ~5 s to remove surface water, and the 

wet weight was recorded. Microspheres were then dried under vacuum at room temperature for 4 

days, and the dry weight was recorded. Interparticle water was calculated by briefly dispersing 

dry microspheres in PBS at 4°C (water uptake is assumed to be negligible at these conditions) 

and the wet and dry weights were recorded as described. Interparticle water was calculated as: 

𝑊𝑖𝑛𝑡 =
(𝑊𝑤𝑒𝑡

0 −𝑊𝑑𝑟𝑦
0 )

𝑊𝑑𝑟𝑦
0 , 

where 𝑊𝑤𝑒𝑡
0  and 𝑊𝑑𝑟𝑦

0  are the weights of wet microspheres and dry microspheres, 

respectively, after immediate collection at t0. The water uptake of microspheres was then 

calculated as: 

𝑊𝑚𝑠 =
(𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦−(𝑊𝑑𝑟𝑦𝑊𝑖𝑛𝑡))

𝑊𝑑𝑟𝑦

, 
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where 𝑊𝑤𝑒𝑡 and 𝑊𝑑𝑟𝑦 are the wet and dry microsphere weights after incubation and 

drying. 

4.3.6. Remote loading and encapsulation of metals and proteins 

4.3.6.1. Standard procedures 

For RLZn2+/HDS/PLGA microspheres, Zn2+ (or another divalent metal) was remotely 

loaded by incubating microspheres in at least 1 mL of 500 mM zinc (or other metal) acetate salt 

solution (or water as a control) per 1 mg of microspheres for 24 h rotating at 30 rpm at room 

temperature. Microspheres were washed with double-distilled water under vacuum on a 0.2 μm 

nylon filter and lyophilized. DEZnCO3 microspheres did not undergo this procedure. 

Remote loading HisTag and NoTag protein solutions were prepared by buffer exchange 

with Amicon ultra centrifugal filter units (for HSA) or by diluting lyophilized powders in loading 

solution (for IGF-1). Proteins were remotely loaded into the Zn-containing microspheres by 

incubating 1 mg of microspheres in 100 μL of HisTag or NoTag protein of the indicated 

concentration in pH 8 phosphate buffered saline (PBS). Remote loading and self-healing 

consisted of a 2h, 4°C loading stage followed by a 6h, 37°C healing stage. During both stages, 

microspheres and protein loading solutions were rotated at 30 rpm.  

4.3.6.2. Determination of metal cation loading 

The amount of divalent metal cation remotely loaded into microspheres was determined 

by dissolving several mg of microspheres in acetone, centrifuging for 5 min at 8,000 rpm, and 

removing the supernatant for three cycles. The pellet was then reconstituted in water and 

analyzed using a Perkin-Elmer Nexion 2000 ICP-MS using appropriate standards and scandium 

as an internal standard. To determine the amount of Zn encapsulated in DEZnCO3 microspheres, 

the same procedures were followed, and 10% nitric acid was used to dissolve the ZnCO3. 

Loading percentage was calculated as:  
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mass of Zn in micropsheres

total mass of microspheres
 ×  100 

4.3.6.3. Determination of erosion of microspheres 

To measure the erosion of various microsphere formulations, ~5 mg of pre-weighed 

microspheres were incubated in PBS + 0.02% Tween 80, pH 7.4 in 1.5mL eppendorf tubes, 

unless otherwise specified. All samples were incubated at 37ºC with shaking. Media was 

completely replaced at each timepoint after centrifuging for 5 min at 8,000 rpm and removing the 

supernatant. Once a sample had been incubated for the designated amount of time, the 

supernatant was removed, the microspheres were dried at room temperature under vacuum for 96 

h, and the dried microspheres were weighed. Normalized mass loss percentage was calculated as: 

(1 −
final microsphere mass

 initial microsphere mass
)  ×  100 

4.3.6.4. Determination of degradation of microspheres 

To measure the degradation of various microsphere formulations, ~5 mg of microspheres 

were incubated in PBS + 0.02% Tween 80, pH 7.4 in 1.5mL eppendorf tubes, unless otherwise 

specified. All samples were incubated at 37ºC with shaking. Media was completely replaced at 

each timepoint after centrifuging for 5 min at 8,000 rpm and removing the supernatant. Once a 

sample had been incubated for the designated amount of time, the supernatant was removed, and 

the microspheres were dried at room temperature under vacuum for 96 h. Dried microspheres 

were then dissolved in tetrahydrofuran (THF). The obtained polymer solutions were then 

subjected to gel permeation chromatography using two styragel columns (HR 1 and HR 0.5 

columns, Waters, US) with a Waters 1525 HPLC system and THF as the elution medium at a 

flow rate of 1 mL/min. Poly(styrene) standards of known molecular weights were used for 
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calibration, and the weight-average molecular weight of polymer samples was calculated. 

Normalized molecular weight loss percentage was calculated as: 

(1 −
final microsphere molecular weight

 initial microsphere molecular weight
)  ×  100 

4.3.6.5. Determination of immunoreactive protein by ELISA 

HSA and IGF-1 ELISA kits were purchased from Raybiotech and performed according to 

kit instructions to determine immunoreactive protein concentrations. In all ELISAs, NoTag and 

HisTag proteins used for remote loading encapsulation were also included as reference 

standards. 

4.3.6.6. Estimation of encapsulation efficiency 

Encapsulation efficiency of the available protein was estimated by ELISA and Coomassie 

Plus protein assay by comparing the final concentrations of protein in the loading solution to a 

control loading solution, which underwent the same conditions without microspheres as follows: 

𝐸𝐸𝑎𝑣𝑎𝑖𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝐶
× 100% 

 
Where CC and CMS are the concentration of protein in control loading solution and the 

concentration of protein in the loading solution with microspheres quantified ELISA.  

4.3.6.7. Evaluation of release kinetics 

HSA release was conducted by incubating 1 mg microspheres in 0.4 mL PBS + 0.02% 

Tween 80 + 1% casein, pH 7.4. Media was completely replaced at each timepoint after 

centrifuging for 5 min at 8,000 rpm and removing the supernatant. All samples were incubated at 

37 ºC with shaking. Casein was used as a blocking agent (as opposed to BSA) to avoid 

interference in the HSA ELISA. Release was quantified using ELISA as described. 

Zn2+ and HDS release was conducted by incubating ~5 mg microspheres in 1 mL PBS + 

0.02% Tween 80, pH 7.4. Media was completely replaced at each timepoint after centrifuging for 
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5 min at 8,000 rpm and removing the supernatant. All samples were incubated at 37 ºC with 

shaking. Zn2+ release was measured using ICP-MS as described. HDS release was measured 

using DMMB assay as described. 

