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Abstract

Also known as electrospray, electrohydrodynamic atomization has been used extensively in the 

last 15 years to develop polymer-based particles for drug delivery in cell and animal models. 

More recently, novel core-shell, multi-axial, and other electrospray particles have been developed 

from an array of polymers for a variety of biomedical applications. This review focuses on 

electrospray as a novel method of particle fabrication for drug delivery, specifically highlighting 

the applications of these particle systems in cell culture and animal models while also discussing 

polymers used for particle fabrication. Applications of electrospray particles to treat glioma, 

ovarian cancer, and breast cancer are reviewed. Additionally, delivery of antibiotics, gene therapy, 

and bacterial cells formulated in electrospray particles is discussed. Finally, vaccines as well as 

drug eluting particles for differentiation of stem cells and tissue engineering are highlighted. The 

article concludes with a discussion of where the future of electrospray technology can go to 

strengthen its foothold in the biomedical field.
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1. Introduction

Electrospray (ES), also known as electrohydrodynamic atomization, has emerged as an 

advanced technology to generate particles for drug delivery. ES is akin to electrospinning, 

but is usually performed with more dilute polymer solutions while using the same 

experimental setup: a high-voltage power source, a glass syringe, a syringe pump, and a 
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grounded conductive surface [1] (Fig. 1a). Moreover, ES has the versatility to produce 

particles comprised of polymers [2,3], microbubbles [4], polyplexes [5], amphiphilic 

polymers [6,7], silica [8], and lipids [9,10]. These particles have been used for the 

encapsulation of small molecules, proteins, theranostic elements, nucleotides, cells, and 

other therapeutics [2,7]. In addition, polymeric particles have been shown to encapsulate 

multiple elements as well as incorporate multiple polymers to form di-, tri-, tetra-, and 

additional layered polymeric particles [2].

Typically, ES involves the generation of an aerosol spray of the cargo(s) and encapsulant 

matrix(es). Using a syringe pump at a low flow rate of hundreds of microliters per hour, 

a volatile solution with the matrix(es) and encapsulate(s) dissolved is sprayed through a 

needle onto or into a solid or liquid substrate. Applying positive or negative charge to the 

needle or collection substrate in order to create a difference in electrical potential on the 

order of tens of kilovolts (kV) results in the formation of a Taylor Cone at the needle 

orifice. In a monoaxial (single needle) spray, all of the sprayed constituents mix throughout 

the process; however, in a multi-axial spray (Fig. 1), the individual solutions (e.g. protein 

in aqueous phase and polymer in an organic solvent) do not mix until they leave their 

respective channels in the syringe needle and enter the Taylor Cone (Fig. 1a). This limited 

mixing can facilitate the formation of core-shell particles wherein an inner core particle is 

formed with an outer layer around it [13]. At the tip of the Taylor Cone the solution is 

ejected in a jet toward the oppositely charged collection substrate. At relatively high polymer 

concentrations, polymer chain entanglement results in high viscosity of the solution, such 

that the Taylor Cone jet forms a continuous fiber travelling to the collection substrate, 

known as electrospinning. At lower solution viscosities, aerosol droplets are ejected due to 

repulsion forces that are an effect of like charges overcoming the cohesive forces of surface 

tension and viscosity, resulting in an electrospray. Maintenance of a stable spray requires 

balancing the solution properties with the flow rate, along with a number of other parameters 

(Fig. 2). After the droplets are aerosolized, they travel to a grounded or oppositely charged 

conductive plate or liquid where they collect. As the droplets move toward the substrate, 

the volatile solvent carrier evaporates, increasing the droplet charge density and leading 

the droplets to split into even smaller droplets, which increases the overall droplet surface 

area and leads to rapid evaporation of solvent over a relatively short distance. The effect 

of this evaporation on the particle morphology can vary according to the ratio of the rate 

of evaporation to the rate of solute diffusion within the solvent, which can be represented 

as the Peclet number [14]. A low rate of diffusion of the solutes through the droplet, 

corresponding to a higher Peclet number, results in accumulation of solutes at the surface 

of the droplet as the solvent evaporates, leading to the formation of a hollow droplet which 

eventually crumples or collapses into a toroid or wrinkled particle shape. Higher rates of 

diffusion, corresponding to a lower Peclet number, allow solutes to reequilibrate to a more 

energetically favorable homogenous spherical distribution, resulting in the formation of 

more smooth particles [15]. At times, an increase in the temperature of the air surrounding 

the spray, via heat lamp or other system, is used to fully evaporate the solvent. If the 

solvent is not fully evaporated at time of impact on the grounded plate, the particles will 

aggregate and/or flatten. Temperature, distance to plate, flow rates, viscosity, charge, salt 

concentration of solutions, solvent used, and numerous other variables can be finetuned to 
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optimize particle production and vary morphology. These factors can lead to complex and 

novel particles that can have several benefits.

