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ABSTRACT 

Nanoparticle usage continues to increase in everyday products, from cosmetics to 

food preservation coatings, drug delivery to polymer fillers. Their characterization and 

synthesis is of utmost importance to ensure safety and improved product quality. 

Nanoparticles can be sourced naturally or synthetically fabricated. Cellulose nanocrystals 

(CNCs) are rod-like nanoparticles that can be isolated from nature. Reliable methods of 

characterization are necessary to ensure quality control. However, their physical 

characteristics cause challenges for imaging under transmission electron microscopy 

(TEM) with a high enough resolution for dimensional analysis. Heavy metal staining such 

as radioactive uranyl acetate is often used to increase contrast and TEM sample substrate 

preparation techniques often use expensive equipment such as glow discharge in order to 

prevent CNC agglomeration. A method to reliably produce TEM images of CNCs without 

using radioactive stains or expensive glow discharge equipment was developed, using a 

vanadium-based stain branded NanoVan® and bovine serum albumin to keep CNCs 

dispersed while drying on the TEM substrate. Due to their aspect ratio, there is also concern 

of toxicity to the lungs. The concentration of CNCs in air in production facilities must be 

monitored, but there is currently no method tailored to CNCs. A method using UV-vis 

spectroscopy, dynamic light scattering, TEM, and scanning mobility particle sizer in 

conjunction with impinger collectors was developed for monitoring aerosolized CNC 

concentration. Synthetic nanoparticles are often used for controlled drug delivery systems. 

A new peptide drug termed αCT1 has been shown to interact with cell communication in 

a way that promotes wound healing, reduces inflammation and scarring, and aids in cancer 



 

 

therapy. However, the peptide’s half-life in the body is estimated to be less than a day, 

which is not conducive to long-term treatments. Controlling its release into the body over 

several weeks can decrease the number of doses required, which is especially useful for 

glioblastoma treatment. Poly(lactic-co-glycolic acid) (PLGA) is often used for drug 

encapsulation since it hydrolyzes in the body and is biocompatible. Two methods of αCT1 

encapsulation in PLGA were explored. It was found that flash nanoprecipitation increased 

loading of αCT1 in the particles by 1-2 orders of magnitude compared with the double 

emulsion method. Particles released αCT1 over three weeks and were non-cytotoxic.  
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GENERAL AUDIENCE ABSTRACT 

 

Nanoparticle usage continues to increase in everyday products, from cosmetics to 

food preservation coatings, drug delivery to polymer fillers. Understanding the nature of 

nanoparticles is important to ensure safety and quality of commercial products, and 

production of particles allows for tailoring for specific applications. In this work, a 

technique to more easily create samples of cellulose nanocrystals (CNCs) for electron 

microscopy is developed. Electron microscopy can then be used to measure the size of 

these rod-like particles. Then, the technique is used to help develop a method to measure 

the concentration of CNCs in air. CNCs may irritate the lungs, so development of a way to 

measure their concentration in air is important to ensure safety of plant workers and 

consumers of CNCs. Characterization techniques of CNCs were used for synthesized 

particles used for brain cancer treatment. Synthesized particles contain the drug αCT1, 

which has been shown to reduce glioblastoma, or brain cancer, from becoming resistant to 

chemotherapy. These particles were made using poly(lactic-co-glycolic acid) (PLGA), a 

polymer that degrades in the body into lactic acid and glycolic acid. PLGA particles 

released αCT1 over three weeks and are of a size that is compatible with the brain. 

However, loading of the drug was low when using the first synthesis method. By switching 

particle synthesis methods, drug loading in the particles was increased by 1-2 orders of 

magnitude.  
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Chapter 1 
 

1. Introduction 

1.1. Nanomaterials 

Nanomaterials are slowly infiltrating consumer products, from wax nanodroplets on 

vegetables to metal oxide nanoparticles in sunscreen and cosmetics1 and carbon nanotubes in 

airplane parts.2 Polymeric nanoparticles have been found more useful in medical applications,3 

paints, coatings and adhesives,4 and vitamins.5 The scope of their importance and applications has 

only begun to surface, and more uses for polymeric nanoparticles are expected to arise.  

Nanomaterials can be sourced naturally or synthesized. When isolated from nature, 

nanomaterials are more sustainable and generally biocompatible and biodegradable. However, 

because the source material may not always be the same due to environmental or other factors, the 

quality of the source material can change. Synthetic nanomaterials can be made using synthetic or 

natural sources, and may or may not be biodegradable. They are generally made using polymers, 

but ceramic, metal, or composite materials (using organics and inorganics), have also been used 

for nanomaterial production. The work presented here consists of two different nanoparticulate 

systems, the first surrounding the characterization of cellulose nanocrystals derived from nature 

and second involving the production of nanoparticles for drug delivery using synthetic polymers. 

1.2. Polymeric Nanoparticles from Nature 

Nanoparticles derived from natural sources can be found in plants, microbes, and animals. 

Peptides, proteins, peptidoglycans, and polysaccharides are examples of organic nanoparticles that 

can be isolated from nature.6 Cellulose is an example of a polysaccharide from which 

nanoparticles, such as cellulose nanocrystals, can be isolated. 

1.2.1. Cellulose 

Cellulose is a polymer that can be found in trees, cotton, other plants, bacteria, and even 

tunicates. It has been used extensively in the paper industry,7 textiles, and composites for use in 

medicine, construction, and automotive applications.8-9  

Cellulose is a polysaccharide chain made of two anhydroglucose rings with a 14 linkage 

to form a β 1-4 glucosidic bond. Hydrogen bonding between inter- and intra-chain O3-H and O5 
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bonds provides the high axial chain stiffness distinctive of cellulose and creates the crystalline 

regions that increase the stiffness. Hydrogen bonds can form in different geometries, which 

produce different polymorphs of cellulose. There are at least four different polymorphs, in which 

polymorphs II, III and IV have slight structural differences in the cellulose crystal structure 

compared with cellulose I. Cellulose I is the native form found in the natural source, which can 

then be isolated and transformed into subsequent polymorphs. Cellulose I itself has two 

polymorphs, Iα and Iβ, which can be present simultaneously in varying ratios depending on the 

source material. Polymorph Iα has a triclinic structure in which the crystal-forming hydrogen 

bonds all meet at different angles. Polymorph Iβ is monoclinic, where two of the three angles 

between hydrogen meet at right angles.10  

 

 

Figure 1.1. Structure of cellulose with intra- (A) and interchain (B) bonding.8 

 

Like most polymers, cellulose has crystalline and amorphous regions. The crystalline 

regions, however, are unique in that they have a consistent size and aspect ratio. These crystalline 

regions are what gives plants and animals their structure, so trees can remain upright and bacterial 

cells can maintain their shape. Isolation of crystalline regions produces cellulose nanocrystals. 
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1.2.2. Cellulose Nanocrystals 

Cellulose nanocrystals (CNCs) are the crystalline regions in cellulose, mostly containing 

Iβ (68-94%) crystalline regions.11 They have a high aspect ratio (between 15-50) with diameters 

ranging from 5-20 nm and lengths between 50-1000 nm, depending on source. Generally, plant-

derived CNCs are shorter and animal- and bacteria-derived CNCs are longer. Crystallinity of 

CNCs also changes depending on source and isolation method. The isolation method most 

commonly used is acid hydrolysis of a cellulose-rich pulp, wherein the acid dissolves the 

amorphous regions of cellulose. The crystalline regions remain behind due to strong hydrogen 

bonds resisting attack by the acid.11  

 

 

Figure 1.2. Isolation of cellulose nanocrystals from source material. “Republished with permission 

of Royal Society of Chemistry from Ref 11; permission conveyed through Copyright Clearance 

Center, Inc.11 

 

Types of acid used for hydrolysis include sulfuric, hydrochloric, and phosphoric. The acid 

used can be important for application of CNCs, as the can acid functionalize the surface and give 

the CNCs a surface charge. The surface charge is advantageous because it helps the CNCs 

electrostatically disperse in solution. However, more functionalization of the surface lowers the 

thermal stability of the CNCs. For example, hydrochloric acid does not functionalize the surface 

of CNCs but sulfuric acid will leave sulfate groups. Hydrochloric acid isolated CNCs (H-CNCs) 

do not disperse easily in water while sulfuric acid derived CNCs (S-CNCs) disperse readily with 

A B 
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a few hours of bath sonication. S-CNCs, however, begin to degrade at 150 °C while H-CNCs 

degrade at a higher temperature of 220 °C.12 Thus, choice of acid used for hydrolysis should be 

considered carefully depending on desired application. 

 

 

Figure 1.3. Pictures of solution-cast samples of CNCs from acid hydrolysis using sulfuric acid 

(left), phosphoric acid (middle), and hydrochloric acid (right). Reprinted (adapted) with 

permission from Ref 12. Copyright (2013) American Chemical Society.12 

 

1.2.2.1. Applications of CNCs 

CNCs are useful for a wide variety of applications, including liquid crystals, rheological 

modifiers, and polymer matrix reinforcement fillers to increase mechanical properties. Cellulose 

nanocrystals have been shown to exhibit chiral nematic and lyotropic liquid crystal domains (Liu 

2014).13 Nematic phases contain longitudinally-aligned CNCs while lyotropic regions are more 

fluid in nature.11 Lyotropic liquid crystals contain more solvent than nematic phases which allows 

CNCs to form smaller areas of alignment dispersed throughout the solvent. Like other liquid 
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crystal systems, different shapes of orientation can occur based on CNC concentration.14 Liquid 

crystal behavior is due to the longitudinal chiral twist that occurs in the CNCs, causing a packing 

arrangement that gives the highest packing density when the CNCs stack on each other at an angle. 

Size, concentration, electrolyte, external stimuli, and surface charge can affect the pitch angle and 

ordering of the CNCs.11  

 

 

Figure 1.4. (a and b) Chirality of CNCs providing liquid crystalline behavior and self-assembly. 

Reprinted (adapted) with permission from Ref 15. Copyright (2001) John Wiley and Sons15 and 

(c) Optical microscopy showing fingerprint texture of chiral nematic structure viewed through 

crossed polarizers. Reprinted (adapted) with permission from Ref 16. Copyright (1996) American 

Chemical Society.16 

 

Size, concentration, and surface charge have also been shown to have effects upon the 

rheology of CNCs in solutions.11 At low concentrations, CNCs show shear thinning behavior. 

Higher concentrations of CNCs show varying behavior that depends on shear rate, from shear-

thinning behavior at low shear rates, a less-pronounced shear-thinning region at higher rates, and 

finally a drop in viscosity at a critical shear rate. At this critical shear rate, it is believed that the 

CNCs align, allowing the fluid to flow more easily.11, 17  

CNCs can increase mechanical properties using a low weight percentage of CNCs in bulk 

material. This is due to the low percolation threshold provided by the high aspect ratio. The 

A 

B 

C 
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percolation threshold is the concentration of CNCs or other particle required to begin to have an 

effect on the bulk material, and is largely independent of the matrix in which the CNCs are 

interacting. High aspect ratio particles often have low percolation thresholds, meaning only a small 

percentage of CNCs needs to be added in order to see reinforcement effects, such as increased 

stiffness, in a polymer or other matrix.18 The CNCs reinforce the polymer via CNC-CNC hydrogen 

bonding.19 

 

 

Figure 1.5. Dynamic mechanical analysis (DMA) of CNC-polyvinyl alcohol (PVOH) composites 

(a) dry and (b) soaked in artificial cerebralspinal fluid and (c) diagram of hydrogen bonds between 

CNCs breaking when water is present. Reprinted (adapted) with permission from Ref 20. 

Copyright (2013) American Chemical Society.20 

 

This CNC-CNC hydrogen bonding can also be useful when developing stimuli-responsive 

materials, or smart materials. CNCs have been used to increase the stiffness of materials when dry, 

then decrease the stiffness upon contact with water.21 One example is of a cortical electrode in 

which surgeons require a stiff material for implantation in the brain, but the brain cells interact 

best with materials of similar stiffness. Jorfi et al. created one such electrode, showing much less 

A B 

C 
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scarring and increased activity of the electrode over time compared with stiffer silicon-based 

electrodes that are currently in use.20 

1.2.2.2. Characterization of CNCs 

In order to more fully understand and make use of CNCs, various characterization 

techniques are used. The main characteristics of CNCs that require characterization include 

particle dimensions (length and width, to calculate aspect ratio) and surface charge density. If 

CNCs are added to a polymer or liquid, additional characterization techniques should be used to 

characterize how the CNCs affect the bulk material. This could include rheology, dynamic 

mechanical analysis, and thermogravimetric analysis, in addition to atomic force microscopy 

(AFM) or transmission electron microscopy (TEM) to confirm dispersion of CNCs in the matrix. 

Here, characterization of CNCs alone is briefly described.  

As the aspect ratio is one of the most useful characteristics for matrix reinforcement, as it 

affects the percolating network characteristics as described above, CNC dimensions can be 

measured via AFM, SEM, or more commonly TEM. Sample preparation often involves 

suspending CNCs in water or other dispersant, dropping the suspension on a sample substrate, and 

allowing the droplet to dry fully before imaging. However, obtaining accurate dimensions is 

challenging. Dispersion of the CNCs can be difficult and is often dependent on the dispersing 

solution and substrate being used, along with the surface chemistry of the CNCs. Substrate 

treatment, such as plasma treatment or glow discharge, before CNC deposition is often necessary 

in order to promote dispersion during drying of the CNC suspension. This requires specialized 

equipment. For imaging under electron microscopy, contrast between the substrate and sample is 

low due to similar atomic weights between them. High atomic weight stains are often used during 

sample preparation to increase contrast so the CNCs can be visualized. Stains can be negative or 

positive. Negative stains form a shadow around the particles, giving a dark background on which 

the lighter atomic weight CNCs can be visualized. Positive stains covalently bind to the surface of 

particles, so the particles themselves will appear dark against a bright background. The most 

common stain used for CNCs is uranyl acetate, a radioactive negative stain. Specialized equipment 

for substrate treatment and laboratory handling of radioactive stains can be difficult to put into 

place. This makes it difficult for some laboratories to achieve proper sample preparation in order 

to obtain clear images of CNCs. Dynamic light scattering (DLS) is another tool that can also be 
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used to estimate the hydrodynamic diameter of CNCs, but this is less accurate because the 

calculations assume a spherical particle, and because the aspect ratio cannot be measured using 

DLS.  

 

 

Figure 1.6. Transmission electron microscopy of CNCs with a negative stain. Reprinted (adapted) 

with permission from Ref 22. Copyright (2015) The Authors.22 

 

Surface chemistry of CNCs is another key factor in behavior of CNCs in solution. Several 

methods of characterization should be used together in order to confirm functionalization. Surface 

charge density, used to measure charged functions on the surface of CNCs, is measured via 

conductometric titration. This becomes important to help determine how much the surface 

chemistry is affecting interactions with surrounding materials. Zeta potential of CNCs can indicate 

overall charge of the particle but, as the analysis is based on spherical particles, is not an accurate 

quantitative method for determining CNC surface charge. Fourier transform-infrared spectroscopy 

(FTIR) is used to help identify the surface chemistry of functional groups on the CNCs, often after 

functionalization has been performed in order to confirm the expected modification has been made. 

X-ray diffraction (XRD) is used to measure crystallinity, which can indicate how well the 

crystalline regions were isolated from the amorphous regions. This in turn can indicate how well 

the CNCs may reinforce a bulk polymeric material.11 Crystallinity can be affected during 

functionalization, and so it is best to examine crystallinity of CNCs before and after 

functionalization in order to determine whether any change has occurred.   

1.2.2.3. Potential Toxicity of CNCs 

Use of CNMs is increasing, pushing companies to construct larger production plants in 

order to keep up with demand. Along with this push, safety of workers becomes a top priority, 

however the effect of CNCs on the body is not yet fully understood. Studies must consider long- 
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and short-term effects of oral, dermal, and respiratory exposure. Carcinogenicity and mutagenic 

effects, specific organ toxicity, and ecological effects also must be evaluated. In a 2016 evaluation 

of data gaps in health hazard classifications of CNCs, Shatkin et al. show that there is still 

insufficient data concerning the acute dermal and inhalation toxicity, eye damage or irritation, 

respiratory and skin sensitization, reproductive toxicity, and specific target organ toxicity.23 In 

fact, the Safety Data Sheets (SDSs) of CNCs from the University of Maine use “estimated” and 

“expected” when listing toxicological effects.24 While it is not expected that CNCs will differ 

greatly compared with cellulose based on the minimal chemical interactions with the body,23-24 it 

is necessary to confirm in order to give consumers confidence in products containing CNCs.25  

Of all potential sources of toxicity from CNCs, inhalation is the most likely source of 

danger.26 Comparing the chemistry and aspect ratio of CNCs to other known materials raises some 

concerns about the potential for CNCs to be a lung irritant. Cellulose itself is a known irritant, and 

the aspect ratio of CNCs is similar to that of asbestos, a known carcinogen. High aspect ratio 

particles are difficult for cells to remove from the body.17 Some studies show mixed results 

surrounding CNC-lung interaction, and more studies are needed to better understand long-term 

exposure responses in the body27-28. In the meantime, methods to quantify the concentration of 

CNCs in air at production facilities is needed so that safety standards can be put in place quickly 

as soon as cell studies have conclusive results.29 

1.2.2.4. Aerosolized Nanoparticle Sampling Methods 

Methods currently used in industry to quantify aerosolized particles include filter cassettes, 

nanoparticle respiratory deposition (NRD) samplers and impingers. Filter cassettes are standard 

for asbestos sampling, in which a canister contains a filter, diffuser, and support pad. The standard 

filter pore size ranges from 0.45-1.2 μm while the support pad pore size is 5 μm. The canister must 

be conductive in order to minimize effects from static charging (EPA standard).  

NRDs are canisters similar to filter cassettes with several collection stages that mimic the 

deposition of particles in the human respiratory tract. The first stage of a NRD is the respirable 

cylone inlet, which removes 50% of particles that are larger than 4-5 μm. Then air moves through 

the impactor stage, which collects 50% of particles that are 300 nm or greater.30 Finally, 

particulates flow through a diffusion phase in which a series of nylon meshes or granular beads 

are arranged to capture 50% of particles 40 nm or greater. Aerosolized particles are cycled through 
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the NRD for several hours, and then the collection stages are analyzed for quantity of particles. 

NRDs and impingers have been previously used to collect nanoparticulate salts and metals.2, 30 

Impingers are run in a similar manner, however instead of the particulates being captured by a 

filter, they are captured in a liquid. Liquid can be chosen to optimize collection efficiency.29 

 

Figure 1.7. Types of samplers for collecting aerosolized particles. (a) filter cassette from 

Environmental Protection Agency asbestos sampler;31 (b) NRD sampler, reprinted (adapted) with 

permission from Ref 32. Copyright (2011) American Chemical Society;32 and (c) impinger, 

reprinted with permission from Zefon International.33 

 

A B 
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1.3. Man-made Polymeric Nanoparticles 

Synthetic polymeric nanoparticles can use synthetic or natural polymers, which may or 

may not degrade. Synthetic polymers used include polyesters, polyanhydrides, polyurethanes, and 

polyamides, among others. Some polymers, such as the polyester poly(lactic acid), will degrade 

hydrolytically while others may only degrade enzymatically, such as the vinyl polymer 

polystyrene, or not at all, such as the methacrylate ester poly(methyl methacrylate).34  

Nanoparticles made using naturally sourced polymers are generally more biocompatible 

than synthetic and are often degradable. Chitosan, derived from the shells of crustaceans, is widely 

used for antimicrobial applications and drug delivery. Alginate, sourced from algae, have also been 

used for drug delivery as well as hydrogels. Degradation of natural polymers often occurs due to 

hydrolysis or enzymatic means. 