4.4. Results and Discussion 

In an effort to better understand the roles and effects of various excipients used in this 

project, the characteristics and performance of microspheres containing or lacking HDS, MgCO3, 

and ZnCO3 were analyzed. First, the porosity, water uptake, and metal encapsulation ability of 

ZnCO3/HDS/PLGA, HDS-free/ZnCO3/PLGA, and MgCO3/HDS/PLGA microspheres were 

measured. Next, the erosion and degradation kinetics of these formulations and the release 

kinetics of HDS and Zn2+ from these formulations were determined. Finally, the role of HDS in 

the remote encapsulation and release of HisTag proteins was studied. 

4.4.1. Effect of excipients on porosity 

To probe the effects of HDS, ZnCO3, and MgCO3 on physical attributes of the 

microspheres, mercury porosimetry was used to measure the porosity of the microspheres. 

Remote loading, as a mechanism, relies on microspheres containing an interconnected pore 

network into which drug molecules can diffuse before being encapsulated via self-healing of the 

microsphere surface pores. Porosity has been shown to be a critical parameter affecting drug 

loading as well as release.26,27  

It was hypothesized that the replacement of MgCO3 with ZnCO3 would result in a 

decrease in porosity due to the decreased solubility of ZnCO3 as compared to MgCO3, which 

should result in decreased leaching and pore-formation during formulation. Further, it was 

hypothesized that the exclusion of dextran sulfate would result in decreased porosity. The 

dextran sulfate used in these formulations is a sodium salt. The inclusion of solutes, especially 

salts, in the inner water phase of PLGA microspheres formulated via the double-emulsion 
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solvent evaporation method has been shown to increase porosity. All formulations studied here 

contained the same trehalose content; the inner-water phase of the HDS-free microspheres 

contained fewer solutes than the inner-water phase of HDS-containing microspheres.  

As for the difference in porosity between ZnCO3-containing microspheres and MgCO3-

containing microspheres, while the average porosity for the ZnCO3/HDS/PLGA microspheres 

(43.5 ± 8.3%) was lower than that of the MgCO3/HDS/PLGA microspheres (54.0 ± 5.2%), the 

difference was not found to be significant (Figure 4-1). The second hypothesis was supported by 

the data. ZnCO3/PLGA microspheres lacking dextran sulfate sodium in the inner-water phase 

had significantly lower porosity (32.6 ± 1.7%) than ZnCO3/HDS/PLGA microspheres.  

 
Figure 4-1. Porosity of various formulations of microspheres are measured by mercury porosimetry. 100-200 mg of microspheres 

were used and intrusion of mercury under pressure from 0.5 to 61,000 psia was measured. ZnCO3/HDS-free porosity significantly 

lower than ZnCO3/HDS porosity; p < 0.10. 

4.4.2. Effect of excipients on water uptake 

The next physical characteristic measured was water uptake. The propensity for PLGA 

microspheres to absorb water and swell can depend on several factors, including the end-group 

of the polymer chains (ester end-capped PLGA does not significantly absorb water prior to 

hydrolysis), and osmotic pressure created by water-soluble species within the microspheres. 

Water uptake can have myriad effects on the behavior of PLGA microspheres. Water acts as a 

plasticizer, lowering the glass transition temperature (Tg) of the polymer.28 Increased water 
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uptake could also lead to faster release due to hastened degradation and, therefore, erosion of the 

PLGA. Water can also increase the mobility of encapsulated proteins, increasing their propensity 

to aggregate and/or denature. 

It was hypothesized that microspheres containing MgCO3 would have greater water 

uptake than microspheres containing ZnCO3, as MgCO3 is more soluble than ZnCO3, and 

therefore should exert more osmotic pressure. Further, it was hypothesized that microspheres 

including HDS would have greater water uptake than microspheres lacking HDS. Aside from the 

sodium included in the dextran sulfate, which should exert osmotic pressure, dextran sulfate 

itself is highly water soluble and should exert osmotic pressure. 

Each of these hypotheses were supported by the data. ZnCO3/HDS/PLGA microspheres 

had significantly lower water uptake (22.6 ± 1.7%) than MgCO3/HDS/PLGA microspheres (29.3 

± 5.4%) (Figure 4-2). Further, HDS-free ZnCO3/PLGA (17.7 ± 3.7%) microspheres had 

significantly lower water uptake than ZnCO3/HDS/PLGA microspheres. The relative order of 

these values is plausibly explained above and could have effects on the erosion, degradation, and 

release from microspheres as described. 

 
Figure 4-2. Water uptake into ZnCO3/HDS/PLGA, ZnCO3/HDS-free/PLGA, and MgCO3/HDS/PLGA microspheres after 10 days 

is measured by comparing the wet mass and dried mass of microspheres and accounting for interparticle water. All water uptake 

values significantly different; p < .10. 

4.4.3. Effect of HDS on encapsulation of metals 
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4.4.3.1. Effect of HDS on remote loading of metal cations 

In remotely loaded Zn2+ HDS/PLGA microspheres (RLZn2+/HDS/PLGA), HDS was 

included as a trapping agent and immobilizer for the remote loading of metal ions, due to its high 

molecular weight (and slow dissolution rate) and negative charge. To probe whether HDS was 

necessary in order to remotely load and encapsulate divalent transition metal ions, microspheres 

containing and lacking HDS were exposed to aqueous solutions of 500 mM metal acetate salts 

for 24 h, washed with water, and lyophilized, and metal ion content was determined with ICP-

MS. It was found that microspheres lacking HDS in their inner-water phase encapsulated 

significantly less divalent transition metal cations (0.03 ± 0% for each metal) than microspheres 

containing HDS in their inner-water phase (0.19 ± 0.05%, 0.17 ± 0.02%, 0.27 ± 0.04%, and 0.42 

± 0.12% for cobalt, copper, nickel, and zinc, respectively) (Figure 4-3). This supports the idea 

that HDS is serving its intended purpose as a metal trapping and immobilizer and should not be 

excluded from the RLZn2+/HDS/PLGA formulation. 

 
Figure 4-3. The inclusion of HDS in the inner-water phase significantly increases the remote loading of divalent transition metal 

cations into PLGA microspheres. Microspheres were exposed to at least 1 mL 500mM metal acetate solution per 1 mg microspheres 

for 24 h at room temperature and analyzed via ICP-MS. All within-metal differences significant; p < 0.05. 

4.4.3.2. Effect of HDS on direct encapsulation of ZnCO3  

With the direct encapsulation of ZnCO3, the role of, and need for, HDS was questioned. 

To probe whether the inclusion of HDS in the inner-water phase had any effect on the loading of 
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directly encapsulated ZnCO3, HDS-free/ZnCO3/PLGA were formulated, and ICP-MS was used 

to measure the Zn2+ content as described. Microspheres containing or lacking HDS were not 

found to have significantly different Zn2+ content (2.42 ± 0.14% and 2.34 ± 0.14%, respectively) 

(Figure 4-4). This suggests that HDS plays little if any role in the loading of directly 

encapsulated ZnCO3 when ZnCO3 is including in the continuous phase of a double-emulsion 

formulation. This was expected as ZnCO3 is sparingly soluble in water, and thus should largely 

remain in the continuous phase of the emulsion, largely unaffected by excipients included in the 

inner water phase. Further studies, discussed below, will be needed to elucidate what effect, if 

any, the inclusion or exclusion of HDS has on HisTag protein encapsulation and the release 

profile of encapsulated protein and Zn2+ from microspheres with directly encapsulated ZnCO3. 

 
Figure 4-4. Inclusion or exclusion of HDS in the inner-water phase does not have a significant effect on the loading of ZnCO3 into 

PLGA microspheres. 6% w/w ZnCO3 was included in the continuous phase of the double-emulsion solvent evaporation formulation. 

Microspheres were dissolved in and washed with acetone and pellets were reconstituted in 10% nitric acid to solubilize ZnCO3. 

4.4.4. Effect of excipients on erosion of microspheres 

The erosion profile of a polymer microsphere can be a rate-determining parameter with 

respect to the release kinetics of the payload. As such, determining the erosion profiles of the 

three formulations discussed here was of interest. Approximately 5 mg of microspheres were 

incubated in PBS + 0.02% Tween 80 for pre-determined durations with full media replacement 

at each timepoint. After washing and drying the microspheres, the dry weights were compared to 

the initial weights and the Normalized mass loss was calculated as described.  
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HDS was not shown to affect the erosion profile of ZnCO3-containing microspheres, as 

the profiles HDS/ZnCO3 and HDS-free/ZnCO3 microspheres were nearly identical (Figure 4-5). 

This was predictable as, while HDS may encourage increased water uptake into the pores of the 

microspheres, it will have little-to-no effect within the polymer phase of microspheres, especially 

for ester end-capped PLGAs, like the one used throughout this work. 

It was hypothesized that HDS/MgCO3 microspheres would show slower erosion and 

degradation as compared to HDS/ZnCO3 microspheres. The hydrolysis of PLGA chains 

produces water-soluble acidic monomers and oligomers, which decrease the pH of their 

surrounding environment. Within microspheres, these water-soluble acids partition between the 

aqueous phase and the polymer phase.29 Once solubilized, bases, like MgCO3 and ZnCO3, can 

react with the acids in the aqueous pores, depleting the acid content in the polymer phase, as 

well. This modulates the pH within the polymer phase, preventing it from dropping to the degree 

that it would otherwise, mitigating auto-catalysis of future hydrolysis and thereby slowing 

degradation and erosion. MgCO3 is more soluble than ZnCO3, making it a more effective binding 

partner for the water-soluble acids and a better pH-modulator and degradation- and erosion-

dampener.30-32 Fitting with this hypothesis, the initial stage of slow weight loss lasted ~1 week 

longer for HDS/MgCO3 microspheres than for HDS/ZnCO3 (and HDS-free/ZnCO3) 

microspheres (Figure 4-5). Further, the second phase of faster weight loss, being delayed ~1 

week, lasted until ~Week 7. At each timepoint from Week 3 to Week 6, the formulation 

containing MgCO3 showed significantly lower erosion than the formulations containing ZnCO3.  

In all cases, erosion can be broken into two phases: an initial stage of slow weight loss 

(induction phase) (lasting ~2-4 weeks), followed by a stage of faster weight loss, which 

continues until the microspheres have effectively eroded entirely (by ~6-7 weeks). 
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Figure 4-5. Erosion of MgCO3-containing microspheres is slower than ZnCO3-containing microspheres as measured by 

normalized mass loss. Approximately 5 mg of pre-weighed microspheres were incubated in PBS + 0.02% Tween 80 at 37°C for 

predetermined durations before being dried and re-weighed. 

4.4.5. Effect of excipients on degradation of microspheres 

Having analyzed the erosion profiles of the three formulations, the next logical data to 

scrutinize was the degradation profiles. The same samples that were used for erosion calculations 

were analyzed using GPC to determine the molecular weight, and the normalized molecular 

weight was calculated as described. Given the erosion curves (Figure 4-5), it was hypothesized 

that the degradation profiles of HDS/ZnCO3 microspheres and HDS-free/ZnCO3 microspheres 

would not be significantly different. As shown, these two curves are practically indistinguishable 

(Figure 4-6); the inclusion or exclusion of HDS from the inner water phase of ZnCO3/PLGA 

microspheres does not seem to affect the degradation behavior of the PLGA at all. As stated, this 

was expected as ester end-capped PLGAs, like the one used here, do not initially take up water. 

Thus, whatever increase in water content is caused by HDS will not dramatically affect the 

polymer phase. 

As with erosion, HDS/MgCO3 microspheres showed significantly slower degradation. At 

all timepoints from Week 1 to Week 4, the normalized molecular weight loss for HDS/MgCO3 

microspheres was significantly lower than the other formulations (Figure 4-6). Once again, this 
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is likely due to the superior pH-modulating activity of MgCO3 vs. ZnCO3, largely owed to its 

greater solubility. 

The erosion kinetics (Figure 4-5) show that ZnCO3-containing microspheres have 

induction times of ~21 days, while MgCO3-containing microspheres have an induction time of 

~28 days. These correspond to critical molecular weights of ~9 kDa for ZnCO3-containing 

microspheres and ~12 kDa for MgCO3-containing microspheres, though more frequent 

timepoints would need to be taken around these critical points in order to achieve better 

resolution. 

In all cases, the molecular weight of the PLGA drops to less than 5% of the initial 

molecular weight when just ~40% of the microspheres’ initial weight has eroded (Week 4 and 

Week 5 for ZnCO3-containing and MgCO3-containing microspheres, respectively).  

 
Figure 4-6. Degradation of MgCO3-containing microspheres is slower than ZnCO3-containing microspheres as measured by 

normalized molecular weight loss. Approximately 5 mg of pre-weighed microspheres were incubated in PBS + 0.02% Tween 80 at 

37°C for predetermined durations before being dried, dissolved in THF, and analyzed via GPC with polystyrene standards. 