1.3.1. Advantages and Applications of Synthetic Nanoparticles 

Nanoparticles from synthetic materials are generally used for drug delivery, imaging, and 

diagnostic applications.35 Nanoparticles can improve the bioavailability of poorly water-soluble 

drugs, sustain the release of drugs over long periods of time, and reduce negative side effects of 

drugs.36 Biodegradable particles also have the advantage that they do not need to be surgically 

removed after implantation.36 This is especially advantageous for locations where surgery is 

unfeasible that may need targeted drug delivery.35 One example of applications of polymeric 

nanoparticles is that they can be designed for antimicrobial applications, either by the polymer 

itself or materials added to the particle. For example, chitosan inherently has antimicrobial 

properties.37 Polymers can be functionalized to be antimicrobial, such as using quaternary 

ammonium salts.38 Antimicrobial metals, such as silver, can also be incorporated into particles for 

antimicrobial effects, such as with Janus particles.39 Janus particles are any polymer that has 

different properties on one side of the particle compared with the other, such as hydrophobic on 

one side and hydrophilic on the other side.40 Another advantage to polymeric nanoparticles is that 

they can be functionalized with relative ease, not just for antimicrobial purposes but also for 

targeted drug delivery such as for cancer treatment,41 improving mucoadhesion for applications 

around mucous membranes,42 and creating stimuli-responsive particles.43 
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1.3.2. Nanoparticulate Controlled Drug Delivery Systems 

1.3.2.1. Polymer degradation and erosion 

Polymers used for encapsulation can include natural or synthetic polymers, and most often 

degrade in some way over time. Natural polymers include polymers derived from a natural, 

renewable source, such as alginate, chitosan, or cellulose, derived from algae, crustacean shells, 

or plant matter (such as trees), respectively. Synthetic polymers used are generally polyesters or 

polyanhydrides, or some variation therein. Synthetic polymers can use molecules that are currently 

in the body, such as poly(lactic acid), in which the monomeric unit is lactic acid. Lactic acid is 

produced in the body and regional build-up causes soreness in muscles after a work-out. When 

polymerized and implanted in the body, lactic acid units break apart slowly and can be metabolized 

through the Krebb’s cycle, which is the same route by which lactic acid produced by the body is 

metabolized.  

Polymers engineered to degrade in the body may degrade by one or multiple routes. 

Hydrolysis is the most common route, but enzymatic degradation may also be likely, depending 

on the polymer used. For the purposes of drug encapsulation, polymer erosion from the 

encapsulating particle is as important as the degradation mechanism. Polymer erosion is how the 

degraded polymer pieces are removed from the bulk material. There are two main polymer erosion 

mechanisms, bulk and surface erosion.  In bulk erosion, the entire bulk of the particle degrades at 

the same time. Then, channels in the bulk are usually formed that allow degraded polymer pieces 

to leave the bulk material. In this case, the bulk material has limited volume change, and could be 

described as the bulk dissolving at the same time. Polyesters, such as poly(lactic-co-glycolic acid) 

(PLGA), generally degrade via the bulk erosion mechanism. More information on the degradation 

of PLGA can be found in the Section 1.4. During surface erosion, only the surface of the material 

degrades. Here, the bulk material size decreases over time as the surface erodes away. The 

hydrophobicity of the polymer prevents water from absorbing fully into the particle, so only the 

surface in contact with water can degrade. Polyanhydrides degrade mostly using the surface 

erosion mechanism.  

1.4. Poly(lactic-co-glycolic acid) 

Poly(lactic-co-glycolic acid) (PLGA) is a well-studied polymer that has been used for a 

wide range of biomaterial applications. PLGA is a polyester made of lactic and glycolic acids, 
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which are metabolized by the body through the Kreb’s cycle, which eventually excretes the 

degraded products through the lungs;44-45 glycolic acid can also be secreted through the kidneys.44 

The glass transition temperature (Tg) of PLGA is above 37 °C, giving it a rigid chain structure and 

high mechanical strength.44 It is polymerized using a random ring-opening copolymerization of 

the cyclic dimers of glycolic acid and lactic acid, generally in the presence of tin- or aluminum-

based catalysts.45 PLGA can also be polymerized by direct polycondensation of lactic acid and 

glycolic acid, preferably in the melt state, and tin can be used as a catalyst.46 High molecular 

weights can be achieved using Lewis acids, organometallic compounds, or zinc catalyst.46 

 

 

Figure 1.8. Chemical structure of poly(lactic-co-glycolic acid) and its degradation. 

 

PLGA is most known for its ability to degrade via hydrolysis, which is useful when being 

used for tissue scaffolding or drug release. When used as a tissue scaffold, the degradation rate of 

the polymer can be tuned to the rate of growth of tissue, so that as the tissue grows the PLGA will 

be removed at approximately the same rate. For controlling drug release, the degradation rate of 

PLGA tunes the rate at which any encapsulated drug may be released, which is useful for long-

term applications requiring drug elution for up to several weeks. PLGA is regarded by the Food 

and Drug Administration (FDA) as safe for several applications in the body (Jain 2000 for drug 

delivery),44, 47 and its use in nanoparticles for drug delivery purposes is especially well-studied. 

1.4.1. PLGA Degradation 

The degradation of PLGA can be used to medicine’s advantage. Tissue scaffolds made 

with PLGA can degrade at rates similar to the growth rate of tissue, so that the tissue can easily 

grow in to the space the PLGA scaffold has been protecting. Degradation is also advantageous 

when drugs are encapsulated, because the drug will be released as the PLGA degrades. PLGA 
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degradation can be tuned by changing its molecular weight, crystallinity, and size of the material 

being implanted.  

PLGA undergoes chain scission reactions via hydrolysis, where water attacks the ester 

bond linkages to create a carboxylic acid end group and an alcohol end group.44 During the 

degradation process, a decrease in polymer molecular weight occurs first, following first-order 

kinetics.46 As the number of carboxylic acid end groups increases, the reaction can begin to 

autocatalyze if the degraded segments cannot be cleared from the bulk polymer44 Once the chain 

segments are small enough to diffuse through the bulk system, the polymer begins to erode away. 

Large or bulk materials essentially degrade from the inside out, in which the core degrades more 

quickly than the surface, likely due to autocatalysis in the center of the material.46  

1.4.1.1. Effect of Molecular Weight 

Molecular weight is an important  attribute for tuning PLGA degradation rate. Various 

molecular weights of PLGA can be easily purchased, ranging from 4,000-240,000 kDa.48 With 

this large range of molecular weights, a large range of degradation rates is also available. In 

general, lower molecular weights degrade more quickly since low molecular weight polymers have 

a high elastic modulus, increasing deformability and ability for pores to expand during water 

uptake in the particles.35, 49  

1.4.1.2. Effect of Crystallinity 

Crystallinity is another way to tune degradation rate of PLGA, due to the additional 

presence of intermolecular bonds that must be cleaved for degradation to progress. Only 

amorphous regions are permeable and can take up water, and thus are accessible.35 Crystallinity 

may be modified through several routes, including the ratio of lactic acid to glycolic acid and the 

ratio of D:L forms of the poly(lactic acid) groups. Poly(glycolic acid) (PGA) is highly crystalline 

while poly(lactic acid) (PLA) crystallinity is dependent on the ratio of D (PDLA) and L (PLLA) 

forms present. Lactic acid has an asymmetric α-carbon, typically denoted as having a D or L form 

rather than the traditional naming of R and S form, respectively.  The L form is most used, however 

a mix of D and L forms is also prevalent. PLLA and PDLA are each semi-crystalline, but become 

amorphous when both are present in a polymer (PDLLA) due to the opposing chirality present.  

The ratio of PGA to PLA also changes crystallinity. With a 50:50 ratio of the monomeric 

components and when D and L forms of PLA are present in equal proportions, polymer 
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crystallinity of poly(D,L-lactic acid-co-glycolic acid) is minimized, increasing degradation rate.49-

50 If either the PGA or PLA proportion is increased or only one PLA stereoisomer is present, 

crystallinity increases, causing a longer degradation time.46 PLA is also more hydrophobic than 

PGA, and so an increase in the relative amount of PLA in the polymer decreases the rate of water 

absorption and thus also degradation. Length of degradation time is between 1-2, 4-5, and 5-6 

months for 50:50, 75:25, and 85:15 L:G ratios35, 46 while L-PLA degrades in >24 months, D,L-

PLA in 12-16 months,  and PGA in 6-12 months.46 

1.4.1.3. Effect of Implant Size 

PLGA degrades in a bulk erosion process. This is partly affected by the size of the PLGA 

inuse, such as nanoparticles, microparticles, or bulk/macro material. As water is absorbed by the 

polymer, mono- and oligomeric units are cleaved from the polymer. If the cleaved units are on the 

surface, they can escape into the surrounding medium, providing space for further cleaved units to 

escape. However, in the bulk material, the cleaved molecules do not have a route to exit the 

material. The additional carboxylic acid end groups begin decreasing the pH, catalyzing the 

degradation of surrounding material in an autocatalyzing event. It is postulated that a burst release 

of monomers from inside the bulk material is caused either by an increase in osmotic pressure by 

the reduction of pH or because the outer layer in which the surface groups can escape finally 

becomes thin enough to reach the now-porous interior of the material.51 This mechanism of burst 

release has sometimes been shown to be quicker for smaller particles while others have shown 

degradation is quicker with larger particles. Surfactants, the drug loaded in the particles, and 

amount of drug loaded can also play a role in how water uptake and then PLGA degradation 

occurs.51 
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Figure 1.9. Degradation of PLGA particles that are nanoparticles (top row) and microparticles 

(bottom row). Progression from shows how the scale of the particles can effect the release profile. 

 

1.4.1.4. Additional factors affecting degradation rates 

Degradation of PLGA is a complicated process that is affected by many factors. Besides 

molecular weight, bulk material size, and crystallinity, several other factors can affect degradation 

rate. These include hydrophobicity and chemical, enzymatic or biological means of degradation. 

When hydrophobicity is increased, by either an increase in PLA content or functionalization, water 

diffusion through the polymer decreases, which decreases the rate of degradation via hydrolysis.35, 

49 Enzymatic degradation is another method of polymer degradation and erosion. In this case, an 

enzyme or protein can begin to break the ester linkages rather than water alone.52 Additionally, as 

the polymer becomes porous and erodes, it becomes easier for enzymes to infiltrate the device and 

increase the rate of degradation.46 

1.4.2. Current PLGA Drug-Dosing Devices in Use 

PLGA has long been FDA-approved for several applications, most often in the forms of 

microspheres, in situ forming gels, or implants. The L:G ratios are reported from 50:50 to 85:15, 

although not all sources have ratio listed. The amount of PLGA present per dose ranges from 3.75 
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mg PLGA per dose up to 567 mg PLGA per dose of drug (Wang 2016 – FDA). FDA approval of 

PLGA in these applications will make it easier for materials made in the laboratory to make it as 

a product on the market more quickly, due to the 510(k) Premarket Notification process. This 

process helps the FDA identify whether a new device is equivalent to an already-approved device 

or if there are significant enough changes that have been made to the device compared with already 

approved devices that would require additional safety and effectiveness testing before approval.53 
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Table 1.1. FDA-Approved PLGA Devices.47  

 

 

1.4.3. PLGA Nanoparticles 

The usefulness of PLGA nanoparticles has quickly become apparent in the medical field 

for a large variety of applications. For many peptides, proteins, and nucleic acids, encapsulation 
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in PLGA nanoparticles can increase the half-life of these drugs in the body, protecting them from 

enzymatic or hydrolytic degradation as they reach their target location (Danhier 2012, Komaly 

2016, Jain 2000).35, 44, 54 It is also useful for encapsulation of antigens for the delivery of 

vaccines.44, 54-55 Encapsulation of certain drugs, such as antibiotics and hydrophobic drugs, can 

also increase the drug bioavailability.35, 54, 56 Surfaces of nanoparticles can also be coated or 

functionalized in order to target specific locations in the body, such as inflammatory and cerebral 

diseases, or specific organs such as the liver, brain, or ocular tissues.54, 57 Nanoparticles themselves 

have an advantage over larger particles and implants in order to have suitable biodegradation 

kinetics.44 These small particles also have the ability to penetrate deeper into tissue than larger 

particles via transport through small capillaries. They can also travel across fenestration in 

epithelial lining and have efficient cellular uptake.45 PLGA nanoparticles specifically are useful 

because their degradation prevents the need for a second surgery to remove the implant, and no 

long-term toxicity issues have been reported.58 

1.4.3.1. Nanoparticle synthesis methods 

There are several methods that can be used to synthesize particles. Each has its own 

advantage, and there is not one method that is universal. Each method must be tailored to the drug, 

polymer, solvent, stabilizer, and other factors required by the system. However, the most common 

methods include emulsion-based methods and precipitation-based methods.  

1.4.3.1.1. Emulsion Methods 

Emulsion methods can be modified for either hydrophilic or hydrophobic drugs by using a 

single or double emulsion. When using emulsion methods, particle synthesis takes advantage of 

the oil-water interface to create nanodroplets of solvent containing polymer dispersed in an outer 

phase immiscible with the solvent. These are usually described as oil-in-water (o/w), water-in-oil-

in-water (w/o/w), or the inverses of these (w/o, o/w/o). Solid-in-oil-in-water (s/o/w) methods are 

another modification of emulsion methods. High-energy sonication is used to decrease droplet 

sizes to the nanoscale. Surfactant is typically used to stabilize the particles while the polymer-

containing phase evaporates. The high energy required to form droplets can damage sensitive 

drugs such as proteins and peptides and the oil-water interface has also been found to denature 

some proteins.52  
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Figure 1.10. Double emulsion-solvent encapsulation method. 

 

1.4.3.1.2. Precipitation Methods 

Precipitation-based methods (also called solvent displacement or interfacial deposition) for 

particle encapsulation include precipitation, nanoprecipitation, and flash nanoprecipitation. 

Precipitation methods make use of two different solvents similar to emulsion systems, but differ 

in that the two solvents should be miscible with each other. One solvent should dissolve the 

polymer and the other should not (termed the non- or anti-solvent). When the two solutions are 

mixed together, the polymer precipitates out due to the presence of anti-solvent, forming particles. 

If the mixing is performed on a small enough time scale, via nano- or flash nanoprecipitation, then 

smaller particles can be achieved, down to the nanoscale. This process can be advantageous for 

encapsulating hydrophilic molecules, such as peptides, if solvent-antisolvent mixing times are on 

a small enough scale.59  
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Figure 1.11. Nanoprecipitation method for nanoparticle synthesis.  

 

1.4.3.1.3. Other Methods 

Several other methods to make PLGA-NPs exist, including spray-drying, coacervation,44 

and salting out.36, 60 Some variations on these methods include spray-freeze-drying, 

electrospraying, and a ProLease cold encapsulation method used for bioactive polymers.35, 61-62 

Particles can also be made in a bottom-up fashion, where PLGA is polymerized into a particle 

form, using direct polymerization techniques. 4 

Emulsification and precipitation techniques can also be modified and combined, such as 

the emulsification-diffusion method.36, 60 In another modification, Murakami et al. used two 

solvents in the solvent phase of the precipitation method, having different affinities to PLGA and 

the stabilizer poly(vinyl alcohol).63 Microfluidic channels have also been used to make particles 

with the concepts of emulsion or nanoprecipitation methods, in which the streams of fluid either 

take advantage of the oil-water interfaces or high-shear mixing helps form small precipitated 

particles for encapsulation of drugs.35, 57, 64 
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1.4.3.2. Drug Encapsulation and Release from PLGA-NPs 

1.4.3.2.4. Drug Encapsulation and Loading 

Many different sizes of drugs with varying affinities can be encapsulated through several 

different routes. Encapsulation method of choice is largely dependent on the type of drug to be 

encapsulated. Drug loading and encapsulation efficiency, described in  

Equation 1 and Equation 2, are usually maximized by adjusting several processing 

parameters. These parameters normally include shear rate, surfactant type and concentration, 

polymer concentration, and type of solvent used.41, 66-68 Other additives, such as ion pairing, and 

processing steps, such as multiple emulsion or nanoprecipitation steps, can also be used to increase 

drug loading.69-71  

 

Equation 1 

  

 

Equation 2 

  

 

1.4.3.2.5. Drug Release 

Drug release is dependent on polymer type used (molecular weight, crystallinity, L:G ratio, 

etc.), but is also dependent on the drug itself and its ability to move through the particle during the 

release.49 Soppimath et al. describe drug release as being dependent on the following factors:72 

1. Desorption of surface-bound or adsorbed drug 

2. Diffusion of drugs through the bulk particle matrix 

3. Diffusion of drugs through the particle wall/surface 

4. Particle matrix erosion 

5. Combined erosion and diffusion process  

 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100% 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑈𝑠𝑒𝑑 𝑖𝑛 𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
× 100% 
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A similar description of drug release explanations is described by Komaly et al.:35 

1. Drug diffusion through water-filled pores 

2. Diffusion through polymer matrix 

3. Osmotic pumping 

4. Erosion  

 

Soppimath and Komaly agree on drug diffusion, but differ in that one is bulk diffusion 

through the matrix or surface and the other through either the matrix or pores in the particles. 

Erosion is another common factor described, although Komaly goes into further description on 

how erosion can be either surface or bulk rather erosion. Komaly also differs from Soppimath in 

that osmotic pumping could be a potential reason why drug is eluting from the polymer. In this 

case, as the polymer begins to swell from water uptake, the osmotic pressure within the particle 

increases, driving the drug out to the surrounding lower-pressure media. The final difference is 

that Soppimath mentions desorption of drug from the surface of the particle, which Komaly does 

not mention. This is often the case when polymer-drug solubility is low, so little drug gets 

incorporated in the center of the particle, and instead lies near the surface of the particle or is 

simply adsorbed to the outside surface.35, 72-73 

These factors combine to produce different types of release profiles. Figure 1.12 describes 

several common types of profiles. Most commonly, burst release profiles will be observed if the 

drug is near the surface, or the drug is small enough to diffuse through the particle easily. In this 

case, the polymer does not need to fully degrade in order for drug to be released. A linear, or first-

order, release profile is ideal for applications when a constant drug concentration in plasma is 

desired, and is achieved when a steady rate of drug is eluted from the particle. Triphasic profiles 

are often observed with macromolecular drug delivery. Large molecules adsorbed to the surface 

desorb during the initial burst release phase. In the second phase, limited drug is released because 

it is too large to diffuse through the particle while the matrix is still intact. In the third phase, the 

polymer matrix begins to erode away, forming channels that allow the macromolecules diffuse out 

of the polymer.35, 72 The preferred profile is highly dependent on the needs of the application, and 

additional in vivo testing is usually required to optimize the desired therapeutic effect.   
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Table 1.3Table 1.3 gives examples of several types of drugs encapsulated and their release 

profiles. 

 

 

Figure 1.12. Example drug release profiles. A) open squares: burst and rapid phase II; filled circles: 

triphasic release with short phase II; crosses: burst and zero-order release; filled diamonds: 

triphasic release; dashes: biphasic release without burst release. Reprinted with permissions from 

Elsevier © 2011.74 B) Description of burst release and zero-order release of drug. Reprinted with 

permissions from Elsevier © 2001.75  

 

  

A 

B 
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Table 1.3. Release profiles of various drugs from PLGA. 

Drug Encapsulated  

(ion pairing 

complex) 

Drug 

Affinity, 

Size* 

Encapsulation 

Method 

Release Profile, time 

studied 
Ref. 

Benzocaine 
Hydrophobic, 

Small 
Nanoprecipitation Burst, 8 hrs 76 

Curcumin 
Hydrophobic, 

Small 

Single emulsion-

solvent evaporation 

Burst followed by linear, 

19 days 
77 

Paclitaxel 
Hydrophobic, 

Small 
Single emulsion 

Triphasic and burst release 

(surfactant dependant), 40 

days 

68 

Gemcitabine 

hydrochloride 

Hydrophilic, 

Small 

Double emulsion-

solvent evaporation 

Burst followed by linear, 

12 hrs 
67 

Fluorescein 
Hydrophilic, 

Small 

Microfluidic via 

emulsion and 

precipitation 

methods 

Burst, 30 hrs 64 

Loperamide HCl 

(dextran sulphate) 

Lipophilic, 

Small 

Coacervation for ion 

pairing, s/o/w for 

encapsulation 

Burst followed by linear, 6 

days 
78 

Palmitic acid-

modified exendin-4 

and exendin-4 

Hydrophilic 

peptide, 

Intermediate 

Emulsification, in 

steps to encapsulate 

in PLGA then coat 

with chitosan 

Burst followed by linear or 

triphasic, 3 days 
71 

Insulin 

(various zinc salts) 

Hydrophilic 

protein, 

Large 

Double emulsion-

solvent evaporation 

Burst followed by linear, 

21 days 
79 

Human serum 

albumin 

Hydrophilic, 

Large 
Emulsion-diffusion 

Burst or triphasic, up to 30 

days 
80 

Endostar 

Hydrophilic 

protein, 

Large 

Double emulsion-

solvent evaporation 
Burst, 5 weeks 81 

Lysozyme and  

α-chymotrypsin 

Hydrophilic 

protein, 

Large 

Two-step 

nanoprecipitation 
Triphasic, 100 days 82 

*Drug sizes: Small < 1 kDa, 1 kDa < Intermediate < 5 kDa, 5 kDa < Large 

 

1.4.3.3. Toxicity and Bioaccumulation of PLGA-NPs 

One advantage of nanoparticles is that the material used can have different properties when 

on the nano-scale compared with macro-scale. However, this can also mean that nano-scale 

materials have different toxicities when nano-sized. Nanomaterials can interact with areas of the 

body that larger particles cannot, such as entering cells through phagocytosis rather than 
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interacting with only the surface of cells.83 Bulk PLGA implants show little to no inflammatory 

response. If there is a small amount of inflammation that occurs, it diminishes over time, and no 

toxicity or allergic responses have been observed.46 However, some foreign body responses have 

been observed, which is most often attributed to PLGA’s hydrophobicity.46, 54 While biological 

responses to bulk PLGA are limited, responses to nanoparticles should be observed. 

1.4.3.3.6. Cytotoxicity 

For PLGA nanoparticles, it is most often reported that little cytotoxicity is present when 

cells are exposed,84-85 which is expected of a system similar to that which has been previously 

approved by the FDA. When some toxicity has been reported, the cause is most often linked to an 

increase in inflammation or reactive oxygen species (ROS),86-87 but this has also been linked to the 

degradation products of PLGA not being cleared away from the cells at the site of administration.88 

It has been shown, however, that the shape of NPs can have an effect on cytotoxicity. In a study 

using PLGA-PEG (poly(ethylene glycol)), spherical- and needle-shaped particles were tested in 

HepG2 cells, or human hepatocellular carcinoma (liver cancer) cells. It was found that needle-

shaped particles lysed the lysosome during the endocytosis process, causing damage to the cell’s 

DNA and eventually causing cell death while spherical particles showed no toxicity.89 Surface 

functionalization may also play a role in biological responses. In a study by Platel et al., positively 

charged nanoparticles were shown to be cytotoxic by increasing ROS induction and high 

endocytosis due to induction of chromosomal aberrations. Neutral and negatively charged NPs in 

contrast were found to be relatively inert.90 

1.4.3.3.7. Bioaccumulation 

Bioaccumulation, or where the material tends to accumulate in the body, must also be 

considered with nanoparticles. Accumulation areas must be taken into account when designing 

particles for appropriate target delivery and duration in the body to be a match for therapeutic 

goals. It has been found that PLGA-NPs often accumulate in the liver, spleen, lymph nodes, bone 

marrow, and peritoneal macrophages.49 For example, when administered orally in rats over seven 

days, an insignificant amount of PLGA-NPs were found to accumulate in the spleen (0.6% total 

dose/g), followed by intestines (0.28%) and kidney (0.3%), then liver, lung, heart, and brain (each 

less than 0.2%).91 In another study, PLGA-NPs were administered to rats intravenously. After two 

hours, 18.8% of the dose accumulated in the liver, 5.0% in the intestine, 4.3% in the kidneys, and 
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2.3% in the blood.92 The differences in accumulation are likely due to the administration route of 

the NPs. It has also been shown that functionalized or coated PLGA-NPs may accumulate in the 

body at higher rates compared with non-functionalized PLGA-NPs.85-87 Additionally, the liver and 

spleen are common locations for hydrophobic particles to accumulate since the reticulo-endothelial 

system (RES) views them as foreign bodies, which is commonly addressed by coating the particles 

with a hydrophilic surface layer54 or other molecules, such as peptides, in order to allow the 

particles to pass through various tissues.93 

1.4.3.3.8. Role of PLGA-NPs Reduction of Drug Toxicity 

In other studies, PLGA has been shown to reduce or eliminate the toxicity of drugs and 

other particles by limiting tissue exposure to the encapsulated drug until particles are at the target 

location.57, 94  For example, thioridazine is a toxic drug that can be used in conjunction with 

rifampicin in order to treat Mycobacterium tuberculosis and Mycobacterium bovis. However, 

because of its toxicity, thioridazine in not widely used. In a study by Vibe et al., encapsulating 

thioridazine in PLGA reduces or eliminates its toxicity in zebrafish embryos, and when used with 

rifampicin significantly increases the survival rate of the fish that have been infected with M. 

tuberculosis and M. bovis.94 Hung et al. also showed a reduction in cytotoxicity of photosensitizers 

when encapsulated in PLGA. Photosensitizers are drugs that react when triggered by UV light, but 

can be cytotoxic without light when used at high concentration. It was found that the PLGA coating 

protects the photosensitizer from reactions with tissue until embedded in the target location, at 

which point the light source can be activated and the drug can remain localized.95  

1.5. Connexin43 Mimetic Peptide Drug αCT1 

αCT1, or alpha-connexin carboxyl-terminal peptide 1, is a synthetic peptide drug shown to 

decrease chronic wound healing time, decrease scar tissue formation on the skin and internally 

such as heart tissue, and reduce glioblastoma resistance to chemotherapeutics.96-97 The drug is 

currently in Phase III trials for FDA approval (last stage of human trials before approval) for topical 

wound healing applications. The broad range of applications of the drug is hypothesized to be due 

to the effect it has on cell-to-cell interactions and communication. 

1.5.1. Properties of αCT1 

αCT1 is a peptide containing 25 amino acid groups. Its sequence is 

RQPKIWFPNRRKPWKKRPRPDDLEI and has a molecular weight of 3484. It hydrophilic, has a 
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pI of 11.95, and a net negative charge below its pI. During studies, a randomized sequence of the 

same amino acid groups can be used a negative control; the antennaepedia end can also be used as 

a negative control. Biotin is used as a marker on the αCT1 in order to facilitate the use of ELISA 

assay for quantitation. 

 

 

Figure 1.13. Configuration of A) αCT1, B) antennapedia only, and C) Cx43 mimic only. 

 

1.5.2. Cellular Communication: Connexins, Gap Junctions, and αCT1 Interactions 

When multicellular organisms began to form, one necessity for cells to coordinate was the 

ability to communicate. Cells can communicate by indirect means, especially if cells are distanced 

from each other, by excreting small molecules and hormones into the extracellular space that will 

eventually reach the target cell. Cells also communicate directly by forming connections with each 

other through which small molecules and hormones can be transferred.98 These connections are 

called gap junctions, which are made of integral proteins. Integral proteins have some portion of 

their structure embedded in the cell membrane, and most often completely span the phospholipid 

bilayer.99 The integral proteins that form gap junctions are called connexins. When six connexins 

oligomerize in a circular structure, they form a connexon, or hemichannel. Hemichannels allow 

the movement of small molecules across the cell membrane, especially ATP and glutamate, in the 

extracellular space.100 When connexons on adjacent cells couple, a gap junction is formed for direct 

transfer of molecules and ions (<1-2 kDa) from one cell to another, usually based on osmotic 

pressure differences.98, 101 

Many connexins (Cx) have been found so far, each affecting different diseases. Cx26 has 

been found to affect deafness while Cx50 is linked with cataracts. Cx43 has been linked to 

oculodentodigital dysplasia, heart defects, and ventricular disease.98 Cx43 is also critical for 
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neurodevelopment, as Cx43 is expressed in oligodendrocytes, astrocytes, and microglia.100 

Endothelial cells also express Cx43, likely in part because endothelial cells are regulated by 

adjacent astocytes.100 Cx43 plays an important role in tissue development and homeostasis, such 

that one study demonstrated that Cx43 knockout mice expressed heart malformations and could 

not survive after birth.102 

αCT1 mimics Cx43, which in turn modifies how Cx43 is expressed in a cell. A binding 

partner of Cx43 is the protein zonula occludens (ZO-1), with which αCT1 competitively binds. 

Cx43 interactions with ZO-1 have been shown to change the gap junction remodeling and cellular 

communication. By preventing Cx43 binding to ZO-1, intracellular gap junction communication 

is increased while Cx43 hemichannel activity is decreased. This mechanism could explain why 

αCT1 reduces the resistance of glioma cells from becoming resistant to the chemotherapeutic 

temozolomide, among other therapeutic activity such as reducing inflammation, reducing scar 

tissue formation, and healing chronic wounds.96-97   

 

Figure 1.14. Schematic of connexons, gap junctions, and hemichannels. Left: Connexin proteins 

that form into connexons. Right: Connexons create hemichannels when opened, allowing flow of 

small molecules and ions between the cell and extracellular space. Middle: Gap junctions formed 

when hemichannels from two adjoining cells come together. Reprinted from Ref 103, with 

permission from Elsevier.103  
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1.5.3. Limitations and Side Effects of αCT1 

The main limitation to αCT1 is that it is a relatively small molecule, only 25 amino acids 

in length (MW 3485), and the body can metabolize it quickly, in an estimated 24 hours or less. For 

long-term treatments such as chronic wounds and cancer, price of treatment increases and patient 

compliance decreases. The other limitation for αCT1 is the side effects, which have so far been 

found to include decreased activity, breathing abnormalities, piloerection, prostration, and wobbly 

gait when administered intraveneously at concentrations of 10 mg/kg or greater, which resolved 

after 24 hours.96  

1.5.4. Glioblastoma 

1.5.4.1. Glioblastoma and Treatment Resistance 

Glioblastoma multiform is a deadly brain cancer that contributes to 15% of all brain 

tumors.104 The survival rate of patients two years after diagnosis is 27%105 and less than 5% five 

years after diagnosis.97 Glioblastoma is difficult to treat for two main reasons. The first is that 

cancer cell tendrils infiltrate into sensitive areas of the brain, making full surgical removal 

impossible.105-106 The second is they become resistant to chemotherapeutics quickly.101  

Cancer cell resistance to therapy arises for a variety of reasons. First, intra- and inter-tumor 

heterogeneity makes treatment difficult, partly due to the presence of glioblastoma stem cells 

(GSCs). GSCs contribute to treatment resistance due to their refraction of radiation and 

chemotherapy. Glioblastoma tumors also have large regions with reduced oxygen levels, which 

also limit the amount of DNA-damaging free radicals produced during ionizing radiation.106 The 

tumor also exhibits high hydrostatic pressure due to abnormal and leaky vasculature, which limits 

the ability of drugs to reach the tumor.106 

Current treatment methods include surgical resection of the tumor followed by radiation 

and chemotherapeutic treatment, mainly using temozolomide (TMZ). However, treatment 

methods only prolong life an average of 2.5 months.97  

1.5.4.2. Current Standard of Care 

Glioblastoma is currently treated by surgical resection, chemotherapy, and ionizing 

radiation. Chemotherapeutic drugs are limited in impact due to inability to cross the blood brain 

barrier (BBB). The current standard therapeutic is temozolomide (TMZ), which is a hydrophobic 

small molecule that readily passes through the BBB. TMZ causes DNA lesions in cancer cells due 
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to its DNA-alkylating ability.97 Other therapeutics include carmustine, lomustine, gleostine, 

carboplatin, etoposide, ironitecan, and Gliadel®, a biodegradable wafer encapsulating carmustine, 

however all of these except carmustine, lomustine, and Gliadel have been approved for cancers 

other than glioblastoma, so if used must be prescribed “off label” for use in brain tumors.105-106  

1.5.4.3. Other Treatment Methods 

There are a few treatment methods that go beyond the standard of care. Convection-

enhanced delivery (CED) is a treatment method that slowly infuses chemotherapeutics directly to 

the tumor site to replace other routes of administration.105 Two approved routes of glioblastoma 

treatment do not make use of radiation or chemotherapy. The first is called Nanotherm™, which 

is approved for use in the European Union. This therapy injects magnetic particles directly into the 

tumor and then alternates magnetic fields to selectively heat cancer cells, leading to cancer cell 

death.107 The second is Optune, a wearable, portable FDA-approved therapeutic device that uses 

electric fields to interrupt cancer cell division.108 Cells undergo apoptosis, or cell death, after 

attempting to divide. Electric fields disrupt formation of tubulin into spindle structures, which are 

required to separate chromosomes into daughter cells during mitosis.108-109 Since the cell cannot 

finish division, it undergoes cell death.108  

1.5.4.4. Role of αCT1 and Cellular Communication in Glioblastoma 

Glioblastoma cells contain the protein connexin 43 (Cx43), a tumor-suppressing gene that 

forms hemichannels in cell membranes for cellular communication.102 Expression of Cx43 in 

glioblastoma is unsurprising due to the prevalence of Cx43 present in a variety of neuronal 

tissue.100 It has been found that gap junctions also play an important role in glioblastoma 

chemoresistance due to intercellular communication.101 Specifically, cells in which expression of 

Cx43 was high showed a higher incidence of chemoresistance,97, 101 although other studies found 

conflicting results, where Cx43 expression was tied to increased cytotoxicity to 

chemotherapeutics.110 The contradiction has been attributed to differences in experimentation 

methods, however it is clear that Cx43 effects chemoresistance.111 

In a study by Gielen et al., cells expressing a modified Cx43 gene that precluded the 

carboxyl terminus decreased glioblastoma resistance to TMZ.112 Similarly, Murphy et al. used a 

Cx43 peptide mimic, αCT1, to study effects on chemoresistance. It was found that glioblastoma 

stem cells remained sensitive to TMZ. Murphy postulated that αCT1 induces cell death by 
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inhibiting the AKT/AMPK/MTOR signaling pathway, sensitizing cancer cells to TMZ.97 This set 

of pathways are a response to metabolic stress in order to return to homeostasis when reactive 

oxygen species are overproduced.113 Thus when the pathway is blocked, toxic reactive oxygen 

species build excessively and cause cell death. The mechanism of αCT1 on Cx43 is not yet fully 

realized, however it has been discovered that αCT1 will bind preferentially to ZO-1, which 

simultaneously reduce hemichannel activity and encourage gap junction binding, as described in 

Section 1.5.2.96-97 

1.5.5. Current Methods of Administering Patients with αCT1 

Route of administration has an effect on bioavailability of the drug. For topical 

applications, especially for diabetic and venous leg ulcers, αCT1 is most often applied by 

dispersing in Granexin gel, which can be applied directly on the wound.111, 114 When studying 

effect of αCT1 on prevention of cardiac scar tissue, a methyl cellulose patch containing αCT1 has 

previously been used in mice.115 Glioblastoma applications so far have injected αCT1 directly into 

the tumor site, however this has only been used for animal studies (work not yet published).  

Limited encapsulation of αCT1 for controlled release has been conducted. One study 

encapsulated αCT1 in microparticles in sodium alginate, alginate-poly-l lysine (A-PLL), or 

alginate-poly-l-ornithine (A-PLO) using an electrospray method. Particles were studied with and 

without UV crosslinking. However, drug was only released over 48 hours and no cellular or animal 

studies were conducted.116 Thus, effectiveness of the particles against glioblastoma applications is 

unknown. Additionally, for certain long-term applications such as glioblastoma, two days may not 

be sufficient length of time to be effective for treatment. Therefore a longer-release system is 

needed for improved delivery of αCT1 over time. 

1.6. Statement of Work 

This dissertation describes four main projects. First, a CNC sample preparation method 

was developed in order to avoid use of radioactive stain and glow discharge. Second, a method of 

quantifying aerosolized rhodamine b-tagged CNCs was developed for eventual monitoring 

concentrations in CNC production facilities. Third, αCT1 was encapsulated using the double 

emulsion-solvent evaporation method in order to control the release the drug over several weeks. 

Finally, in order to increase loading of αCT1 in particles, a flash nanoprecipitation method was 

used for encapsulation.  
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Chapter 2 
 

2. Objectives and Outline 

2.1. Objectives 

Nanoparticles have the potential for widespread improvements in everyday products in a 

variety of disciplines. With increased prevalence of polymeric nanoparticles in our everyday lives, 

characterization of isolated and synthesized particles becomes more important to ensure quality 

and safety and commercial products. The overall objective of this dissertation is to develop 

methods of nanoparticle characterization that may be accessible to a broader audience, then use 

those techniques on synthesized nanoparticles that encapsulate a peptide for glioblastoma 

applications. Specifically, the goals of the dissertation are: 

 

1. Develop an electron microscopy sample preparation method for CNCs that avoids use 

of a radioactive stain and a glow discharge device. This will allow laboratories without the 

facilities to handle radioactive material or without the specialized equipment to be able to 

prepare TEM samples for characterization of CNCs. The ability to accurately characterize 

these nanoparticles will increase the reproducibility of any work involving CNCs. 

2. Develop a quantification method for monitoring concentration of CNCs in air for 

health and safety precautions in production facilities. Toxicity of CNCs is not yet fully 

understood, and the ability to track CNC concentration in production facilities will help 

ensure the safety of plant workers.  

3. Control the release of a peptide drug from PLGA nanoparticles in order to facilitate 

long-term delivery for treatment of glioblastoma. This will be essential for the continual 

treatment of this deadly brain cancer. 

4. Improve drug loading of αCT1 in PLGA nanoparticles in order to improve efficacy and 

longevity in the body. Higher drug loading increases the practicality of using nanoparticles 

for drug delivery, and may lead to product realization.  
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2.2. Dissertation Outline 

This dissertation is composed of two peer-reviewed publications, one manuscript currently 

in review for publication, and one manuscript to be submitted for publication, constituting four 

research chapters.  

 

Chapter 1: Introduction. This chapter introduces the topics of discussion and provides background 

information for the following research chapters. 

 

Chapter 2: Objectives and Outline. The objectives and outline give a brief overview of the 

contents of the thesis and its goals. 

 

Chapter 3: Effective Cellulose Nanocrystal Imaging using Transmission Electron Microscopy. 

This chapter developed a reliable way to image CNCs in TEM using the dispersant bovine serum 

albumin and non-radioactive stain (vanadium-based Nanovan®). Dispersion and visibility of 

CNCs under TEM is explored. This work was published in Carbohydrate Polymers. 

 

Chapter 4: Collection of airborne ultrafine cellulose nanocrystals by impinger with an efficiency 

mimicking deposition in the human respiratory system. In this chapter, CNCs labeled with 

rhodamine B (RhB) were aerosolized and collected in an impinger in order to develop a method 

to quantify CNCs in air. This was recently accepted in Journal of Environmental and Occupational 

Hygiene and is expected to be published in February 2019.  

 

Chapter 5: Development of PLGA nanoparticles for sustained release of a Connexin43 mimetic 

peptide to target glioblastoma cells. This chapter explores using emulsion techniques to 

encapsulate αCT1 in PLGA nanoparticles for delivery to glioblastoma cells. Particle size was of 

particular interest due to application needs in the brain. However, drug loading was low in the 

particles. This work has been submitted to Materials Science and Engineering: C and is currently 

under review. 
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Chapter 6: Flash nanoprecipitation method for increased loading of a Connexin43 mimetic 

peptide-loaded PLGA nanoparticle to target glioblastoma cells. In this chapter, the challenge of 

low drug loading was addressed by using flash nanoprecipitation for encapsulation of αCT1. In 

order to further increase loading, several parameters of this method were explored for effect on 

loading. Release studies using the optimized particles were also conducted. This chapter is in 

progress for submission to Nanotechnology and is expected to be submitted for publication by 

January 2019. 

 

Chapter 7. Concluding Remarks. This chapter summarizes the presented contributions and 

provides an outlook for future work to develop improved characterization and synthesis techniques 

for polymeric nanoparticles. 
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Chapter 3 
 

3. Effective Cellulose Nanocrystal Imaging using 

Transmission Electron Microscopy 

 

Characterization of CNCs usually includes the need for imaging in order to confirm aspect 

ratio and determine amount of agglomeration. Imaging almost always uses TEM for CNCs due to 

their size and shape. However, in order to accurately measure particle dimensions, CNCs need to 

be dispersed and visible against the similarly-electron-dense sample grid. This chapter provided a 

method for our lab to prepare TEM samples of CNCs without the use of radioactive staining or 

use of glow discharge device, to both of which our lab had limited access. Further chapters using 

TEM prepared samples used the developed method. 

In this chapter, all data were collected and analyzed equally between myself and Ms. Kelly 

Stinson-Bagby. The chapter was drafted equally between myself and Ms. Stinson-Bagby, and 

edited by my academic advisor, Dr. E. Johan Foster. This chapter is reprinted as it  appears  in 

Carbohydrate Polymers,  with  permission  from  Elsevier © 2018.   
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Chapter 4 
 

4. Collection of Airborne Ultrafine Cellulose Nanocrystals by 

Impinger with an Efficiency Mimicking Deposition in the 

Human Respiratory System 

 

CNC toxicity to humans and the environment is not yet fully understood, however there 

are concerns of irritation to the lungs based on the aspect ratio being similar to asbestos. Because 

CNC production is increasing, safety in production facilities is of utmost concern. This chapter 

provides an initial step to develop an industrially practical method for quantifying the 

concentration of CNCs in air. This chapter expands on CNC characterization methods developed 

in the previous chapter. Characterization methods used in this chapter are applied to a different 

type of particle in subsequent chapters. 