4.4.6. Effect of buffer on erosion and degradation 

Notably, the rate of erosion as measured in PBS + 0.02% Tween 80 (Figure 4-5) seems 

to outpace the rate of protein release seen from ZnCO3-containing formulations. As stated 

previously, the rate of hydrolysis of PLGA chains (and consequently the rate of degradation and 
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erosion) is affected by pH. In fact, the rate of hydrolysis of polymer chains tends to be higher in 

the interior of microspheres than at the surface, where buffering species in the surrounding 

environment modulate the pH.33 For purposes of ELISA quantification, protein release studies 

were conducted in blocking buffers of either 1% casein or 1% BSA w/v, which is known to serve 

as a buffer in physiological conditions.34 Thus, we endeavored to measure the effect of the 

inclusion of 1% BSA in the media on the erosion and degradation of the three formulations 

discussed. 

After 28 days of incubation, ZnCO3 microspheres in PBS + 0.02% Tween + 1% BSA 

showed significantly higher amounts of normalized mass retained (Figure 4-7a) and normalized 

molecular weight (Figure 4-7b). Meanwhile, MgCO3-containing microspheres showed less 

drastic decreases in normalized mass retained and insignificant changes in normalized molecular 

weight. Taken together, these data suggest that the inclusion of BSA in the media mitigates the 

rate of degradation and erosion in ZnCO3-containing PLGA microspheres, likely due to pH-

modulating effects. The lesser effect on MgCO3-containing microspheres could be due to the fact 

that MgCO3 is able to buffer the pH sufficiently (as discussed above), and the addition of BSA 

does little to improve this.  

These results also underscore the importance of in vivo – in vitro correlation (IVIVC) 

with respect to the behavior of PLGA microspheres. Much work has, and continues to be, done 

by our lab to elucidate the factors that affect PLGA microsphere degradation, erosion, and 

release in vivo in order to create reliable in vitro assays. The concentration of proteins within 

extracellular fluids like plasma is 60-80 mg/mL, with at least half of mass coming from 

albumins.35 It may be important to include 0.5-1% w/v albumin, or a similar species, in the 

release media of PLGA microspheres in order to achieve better IVIVC. 
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Figure 4-7. Inclusion of BSA in media slows erosion and degradation of some microsphere formulations. a) Microspheres in PBS 

+ 0.02% Tween 80 + 1% BSA retain significantly more mass than microspheres in PBS + 0.02% Tween 80 after 28 days. b) 

ZnCO3-containing microspheres in PBS + 0.02% Tween 80 + 1% BSA have significantly higher molecular weights than ZnCO3-

containing microspheres in PBS + 0.02% Tween 80 after 28 days. Approximately 5 mg of pre-weighed microspheres were 

incubated in the indicated buffer at 37°C for 28 days before being dried, re-weighed, dissolved in THF, and analyzed via GPC with 

polystyrene standards. All within-formulation differences, except HDS/MgCO3 molecular weight, significant; p < 0.05. 

4.4.7. Release kinetics of excipients 

Having well characterized the erosion and degradation kinetics of these three 

formulations and several factors affecting, or not affecting, them, we then turned to the release 

profiles of two excipients: HDS and Zn2+. Both of these excipients, especially Zn2+, could have 

an effect on drug release, as both, especially Zn2+, could be involved in binding and trapping 

drug within the microspheres. 

4.4.7.1. Release of kinetics of HDS 

To monitor the release of HDS, ~5 mg of MgCO3/HDS and ZnCO3/HDS microspheres 

were incubated in 1 mL PBS + 0.02% Tween and timepoints were taken at predetermined 

timepoints with complete media replacement and HDS was quantified with a DMMB assay, as 

described.  

Through three weeks, the release of HDS from the two formulations were similar (Figure 

4-8). Both formulations showed very large initial burst releases of HDS in Day 1 and Day 3, 

resulting in ~47% of HDS being released. In both cases, this was followed by a plateau, where 

little-to-no HDS released occurred. For ZnCO3-containing microspheres, this plateau ended at 

three weeks, while it ended at four weeks for MgCO3-containing microspheres. From then, HDS 
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is released with near zero-order kinetics for 2-3 weeks. In the context of the degradation profiles 

of these formulations (Figure 4-6), the second phase of HDS release begins when the normalized 

molecular weight loss reaches at least ~85%, which occurs after Week 3 for ZnCO3-containing 

microspheres and after Week 4 for MgCO3-containing microspheres. These curves also track 

with the erosion curves, with the second phase of HDS release coinciding with the end of the 

induction phase for the two formulations. This suggests that, following the initial burst of HDS 

in the first three days, HDS is trapped within the polymer matrix of the microspheres until the 

polymer chains reach a critical molecular weight or until the HDS is freed via erosion. 

The release profile of HDS can also provide insights to some of the release mechanisms 

of HisTag proteins from these microsphere formulations. For instance, the initial burst of protein 

release was presumably attributed to incomplete or shallow encapsulation of protein within the 

microspheres. Here, though, HDS, which is directly encapsulated within the microspheres, also 

shows large initial burst. This suggests that the cause of the initial burst of protein is not related 

to the remote loading and encapsulation mechanism, but due to the microsphere formulation 

itself. Potential causes of large initial burst have been shown to include microsphere porosity and 

incomplete pore-healing as well as high solute content, which can increase osmotic pressure. 

Each of these factors could be at play with these formulations. Between trehalose, dextran 

sulfate, and the carbonate compounds included in the formulations, there are high solute levels. 

The potential effect of pore closure on burst release was examined in Section 3.4.11. 

Further, the plateau in HDS release from Day 3 to Week 3 shows that protein release is 

not coupled with HDS release, as large amounts of protein release has been shown to occur in 

that span. This suggests that released protein is not bound to HDS. 
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Figure 4-8. Release of HDS from ZnCO3/HDS and MgCO3/HDS microspheres is monitored. Approximately 5 mg microspheres 

were incubated in PBS + 0.02% Tween 80 at 37°C and the release media was analyzed using DMMB assay. 

4.4.7.2. Release kinetics of Zn2+ 

Next, to monitor the release of Zn2+, ~5 mg of ZnCO3/HDS, ZnCO3/HDS-free, and 

MgCO3/HDS microspheres were incubated in 1 mL PBS + 0.02% Tween and timepoints were 

taken at predetermined timepoints with complete media replacement and Zn2+ was quantified 

with an ICP-MS, as described. 