In this chapter, data and analysis concerning CNC labeling and characterization was 

performed by myself, directed by Dr. E. Johan Foster. Aerosolization of CNCs and design of 

impinger was performed by Mr. Kevin Gettz and Dr. Larissa V. Stebounova, directed by Dr. 

Thomas Peters at the University of Iowa. Dr. Jo Anne Shatkin advised on practicality of system 

development for its use in industrial settings. The chapter was drafted by myself except for sections 

surrounding aerosolization methodology and design of the impinger nozzle, which were drafted 

by Mr. Gettz and Dr. Stebounova. The draft was later edited by Dr. Thomas Peters, Dr. Shatkin, 

and Dr. Foster. This chapter was accepted in the Journal of Occupational and Environmental 

Health and the accepted version is reprinted here with permission from Taylor and Francis © 2018. 
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ABSTRACT 

     As cellulose nanocrystals (CNCs) are increasing in production, establishing safe 

workplace practices in industry will be paramount to their continued use and growth. As small 

high-aspect-ratio fibers, CNCs, like conventional cellulose, may be potentially hazardous in the 

body, especially in the lungs when inhaled. Safeguards are needed to monitor concentrations of 

CNCs in air in industrial and laboratory settings to protect workers. However, because of their 

size, morphology, and chemical makeup, CNCs are difficult to characterize and differentiate from 

other dust and cellulose products. This work is focused on developing an effective method of 

characterizing the concentration of airborne ultrafine CNCs that may deposit in the respiratory 

tract. CNCs were tagged with rhodamine b (RhB-CNCs) for improved visualization and 

characterized using UV-vis spectroscopy (UV-vis), transmission electron microscopy (TEM), and 

dynamic light scattering (DLS), then aerosolized and collected via a novel method using plastic 

impingers. Concentration of RhB-CNCs was measured using UV-vis and scanning mobility 
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particle sizer (SMPS). The plastic impinger with 3D-printed nozzle collected airborne CNCs at an 

efficiency that improves upon commercially available impingers for relevant particle sizes. 

 

INTRODUCTION 

     The isolation, modification, characterization and application of cellulose nanoparticles from 

plants (including wood, coconut husks, sisal, tunicates, cotton, ramie, straw, sugar beet, and many 

others) and animals (e.g. tunicates) is currently attracting significant attention, driven by the 

abundance and renewable nature of the biological sources and the attractive mechanical properties 

of cellulose nanomaterials.1-2 The latter originate from the hierarchical, uniaxially oriented 

structure of native cellulosic materials.3-5  

     Extended and aligned cellulose macromolecules (D-glucose units, which are condensed 

through β(1→4) glycosidic bonds) assemble into microfibrils, in which they are stabilized through 

hydrogen bonds. The microfibrils are largely crystalline, but they also contain regions that are less 

well ordered (i.e., largely amorphous). The cross-sectional dimension of the microfibrils ranges 

from 2-20 nm, depending on the origin of the cellulose; in the case of wood cells6 the smallest 

fibril unit, referred to as elementary fibril, has a diameter of ~4 nm. The elementary fibrils 

aggregate to form microfibrils with diameters of ~15-20 nm, which further aggregate into larger 

bundles and finally, with “binders” consisting of lignin and hemicelluloses, into cellulosic fibers. 

These hierarchical structures can be deconstructed by mechanical and chemical processes to isolate 

nano-cellulose (NC), collectively referred to as cellulose nanoparticles. Two main types of 

cellulose nanoparticles can be distinguished – cellulose nanofibrils (CNF) and cellulose 

nanocrystals (CNC) – although it should be noted that differences in the isolation processes and 

the nature of the source also cause some variation within these families.  
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     Cellulose dust is an irritant, so there is reason to believe cellulose nanomaterials in air also may 

be. Engineered nanoparticles also can remain in the air longer. There are key differences due to 

particle size – smaller particles (<0.1 µm) tend to be inhaled deeper in the lung than larger particles 

(>1 µm), which can get trapped in the upper airways and cleared.7-9 The aspect ratio of CNCs (5-

30 aspect ratio) and CNFs (10-100 aspect ratio) raise concerns about fibrotic behavior in the lung.10 

A 24-hour study found inflammation occurred in mice after high dose single exposures to CNC,11 

and cytotoxicity towards bacteria exists,12 although other in vitro studies did not identify these 

effects.13-15 

     Many researchers, as well as pilot plant operators, are now handling cellulose nanomaterial in 

various forms, and guidelines are needed to ensure safety. Research groups in Canada and Finland 

have developed/reported measurement methods for cellulose nanomaterial in liquid media. One 

study measuring airborne CNF was reported in Finland,16 and initial results from the National 

Institute for Occupational Safety and Health (NIOSH) field team reported exposure to CNC from 

some tasks in the Forest Products Laboratory (FPL) pilot plant.17 As identified in a recent Roadmap 

for Nanocellulose Environmental Health and Safety,18 a reliable method of assessing airborne 

exposures to CNCs is needed that carefully addresses the presence of background particulate 

matter.  

     Particle measurement is challenging because filter media and many background sources of 

particles are also cellulosic. Sampling methods using carbon-based filters, such as polycarbonate 

or polymer-based foam filters, make it difficult to quantify collected amount of CNCs because of 

their similar atomic makeup. In their interim report, NIOSH discusses the need to identify ways to 

analyze samples collected onto filters, as well as in biological matrices. Determining a reliable 

method for real time sampling and quantitative assessment of airborne exposure for CNC and CNF 
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is an urgent need to ensure safety when generating these materials, and for users of pilot plant 

material in academic, research and other organizations, as well as private/academic producers.  

     Midget impingers are small and lightweight sampling devices designed for personal sampling, 

and have been used to collect particles, bioaerosols and gases directly into a volume of liquid since 

the 1920s.19-20 Some studies have investigated the collection efficiency (fraction of particles of a 

specific size collected by the sampler) of single-jet midget impingers (with a nozzle diameter of 1 

mm) for submicron particles.21-23 Collection efficiency in these studies ranged from less than 10% 

to 40%.  A fritted impinger employs a sintered porous glass nozzle instead of a single-jet nozzle 

to disperse incoming airflow over a greater area. The collection efficiency of an SKC fritted 

impinger with a fritted nozzle pore size of 170-220 μm was evaluated by Miljevic et al. to be 

between 35-80%, depending on the particle size capture),  for ultrafine (d<100 nm) particles.24 

They observed that the collection efficiency of ultrafine particles was greater in the fritted impinger 

than in single-jet impingers, although up to 60% of particles was captured in the coarse (100-160 

µm) fritted nozzle instead of in the liquid.  The authors recommended employing sonication after 

collection to displace particles in the nozzle into the liquid, although this practice may alter particle 

morphology if agglomerates had been collected.   

     The objective of this work was to develop a personal sampling method to quantify the 

concentration of ultrafine CNC with an efficiency that mimics deposition in the human respiratory 

system.  A plastic impinger was used, as it solves many of the issues that glass impingers present 

when worn by a worker, such as fragility in an industrial environment.  A nozzle that allows the 

impinger to collect at an efficiency that models nanoparticle deposition in the human respiratory 

tract following nanoparticulate matter (NPM) criterion25 was designed. Methods for quantifying 

the amount of CNCs in an air sample collected with an impinger were explored. CNCs were tagged 
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with rhodamine b and concentration is quantified using UV-vis. Dynamic light scattering and 

electron microscopy were used to determine size and morphology of CNCs in solution. 

 

METHODS 

Impingers 

Initially, we tested two common glass impingers, a single-jet glass midget impinger (Cat No. 

225-36-1, SKC, Eighty-Four, PA) followed by a fritted glass midget impinger (Cat No. 225-36-2, 

SKC, Eighty-Four, PA). To improve collection efficiency, the final impinger personal setup 

consisted of two 60-mL plastic (perfluoroalkoxy alkane) impingers (Models 201-060-12-033-36 

and 201-060-12-033-37, Savillex Eden Prairie, MN) in series, the first of which contains a 3-D 

printed nozzle, while the second is empty except for a piece of tubing from the inlet that extends 

to 1 cm from the bottom.  This second impinger is meant to capture droplets that escape the first 

impinger (Figure 1A).  To improve the collection of particles in the first impinger by diffusion, a 

nozzle was designed with 90 1-mm holes to disperse airflow over a relatively large surface area 

(Figures 1B and C).  This design is analogous to the nozzle used in a fritted glass impinger but 

the holes are larger. The nozzle was 3-D printed using Stratasys VeroWhite filament. The impinger 

with the nozzle was filled with 35 mL of deionized water, a greater volume than what common 

glass midget impingers can hold.  

 

Collection Efficiency Tests  

     The experimental setup shown in Figure 2 was used to determine the collection efficiency of 

the impingers. Dry and particle-free air was supplied to a nebulizer (HEART Continuous 



Rose Roberts | Ph.D. Thesis  Virginia Tech | Materials Science and Engineering 

 

61 

 

Nebulizer, Westmed, Inc., Tuscon, AZ) and a dilution line.  Flow throughout the system was 

regulated using three mass flow controllers (MFC; MPC20, Porter Instrument, Hatfield, PA).  A 

solution of 11.8 wt% CNCs (see Table 2, unmodified CNCs for dimensions) in water (University 

of Maine Process Development Center, Orono, ME) was diluted to 30 mg/mL with deionized water 

and aerosolized with the nebulizer after one hour of bath sonication.  The aerosol was passed 

through an 85Kr neutralizer (3054, TSI, Shoreview, MN) to remove excess particle charges and a 

diffusion dryer containing silica gel to remove excess aerosol moisture. Collection time for 

efficiency tests was 10 hours for all runs. 

     Particle number concentration by size was measured using a scanning mobility particle sizer 

(SMPS; 3938, TSI, Shoreview, MN) comprised of an electrostatic classifier (3082, TSI, 

Shoreview, MN), a neutralizer (3088, TSI, Shoreview, MN), a condensation particle counter 

(3788, TSI, Shoreview, MN), and a long differential mobility analyzer (3081A, TSI, Shoreview, 

MN).  After exiting the dilution chamber, a three-way valve was used to route the test aerosol 

either directly to the SMPS (“upstream”) or through the impingers followed by the SMPS 

(“downstream”).  A vacuum pump controlled via the third MFC was used to pull sampled air at a 

total of 2.5 L/min in combination with the SMPS (0.3 L/min) at the inlet of the leading impinger 

and through the upstream line.  This MFC was adjusted for each sample to account for differences 

in pressure in the upstream and downstream configuration.  

     For each particle bin size ranging from 15 nm to 615 nm mobility diameter (includes >99.7% 

of all CNC sizes), collection efficiency was calculated as shown in Equation 1.  Measurements 

were alternated between upstream and downstream, where Cdown is the average of the downstream 

measurements and Cup is the average of the upstream SMPS measurements: 

𝐶𝐸 = 1 −
𝐶𝑑𝑜𝑤𝑛

𝐶𝑢𝑝
 (Eq. 1) 
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     Initially, the collection efficiency of the plastic impinger method was compared to that of the 

SKC single-jet glass midget impinger and SKC fritted glass midget impinger. The comparison 

used the same set up (Figure 2) for each of the studies.  For the final impinger design, calculated 

collection efficiency values were adjusted theoretically (based on previous studies using the same 

sampler) for the impactor (d50=300 nm) and cyclone stage of the Nanoparticle Respiratory 

Deposition (NRD) Sampler (Zefon International, Ocala, FL) following Park et al. 2015.26  The 

NRD impactor and cyclone stage were used with the impingers to prevent collection of large 

particles that may complicate analysis. Adjustment of collection efficiency accounts for these large 

particles caught in the NRD sampler.  Impactor values and NPM criterion values were calculated 

with a shape factor of 1.43 27 and a density of 1.6 g/cm3.28  This shape factor is for a cylinder with 

a length-to-width ratio of 10:1, similar to the needle-like shape of individual CNCs.  The adjusted 

impinger CE curve was then compared to the target NPM curve using the coefficient of 

determination, R2, calculated as:  

𝑅2 = 1 −
𝛴(𝐶𝐸−𝑁𝑃𝑀)2

𝛴(𝐶𝐸−𝐴𝑣𝑒𝑟𝑎𝑔𝑒(𝐶𝐸))
2    (Eq. 2) 

     An R2 value of greater than 0.90 was chosen as the target value for the proposed impinger 

method. Upper and lower confidence intervals were also calculated following O’Shaughnessy and 

Schmoll 2013 29 to determine the certainty of measurements by particle size. 

 

Rhodamine-B Tagging Process 

     Tagging of CNCs using RBITC was accomplished with a method modified from Haghpanah, 

et al.30 Briefly, 2 g CNCs (U.S. Forest Products Laboratory, hydrolyzed from wood using sulfuric 

acid) were dispersed in 150 mL dimethyl formamide (DMF, Fisher Scientific, HPLC grade). To 
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this, 0.09 g (0.03 mol eq per glucose unit in cellulose) of rhodamine b isothiocyanate (RBITC, 

Sigma Aldrich, BioReagent, mixed isomers grade) and 1 drop of dibutyltin dilaurate (DBTDL, 

Sigma Aldrich, 95% pure) were added. The mixture was heated to 100 °C overnight under 

nitrogen, then allowed to cool. DMF and excess rhodamine were removed from tagged CNCs 

(RhB-CNCs) via dialysis (Fisher, MWCO 12,000). Figure 3 shows the reaction scheme for 

RBITC attachment to CNCs. 

 

Extent of Labeling Characterization 

     Characterizing the extent of labeling for each batch of RhB-CNCs is necessary in order to 

accurately measure the concentration of RhB-CNCs in water using UV-vis. First, a calibration of 

rhodamine b (Sigma Aldrich, ≥95%, HPLC grade) in water was established using UV-vis 

spectrophotometry (Agilent Cary 60 UV-vis, Santa Clara, CA). Then, a calibration of each batch 

of RhB-CNCs was created and amount of rhodamine attached to the CNCs was calculated.  

 

Transmission Electron Microscopy 

     TEM (JEOL 2100, Peabody, MA) was used to image CNCs suspended in aqueous. Samples 

were prepared on silicon monoxide/Formvar-coated copper grids (purchased from Ted Pella) using 

the final protocol formulated by Stinson-Bagby, et al.31 Briefly, a droplet of suspended CNCs (0.01 

wt% in DI-water) was mixed with 0.01 wt% bovine serum albumin solution (lyophilized powder, 

≥96%, agarose gel electrophoresis grade) in a 1:1 volumetric ratio. The CNC/BSA solution was 

then dropped onto a grid and allowed to settle for at least one minute. A drop of NanoVan® stain 

(methylamine vanadate, purchased from Nanoprobes, Inc.) was then dropped on top of the CNC 
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droplet and allowed to stain for 15-30 seconds. The grid was then dunked in DI-water and allowed 

to dry for at least 12 hours at room temperature before imaging.  

 

CNC Particle Size 

     Hydrodynamic diameter of CNCs in suspension was confirmed using the dynamic light 

scattering method on a Malvern Zetasizer Nano-ZS (Westborough, MA). Samples were measured 

without further dilution before and after aerosolization to determine if CNCs were agglomerating 

and what sizes were collected using the impinger. 

 

RhB-CNC Sample Collection 

     RhB-CNCs were collected using the final double-impinger setup with the first impinger having 

the 3D-printed nozzle. Tagged CNCs were used to determine the concentration of CNCs in the 

impinger liquid, as current analytical methods cannot accurately quantify untagged CNCs.  

Collection was performed identically to the CE tests with a few minor changes.  The concentration 

of the RhB-CNC solution used in nebulizer was 0.7 mg/mL and the collection time was 10 hours.  

A smaller dilution chamber was substituted for the larger chamber used in the collection efficiency 

experiments.  For this test, 30 mL of water was used in the impinger instead of 35 mL to minimize 

the already low amount of water that would exit the first impinger during a long sampling period.  

Particle mass concentrations were measured by the SMPS at the start and end of each 10-hour 

period to compare to mass concentration values calculated from UV-Vis results. 

     In order to quantify amount of RhB-CNCs collected in the impinger liquid, samples were 

measured by UV-vis without further modification. The absorption peak was used to back-calculate 
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the concentration of RhB-CNCs in solution using calibration curves for rhodamine b and RhB 

batch-specific calibration curves. 

 

RESULTS AND DISCUSSION 

Impinger CNC Collection 

     Figure 4a shows the unadjusted collection efficiency by size (i.e., collection efficiency without 

theoretical correction for the NRD impactor applied) of the plastic impinger method compared to 

other commercial impingers used for air sampling.  The targeted NPM curve, which models the 

deposition in the human respiratory tract, is added to the particle mobility diameter to map how 

closely the impinger set up may be able to represent how CNCs will deposit in the lungs.  The 

unadjusted collection efficiency of the plastic impinger method was closer to the target NPM curve 

than the SKC glass single-jet midget impinger at 2.0 L/min, which was used to collect preliminary 

data for this project, and the SKC glass fritted midget impinger at 2.5 L/min, which was the model 

for the multi-holed design of the plastic impinger nozzle.  The increased collection efficiency of 

the plastic impinger method can be attributed to the dispersion of air over larger contact area 

afforded by the holes in the first impinger nozzle and the increased volume of water compared to 

what commonly used glass impingers can hold.  The plastic impinger is taller and therefore, allows 

more time for particles smaller than 100 nm to diffuse from bubbles and be collected in the 

sampler. The lowest efficiency of the plastic impinger method was observed between 200 and 300 

nm, as the mechanisms of impaction and diffusion are not dominant for particles in that size 

range.24 While the plastic impinger is taller than the glass impinger, it is not much bulkier and will 

not interfere with workers who will potentially be wearing the impinger. 
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     The adjusted collection efficiency by size, NPM curve, and the size distribution of CNCs are 

shown in Figure 4b.  Size distribution is added for reference. The geometric mean diameter of 

aerosolized CNCs was 164 ± 5 nm.  The size of aerosolized CNCs is likely due to agglomeration 

in air or other potential artifacts present in SMPS characterization of high-aspect-ratio particles.32 

The collection efficiency of the plastic impinger method was evaluated against the NPM curve.  

An R2 value of 0.94 was calculated using Equation 2 for particle sizes between 45 and 600 nm 

once the data were adjusted for the impactor.  As shown by the increasing range in the upper and 

lower confidence intervals, collection efficiency was highly variable for particles smaller than 50 

nm due to low particle counts. While low particle counts may indicate the data is nearing a limit 

of detection, it is not likely that airborne CNC particles smaller than 50 nm will exist in the 

workplace, as smaller particles will quickly agglomerate to form particles within or above the 

effective size range. Thus, the plastic impinger method agrees well with the NPM curve for those 

sizes of relevance in the workplace. 

     In this work, we targeted a collection method for the ultrafine fraction of airborne CNC that 

would deposit in the respiratory tract. The plastic impinger method could be used without the NRD 

impactor to collect airborne agglomerate CNC. The collection efficiency without the NRD 

impactor would be similar to that shown in Figure 4a, having a minimum at ~200 nm, increasing 

for particles smaller than that size due to diffusion, and increasing for particles larger than that size 

due to impaction. This shape is similar to the deposition of particles in all regions of the human 

respiratory tract.33 In further work, we could modify the number and size of the holes in the nozzle 

of the first plastic impinger to more closely mimic deposition in all regions of the respiratory tract.  

CNC Labeling with Rhodamine B 
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     CNCs were successfully labeled with rhodamine B. UV-vis shows a shift in the absorption peak 

after labeling, indicating rhodamine b attachment. The absorption peak of RhB alone is at 554 nm 

but shifts to between 562-566 nm after attachment to CNCs. Typical UV-vis absorption spectra 

and calibration curves of rhodamine b and RhB-CNCs are shown in Figure 5. Using these 

calibrations, extent of rhodamine b labeling was calculated using Equation 3. It was found that 2.2 

µg RhB/mg RhB-CNC was attached during labeling. This is similar to the amount of labeling 

Haghpanah et al. achieved (12.36 mmol/kg, or 4.8 µg Fluorescein/mg Fluorescein-CNC).30 

Haghpanah used three times as much fluorescein compared to the rhodamine used here (molar 

basis), which could explain why more fluorescein was attached to their CNCs. When testing UV-

vis as a method for determining concentration of RhB-CNCs, it was found that an error up to about 

11% could be expected, shown in Table 1.  

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑅−𝐶𝑁𝐶𝑠

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑅ℎ𝐵 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
∗

1

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅−𝐶𝑁𝐶𝑠
=

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅ℎ𝐵

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅−𝐶𝑁𝐶𝑠
 (Eq. 3) 

 

     After labeling, RhB-CNCs in suspension can be observed as a pink liquid and dried RhB-CNCs 

as a fluffy, pink powder. In comparison, unmodified CNCs appear as a clear or slightly blueish-

white liquid for a CNC suspension and a white powder for dry CNCs TEM images showed no 

observable difference in size or morphology of CNCs after labeling, as seen in Figure 6 and Table 

2. Size was measured from at least 50 individual CNCs in 3-5 TEM images using ImageJ software. 

CNC size and aspect ratio are similar to literature values found for wood-based CNCs.34-35 

 

Collection of RhB-CNC for DLS and UV-Vis Analysis 
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     The collected samples were analyzed using DLS to assure that CNCs are present in the 

solutions. Figure 7 shows DLS of RhB-CNCs before and after collection by impinger. Comparing 

RhB-CNCs before and after collection, there appears to be a shift in particle size to be larger after 

collection. This is likely due the formation of agglomerates upstream of the impingers. Figure 7 

shows the size distributions in the impinger solution after collection. The size distributions of all 

samples are similar with no significant differences between them. The hydrodynamic diameter of 

the CNCs both pre- and post-impinger samples as measured by DLS was 78±15. This is similar in 

size to the CNCs measured via TEM (Table 2).  

     UV-vis was then used to quantify the concentration of RhB-CNCs collected in the samples. 

Figure 8 shows the UV-vis absorption of the three RhB-CNC samples collected with the impinger 

method over a 10-hour period.   Some scattering of the aerosolized RhB-CNC was present, which 

is similar to scattering observed in CNC-only absorbance curve in Figure 5, and can be seen as 

the gradually sloping curve that peaks around 400 nm. The scattering was removed before peak 

absorbance at 554 nm was taken for CNC concentration calculations. Table 3 shows that airborne 

concentrations calculated from UV-Vis results do not agree with the actual aerosolized 

concentrations given by the SMPS.  This may be due to rhodamine degradation or detachment of 

rhodamine from CNCs during the aerosolization process. Another possibility is that there may 

have been some residual rhodamine b not removed by dialysis that may have skewed the 

calibration. Moreover, the ratio of scattering due to CNC particles compared with UV-vis peak 

from rhodamine content is greater in post-impinger samples compared with the pre-impinger 

sample, which suggests some rhodamine detachment. The UV-vis peak in post-impinger samples 

also shifts closer to 554 nm, which is the peak of standalone rhodamine b. Nevertheless, UV-vis 

helps confirm the impinger collection method as a proof-of-concept device. Because of the 
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discrepancy between UV-vis and SMPS measuring capabilities, SMPS was used to calculate 

collection efficiency.  

 

CONCLUSIONS  

     The plastic impinger method presented here collected airborne ultrafine CNC with an efficiency 

that mimics deposition in the human respiratory system. This collection efficiency is greater than 

commercially available impingers for relevant particle sizes.  SMPS is a reliable method for 

determining the concentration of RhB-CNCs in solution after aerosolization and collection via 

impinger, and UV-vis supports the data observed using SMPS.  TEM and DLS can work together 

to confirm particles collected are in fact CNCs. Further work includes finding a method of 

quantifying unlabeled CNCs in order to be more useful in an industrial environment.  
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FIGURES 

 
Figure 1. Pictures of 2 plastic impingers (A) and a 3D-printed impinger nozzle used in first 

impinger (B, C). 
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Figure 2. Experimental setup for aerosolization, measurement, and collection of CNC. 
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Figure 3. Reaction scheme for RBITC attachment to CNCs. 

  



Rose Roberts | Ph.D. Thesis  Virginia Tech | Materials Science and Engineering 

 

73 

 

 
Figure 4. (a) Unadjusted collection efficiency of plastic impinger method, SKC fritted impinger, 

and SKC single-jet impinger.  (b) Impactor-adjusted collection efficiency of impinger method 

compared to target NPM curve.  Size distribution indicated by secondary y-axis.  Upper (UCI) and 

lower (LCI) confidence intervals indicate variance in collection efficiency measurements.  Target 

NPM curve shown for comparison to final design criteria.   
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Figure 5. Extent of labeling of RhB-CNCs using A) UV-vis of CNCs, rhodamine b, and RhB-

CNCs in water and calibration curves of B) rhodamine b in water and C) RhB-CNCs in water.  
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Figure 6. TEM images of CNCs before (A) and after (B) rhodamine modification. 
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Figure 7. Particle size of RhB-CNCs as measured by DLS. 
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Figure 8. UV-vis absorbance of rhodamine on CNCs from impinger collection. 
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TABLES 

Table 1. Absorbance and concentration of RhB-CNCs 

Known 

Concen

tration 

(mg/m

L) 

Absor

bance 

Calculat

ed RhB 

Concent

ration 

(mg/mL) 

Converted 

to CNC 

Concentrat

ion 

(mg/mL) 

Deviance 

between 

Known 

and 

Calculate

d 

Concentr

ation (%) 

1.25 0.566 0.00276 1.25 0.0961 

0.35 0.163 0.000795 0.360 2.96 

0.125 0.0504 0.000246 0.111 -10.9 

0.0625 0.0282 0.000138 0.0624 -0.0939 
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Table 2. Size of CNCs measured from TEM images. 

 Length (nm) Width (nm) Aspect Ratio 

Before 

Modification 

84.5±32.9 5.5±1.4 15.3 

After 

Modification 

97.1±39.3 5.4±1.3 18.0 
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Table 3. Comparison of aerosolized RhB-CNC mass concentrations obtained by UV-Vis analysis 

and SMPS.  SMPS represents expected values, while UV-Vis results are calculated from actual 

UV absorbance of sample.  SMPS results are presented as ranges due to changes in nebulization 

over time. 

Sample UV-Vis 

Cair 

(g/m3) 

SMPS 

Cair 

(g/m3) 

1 571 1042-

3292 

2 406 3986-

4539 

3 355 2828-

4059 
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Chapter 5 
 

5. Development of PLGA Nanoparticles for Sustained 

Release of a Connexin43 Mimetic Peptide to Target 

Glioblastoma Cells 

 

Glioblastoma becomes resistant to chemotherapy quickly, however αCT1 is a new peptide 

drug that keeps glioblastoma cells sensitive to chemotherapy, specifically temozolomide. 

Unfortunately, the peptide is metabolized by the body within about 24 hours, which is not 

conducive to long term treatments in the brain. This chapter discusses the development of 

nanoparticles to encapsulate αCT1 in order to release the drug over several weeks. The method of 

encapsulation is double emulsion-solvent evaporation. Particles were first developed using the 

model drug rhodamine B, then αCT1 was introduced. αCT1 release from particles was observed 

over three weeks. Effect of toxicity on cells was also observed. This chapter uses characterization 

methods for nanoparticles from previous chapters. This chapter discovers the largest challenges 

with drug encapsulation for this αCT1 particle system, providing a foundation for the next chapter. 

In this chapter, all data were collected and analyzed by myself except ELISA assays and 

cellular studies were performed by Dr. Samy Lamouille. The peptide drug αCT1 was graciously 

provided by Dr. Christina L. Grek and Dr. Gautam S. Ghatnekar. Dr. Zhi Sheng and Dr. Robert G. 

Gourdie gave input into nanoparticle needs for glioblastoma treatment. Dr. E. Johan Foster 

supported the research and experimentation. The manuscript was drafted by myself, except 

sections discussing ELISA assay methodology and cellular studies’ methodology and results. 

Remaining authors later edited the chapter. This chapter is currently under review in Materials 

Science and Engineering: C for publication, and formatting for the chapter is as submitted for 

publication. 

 

 

Development of PLGA nanoparticles for sustained release of a Connexin43 mimetic peptide to 
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Abstract 

Effective therapeutic delivery of peptide and protein drugs is challenged by short in vivo half-

lives due to rapid degradation. Sustained release formulations of CT1, a 25 amino acid peptide 

drug, would afford lower dosing frequency in indications that require long term treatment, such 

as chronic wounds and cancers. In this study, rhodamine B (RhB) was used as a model drug to 

develop and optimize a double emulsion-solvent evaporation method of poly(lactic-co-glycolic 

acid)  (PLGA) nanoparticle synthesis. Encapsulation of CT1 in these nanoparticles (NPs) 

resulted in a sustained in vitro release profile over three weeks, characterized by an initial burst 

release over the first three days followed by sustained release of up to 73% of total encapsulated 

drug over the remaining two and a half weeks. NP uptake by glioblastoma stem cells was 

through endocytosis and RhB and CT1 were observed in cells after at least 4 days. 

 

Keywords: drug release, CT1 peptide, glioblastoma, stem cell 

 

Introduction 

In vivo susceptibility to physical and chemical alteration (i.e. denaturation, aggregation, 

oxidation, hydrolysis, etc.) has hindered the therapeutic development of peptides and proteins. 

Biodegradable nanoparticles offer the opportunity to achieve sustained therapeutic drug delivery 

in addition to offering drug targeting and reduced off-target side effects.1-3 Due to their 

biocompatibility and biodegradability, polymeric nanoparticles, such as poly(lactic-co-glycolic 

acid) (PLGA) nanoparticles, have been used extensively for controlled release of various drugs, 

especially small molecules.4-5 Sustained drug release is especially useful for chronic diseases, 

such as non-healing ulcers, and other ailments that may take weeks or longer to heal and require 
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repetitive therapeutic intervention.5 A polymer nanoparticle release system should thus be ideal 

for CT1 (also referred to as αCT1 or ACT1 in publications), a novel synthetic C-terminus 

connexin43 mimetic peptide drug currently in clinical trials for the treatment of chronic wounds6-

8 and animal trials for the treatment of glioblastoma (brain cancer).9 In the treatment of chronic 

wounds, the current treatment paradigm involves multiple topical applications over the course of 

healing. The development of a sustained release CT1 formulation could help reduce overall 

treatment costs and increase patient compliance. The peptide has successfully been encapsulated 

in previous work using alginate microparticles via an electrospray method, resulting in modest 

drug release profiles of about 24 hours.10-11 Given that the therapeutic application of CT1 may 

include conveyance within the narrow extracellular spaces of brain tissue (for glioblastoma 

treatment)9 or intravenous delivery, a nanoparticle release system may be a preferred mode of 

drug delivery compared with microparticles or other bulkier release methods. 

 

PLGA is widely used in drug delivery for a variety of applications, including in micro- and 

nanoparticles to improve vaccinations, cancer treatments, cardiovascular treatments, and 

regenerative medicine.2-4 PLGA is useful for controlled-release because it degrades over several 

weeks by hydrolysis through cleavage of its backbone ester linkages, forming biologically 

compatible byproducts, lactic acid and glycolic acid, which are readily metabolized by the body 

through the Krebs cycle and eliminated as carbon dioxide and water.2, 4 PLGA has also been 

approved by the FDA as a drug delivery vehicle, streamlining the approval process for drugs that 

incorporate PLGA in controlled release formulations, such as CT1.12 Degradation rates for 

PLGA can be manipulated to extend from months to years, offering potent opportunity in 
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sustained peptide release and the reduction of treatment applications and the number of invasive 

procedures. 

 

Many studies have been successful in encapsulating hydrophilic and hydrophobic drugs using 

PLGA, especially small molecules, but peptides and proteins can be more challenging to 

encapsulate, while keeping a minimal particle size.13-18 While there are several methods to create 

nanoparticles, one of the most common is the emulsion-solvent evaporation method.19 The 

emulsion-solvent evaporation method involves first dissolving the polymer in a volatile, water-

immiscible solvent before emulsifying in water with a surfactant, then allowing the solvent to 

evaporate. Hydrophobic drugs are generally encapsulated via a single emulsion process as 

described above (o/w), while hydrophilic drugs use a double emulsion (w/o/w) method.2, 19  

 

In this study, PLGA nanoparticles were prepared using the emulsion-solvent evaporation method 

for the encapsulation and controlled release of the synthetic peptide drug CT1. CT1 is a 

hydrophilic drug that is highly soluble in water, so it was anticipated that a double emulsion 

process would be most appropriate for nanoparticle production. To allow for a more 

comprehensive investigation, drug loading was also compared with a single emulsion process. 

 

Materials and Methods 

General 

All purchased materials were used without further purification. PLGA (poly(D,L-lactide-co-

glycolide; 7000-17000 MW, 50:50 lactic acid:glycolic acid, acid terminated), PVA (poly(vinyl 

alcohol); 13000-23000 MW, 87-89% hydrolyzed), rhodamine B (RhB; HPLC grade, ≥95%), 
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phosphate buffered saline powder (PBS; reconstituted in DI-water; BioPerformance Certified, 

pH 7.4), sucrose (BioUltra, for molecular biology, ≥99.5% (HPLC)), trehalose (Pharmaceutical 

Secondary Standard, certified  reference material), and bovine serum albumin (BSA; essentially 

fatty acid free and essentially globulin free, ≥99%, agarose gel electrophoresis) were purchased 

from Sigma Aldrich. Ethyl acetate (EA; HPLC grade) was purchased from Fisher Scientific. The 

peptide drug, α–connexin carboxyl-terminal (αCT1) peptide was synthesized by the American 

Peptide Company (now Bachem; Sunnyvale, CA). The αCT1 peptide corresponds to a short 

sequence at the Connexin43 C-terminus RPRPDDLEI) linked to an antennapedia internalization 

sequence (RQPKIWFPNRRKPWKK).  

 

Synthesis of Single Emulsion Particles 

Single emulsion nanoparticle (SE-NP) synthesis method was modified from Mathew et al., 

2012.12 Briefly, after dissolving PLGA in EA, 0.1 mg of RhB was added directly to the PLGA 

solution. The solution was vortexed and then added to 1 mL of 2.5 w/v% solution of PVA in 

water. The solution was probe sonicated for 2 minutes at 40% amplitude. The solution was 

immediately added to 50 mL of 0.3 w/v% PVA in water, then was stirred for at least three hours 

to allow for EA evaporation. 

 

SE-NPs were loaded with rhodamine B to test the difference in amount of drug loaded in the 

particles between single and double emulsion methods. RhB was used as a model drug for 

finding trends in drug loading because of its ease in concentration characterization. Furthermore, 

RhB and CT1 share similar physiochemical characteristics including a positive overall charge. 

While the sizes of the molecules are different and could create differences in particle size, trends 
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in loading and interactions with PLGA should be similar because of their charges. BSA is used 

to more closely mimic the size of the peptide. While much larger than CT1 (MW 66.5 kDa 

compared with 3.5 kDa), it is on the extreme of bulkiness and should easily show trends in 

particle size during process modifications.  

 

Synthesis of Double Emulsion Particles 

The applied synthesis protocol was modified from Mathew et al. and Zhang et al.12, 18 Briefly, the 

double emulsion particles (DE-NPs) containing CT1 (CT1-NPs) were synthesized at room 

temperature by first dissolving 0.025 g of PLGA in 1 mL of EA for 30 minutes while vortexing 

intermittently. 50 µL of a 2 mmol CT1 solution in water was then added and sonicated using a 

Qsonica Q55 probe sonicator at 40% amplitude for 2 minutes. The primary emulsion was then 

immediately added dropwise to 1 mL of 2.5 w/v% solution of PVA in water while vortexing. 

This mixture was then immediately probe sonicated again at 40% amplitude for 2 minutes. The 

double emulsion was then transferred to 50 mL of 0.3 w/v% PVA solution in water and stirred 

for at least three hours to allow for ethyl acetate evaporation. For rhodamine b or BSA 

nanoparticles (RhB-NPs, BSA-NPs), the same protocol was followed substituting a 2 mmol 

solution of rhodamine B or BSA in water for the CT1 solution. Particles to be used in cell 

culture experiments were sterilized by filtration using Fisherbrand 25mm nylon sterile syringe 

filters with a 0.2 µm pore size or made in a sterile biosafety cabinet during particle synthesis 

with all materials sterilized before use. Particles were then washed via the centrifugation method 

three times to remove excess PVA, frozen at ≤-20 °C, and lyophilized, then stored at -20 °C. 

 

Materials Characterization Methods 
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Scanning electron microscopy (SEM) was performed at the Nanoscale Characterization and 

Fabrication Laboratory in Blacksburg, VA using the LEO (Zeiss) field-emission SEM. Analysis 

of SEM images was completed using ImageJ software. Dynamic light scattering (DLS) and zeta 

potential were measured using a Malvern Zetasizer Nano-ZS. UV-vis absorbance for rhodamine 

release studies was measured using a Cary 60 UV-Vis spectrophotometer by Agilent 

Technologies. 

 

In Vitro Release of Drug from Nanoparticles 

Lyophilized nanoparticles were resuspended in 0.01 M PBS solution at 1 mg/mL and incubated 

at 37 °C for the duration of the release study. At each time point, the particles were centrifuged 

into a pellet and the supernatant was collected for drug content analysis. The removed 

supernatant was replaced with the same volume of fresh PBS solution in order to maintain a 

consistent concentration and the particles were redispersed via bath sonication for 10-15 minutes. 

Samples of dispersions were taken and analyzed for dynamic light scattering (DLS). SEM 

samples were prepared by adding a drop of the particle suspension onto silicon wafer pieces 

taped to an SEM stub for future analysis.  

 

Cell Culture  

The human glioblastoma (GBM) cell line SF295 was maintained in Dulbecco’s modified Eagle 

medium (Thermo Scientific) supplemented with 10% fetal bovine serum (Atlas Biologicals, 

Inc.), streptomycin (100 μg/ml) and penicillin (100 IU/ml). Human GBM stem cells (GSCs) 

VTC-037, isolated from a GBM patient who received surgery at the Carilion Clinic, as described 

previously,9, 20 and LN229/GSC were maintained in Dulbecco’s modified Eagle medium 
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supplemented with Gibco® B-27® Supplements (Thermo Scientific), fibroblast growth factor 

(ProSpec-Tany TechnoGene Ltd., 20 ng/ml), and epidermal growth factor (ProSpec-Tany 

TechnoGene Ltd., 20 ng/ml).  

 

Enzyme Linked Immunoassay (ELISA) 

To enable peptide tracking in in vitro and in vivo assays, an amino-terminal biotin tag was added 

to the αCT1 sequence. The in vitro release of biotin-tagged αCT1 was measured by sandwich 

enzyme linked immunoassay (ELISA) using the OptEIA kit (BD Biosciences). Each well of a 

Nunc MaxiSorp™ 96-well microplate (Thermo Scientific) was coated with coating buffer 

containing 1 µg/mL of anti-C-terminus connexin43 antibody (Sigma-Aldrich) and incubated 

overnight at 4 °C. The wells were then washed before blocking with 1% bovine serum albumin 

for 2 h at room temperature. Serial dilution of biotin-tagged αCT1 as standards and samples 

containing biotin-tagged αCT1 collected at different times from the in vitro release study were 

added in the corresponding wells and incubated overnight at 4 °C. The wells were then washed 

before adding 1 µg/ml Neutravidin-conjugated HRP (Thermo Scientific) for 1 h at room 

temperature. After washing, 3,3',5,5'-Tetramethylbenzidine (TMB) chromogenic substrate 

solution was added and reacted for 10 min at room temperature in the dark, and the absorbance 

was measured at OD650 using a microplate reader (Molecular Devices). The reaction was then 

stopped by the addition of 2 M sulfuric acid and the absorbance was measured at OD450 using a 

microplate reader. All measurements were conducted in triplicate. 

 

Cell Imaging and Immunofluorescence 
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Cells were seeded in 6-well plates or 35-mm glass-bottomed dishes (Mat-Tek) and RhB-NPs or 

αCT1-NPs filtered through 0.45 mM pores before lyophilization were resuspended in PBS and 

added to the medium at different concentrations. After overnight incubation, cells were then 

washed five times with PBS, replenished with fresh medium and observed at various times by 

phase-contrast and fluorescence microscopy using the EVOS™ FL Auto Imaging System 

(Thermo Scientific), or fixed at various times with 4% paraformaldehyde for 20 minutes and 

permeabilized with 0.1% Triton X-100 in a 3% BSA blocking solution for 2 hours at room 

temperature. Immunostaining was conducted with anti-C-terminus Connexin 43 antibody 

(Sigma-Aldrich, 1:3000) and detected using secondary antibody conjugated to Alexa Fluor® 488 

(Thermo Scientific, 1:500). Biotin-tagged αCT1 was detected with Streptavidin conjugated to 

Alexa Fluor® 647 (Thermo Scientific, 1:500). Wheat Germ Agglutinin (WGA) conjugated to 

Alexa Fluor® 488 (Thermo Scientific, 1:500) was used to stain cell membranes. Slides were 

mounted using ProLong Gold anti-fade reagent with DAPI (Thermo Scientific). Cells were 

examined under an Opterra inverted fluorescence confocal microscope (Bruker).  