Unlike water-soluble HDS (Figure 4-8), Zn2+, including in the poorly-soluble ZnCO3 salt 

form, does not show a burst release from any of the formulations (Figure 4-9). Rather, the 

release of Zn2+ more closely resembles a slightly expedited version of the erosion profiles for the 

three formulations. Specifically, little-to-no Zn2+ is released in the first two weeks for the 

ZnCO3-containing microspheres and in the first three weeks for the MgCO3-containing 

microspheres. After these points, Zn2+ is released with near zero-order kinetics over the next 2-4 

weeks. This phase of Zn2+ release begins one week before the second phase of erosion begins for 

each of the formulations, and Zn2+ reaches approximately complete release one week before the 

formulation reaches approximately complete erosion. As with the erosion profiles, MgCO3-

containing microspheres showed slower Zn2+ release than ZnCO3-containing microspheres. In 
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this case, as opposed to the erosion profiles, the inclusion or exclusion of HDS seems to slow the 

release of Zn2+ between Week 3 and Week 5. As ZnCO3 dissolves in response to acid production 

from PLGA, the cation becomes ionically anchored to the immobilized HDS, ~50% of which is 

still present within the microspheres at this point (Figure 4-8). 

This near-mirroring of Zn2+ release with mass loss kinetics suggests that Zn2+ release is 

erosion-driven. While ZnCO3 is rather insoluble at neutral pH, its solubility is greatly increased 

at low pH, like those values found within PLGA microspheres as soluble oligomers and 

monomers of lactic and glycolic acid decrease the pH. 

Similarly to HDS release, the differences between this release profile and the release 

profiles of HisTag proteins (specifically the fact that very little Zn2+ is released in the first 2-3 

weeks) may suggest that released HisTag protein is not bound to Zn2+. HisTag proteins, 

however, were not included in these samples and, when HisTag protein is present, the majority 

of Zn2+ is likely associated with species other than HisTag protein due to their relative 

abundances.  

 
Figure 4-9. Release of Zn2+ from ZnCO3/HDS, ZnCO3/HDS-free, and MgCO3/HDS microspheres is monitored. Approximately 5 

mg microspheres were incubated in PBS + 0.02% Tween 80 at 37°C and the release media was analyzed using ICP-MS. 

4.4.8. Effect of HDS on remote loading and release of HisTag proteins 

4.4.8.1. Remote loading and encapsulation 
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With the effects of excipients on various physical characteristics and behaviors of the 

microsphere formulations having been examined, we next studied the effects of the inclusion of 

HDS in the inner-water phase on the remote loading and encapsulation of HisTag HSA and 

HisTag IGF-1. Remote loading was conducted by incubating 1 mg of microspheres in 100 µL of 

protein loading solution (100µg/mL for HisTag HSA and 50µg/mL for HisTag IGF-1) for 2 h at 

4ºC followed by 6 h at 37ºC and loading solutions were compared to microsphere-free controls 

via ELISA as described. 

For HisTag HSA, no significant difference in encapsulation efficiency between the HDS-

containing and HDS-free ZnCO3 microspheres was seen (Figure 4-10a) ( 

Table 4-1). For IGF-1, HDS-containing microspheres showed significantly higher 

encapsulation efficiency (83.9 ± 1.0%) than the HDS-free ZnCO3 microspheres (73.9 ± 2.8%) 

(Figure 4-10b). Together, these results suggest that including HDS in the inner-water phase may 

result in modest increases in encapsulation efficiency, though this may depend on the affinity of 

the particular protein for dextran sulfate. These data do not suggest that HDS substantially 

affects the HisTag-Zn2+ binding that drives the remote loading of this platform. 

 
Figure 4-10. HisTag proteins are remotely encapsulated in HDS-containing and HDS-free ZnCO3 microspheres. a) Total available 

protein encapsulation efficiency of HisTag HSA in HDS-containing and HDS-free ZnCO3 microspheres by remote loading from 

100 μg/mL protein loading solution. EEavail by total protein assay. b) Total available protein encapsulation efficiency of HisTag 

IGF-1 in HDS-containing and HDS-free ZnCO3 microspheres by remote loading from 50 μg/mL protein loading solution. EEavail 

by total protein assay. HDS-containing EEavail significantly greater; p < 0.05.  
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Table 4-1. Summary of remote self-healing encapsulation by Zn2+-HisTag protein binding (EE = Encapsulation Efficiency). 

Protein HDS 

Active 

Protein 

Loaded 

(μg) 

Total 

Protein 

Loaded 

(μg) 

Active 

Available 

EE (%) 

Total 

Available 

EE (%) 

Actual 

Active EE 

(%) 

Actual 

Total EE 

(%) 

HSA  

(100 µg/mL) 
(-) 5.5 ± 0.5 6.4 ± 0.3 64.4 ± 6.2 66.1 ± 3.0 54.8 ± 5.2 63.8 ± 2.9 

HSA  

(100 µg/mL) 
(+) -- 6.9 ± 0.6 -- 72.3 ± 6.0 -- 68.7 ± 5.7 

IGF-1  

(50 µg/mL) 
(-) -- 3.48 ± 0.1 -- 73.9 ± 2.8 -- 69.6 ± 2.6 

IGF-1  

(50 µg/mL) 
(+) 3.6 ± 0.1 4.0 ± 0.0 79.7 ± 1.5 83.9 ± 1.0 72.4 ± 1.3 80.6 ± 1.0 

 

4.4.8.2. Release kinetics of HisTag HSA 

To measure the release of HisTag HSA from HDS-free ZnCO3 microspheres, 1 mg of 

microspheres that were loaded as described in Section 4.4.8.1 were incubated in 0.4 mL PBS + 

0.02% Tween + 1 % casein as a blocking agent, and samples were analyzed using ELISA as 

described. 

The release profile showed a significant burst release in the first three days and had 

ceased releasing immunoreactive HSA after three weeks (Figure 4-11a). The burst and speed of 

release are considerably larger and faster than what has been seen previously with HDS- and 

ZnCO3-containing Zn2+-HisTag coordination remote loading formulations (Figure 4-11b). This 

may suggest that the Zn-HisTag protein complex associates with immobilized HDS during 

encapsulation, prolonging the duration of release. 

 While experiments have shown that the inclusion of HDS in the inner-water phase of the 

formulation has minimal, if any, effect on the erosion (Figure 4-5) and degradation (Figure 4-6) 

of the microspheres, HDS was shown to exhibit a large burst release, itself (Figure 4-8). One 

possible mechanism driving the higher burst release of protein seen in the HDS-free formulation 
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is that the osmotic pressure in the microspheres needs to be relieved, and HDS is not available to 

help do this, resulting in large release of protein. 

 
Figure 4-11. Release kinetics of HisTag HSA from ZnCO3/HDS-free PLGA microspheres (a) compared with that from ZnCO3/HDS 

PLGA microspheres (replotted from Figure 3.10a) (b). One mg microspheres were incubated in PBS + 0.02% Tween 80 + 1% 

casein at 37°C and the release media was analyzed using ELISA. 