 

Results 

Particle Size Optimization 

PLGA nanoparticles encapsulating rhodamine B and CT1 were synthesized. The initial double 

emulsion particles were made by using 0.05 g PLGA and 2 mL of EA in the primary emulsion 

and 5 w/v% PVA in the secondary emulsion. However, due to filtering requirements of 0.2 m 

for sterilization purposes, the synthesis process required optimization in order to decrease 

particle size until the majority of the particles were below 0.2 m. The amount of PLGA, ethyl 

acetate, and PVA were modified in order to optimize the size of the particles. An ice bath was 
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also added in order to keep the PLGA below its glass transition temperature (Tg) during high-

energy sonication to prevent NP coalescence. Finally, in order to better mimic how CT1 may 

change the particle size during size optimization of the particles, 2 mM BSA in water was used 

as the drug mimic because of its bulkiness. BSA, while larger than CT1, is hydrophilic and will 

provide a measure of how size of the molecule encapsulated may affect the size of the particle. 

BSA was chosen because of the bulkiness and because of its availability. 

 

Table 1 gives a description of the parameters that were modified during the optimization. 

Because the peak diameter of single emulsion particles was generally below 200 nm, no 

optimization steps were conducted for the single emulsion particles. Dynamic light scattering 

(DLS; Malvern Zetasizer Nano ZS) was used to detect average nanoparticle diameter (Figure 1). 

The original parameters used to make particles (Table 1, Sample 1) showed the largest average 

diameter at 229 nm. Small batch sizes and a lower concentration of PVA in the outer phase 

during emulsification yielded the smallest average diameter size with the lowest polydispersity 

index (PDI), meaning these smaller particles were more homogenous in size compared with 

other samples, and more than half of the collected particles can pass through a sterilization-sized 

filter (0.2 m). Parameters from Sample 3 resulted in the smallest particles and PDI, so Sample 3 

parameters were applied in the synthesis of double emulsion particles.  
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Table 1. Particle size optimization of double emulsion particles using bovine serum albumin. 

BSA=bovine serum albumin, PLGA=poly(lactic-co-glycolic acid), EA=ethyl acetate, 

PVA=poly(vinyl alcohol), Dia=diameter, stdev=standard deviation, PDI=polydispersity index. 

Sample 
BSA 

(µL) 

PLGA 

(g) 

EA 

(mL) 

w/v% PVA in 

outer phase 

Ice 

bath 

Diameter (nm) 

(avg ± stdev) 

PDI 

(avg ± stdev) 

1 100 0.05 2 5 No 229±4 0.301±0.014 

2 50 0.025 1 5 Yes 149±1 0.190±0.019 

3 50 0.025 1 2.5 Yes 143±1 0.158±0.014 

4 50 0.025 1 20 Yes 165±1 0.219±0.004 

 

 

Figure 1. Graph of dynamic light scattering peaks for particle size optimization using BSA as a 

model drug. 

 

RhB Loading Content and Efficiency Comparison between Single and Double Emulsions 

Next, an initial estimation of drug loading and release was made on both single emulsion and 

double emulsion particles using RhB. While RhB is smaller than CT1, it is hydrophilic like 

CT1, has a low cost, and is more quickly and easily measured by using UV-vis rather than 
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ELISA assay. So, it is expected that ere will be differences in loading between CT1 and RhB 

due to RhB having the ability to diffuse more quickly because of its small size, however RhB 

will provide a gauge as to how the drug may be released from the particles over time and relative 

amounts loaded.  

 

Table 2 compares the loading content and encapsulation efficiency of the single and double 

emulsion particles. The drug content, calculated using Eq. 1, was similar for both single and 

double emulsions. However, drug entrapment, calculated using Eq. 2, was higher for double 

emulsions compared with single emulsions. Figure 2 also shows the release profiles of the drug 

from single and double emulsion particles. Over seven days, particles produced using single 

emulsion synthesis had a higher burst-release of rhodamine, releasing to completion more 

quickly than the double emulsion particles, which released 94% of rhodamine after seven days.  

 

Table 2. Drug loading and encapsulation efficiency of RhB-PLGA-NPs (all particles filtered to 

0.2 m before measuring loading). 

Sample 
RhB Loading 

(ng drug/mg particles) 

RhB Loading 

(%±st.dev) 

Encapsulation 

Efficiency (%±st.dev) 

RhB-PLGA-NPs, SE 160±53 0.0160±0.0053 0.00028±0.00015 

RhB-PLGA-NPs, DE 167±9 0.0167±0.0009 0.0018±0.0004 
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Figure 2. Percent release of rhodamine B from PLGA-NPs over time. Error bars are included 

(based on 3 or more repetitions), but are smaller than the data markers.  

 

Double emulsion particles had a higher encapsulation efficiency and took longer to release all of 

the encapsulated material. As the goal is to develop a sustained release CT1 formulation, these 

results supported further evaluation of the double emulsion particles. 

 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑤
𝑤⁄ %) =  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑁𝑃𝑠
∗ 100% Eq. 1 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑢𝑠𝑒𝑑 𝑖𝑛 𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
∗ 100% Eq. 2 

 

Cryoprotectants 

Lyophilization is used for long-term storage of the particles in order to keep the particles dry. 

RhB-NPs and CT1-NPs were kept frozen to keep the particles below PLGA’s Tg and to reduce 
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possible exposure to moisture, which would prematurely degrade the particles. In order to 

lyophilize, particles in solution must first be frozen. Before use in clinical trials, the particles are 

to be resuspended in DI-water or PBS buffer solution and sterilized by filtration at 0.2 µm if 

particles were not synthesized in a sterile cabinet.  

 

It was noticed that after lyophilization and resuspension, a significant portion of particles were 

lost during sterile filtration procedures. Even though the zeta potential of the rhodamine-loaded 

NPs after lyophilization (-28±2 mV) implied a stable suspension, the size of the particles 

increased during the freezing and/or drying process. It has been hypothesized that freezing 

allows ice crystals to puncture neighboring particles and essentially fuse them together to make a 

larger particle. Various methods have been explored to protect PLGA nanoparticles during 

freezing with positive results, but in general cryoprotectants such as small sugars (sucrose, 

trehalose, dextrose, sorbitol, etc.) are most commonly used.21-24 In this study, fast freezing via 

liquid nitrogen and the addition of cryoprotectants trehalose and sucrose were used to limit 

particle size growth.  

 

Figure 3 shows a particle diameter of 183 nm before freezing. A slow freeze without 

cryoprotectant increased particle diameter to above 240 nm and a fast freeze limited growth to 

reach an average of 215 nm. When large amounts of cryoprotectant are added, such as at 15 

w/v% in solution, particle size increased above the size of slow freezing without cryoprotectants, 

at around 260 nm. Adding large amounts (10% or greater) has in some cases been shown to 

increase particle size above that of particles frozen without cryoprotectant.22, 24 In this study, 

adding cryoprotectants in smaller amounts, especially at 1 w/v%, limited particle size growth. 
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When trehalose was used at 1 w/v% and frozen quickly, particle size dropped below that of 

particles frozen with a fast freeze alone. When sucrose is added at 1 w/v%, with either fast or 

slow freezing, the average particle size remained the closest to the original particle size. The 

addition of trehalose at 1 w/v% and a slow freeze resulted in a similar particle size to methods 

using sucrose at the same concentration. Moving forward, 1 w/v% sucrose was added to all 

particle suspensions before freezing and lyophilizing. 

 

 

Figure 3. A) Change in particle diameter with and without freezing when cryoprotectants are not 

in use. B) Particle diameter after freezing in relation to amount of cryoprotectant used. When 1% 

sucrose (fast or slow freeze) or 1% trehalose (slow freeze) is added, particle sizes achieved are 

near the size of unfrozen NPs. Trehalose and sucrose added at concentrations of 15% increased 

particle size to greater than freezing the particles slowly without any cryoprotectant. Error bars are 

the standard deviation of at least three samples.  
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After optimizing cryoprotectant parameters to reduce change in NP size during storage, loading 

and degradation studies were completed on CT1-NPs. Particles were filtered to 0.2 µm before 

analysis. Drug loading by mass, measured via ELISA assay and calculated using Equation 1, was 

962±88 ng drug/mg particles, % loading was 0.0962±0.0088%, and encapsulation efficiency was 

0.000966±0.00049%. Error is the standard deviation of at least three samples. Zeta potential of 

CT1-NPs after lyophilization was -23 mV. Entrapment of CT1 appears to be higher than that 

for RhB-NPs at almost 1 µg/mg particles, but percent drug loading is less than 0.1% for RhB-

NPs and CT1-NPs.  

 

Figure 4A shows the cumulative release of CT1 over 21 days, where measurements were made 

via sandwich ELISA. The release profile showed a burst effect, in which about 50% of peptide 

was released after three days, followed by a sustained release over the subsequent 18 days until 

73% of the total encapsulated drug was released.  

 

Particle morphology and diameter changes were monitored over time using measurements from 

DLS and SEM image analysis via ImageJ software. Particle size diameters measured using DLS 

were approximately twice the size of measurements made via SEM. Both DLS and SEM showed 

increasing particle size from 186 to 208 over the course of 7 days, then increased in size again 

between 2 and 3 weeks to 223 nm. Figure 4B shows the particle size and polydispersity index 

(PDI) of the particles over time during the degradation study as measured by DLS. PDI also 

increased with time. Similar particle size trends were found with measurements by SEM. Figure 

4C-H shows SEM images at Day 1, Day 7, and Day 21 of the degradation. Pores or holes seem 

to appear after Day 7, and increase in size and quantity with time.  
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Figure 4. A) Graph of cumulative release of CT1 from nanoparticles over time as a function of 

percentage of total drug encapsulated, as measured via sandwich ELISA assay. B) Particle 

diameter (Z-average) measured by DLS during the degradation of CT1 nanoparticles and the 

polydispersity index of the nanoparticles, indicating homogeneity of particle size. SEM images 

of CT1-NPs at (C and D) Day 1, (E and F) Day 7, and (G and H) Day 21. Scale bars are 1 m 

(C, E, and F) and 100 nm (D, F, and H). 
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RhB-NP and CT1-NP Uptake in GSCs and GBM cells 

RhB-NPs added to VTC-037 GSCs at various concentrations showed that at least 300 µg/mL of 

NPs could be added to cells without affecting cell plate adhesion (Figure 5A). This 

concentration was then used for a three-week cell culture to study degrading RhB-NPs and their 

effect on cells and how long RhB may remain in the cells over time (Figure 5B). For the first 

week of release, a large amount of RhB is present in the cells. At 14 and 21 days, RhB signal is 

still detected in the cells even after cell passage through trypsinization at day 10. 

 

When 200 µg/ml of RhB-NPs were added to VTC-037 GSCs, cells incubated at 37 °C showed 

uptake of the RhB-NPs similar to Figure 5, but cells incubated at 4 °C had reduced cellular 

uptake of the RhB-NPs (Figure 6). 

 

 

BF 

Fluo 

150 µg/ml 75 µg/ml 300 µg/ml 40 µg/ml 20 µg/ml no NP A 
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Figure 5.  A) Cellular uptake of varying concentration of RhB-NPs to determine optimal 

concentration for remaining cell studies. Cells incubated overnight before imaging. B) Release of 

RhB from NPs incorporated into VTC-037 GSCs over three weeks. BF: Bright Field, Fluo: 

Fluorescence. Scale bar: 200 µm. 

 

 

Figure 6. Incorporation of RhB-NPs into GSCs at 37 °C and 4 °C after incubation for 1 hr. BF: 

Bright Field, Fluo: Fluorescence. Scale bar: 200 µm. 
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Staining of cell membranes and nuclei with and without RhB-NPs added at 200 µg/ml in the 

medium of LN229/GSCs shows cellular uptake of NPs is occurring, as RhB-NPs are present in 

the cytosol but excluded from the nuclei (Figure 7). When αCT1-NPs were added at 1 mg/ml in 

the medium of SF295 cells (RhB-NPs at 1 mg/ml used as a positive control for NP cellular 

uptake), detection of biotin-tagged αCT1 following αCT1-NP uptake demonstrates the presence 

of αCT1 in the cells after one and four days (Figure 8).  

 

 

Figure 7. Cellular uptake of RhB-NPs. Scale bar: 20 µm. 
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Figure 8. Cellular uptake of RhB- and CT1-NPs in GBM cells (SF295). Scale bar: 20 µm. 

 

Discussion  

This work describes a method to encapsulate the peptide αCT1 using a double emulsion-solvent 

evaporation method a well as the methods used to minimize particle size for the purpose of 

sterilization of particles via filtration. Particles release peptide over about 21 days in vitro. It is 

also demonstrated that VTC-037 GSCs uptake the particles and the presence of peptide in cells is 

detectable for at least four days. The results indicate that particles may be used for controlled 

release of αCT1 peptide. 
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A major factor to consider when creating implantable materials is the sterilization process. Here, 

sterilization by filtration was determined to be the method least likely to alter the release profile 

of the encapsulated peptide, so particle size was optimized to achieve the smallest diameter. 

Particle size optimization reduced the average particle size from 229 nm in diameter to 143 nm 

in diameter. All other particle sizes had average diameters under 170 nm. This is likely due to 

dropping the primary emulsion into the PVA solution while vortexing, which became possible 

when a smaller batch size was used. Smaller batch sizes prevent the solutions from being thrown 

out of the container during vortexing when the primary emulsion is added to the secondary outer 

phase.  

 

Particle size of samples 2-4 (see Table 1) are similar to that reported by Musumeci et al., where 

encapsulation of docetaxel resulted in loaded PLGA particles with diameters between 157-172 

nm.25 Sample 3 during size optimization study showed the optimal conditions for minimalizing 

particle diameter.  

 

The shape of the release profile of RhB from PLGA shown here is similar to the docetaxel 

release profile reported by Musumeci et al., where following an initial burst release the majority 

of the drug was released in the first week.25 However, single and double emulsions should 

encapsulate amounts of drug differently. Single emulsions generally encapsulate hydrophobic 

drugs in higher loading percentages, while double emulsions provide a space for hydrophilic 

drugs to occupy so they are less driven towards the outermost phase.26 The RhB content in the 

particles here are similar between the single and double emulsions. Because so little RhB was 

actually encapsulated, the low loading could be mostly due to adsorption on the surface of the 
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particles rather than incorporation inside the particles. Encapsulation efficiency is higher for the 

double emulsion particles because more particles were collected than for single emulsion 

particles.  

 

As mentioned, the observed encapsulation efficiencies and RhB loading are low for small 

molecules compared with values in the literature. In comparison, Zhang et al. were able to 

encapsulate several hundred micrograms of hydrophilic small molecule drugs per milligram of 

loaded particles.17 A possible explanation is that RhB-PLGA interactions may limit the amount 

of RhB that is encapsulated. For example, Budhian et al. discuss the importance of drug-polymer 

miscibility and its effect on loading, at least for the process of nanoprecipitation.27 A similar case 

may be occurring for the RhB-PLGA system, however this was not confirmed. 

 

Chereddy et al. reported loading LL37 peptide of 1.02 µg/mg particles, but achieved a 70% 

loading efficiency compared with 0.96 µg/mg and <1% encapsulation efficiency for CT1-NPs 

shown here. Chereddy reported a particle size of 304.5 nm, which may account for some of the 

difference with encapsulation efficiency since CT1-NPs were filtered to 0.2 µm, causing loss in 

efficiency calculations.13 Zhang et al. showed a 1.1% drug loading of insulin with encapsulation 

efficiency near 50% with particle sizes less than 140 nm in diameter. Zhang also did not mention 

any filtration of particles or associated loss.18 Thus, while drug loading is too low for practicality 

here, it is similar to that achieved by others encapsulating peptides. 

 

The peptide release profile from CT1-NPs appears similar to peptide release from PLGA found 

by Chereddy et al., where 60% of the drug was released within the first three days, followed by 
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about 80% of total release at 14 days.13 Cartiera et al. encapsulated the hydrophobic drug 

curcumin in PLGA (using single-emulsion method) and also reported burst release profiles, 

however only 20-30% of was released in the first several hours before releasing up to almost 

70% in a more linear fashion for an additional 18 days.14 The drug’s hydrophobicity may have 

limited the burst release, creating the difference in release profile shape. 

 

Increase in NP size over time was anticipated due to fact that PLGA generally erodes in bulk at 

neutral to acidic pH at small thicknesses.28 Bulk erosion occurs when degradation speed occurs 

more slowly than water uptake, compared with surface erosion in which degradation and 

removal of polymer occurs more quickly than water uptake. In the case of surface erosion, 

degradation is limited to the surface of the polymer matrix.28-29 Here, bulk-eroding PLGA-NPs 

swell with water during the first few days while the polymer degrades hydrolytically but before 

erosion occurs.28, 30 When the particles increase in size again around three weeks, agglomeration 

of the particles is likely the main cause of size increase. Rescignano et al. also observed 

agglomeration in nanoparticles as degradation progressed.31 This is likely due to PVA stabilizer 

being removed from the surface during nanoparticle erosion. PVA, which is likely incorporated 

into the PLGA shell even after wash cycles, helps sterically hinder agglomeration. PVA 

dissolves in water, so as the particle degrades the PVA could also be dislodging and dissolving 

into the surrounding water. Once the steric hindrance is removed, it would be easier for the 

particles to agglomerate, thus the size increases. The holes that appear in the NPs are likely due 

to polymer being removed through erosion channels from the particles during degradation and 

erosion.30-31 
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When NPs were introduced to cells, staining of cell membranes and nuclei with and without 

RhB-NPs (Figure 7) RhB-NPs were detected in the cytosol but excluded from the nuclei, 

supporting NP cellular uptake. When cells are incubated at 4 °C, little cellular uptake of the RhB-

NPs occurred, which implies energy-dependent endocytosis is the main pathway of NP uptake.32-

33 RhB-NPs as well as αCT1-NPs are internalized by the cells. GBM (SF295) cells uptake the 

particles and it is observed that CT1 remains in the cells for at least 4 days (Figure 8), which 

implies that the particles may be able to be used for long-term release. 

 

Conclusions 

PLGA nanoparticles successfully encapsulated CT1 and released 73% of the drug over three 

weeks in vitro. When introduced to human GSCs, RhB was clearly detectable for the first seven 

days, and then at minimal amounts at 14 and 21 days. RhB was likely detected as a released RhB 

molecule as well as still encapsulated in a particle. CT1-NPs introduced to GSC showed CT1 

present in cells over at least four days. However, drug loading and encapsulation efficiency were 

low, below the therapeutically relevant doses of CT1, unless an impractical amount of 

nanoparticles were to be used. Further studies are needed to improve drug loading in order to 

raise the dosage to more effective levels for patients. Potential methods to improve drug loading 

are finding sterilization techniques that can be used without filtering particles and further 

changing particle synthesis methods or using a different particle synthesis method. 
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Chapter 6 
6. Flash Nanoprecipitation Method for Increased Loading of 

a Connexin43 Mimetic Peptide-loaded PLGA 

Nanoparticle to Target Glioblastoma Cells  

 

In the previous chapter, low loading of aCT encapsulated in particles was found to be a 

major challenge. This chapter addresses the low loading by using a flash nanoprecipitation method 

for encapsulation. Initial data showed an increase in loading. Further increases in loading was 

explored by using RhB as a model drug and varying several parameters in particle synthesis. 

Loading increases were confirmed with reintroduction of αCT1. This work found at least a one 

order of magnitude increase in drug loading compared with that of the previous chapter. 

In this chapter, data and analysis of RhB-PLGA-NPs was collected by myself, Ms. Payton 

Roberts, and Mr. Garrison Ferrell. Data and analysis of αCT1-PLGA-NPs were collected by 

myself. Dr. Richey M. Davis provided the flash nanoprecipitation mixers so this study could be 

conducted. Representatives of FirstString Research, Dr. Christina L. Grek and Dr. Gautam S. 

Ghatnekar, graciously provided αCT1. Zhi Sheng and Robert G. Gourdie provided insight into 

particle requirements for use in glioblastoma. Dr. Samy Lamouille assisted with ELISA assays. 

The chapter was drafted by myself, later edited by my academic advisor, Dr. E. Johan Foster. This 

chapter has not yet been submitted for publication, and is formatted similarly to the Introduction. 
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6.1. Introduction 

Glioblastoma is a deadly form of brain cancer that has a five-year survival rate of less than 

5%.1 Current treatment methods include using temozolomide (TMZ) or other chemotherapeutic 

drugs in conjunction with resection of the tumor. However, because of microscopic tendrils that 

infiltrate the brain, full tumor removal is impossible. Remaining tumor cells quickly become 

resistant to chemotherapeutics and radiation.2 A new peptide drug, αCT1, has been shown to 

reduce glioblastoma cell resistance to chemotherapy.1 However, αCT1 is metabolized by the body 

within about 24 hours,3 which is not conducive to long-term treatment.  