4.5. Conclusion 

With previous work having shown proof-of-concept of metal-HisTag coordination 

remote loading as a viable universal remote loading platform requiring very small quantities of 

protein14 and having improved upon this formulation in several ways (Chapter 3), this work 

serves to better characterize the properties and behavior of these microsphere formulations with a 

focus on the role played by excipients. Dextran sulfate sodium was shown to function as a 

porosigen, encourage water uptake, slightly extend Zn2+ release, and strongly affect protein 

release. MgCO3 was also shown to promote greater water uptake than ZnCO3. While HDS was 

not shown to significantly affect the Zn2+ loading of directly encapsulated ZnCO3 microspheres, 

it was shown to play a critical role in the remote loading of various divalent transition metal 

cations. Though HDS was not shown to significantly impact the erosion or degradation profiles 

of the microspheres, replacing MgCO3 with ZnCO3 accelerated erosion and degradation 

significantly, which suggests that the superior pH-controlling ability of MgCO3 plays a large 
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role. This fits with the physical effects of MgCO3 described above. Due to its greater solubility, 

MgCO3 results in greater osmotic pressure and porosity, and MgCO3 is also better able to 

combine with soluble acidic byproducts of PLGA, preventing autocatalysis of further hydrolysis. 

In terms of release of excipients, HDS was shown to exhibit a high burst release followed 

by a multi-week plateau and seemingly degradation-dependent approximately first-order release, 

with MgCO3-containing particles having a longer plateau period. This high burst release suggests 

that the high burst of protein release seen in these formulations may be due to the microsphere 

formulation, itself, rather than incomplete or shallow encapsulation of remotely loaded protein. 

Zn2+ release profiles were very similar to the erosion profiles, with release from MgCO3-

containing microspheres being delayed as compared to ZnCO3-containing microspheres. For 

ZnCO3-containing microspheres, HDS did seem to slow the release of Zn2+ by at least one week. 

It should be noted these experiments were conducted without loaded protein, though the low 

levels of protein loading may not substantially affect the behavior of the excipients. Finally, with 

respect to the effects of HDS on remote loading and release of HisTag proteins, HDS may 

encourage increased encapsulation, though this may vary depending on the innate affinity of 

proteins for dextran sulfate. In a key finding, release of HisTag HSA from HDS-free ZnCO3 

microspheres showed higher burst and faster release than MgCO3/HDS and ZnCO3/HDS 

microspheres have shown previously.  

In all, the release of encapsulated protein does not seem to be coupled to the release of 

Zn2+. The findings presented here will help inform future development of these or similar PLGA 

microsphere formulations. The metal-HisTag coordination remote loading microsphere 

formulations described here and previously are complex platforms, and elucidating underlying 

mechanisms and behavior should yield dividends in future development. 
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Chapter 5: Conclusions, Significance, and Future Directions 

5.1. Conclusions and Significance 

As described, there is a pre-clinical translational need for a universal and highly efficient 

PLGA microsphere remote loading and self-encapsulation platform for biomacromolecules. 

Controlled release from PLGA microspheres offers many advantages for biologic formulations, 

however, the encapsulation process is unacceptably harsh for many delicate biomacromolecules. 

For over a decade, the Schwendeman Lab has been actively developing remote loading methods, 

by which proteins, peptides, and vaccine antigens can be encapsulated within preformed blank, 

porous PLGA microspheres by simple mixing and modest heating.1-10 One significant limitation 

of current active remote loading methods, though, is lack of universality; proteins must have 

innate affinity for the trapping agent used. The platform presented in the preceding chapters 

offers a solution to this. Metal-HisTag Coordination Remote Loading (MHCRL) aims to be a 

platform that is universally applicable to any recombinant protein or peptide. By taking 

advantage of the coordination bonds formed between histidine and divalent transition metals, 

HisTag proteins and peptides can be efficiently and gently encapsulated in PLGA microspheres 

and released over weeks-to-months while retaining activity. This platform would allow non-

formulation scientists to easily and cost-effectively test early stage drug candidates with a 

controlled release formulation in in vitro and in vivo pre-clinical studies.11 This would help 

inform decisions regarding whether or not to pursue further development of a potential clinical 

controlled release formulation. Due to the immunogenicity of HisTags, this platform does not 

lend itself to clinical use. 
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In Chapter 2, the basic principles of MHCRL were probed. The combination of HisTags 

on proteins and Zn2+ within PLGA microspheres was shown to increase encapsulation 

efficiencies. Multiple proteins, of widely varying pI, were loaded at high encapsulation 

efficiency using very small quantities of PLGA and protein. Immunoreactive and bioactive 

protein was slowly and continuously released. Also, experiments using a variety of metals as 

well as a strong chelating agent were shown to support the hypothesis that metal-HisTag 

coordination was driving the increase in encapsulation efficiency. 

In Chapter 3, five areas of potential improvement on the novel platform were identified 

and systematically addressed. The replacement of remotely loaded Zn2+ with directly 

encapsulated ZnCO3 offered several benefits. Further, the durations and temperatures of the 

loading and healing stages were shown to be lowerable without sacrificing significant 

encapsulation efficiency. This means conditions can be even gentler for the molecules of interest 

and that encapsulation can be completed in just one workday. The use of plasticizers was shown 

to decrease encapsulation efficiency, though it may also result in a decrease in initial burst 

release, a potentially important improvement. 

In Chapter 4, the degradation, erosion, excipient release, and other physical properties 

were characterized for various MHCRL formulations. MgCO3 was shown to slow degradation 

and erosion, likely through its pH-modulation capacity. HDS was not shown to significantly 

affect these behaviors, and was shown to have a large burst release, potentially providing insight 

as to the cause of the burst release of encapsulated protein. HDS plays an important role in 

immobilizing remotely-loaded Zn2+ within the microspheres and seems to greatly prolong the 

duration of release of protein. 
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In all, MHCRL has achieved its goals of (1) being virtually universal for any recombinant 

peptide or protein, (2) being highly efficient, (3) using very small quantities of the protein or 

peptide, (4) slowly and continuously releasing active protein, and (5) being capable of being 

performed by scientists without training in microencapsulation and without specialized mixing or 

drying equipment. This platform, or ones that build off it, could offer immense value to scientists 

investigating new biologic candidates that have controlled release applications, but which would 

be cost- or resource-prohibitive to formulate using traditional encapsulation techniques. This 

platform has been successfully used to encapsulate just 5 μg of protein, as opposed to the several 

milligrams that would likely be needed for traditional batch methods. Extending remote loading 

and self-encapsulation at this scale and to any recombinant protein or peptide could be a very 

useful tool in aiding the progression of biologic candidates from drug discover and pre-clinical 

development to clinical therapeutics that improve patients’ lives. 

5.2. Future Directions 

The most significant limitation of this technique is that it requires the protein to have a 

HisTag, at least during the remote loading process. HisTags have been shown to be substantially 

immunogenic,12,13 which could limit the utility of this platform in in vivo studies, if the immune 

response interferes with the ability to usefully measure the pharmacokinetics and 

pharmacodynamics of the candidate. Indeed, in vivo experiments would be the next step for this 

platform. Further studies on the bioactivity of various released HisTag proteins would also be 

helpful to examine the effect of the HisTag on the EC50 of the proteins, as the addition of the 

HisTag could alter the binding kinetics and efficacy of the molecule. It is possible this can be 

mitigated by the option of expressing the HisTag at either the C-terminus or N-terminus.14 

Cleavable HisTags are often used in molecular biology and it is conceivable that a 
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physiologically cleavable HisTag could be utilized.15 Finally, the length of the HisTag could be 

varied in an attempt to optimize it for the most efficient encapsulation. 

Protein loading will also need to be increased in order to expand utility for systemic 

delivery or for local delivery of much less potent proteins (e.g., monoclonal antibodies). While 

progress was made toward this goal, further improvement will likely be needed. Third, the initial 

burst release of protein requires attention. The use of plasticizers to potentially increase pore-

closure and limit burst release is promising, but other methods of increasing pore-closure, 

including lengthening the healing stage, should be explored. Methods of decreasing the osmotic 

pressure within the microspheres, including decreasing the content of water-soluble excipients, 

should also be explored. Fourth, further studies to determine whether released protein is bound to 

Zn2+ and/or HDS would be useful. Finally, HisTags are not the only widely applicable affinity 

tags. It is not difficult to imagine replacing the HisTag-metal ion pair with a maltose binding 

protein (MBP)-maltose pair or a glutathione S-transferase (GST)-glutathione pair.16,17 These and 

other affinity tag-ligand pairs will be important to examine in the future. Across all self-

encapsulation platforms, this work has shown that remote loading and self-encapsulation is 

possible with as short as an eight-hour procedure. This could pay large dividends in pre-clinical 

and clinical development of controlled release biologics in terms of ease of use, speed of 

development, and protein stability. 
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Appendix A: Norrin as a Use Case 

A.1. Introduction 

The intended use case for metal-HisTag coordination remote loading (MHCRL) is a 

delicate, costly biologic candidate for which pre-clinical in vitro and in vivo controlled release 

formulations and data is desired. In these cases, traditional microencapsulation strategies are 

either too harsh on the protein or too costly, or both. Norrin, is a protein that meets these 

conditions. 

Macular edema, resulting from diabetic retinopathy, retinal vein occlusion, wet age-

related macular degeneration, or other pathogeneses is the leading cause of visual loss in 

modernized countries worldwide.1 A hallmark of these diseases is neovascularization and 

leakage in the retina, which is often triggered by vascular endothelial growth factor (VEGF). As 

such, the current treatments involve anti-VEGF therapy. Unfortunately, about half of patients do 

not respond to anti-VEGF treatment.2 Also, while anti-VEGF therapy addresses the cause of the 

damaged blood-retinal barrier (BRB), it does nothing to actively restore the integrity of the BRB. 

Norrin is an endogenous protein which signals through the frizzled 4 (FZD4) receptor 

and activation of β-catenin that is needed for normal angiogenesis and formation of the blood-

retinal barrier.3 Research from collaborators has demonstrated that addition of norrin to 

endothelial cells restores the endothelial barrier after VEGF treatment.4 Thus, exogenous norrin 

could plausibly be used as a paradigm-shifting therapeutic for macular edema, by regenerating 

the blood-retinal barrier after pathological barrier loss.  
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The eye, the posterior segment of the eye in particular, can be a difficult tissue to target 

due to the various barriers surrounding it. Thus, the most commonly used delivery method is 

intravitreal injection, which has the benefit of maximizing and localizing drug concentration in 

the back of the eye. Due to clearance mechanisms, however, dosing is required as frequently as 

every four weeks, creating significant burdens for both clinicians and patients, and adherence to 

dosing regimens is frequently lacking.5 Moreover, injections are not risk-free; each injection 

introduces risk of endophthalmitis, uveitis, vitreous hemorrhage, and other complications.6 Thus, 

there is a need for a longer-acting injectable therapies, which poly(lactic-co-glycolic acid) 

(PLGA) microspheres can provide. 

Our lab has previously attempted to encapsulate norrin within PLGA microspheres, but 

encountered difficulties with protein stability. Similar issues were found when attempted to 

formulate norrin-containing millicylinder implants. This technique avoids the mechanical shear, 

high temperatures, and interfaces of microsphere formulation, but requires exposing the protein 

to an organic solvent. Thus, norrin is a potential use case for MHCRL.  

A.2. Experimental Methods 

A.2.1. Materials 

Resomer RG 504 PLGA (50:50, ester-terminated, molecular weight 38,000-54,000 Da), 

magnesium carbonate, trehalose, 88% hydrolyzed poly(vinyl alcohol) (PVA), and high 

molecular weight (>500,000 Da) dextran sulfate (HDS) were purchased from Sigma Aldrich. 

Zinc acetate and zinc carbonate basic were purchased from Sigma Aldrich. Poly-histidine tagged 

(HisTag) norrin was purchased from LSBio and untagged (NoTag) norrin was purchased from 

R&D Systems. Bovine serum albumin (BSA) was purchased from Sigma Aldrich. All other 

common reagents and solvents were purchased from Sigma Aldrich, except where otherwise 

specified. 
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A.2.2. Preparation of microspheres 

Porous PLGA microspheres with HDS as a metal immobilizer, MgCO3 as a pH-

modulator and porosigen,7,8 and trehalose as a porosigen were prepared by double water-oil-

water (w/o/w) emulsion and solvent evaporation. The first emulsion was created by 

homogenizing a suspension of 1 mL of 250 mg/mL dissolved PLGA and 6% w/w fine particulate 

MgCO3 in methylene chloride (continuous phase) with an inner water phase of 200 μL of 4% 

w/v HDS and 3% w/v trehalose in a glass cell culture tube at 18,000 rpm for 60 s over an ice 

bath, using a Tempest IQ2. The second emulsion was created by adding 2 mL of 5% PVA to the 

primary emulsion and vortexing for 60 s. The w/o/w double emulsion was added to 100 mL of 

0.5% PVA and stirred for 3 h at room temperature in a 150 mL beaker to allow for hardening and 

evaporation of methylene chloride. The 20-63 μm fraction of microspheres was collected using 

sieves and the microspheres were washed with excess double-distilled water and lyophilized. 