Encapsulation of small molecule, peptide, and protein drugs in biodegradable polymers has 

been extensively studied to control the release of drugs over time. Various methods can be used 

for encapsulation, including emulsion-solvent evaporation and nanoprecipitation. 

Nanoprecipitation, for example, drops a water-miscible organic solvent containing polymer and 

drug (“solvent stream”) into a vat of water (“anti-solvent”) such that the polymer in the solvent 

stream precipitates out of solution as the solvent mixes with the anti-solvent, capturing the drug in 

the process.4-5 Precipitation is generally used for hydrophobic drugs, but some hydrophilic drugs 

have been successfully encapsulated.4, 6-8 

Flash nanoprecipitation (FN) is a variant of precipitation in which a mixer is used to obtain 

turbulent mixing speeds for achieving small particle sizes.6 Turbulent mixing induces 

supersaturation, limiting nucleation and growth of particles.6 The Marangoni effect, describing 

surface tension and flow of the solvent/anti-solvent interfaces, can also have an effect on diffusion 

of solvent from the growing particles.5, 7, 9 The advantage of using this process is that the polymer 

and drug are not exposed to high temperatures, extended shearing, or high-energy sonication.7 It 

is also advantageous for molecules such as proteins that may denature in contact with a water/oily 

interface, which is present in emulsion-solvent evaporation systems.7, 9 FN has also been shown to 

increase drug loading in particles, depending on the system.10 

Others have shown how various factors may affect drug encapsulation. For example, the 

anti-solvent phase can be altered to make hydrophilic drug solubility less favorable, driving the 

drug to remain in the solvent phase where the polymer can more easily capture it.8, 10 Bilati et al. 

showed that by changing the solvent, particle size of unloaded nanoparticles is affected, and 

particle size can affect loading capacity of the particles.4, 6, 9 Concentrations of drug and polymer 
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in solution overall and relative to each other also effect loading.11 Drug-polymer interactions, 

including solubility of drug in the polymer, also effects the loading in the particles.10-11 A review 

by Miladi consolidates many of the studies surrounding the understanding of nanoprecipitation.12 

However, there are mixed results from various investigators and flash nanoprecipitation to 

encapsulate a peptide is still not well understood. 

It has been previously shown that αCT1, a short peptide drug, can be encapsulated via 

double emulsion-solvent evaporation.13 Here, PLGA nanoparticles were produced using flash 

nanoprecipitation in order to increase the drug loading. After initial proof of concept, modifications 

were made to the process to further increase loading. The model drug rhodamine b was used as a 

substitute for hydrophilic peptide drug CT1 during system exploration. The system was 

optimized for maximum drug loading using rhodamine b by modifying solvent, anti-solvent, and 

post-production processes. Finally, the parameters that gave the highest loading were confirmed 

using αCT1. 

6.2. Materials 

Poly(D,L-lactide-co-glycolide) (PLGA) of three different types were purchased from 

Sigma Aldrich: Resomer 502H (MW 7000-17000, 50:50 lactic acid:glycolic acid, acid 

terminated), Resomer 502 (MW 7000-17000, 50:50 lactic acid:glycolic acid, ester terminated), 

and Resomer 504H (MW 38000-54000, 50:50 lactic acid:glycolic acid, acid terminated). 

Poly(vinyl alcohol) (PVA; 13000-23000 MW, 87-89% hydrolyzed), rhodamine B (RhB; HPLC 

grade, ≥95%), phosphate-buffered saline (PBS, reconstituted in DI-water; BioPerformance 

Certified, pH 7.4, 0.01 M) and 2-pyrrolidone (2P, synthesis grade) were also purchased from 

Sigma Aldrich. Dimethyl sulfoxide (DMSO; sequencing grade, >99.5% pure) was purchased from 

Thermo Scientific. N-methylpyrrolidone (NMP) was purchased from Fisher Scientific.  

 

6.3. Methods 

6.3.1. Synthesis of PLGA-NPs 

PLGA nanoparticles were synthesized using the flash nanoprecipitation method. Solvent 

solution and anti-solvent solutions are prepared separately, then mixed together in a two-jet mixer 

to create particles. For solvent solutions, RhB-loaded particle solvent solution was prepared by 

dissolving PLGA and RhB in DMSO or other solvent for at least 30 minutes. For αCT1-loaded 
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nanoparticles, water must be used as a co-solvent at a concentration of 10 vol% water in DMSO. 

In previous studies using RhB, it was found that putting the drug in the antisolvent did not change 

or decreased the loading of drug in the particles, so the drug remained in the solvent solution. In 

order to prepare the solvent solution, 2.2 w/v% PLGA was first dissolved in DMSO (60 mg PLGA 

in 2.7 mL DMSO) for 30 minutes, then 0.2 w/v% αCT1 in water (6 mg αCT1 in 0.3 mL water) 

was added to the PLGA solution and sonicated for at least 15 minutes until solution was clear. To 

prepare PVA-based anti-solvent solution, PVA was dissolved in DI-water for one hour at 90 °C or 

until granules were no longer visible. Low pH anti-solvent was prepared by using hydrochloric 

acid to drop pH of DI-water until reaching a pH of 3. PBS anti-solvent was used as-prepared, at a 

pH of 7.4 and 0.01 M concentration. 

To synthesize particles, one 5 mL glass syringe each was used for the solvent and anti-

solvent. About 0.5 mL more of the anti-solvent solution was loaded in the syringe compared to the 

solvent syringe. Syringes were attached to the mixer, then about 0.5 mL of anti-solvent, or until 

the volumes of each syringe were the same, was pre-loaded into the mixer to facilitate more 

homogenous mixing. Then, a Petri dish or other stiff material was used to push both syringes at 

the same time at a rate of at least 0.5 mL/min through the syringe. Particles were captured in at 

least 50 mL of DI-water in order to decrease the likelihood of Ostwald ripening before transfer to 

dialysis tubing. Particles were dialyzed using 12000 MWCO tubing from Fisher for 24 hours 

unless otherwise stated, with 4-5 water exchanges throughout. Finally, particles were washed twice 

via centrifugation method to remove excess surfactant before characterization. Centrifuge tubes 

used were 50 mL conical bottom tubes or Spin-X concentrator tubes (20 mL, molecular weight cut 

off (MWCO) 10 kDa or 100 kDa, Corning). Particles were frozen at -20 °C for storage. 

6.3.2. Particle Sterilization 

To make particles sterile, all solutions were sterilized via filtration to 0.2 um and all 

equipment was sterilized with 70% ethanol before particle synthesis. Sterile dialysis cartridges 

(Slide-A-Lyzer dialysis cassettes, gamma irradiated, 10000MWCO, 30 mL volume, ThermoFisher 

Scientific) were used and centrifuge washing was conducted under sterile conditions. 

6.3.3. Materials Characterization Methods 

Particle size was measured using a Malvern Zetasizer Nano-ZS. Scanning electron 

microscopy (SEM) was performed at the Nanoscale Characterization and Fabrication Laboratory 



Rose Roberts | Ph.D. Thesis  Virginia Tech | Materials Science and Engineering 

 

118 

 

in Blacksburg, VA using the LEO (Zeiss) field-emission SEM. UV-vis absorbance for rhodamine 

release studies was measured using a Cary 60 UV-Vis spectrophotometer by Agilent Technologies. 

6.3.4. Enzyme Linked Immunoassay (ELISA) 

To enable peptide tracking in in vitro and in vivo assays, an amino-terminal biotin tag was 

added to the αCT1 sequence. The in vitro release of biotin-tagged αCT1 was measured by 

sandwich enzyme linked immunoassay (ELISA) using the OptEIA kit (BD Biosciences). Each 

well of a Nunc MaxiSorp™ 96-well microplate (Thermo Scientific) was coated with coating buffer 

containing 1 µg/mL of anti-C-terminus connexin43 antibody (Sigma-Aldrich) and incubated 

overnight at 4 °C. The wells were then washed before blocking with 1% bovine serum albumin for 

2 h at room temperature. Serial dilution of biotin-tagged αCT1 as standards and samples containing 

biotin-tagged αCT1 collected at different times from the in vitro release study were added in the 

corresponding wells and incubated overnight at 4 °C. The wells were then washed before adding 

1 µg/ml Neutravidin-conjugated HRP (Thermo Scientific) for 1 h at room temperature. After 

washing, 3,3',5,5'-Tetramethylbenzidine (TMB) chromogenic substrate solution was added and 

reacted for 10 min at room temperature in the dark, and the absorbance was measured at OD650 

using a microplate reader (Molecular Devices). The reaction was then stopped by the addition of 

2 M sulfuric acid and the absorbance was measured at OD450 using a microplate reader. All 

measurements were conducted in triplicate. 

6.3.5. Drug Loading and Particle Yield 

Drug loading and encapsulation efficiency were calculated using Equation 1 and Equation 

2, respectively, based on the measured concentrations of drug in solution. Calculations were 

performed similarly for both RhB and αCT1 loaded particles. Particle yield was conducted via 

gravimetric analysis of particle suspensions. 

 

𝐷𝑟𝑢𝑔 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑤
𝑤⁄ %) =  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑁𝑃𝑠
∗ 100% Eq. 1 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑖𝑛 𝑁𝑃𝑠

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑢𝑔 𝑢𝑠𝑒𝑑 𝑖𝑛 𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
∗ 100% Eq. 2 

 

6.3.6. In Vitro Release of Drug from Nanoparticles 

Nanoparticles were suspended in 0.01 M PBS solution at 1 mg/mL and incubated at 37 °C 

for the duration of the release study. At each time point, the particles were centrifuged into a pellet 
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and the supernatant was collected for drug content analysis. The removed supernatant was replaced 

with the same volume of fresh PBS solution in order to maintain a consistent concentration and 

the particles were redispersed via bath sonication for 10-15 minutes. Samples of dispersions were 

taken and analyzed for dynamic light scattering (DLS). SEM samples were prepared by adding a 

drop of the particle suspension onto silicon wafer pieces taped to an SEM stub for analysis.  

6.4. Results and Discussion 

In order to assist the treatment of glioblastoma, PLGA nanoparticles were loaded with 

αCT1 in order to control release of the drug over several weeks. Initial loading of the particles was 

higher than previous work (reference to DE paper), however further understanding of the 

mechanism of flash nanoprecipitation for this system was explored in order to further increase the 

loading. Exploration of the 2-jet mixer setup was conducted using RhB, and the modifications that 

maximized model drug loading were confirmed using αCT1.  

6.4.1. Initial Loading and Release of αCT1-NPs 

Initial parameters used for particle synthesis were based on solubility of αCT1 and PLGA 

in DMSO. Particles achieved a loading of 0.05 w/w% and yield of 29% with an encapsulation 

efficiency of 0.17%. Drug was released over three weeks and showed a linear release profile, as 

shown in Figure 6.1Error! Reference source not found.. 

 
 Figure 6.1. Release of αCT1 from PLGA-NPs before increasing loading. 

 

6.4.2. Maximizing Drug Loading 

In order to increase drug loading and further understand how parameters affect the 2-jet 

mixer system, modifications to the solvent, anti-solvent, and capture fluid factors were conducted. 

The model drug used was RhB due to its hydrophilicity, cost and quick measurement capability 

0

20

40

60

80

100

0 5 10 15 20 25

C
u
m

u
la

ti
v
e 

R
el

ea
se

 (
%

)

Time (days)



Rose Roberts | Ph.D. Thesis  Virginia Tech | Materials Science and Engineering 

 

120 

 

using UV-vis. A description of factors that were modified can be seen in Figure 6.2 and changes 

in drug loading and encapsulation efficiency can be found in Table 6.1. At least three samples 

were made for each modification, and standard deviations are reported. Values without standard 

deviations required all three samples to be combined together in order to have a measurable amount 

of sample, and so no error can be reported. Because large increases in drug loading are desirable, 

trends were taken as being 20% larger or smaller than the upper and lower bounds set by the 

standard deviation. 

6.4.2.1. Solvent Solution Variations 

Modifications to the solvent solution either did not change or decreased drug loading and 

encapsulation efficiency for all but sample 7, in which the encapsulation efficiency was higher 

compared with the control. Using 2-pyrrolidone as a solvent decreased the drug loading. 

Modifications made to increase drug loading were 1) increase drug added to the system; 2 and 3) 

changing the solvent based on its solubility parameters, being either higher or lower than the 

solubility parameter of DMSO; 4 and 5) modifying PLGA by changing the end groups or 

increasing molecular weight, and 6-9) increasing the concentration of PLGA, and thus the ratio of 

drug to polymer. Some compounding effects were also explored, by changing the concentration of 

PVA in the antisolvent for samples 8 and 9. 

Previous studies have found that there is a peak loading that can be achieved during drug 

encapsulation, after which particles maintain the same amount of loading but begin to lose 

encapsulation efficiency since remaining non-encapsulated material is removed during 

purification steps.11-12 To determine if any more rhodamine would be encapsulated, a ten times 

concentrated solution of RhB in solvent was used to dissolve the PLGA (Sample 1). However, no 

significant drug loading change occurred. 

Effect of Hansen solubility parameter on drug loading was explored (Samples 2 and 3). 

The solubility parameter describes how quickly two solvents mix with each other. Generally, the 

further apart the solubility parameters, the less easily two solvents will mix. Water has a 

Hildebrand solubility parameter of 47.8, DMSO’s parameter is at 26.7. Because previous studies 

have shown a DMSO-water system works for encapsulation, solvents that were miscible with 

water and had solubility parameters closer to and farther away from DMSO were chosen. NMP 

has a solubility parameter of 23.1 and 2-pyrrolidone has a solubility parameter of 30.1. Bilati et al. 
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found a difference in particle size when choosing solvent based on the solubility parameter, in that 

smaller particle sizes were formed with the solvent and antisolvent solubility parameters were 

closer together.9 This is likely due to the ability of the solvent to be drawn more quickly into the 

antisolvent, to which we theorized a higher drug loading could be achieved since there was less 

chance of the drug from “escaping” the particles during formation until the solvent could be 

removed. However, DMSO showed the best drug loading compared with NMP and 2-pyrrolidone. 

Two polymer modifications were explored to test whether changes in PLGA increased the 

drug loading (Samples 4 and 5). Higher molecular weight PLGA has shown mixed results 

regarding drug loading changes. A molecular weight of 38,000-54,000 did not produce any 

changes in loading for our system. Changing the end groups of the polymer to ester end-capped 

would create a more neutral-charged particle. This was found to slightly decrease drug loading 

compared with control parameters. 

Concentration of polymer in the solvent solution was explored by increasing to 2, 3 or 5 

times the concentration used in the baseline sample (Samples 6-9). Previous studies have shown 

that higher drug loading can be achieved when polymer concentration is increased.14-15 However, 

no changes were found in drug loading with increased PLGA concentration and agglomeration 

was observed. At 5 times the concentration, the polymer precipitated and agglomerated such that 

the mixer clogged. At 3 times the concentration, particles agglomerated soon after dialysis started. 

 

 
Figure 6.2. Schematic of flash nanoprecipitation 2-jet mixer set up with factors modified for 

loading maximization study. 
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6.4.2.2. Anti-solvent Solution Variations 

Modifications made to the antisolvent had more success in increasing the drug loading, 

with two samples showing an increase. No samples showed a decrease in drug loading or 

encapsulation efficiency. Choice in modifications to increase drug loading included Samples 10-

13) increasing or decreasing the concentration of surfactant compared with the control; 14) effect 

of long-term storage of a PVA solution; 15) effect of filtering the solvent and antisolvent solutions 

before particle synthesis, as occurs during sterilization procedure; 16 and 17) effect of changing 

surfactants; 18 and 19) effect of creating a less favorable environment for drug to leach into during 

dialysis, via pH change and osmotic pressure via salt addition (PBS); and 20) effect of moving the 

drug in to the antisolvent. 

Effect of surfactant concentration and type were explored.11-12 By increasing PVA 

concentration, loading improved but encapsulation efficiency decreased (Sample 13). PVA 

concentrations of 0.3-0.5% had better loading and no change in the encapsulation efficiency, and 

0.05% PVA had increased loading and encapsulation efficiency, however the particles showed 

instability in suspension and agglomerated soon after washing steps were complete (Samples 10-

12). Tween 80 was explored as an alternative surfactant in comparison with PVA (Samples 16 and 

17). The new surfactant showed an increase in encapsulation efficiency, but also showed 

agglomeration in both concentrations used. 

The anti-solvent was modified to decrease the affinity for RhB to enter into the antisolvent 

in order to keep the drug in the solvent phase as long as possible (Samples 18 and 19). This would 

increase the likelihood of the drug to be encapsulated by using an anti-solvent that is a non-solvent 

for the drug as well as the polymer.10 Two modifications were used, including using a neutral salt 

(PBS buffer) without PVA and using water adjusted to pH 3 using HCl. Using salts in the anti-

solvent is based on the concept of salting out proteins for purification purposes. A change in pH 

has been used by Bala et al. when using a double emulsion process to increase loading and by 

Govender et al during nanoprecipitation.8, 16 By decreasing pH, the solubility of the drug in the 

aqueous phase decreased, thus increasing loading. When using PBS, the drug loading was 

approximately the same as the control, however encapsulation efficiency dropped due to a drop in 

overall yield of particles. Particles made with an antisolvent with pH 3 had better loading than the 

control, but worse encapsulation efficiency, again because of an overall lower yield of particles.  
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Another modification to the anti-solvent was to add the drug to the anti-solvent rather than 

being in the solvent phase. Several studies have shown this to be a reliable method to encapsulating 

drug.17 Our studies show no changes in drug loading from putting RhB in the antisolvent compared 

with in the solvent phase (Sample 20). 

6.4.2.3. Collection and Post-Synthesis Modifications 

Final modifications to the samples occurred in the collection process, centering around 

centrifugation and dialysis steps. These samples showed the largest overall increase in 

concentration and encapsulation efficiency. Modifications included Samples 21 and 22) 

centrifuging at a lower temperature in order to help preserve particle integrity (i.e., remain further 

outside of the Tg of PLGA); and 23) decreasing dialysis time to 6 hours and using Spin-X 

concentrator tubes, which would allow the particles to concentrate rather than pelleting, in case 

DMSO is not fully removed.  

Some increase in drug loading was seen from using a refrigerated centrifuge (Sample 21). 

For Sample 23, by dialyzing for a shorter period of time, there is less opportunity for the drug to 

diffuse through the particle and into the surrounding fluid during solvent removal. Chorny et al. 

used a volatile solvent for nanoprecipitation, and they explored how increasing solvent evaporation 

rate could increase loading.15 While they did not see any change of loading, the concept of 

decreasing solvent removal time for a non-volatile solvent was a concept we wanted to explore. 

The purpose of using a concentrator is that it avoids creating a pellet of particles that may be 

difficult to redisperse after centrifugation if solvent remains in the particles, causing the particles 

to remain soft and have greater potential of agglomeration. Using the concentrator after 6 hours of 

dialysis significantly improved loading and encapsulation efficiency of the particles. 

Overall, the modifications to the baseline method that increased drug loading most included 

decreasing PVA content, centrifuging at reduced temperature, using concentrator 
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centrifuge tubes, and reducing dialysis time.
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6.4.3. Particle Size and Morphology of Loading Maximization Study 

Particle size of the samples is also important for glioblastoma applications, since the 

particles should fit between the extracellular space. DLS was used to measure particle size. Each 

sample was briefly vortex-mixed approximately two minutes before measurements were taken. 

This allows most large agglomerates to settle before measuring remaining particles, although a 

few remaining agglomerates appear on graphs above 1000 nm. Most samples otherwise showed a 

single peak between 150-200 nm in particle diameter. Figure 6.3 shows representative plots of the 

particle size of several higher-loading samples. Sample 23, in which 6 hours of dialysis and 

concentrator tubes were used, showed an intensity peak around 150 nm but also showed what 

could be a convoluted peak near 60 nm. The volume % peak shows Sample 23 around 65 nm, 

which suggests that most of the particle diameters in Sample 23 are around 60 nm, however larger 

particles may be biasing the intensity measurement.18 Since preparation of Sample 23 did not 

involve changes in any processes during synthesis, only during particle collection, it suggests that 

there is a higher number of smaller particles in the other samples that may not be fully captured in 

the wash cycles or are not redispersing well after pelletization. 

 

 
Figure 6.3. Particle size distributions based on A) intensity and B) volume of representative 

particle sizes for Baseline and Samples 16 (1 w/v% Tween 80), 21 (0.4% PVA, refrigerated 

centrifuge washes) and 23 (6 hrs dialysis and concentrator centrifuge tubes), measured using 

DLS. 