A.2.2.1. Inclusion of ZnCO3 

To create direct encapsulation ZnCO3 microspheres, ZnCO3 replaced MgCO3 in the 250 

mg PLGA in 1 mL methylene chloride continuous phase before emulsification. These 

microspheres were not remotely loaded with Zn2+ as described below. 

A.2.3. Remote loading of and encapsulation of metals and proteins 

A.2.3.1. Standard Procedures 

For remotely loaded Zn2+ microspheres, Zn2+ was remotely loaded into the PLGA 

microspheres by incubating the microspheres in at least 1 mL of 500 mM zinc acetate salt 

solution (or water as a control) per 1 mg of microspheres for 24 h rotating at 30 rpm at room 

temperature. Microspheres were washed with double-distilled water under vacuum on a 0.2 μm 

nylon filter and lyophilized. Direct encapsulation ZnCO3 microspheres did not undergo this 

procedure. 
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Remote loading HisTag and NoTag protein solutions were prepared by diluting 

lyophilized powders in loading solution. Proteins were remotely loaded into the Zn-loaded 

microspheres by incubating 1 mg of microspheres in 100 μL of 50μg/mL HisTag or NoTag 

protein in pH 8 phosphate buffered saline. Remote loading and self-healing consisted of a either 

a 48h, room temperature loading stage and a 42h 43°C healing stage for remotely loaded Zn2+ 

formulations, or a 2h, 4°C loading stage followed by a 6h, 37°C healing stage for direct 

encapsulation ZnCO3 formulations. During both stages, microspheres and protein loading 

solutions were rotated at 30 rpm.  

A.2.3.2. Determination of immunoreactive protein by ELISA 

Norrin ELISA kits were purchased from Raybiotech and performed according to kit 

instructions to determine immunoreactive protein concentrations. In all ELISAs, NoTag and 

HisTag proteins used for remote loading encapsulation were also included as reference 

standards. 

A.2.3.3. Determination of total protein by Coomassie Plus protein assay 

Total protein content for NoTag and HisTag Norrin in loading solutions was measured by 

Coomassie Plus protein assay using a 1:1 sample-to-reagent ratio. BSA standards were used, 

with the NoTag and HisTag proteins included as reference standards, and absorbance was read at 

595 nm in accordance with the protocol. 

A.2.3.4. Estimation of encapsulation efficiency 

Encapsulation efficiency of the available protein was estimated by ELISA and Coomassie 

Plus protein assay by comparing the final concentrations of protein in the loading solution to a 

control loading solution, which underwent the same conditions without microspheres as follows: 

𝐸𝐸𝑎𝑣𝑎𝑖𝑙 =
𝐶𝐶 − 𝐶𝑀𝑆

𝐶𝐶
× 100% 
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Where CC and CMS are the concentration of protein in control loading solution and the 

concentration of protein in the loading solution with microspheres quantified by either 

Coomassie Plus protein assay (for total protein) or ELISA (for immunoreactive protein), 

respectively.  

A.2.3.5. Evaluation of release kinetics 

Norrin release was conducted by incubating 1 mg microspheres in 0.5 mL phosphate 

buffered saline (PBS) + 0.02% Tween 80 + 1% BSA, pH 7.4. Media was completely replaced at 

each timepoint after centrifuging for 5 min at 8,000 rpm and removing the supernatant. All 

samples were incubated at 37 ºC with shaking.  

A.3. Results and Discussion 

A.3.1. Encapsulation of Norrin 

Remote loading and encapsulation of HisTag and NoTag norrin was measured using the 

original formulation and protocol described in Chapter 2 and the formulation and protocol 

developed in Chapter 3. HisTag norrin was efficiently encapsulated into both remote loaded Zn2+ 

(RLZn2+) microspheres (83 ± 1%) and direct encapsulation ZnCO3 (DEZnCO3) microspheres (94 ± 

9%) (Figure A-1). These data once again support the hypothesis the combination of Zn2+ and 

HisTags improve remote loading encapsulation efficiency. Controls without HisTag, without 

Zn2+, and without HisTag and Zn2+ were higher for norrin than for the previously studied 

proteins. This could be due to ionic interactions between the norrin and the HDS encapsulated 

within the microspheres. Norrin has an isoelectric point of 10.3 and carries a net positive charge 

at pH 8, the pH of the loading solution.9 This would allow for ionic interactions with HDS, 

which is anionic.  

For this protein, there was no significant difference between in encapsulation efficiency 

of HisTag protein into RLZn2+ and DEZnCO3 microspheres. In previous work, the most substantial 
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advantages in encapsulation efficiency into DEZnCO3 microspheres was seen at protein loading 

solution concentrations greater than the 50 μg/mL used here. 

 
Figure A-1. HisTag and NoTag norrin is encapsulated in Zn2+-containing and Zn2+-free PLGA microspheres by remote loading. 

Total protein encapsulation efficiency of norrin from 50μg/mL protein loading solution. Five μg protein and 1 mg of microspheres 

in 100 μL PBS, pH 8 loading solution. EEavail by total protein assay. 

A.3.2. Release of Norrin 

The release of immunoreactive HisTag norrin from RLZn2+ and DEZnCO3 microspheres 

was then measured. In both cases, after modest burst release (<20% and <10% in the first three 

days for RLZn2+ and DEZnCO3, respectively), immunoreactive protein ceased to be detected in the 

release media within two weeks (Figure A-2). This differs from release seen with other proteins 

previously. One possibility is the norrin, either while encapsulated within the microspheres or in 

solution in the release media, loses immunoreactivity. Norrin has been reported to have a half-

life of 72 hours in solution, and preliminary studies showed that norrin stored in release media at 

37 ºC with mild agitation (release conditions) lost immunoreactivity at least this quickly. While 

protein stability can be prolonged by encapsulation in PLGA matrices, it seems that the loss of 

immunoreactivity by norrin either in the microspheres or after being released occurs too quickly 

to be quantified by the methods used here. Using shorter, perhaps daily, timepoints and 

analyzing the media immediately could prove useful, assuming the protein is not degraded while 

in the microspheres. 
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Figure A-2. Release of immunoreactive HisTag norrin from Zn2+-containing PLGA microspheres in 0.5 mL PBS + 0.02% Tween 

80 + 1% BSA, pH 7.4 at 37 °C. Five μg protein and 1 mg of microspheres in 100 μL loading solution for self-healing encapsulation. 
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