 

Particle morphology was observed using SEM, and a sampling of images can be viewed 

inFigure 6.4. Generally, particles were spherical and smooth. Particles from Sample 23 conditions, 
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which used the concentrator centrifuge tubes, were more difficult to visualize (Figure 6.4(D, H)). 

It appeared that a blanket may have been coating the particles, making smaller particles especially 

difficult to image. It is likely that PVA remained in NP suspension since the MWCO of the 

concentrator tubes was 10 kDa and PVA molecular weight was 13-23 kDa. Particles that could be 

seen for Sample 23 were spherical and smooth, and no signs of agglomeration were present. 

 

 
Figure 6.4. SEM images of Baseline (A, E) and Samples 16 (B, F), 21 (C, G), and 23 (D, H). 

 

6.4.4. Confirmation of Loading Increase using RhB  

Based on the loading maximization, a confirmation study of the results was conducted using four 

modifications, explained in detail in   
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Table 6.2 along with corresponding drug loading and encapsulation efficiencies. The 

baseline sample remained the same as in the maximization study as a control, then remaining 

samples included decreased PVA combined with refrigerated wash cycles, using Spin-X 

concentrator tubes with 6 hours of dialysis, and finally 6 hours of dialysis using centrifuge tubes 

used for the Baseline, conical bottom 50 mL centrifuge tubes. The final sample was used to 

determine whether the short dialysis time or the concentrator tubes were making the largest 

difference in drug loading increase. Additionally, Spin-X tubes used for the confirmation study 

had a MWCO of 100 kDa in order to promote removal of PVA. 
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Table 6.2. Loading Confirmation using RhB. 

Sample PVA 
Dialysis 

Time 
Wash Cycles 

Drug Loading 

(%) 

Encapsulation 

Efficiency (%) 

Baseline 1% 24 hrs 
Rm Temp, 

Falcon 
0.22 0.40 

Low PVA, 

Fridge wash 
0.5% 24 hrs 

4 °C, 

Falcon 
0.18 0.92 

Spin-X tubes, 

MWCO 100 kDa  
1% 6 hrs 

Rm Temp, 

Spin-X Tubes 
0.48±0.09 7.05±1.54 

6hr Dialysis,  

Reg wash 
1% 6 hrs 

Rm Temp, 

Falcon 
0.31 0.63 

 

Loading and encapsulation efficiency of αCT1 in particles was highest when using the 

concentrator tubes, at 0.48% loading, which is more than double the loading of the baseline method 

(0.22%), and encapsulation efficiency was 7%. Using regular centrifuge tubes and 6 hours of 

dialysis showed the next highest loading, of 0.31% with an encapsulation efficiency of 0.63%. 

Using a lower amount of PVA did not increase drug loading, but did increase encapsulation 

efficiency slightly, to 0.92% compared with 0.4% for the Baseline method.  

When using 6 hours of dialysis and regular centrifuge tubes, drug loading is increased, thus 

part of the drug loading increase observed from using Spin-X tubes is due to the decrease in 

dialysis time. However, because encapsulation efficiency of the Spin-X tube sample is much 

higher than when they were not used, the concentrator tubes must be able to capture more particles 

than regular centrifuge tubes, thus increasing the encapsulation efficiency. However, if this were 

the only cause of difference between with and without use of the Spin-X tubes, then the drug 

loading would be expected to be the same as with sample prepared without using Spin-X tubes but 

same dialysis time. The likely cause of increase to the drug loading with the Spin-X tubes then is 

likely due to a decreased efficiency to remove drug adsorbed to the outside of the particles. When 

using concentrator tubes, not as much of the “supernatant” is removed compared with regular 

centrifuge tubes, and so the drive for adsorbed drug to desorb and move into the surrounding liquid 

is decreased. This could cause the increased drug loading seen with Spin-X samples. 
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Figure 6.5. Particle size of RhB-PLGA-NPs confirmation samples using DLS by A) intensity and 

B) volume. 

 

Table 6.3. Comparison of particle sizes via Z-averages of confirmation studies compared with 

similar samples from the maximization study. 

Sample 

Max. Study  

Z-Ave, (PDI) 

Confirm. Study  

Z-ave, (PDI) 

Baseline 
193.3 ± 1.5 

(0.17 ± 0.02) 

196.9 ± 15.0 

(0.11 ± 0.02) 

Low PVA*, 

Fridge wash 

170.6 ± 2.0 

(0.14 ± 0.03) 

217.7 ± 3.1 

(0.21 ± 0.02) 

Spin-X 
65.0 ± 1.8 

(1.16 ± 0.04) 

119.7 ± 12.4 

(0.44 ± 0.05) 

6hr Dialysis,  

Reg wash 
N/A 

186.0 ± 2.5 

(0.14 ± 0.01) 

*Low PVA concentrations used here were 0.4% from the maximization study and 0.5% for the 

confirmation study. 

 

Particle sizes of the samples were overall similar compared with the maximization study, 

as shown by the Z-averages of particle size in Table 6.3. The low PVA concentration samples 

increased in particle size. This could be due to the difference in concentrations used between the 

maximization study (0.4 w/v%) and the confirmation study (0.5 w/v%). The concentrator tube 

sample size also increased during the confirmation study. However, the MWCO of the tubes used 

was increased for the confirmation study from 10 kDa to 100 kDa. The higher MWCO may have 

allowed some of the smallest particles to be pulled through the membrane. However, in the DLS 

plots in Figure 6.5, it can be seen that the bi-modal peaks are still present with the Spin-X tubes 
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that were observed during the maximization study. Volume % peaks show that most of the particles 

are in the lower range, as in the maximization study. 

Particle morphology of the confirmation study samples was similar to those observed in 

the maximization study, being smooth and mostly spherical in shape. Particles washed with Spin-

X tubes appeared more clearly than with the maximization study, most likely because more PVA 

could be removed from the samples, preventing a heavy blanket of PVA from coating the sample. 

However, some coating of PVA appeared to be present in the sample, so not all of the excess PVA 

was removed with the increase of MWCO. 

 

 
Figure 6.6. SEM images of RhB-PLGA-NPs confirmation study. 

 

6.4.5. Loading Confirmation Study using αCT1 

Results from the increase in drug loading using RhB were examined using αCT1 with the 

goals of 1) determining whether the method found to increase drug loading the most for RhB-

PLGA-NPs also increased loading for aCT-PLGA-NPs and 2) determining whether the process 

used to make sterile nanoparticles changed the drug loading or release profile of the particles. 
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Sample descriptions can be found in Table 6.4. The baseline method was once again used as a 

control. Other samples included using Spin-X concentrator tubes (MWCO 100 kDa), checking the 

sterile process for loading and release changes (by using the Baseline method and filtering all 

solutions to 0.2 μm before use), and finally a negative control of unloaded PLGA particles.  

 

Table 6.4. Design of Confirmation Study using αCT1. 

Sample 
Dialysis 

Time 
Wash Cycles Other 

Positive Control 1  

(Baseline method) 
24 hrs Falcon -- 

Spin-X Concentrator Tubes 

(“New” method) 
6 hrs Spin-X Tubes -- 

Sterile Process  

(“Sterile”) 
24 hrs Falcon 

All solutions filtered to 0.2 

μm before particle 

synthesis 

Negative Control  

(“PLGA Only”) 
24 hrs Falcon No αCT1 

 

Figure 6.7 compares loading, encapsulation efficiency, and yield of particles visually and 

Table 6.5 provides values for the graphs shown in Figure 6.7. Drug loading of particles was 

increased from 0.05% to 0.9%, or an order of magnitude, by using the New method. This increase 

is greater than the increase seen using RhB, which was slightly more than doubled when using the 

New method. The Sterile method had a large variation in loading, however the loading was not 

lower than the Baseline method, so sterilizing the particles does not decrease the loading compared 

with the Baseline method, and may in fact increase loading slightly, but additional experimentation 

should be completed in order to confirm results. A source of error could include interactions 

between the solutions and the filter used to sterilize the solution. Interactions could include some 

slight dissolution of the filter with the solvent (especially with DMSO), or some binding of the 

polymers to the filter that is not understood. An additional source of error is that by removing 

materials greater than 0.2 μm, potential nucleation sites for particle formation are also being 

removed, which would change how particles form compared with non-filtered solutions. 
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Particle yield was highest for the Baseline method at 58% while the New method and 

Sterile method had particle yields of 20% and 17%, respectively. While the Baseline method had 

almost triple the yield of the New method, the drug loading for the New method is about ten times 

as high. For practical purposes, then, the New method still encapsulates more drug in a smaller 

amount of particles compared with the Baseline method, so the New method is more economically 

efficient than the Baseline method.  

 
Figure 6.7. Loading, yield, and encapsulation efficiency of particles. 

 

Table 6.5. Loading and encapsulation efficiency of confirmation study using αCT1-PLGA-NPs. 

Sample Loading (%) Encapsulation Efficiency (%) Yield (%) 

Theoretical 10 100 100 

Positive Control 1  

(“Old” method) 
0.05 ± 0.01 0.011 ± 0.005 58 ± 7 

Spin-X Tubes 

(“New” method) 
0.9 ± 0.6 0.33 ± 0.29 20 ± 16 

Sterile Process  

(“Sterile”) 
0.9 ± 1.5 0.24 ± 0.39 17 ± 2 

Negative Control  

(“PLGA Only” – no drug) 
0.02 ± 0.01 0.004 ± 0.002 59 ± 53 
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All particle samples made using αCT1 showed a large amount of agglomeration when 

using the 2-jet mixer (Figure 6.8). Agglomerates are observed in the exit tubing before reaching 

the collection water. This is likely because αCT1 and PLGA are near the edge of solubility in the 

10% water in DMSO solution, so particles readily precipitate in the mixer. Particles made using 

the New method appeared to be blanketed as previously observed, so most likely PVA remained 

in the solvent as in the RhB studies. The PLGA Only samples showed individual particles, similar 

to the RhB-PLGA-NPs. 

  
Figure 6.8. SEM of particles made from confirmation study. 

 

6.4.6. Release of αCT1 from Confirmation Study Particles 

Particles were allowed to release αCT1 for fourteen days in PBS at 37 °C. Baseline method 

surprisingly released almost all of the drug within 48 hours, which is different from the initial 

release study. It also appears that over six times the amount of drug encapsulated was released. 

The New method released about 11% of drug over two weeks and the sterile method release about 

17% over two weeks, although the Sterile method could have released more or less based on the 

amount of variance in the loading. The New and Sterile methods released particles in a linear 
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manner after showing a burst release on the first day. It is expected that the remaining αCT1 would 

be released fully at 4-6 weeks as 50:50 PLGA degrades fully within about two months.  

In future work involving in vivo studies, it is recommended that the New method be used 

based on the increase in loading and encapsulation efficiency. However, since particles also need 

to be sterile, it is recommended that additional experimentation is conducted to confirm and 

explore error in Sterile particle production. These experiments could begin by determining whether 

the concentration and molecular weight of solutions after filtration matches values before filtration.  
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Figure 6.9. Release of αCT1 from PLGA-NPs during the confirmation study, including A) 

Baseline method, B) New method, and C) Sterile process. 
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6.4.7. Stability of αCT1 through drug release studies 

 
Figure 6.10. Stability of αCT1 during release studies. 

 

In order to determine whether αCT1 was stable over the time course of the study, 1000 

ng/mL of αCT1 in water was held at 37 °C for 21 days and cycled to room temperature at the same 

time points as the αCT1-PLGA-NPs. No definitive increase or decrease in αCT1 concentration 

was found. Thus, αCT1 does not significantly degrade over three weeks. 

6.4.8. Drug Loading Differences between various αCT1-PLGA-NP Synthesis Methods 

Particles were also synthesized using a 4-jet multi-inlet vortex mixer (MIVM) containing four 

inlets, in which one port was used for the solvent solution and the other three were used for the 

anti-solvent solution. Syringe pumps were used to input the solutions at the same time. Loading 

for the MIVM particles had loading even higher than when the 2-jet mixer was used, increasing 

loading to up to 6.7% and encapsulation efficiency up to 39% with 58% particle yield.   
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Table 6.6 compares the drug loading, encapsulation efficiency, and yield of particles 

between double emulsion method from the previous chapter, 2-jet mixer, and 4-jet mixer.  
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Table 6.6. Comparison of drug loading between different αCT1-PLGA-NP preparation methods. 

2-jet mixer data replicated here for comparison and double emulsion method data taken from 

previous chapter. 

Double Emulsion Drug Loading (%) 
Encapsulation 

Efficiency (%) 
Yield (%) 

Theoretical 1.4% 100% 100% 

Filter 0.2 µm 0.1% 0.001% ~8% 

    

Flash Nanoprecipitation    

Theoretical 10% 100% 100% 

4-jet MIVM    

No filtering after 

washing, 0% PVA            
6.70% 39.00% 58.30% 

Filter 0.2 µm after 

washing, 1% PVA            
5.80% 1.65% 2.80% 

    

2-jet Mixer    

     “Old” Method 0.05% ± 0.01% 0.011% ± 0.005% 58% ± 7% 

     “New” Method 0.9% ± 0.6% 0.33% ± 0.29% 20% ± 16% 

 

Particles made using the MIVM also showed less agglomeration than using the 2-jet mixer, 

both visibly and under SEM (Figure 6.11). This is likely due to the increase in anti-solvent flowing 

through the mixer, forcing precipitates to be more separated during formation. However, due to 

the complex setup of the MIVM, it cannot be used in a sterile environment for synthesis of sterile 

particles for cell and animal studies, thus the 2-jet mixer was used for further cellular and animal 

studies. 
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Figure 6.11. Comparison of αCT1-PLGA-NP morphology between A, B) 2-jet mixer and C, D) 4-

jet mixer methods. 

 

6.5. Conclusions 

Nanoparticles containing αCT1 for controlled release were synthesized for glioblastoma 

applications. Drug loading of PLGA-NPs was maximized by exploring several aspects of the 2-jet 

mixer for the flash nanoprecipitation method. RhB was used as the model drug for increasing drug 

loading which was then confirmed using αCT1. Drug loading was increased by an order of 

magnitude in αCT1-PLGA-NPs. When a MIVM was used for particle synthesis, drug loading 

further increased to almost 7% drug loading and reduced agglomeration of particles. However, the 

complexity of the MIVM prevents its sterilization, thus the 2-jet mixer was used for further cellular 

and animal studies. In the future, creation of a less complex set up for the MIVM should be created 

to further increase loading for sterile nanoparticles. 
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Chapter 7 
 

7. Concluding Remarks 

7.1. Conclusions 

This dissertation describes efforts to develop methods of nanoparticle characterization that 

may be accessible to a broader audience, then use those techniques on synthesized nanoparticles 

that encapsulate a peptide for glioblastoma applications. CNCs were characterized with a variety 

of techniques and PLGA particles were synthesized in order to encapsulate the peptide drug αCT1. 

Specifically, goals presented in Chapter 1 were addressed as follows: 

 

1. Develop an electron microscopy sample preparation method.  

Chapter 2 explored several methods to disperse and stain CNCs in order to avoid the 

use of a radioactive stain and a glow discharge device. A final protocol used bovine 

serum albumin in order to disperse particles during suspension droplet drying on a TEM 

sample grid and a vanadium-based commercial stain for increased contrast. 

Additionally, a dunk method during sample prep prevents application of too much stain 

or CNCs.  

 

This work will allow laboratories without the facilities to handle radioactive material 

or without the specialized equipment to be able to prepare TEM samples for 

characterization of CNCs. The ability to accurately characterize these nanoparticles 

will increase the reproducibility of any work involving CNCs. 

 

2. Develop a quantification method for monitoring concentration of CNCs in air.  

In Chapter 3, aerosolized RhB-CNCs were collected using an impinger, which can be 

used in CNC production facilities. RhB-CNC concentrations were analyzed using UV-

vis spectroscopy and scanning mobility particle sizer (SMPS). TEM and DLS were 

used for characterizing size and morphology changes. TEM sample preparation 

techniques from Chapter 2 were used for TEM sample prep in Chapter 3.  
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The methods developed here provide a first step for method development of aerosolized 

CNC concentration quantification. By using robust equipment and relatively simple 

protocol, these methods are more feasible for industry use. This will increase the ability 

to track CNC concentration in production facilities in order to ensure the safety of plant 

workers.  

 

3. Control the release of a peptide drug from PLGA nanoparticles.  

In Chapter 4, the double emulsion-solvent evaporation method was used to encapsulate 

αCT1 and control its release over three weeks. Particle size was optimized for use in 

brain applications using BSA-PLGA-NPs and RhB-NPs were used for determining 

which emulsion method provided the highest drug loading. UV-vis techniques in 

Chapter 3 were used for Chapter 4. Cryoprotectant type and concentration was explored 

in order to reduce particle agglomeration upon freezing. Cellular studies showed αCT1 

remaining in cells for at least four days, and cellular uptake was via endocytosis.  

 

While the drug loading in these particles was low, this work shows that αCT1 can be 

encapsulated in PLGA and remain in cells for at least four days. The extended release 

of drug over three weeks in vitro will facilitate long-term delivery for treatment of 

glioblastoma, which will be essential for the continual treatment of this type of brain 

cancer. 

 

4. Improve drug loading of αCT1 in PLGA nanoparticles.  

Chapter 5 encapsulates αCT1 using flash nanoprecipitation to improve drug loading in 

the nanoparticles. After an initial improvement from Chapter 4, RhB-PLGA-NPs made 

using a 2-jet mixer were used to explore in depth various parameters that could affect 

drug loading in order to further increase loading. The parameters giving the highest 

loading in RhB-PLGA-NPs were tested using αCT1 and were confirmed to increase 

drug loading. A 4-jet mixer provides the highest loading overall, however the 4-jet 

mixer complex and cannot be moved for making sterile particles in a biosafety cabinet.  
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In this chapter, overall loading was increased by 1-2 orders of magnitude compared 

with the previous chapter. This increase in loading increases amount of αCT1 released 

from PLGA-NPs, which will likely improve efficacy in the body. In turn, improved 

efficacy of αCT1-PLGA-NPs will improve treatment of glioblastoma. Increased drug 

loading also increases the practicality of using these nanoparticles for drug delivery, 

and may lead to product realization.  

 

Nanoparticles are becoming more prevalent in everyday products. In order to ensure quality 

and safety, characterization techniques must be in place that can be readily used by industry. 

Additionally, particle synthesis must be optimized as much as possible in order to maximize 

efficacy, such as for drug delivery applications. Characterization techniques can be used across 

different polymer types. Polymer synthesis technique can greatly influence the amount of drug 

loaded in particles.  

7.2. Ongoing Research 

This work presented in this dissertation is currently being continued in several projects. 

First, the protocol used to increase drug loading is being used for cell and animal studies in a Phase 

II grant in order to determine efficacy of the particles in glioblastoma treatment. This study 

involves validating the process for making sterile particles as well as production of a large number 

of particles for animal studies. Results of the study will advance the ability to treat glioblastoma 

and open additional studies to continue the project.  

Another ongoing project seeks to combine CNCs with PLGA-NPs. Preliminary results 

show that CNCs may interact with PLGA during nanoparticle synthesis in a similar fashion as a 

surfactant. CNCs also seem to possibly moderate the particle size without covalent attachment. 

This could be due to steric or electrostatic hindrance interactions. Current studies are under way 

to determine the mechanism causing the observations.  

7.3. Future work 

While this work has contributed to the literature, there are more questions needing 

exploration. Concerning aerosolized CNCs, a more industrially relevant process needs to be 

defined that does not include requiring labeling of CNCs. SMPS, DLS, and TEM are methods that 
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do not require labeling. DLS requires a minimum concentration of particles in order to produce a 

histogram of particle sizes. This limitation can be used to the advantage of quantization by either 

concentrating or diluting the sample until the minimum concentration required for DLS is realized 

in the sample. X-ray diffraction (XRD) or TEM can then be used to confirm presence of CNCs. 

In order to increase drug loading in PLGA-NPs, several routes can be explored. Ion pairing 

has been shown to increase drug loading by increasing solubility of drug in the polymer. A 2-step 

nanoprecipitation method has also been shown to improve drug loading by precipitating 

nanoparticles of drug into a polymer solution which is then precipitated. This would be 

nanoprecipitation’s counterpart to double emulsion as compared with single emulsion. Either of 

these methods may also change the release profiles of αCT1 from the particles. This would in part 

be due to more drug being encapsulated deeper into the particle rather than being adsorbed to the 

surface or encapsulated near the surface of the particles.  