No matter how the particles are formed, or the cargo incorporated, there are several 

benefits to the generation of nano/microparticles using ES, especially in comparison to 

other common polymeric particle fabrication techniques such as emulsion, coacervation, or 

even microfluidic devices. The generation of particles via ES can lead to a less polydisperse 

size population than other methods, while minimizing batch-to-batch variation [9,10,13]. 

Additionally, compounds with a broader range of partition coefficients can generally be 

accommodated with ES since mono- or multi-axial generation of particles facilitate the 

use of a range of solvents and aqueous solutions individually or cosprayed. In addition, 

emulsification prior to spraying has been reported, which could further expand the number 

and types of cargoes that can be used [17]. Better solubility of the cargo in addition to using 

a continuous phase of air, rather than water or another solvent, leads to another advantage 

of ES: high encapsulation efficiencies (EEs) [18]. Whereas compounds can partition into 

the continuous aqueous phase during standard emulsion methods, in ES the spray aerosol 

is generated into air, limiting the ability of the cargo to diffuse away. Having a high 

EE facilitates facile encapsulation of multiple agents at a controlled amount (e.g. ratio 

to each other) that is often difficult to achieve with other methods where the inclusion 

of multiple agents may affect the EE of individual agents [11,19]. Another benefit is 

that the scalability of ES is improved compared to emulsion and coacervation processes 

because it is a continuous rather than batch method that scales linearly with the number 

of ES heads [20,21]. This scalable production has been applied in materials coatings and 

can be advantageous when developing low cost therapies and vaccines. The importance 

of production cost is illustrated by the limited advancement of poly(lactic-co-glycolic 

acid) (PLGA) tetanus vaccines by the World Health Organization (WHO), in part because 

production costs were too significant [22]. Another aspect of the limited advancement of 

PLGA tetanus vaccines was the denaturation of the protein antigen during the emulsion 

process, not only due to prolonged contact with the solvent, but also the high-speed shearing 

during emulsion. Proper protein tertiary and perhaps even quaternary structure is important 

in both protein therapeutics and for B cell activation in vaccines [23]. ES has been shown 

to be less harsh on proteins compared to methods like emulsion because it uses low shear 

forces and minimal contact time with solvents, on the order of microseconds in the Taylor 

Cone during a co-axial spray [11,24]. As such, ES has also been shown not to denature 

DNA during encapsulation [25]. Finally, when ES is used with multi-axial needles (Fig. 1) to 

develop immiscible layers of polymer, it can create core-shell or multilayer particles (Fig. 3). 

This can facilitate an additional controlled release feature of the particle, further dictating the 

kinetic release rates of the encapsulates [13]. These aforementioned features of ES make it a 

very advantageous particle generation method for a wide range of uses.

ES has been used for a vast variety of applications including material coatings [27], 

solar cells [28], tissue engineering [29], microfluidics [30], microelectromechanical systems 

(MEMs) [31], and drug delivery [13]. Since its first application in or around the mid-2000s 

for drug encapsulation [32], studies are beginning to move from developing the technique 

to applying it to relevant in vitro and in vivo systems. Several reviews exist regarding 

configurations and optimization of ES parameters, with most focusing on development of 
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the particle and/or in vitro release of cargo [1,2,13,29,33–36]. This review focuses on the 

reports of these particles being applied to cells and/or animal models and reports on the 

outcomes of these studies as they relate to advancements in the field of drug delivery, 

vaccine delivery, and tissue engineering.

2. Matrices used in electrospray

A variety of polymers have been applied to ES systems (Table 1), and this illustrates 

the broad variety of conditions that can be used to spray and form particles. When 

choosing a polymer there are several desirable physiochemical properties such as electrical 

conductivity, viscosity, and solubility that can be finely tuned to get the desired Taylor 

cone stability or particle size. Furthermore, if multi-axial ES is used, the miscibility of the 

solvents and polymers used will dictate whether core-shell or mixed phase particles are 

formed. There are several types of polymers reported here that are used in cell and animal 

models. These include polyesters, stimuli responsive polymers, natural polymers, and other 

non-degradable polymers.

2.1. Polyesters

The most used polymers for ES are by far poly(lactic-co-glycolic acid) (PLGA) and 

poly(lactic acid) (PLA). These are both polyesters, along with another commonly 

used polymer, polycaprolactone (PCL) and poly(glycolic acid) (PGA). Polyesters are 

biodegradable via hydrolyzable ester bonds. The ratio of glycolic acid and lactic acid in 

PLGA can be changed to somewhat alter the degradation rate, but generally 50:50 or 75:25 

(PLA:PGA) polymers are used, with degradation rates on the order of months. With PLGA, 

the hydrolytic by-products are lactic acid and glycolic acid, with PCL yielding caproic 

acid. These acidic by-products have been shown to result in low pH locally [37], and in 

a particle form, PLGA has been shown to have pH ~3 inside particles [38,39]. Despite 

this, PLGA/PLA is a constituent of over a dozen FDA approved therapies, and because it 

has a valid drug master file, it is a common go-to polymer for drug delivery applications. 

Similarly, PCL has been approved in drug delivery and other devices.

2.2. Stimuli responsive

In this review, two primary stimuli are used to trigger the breakdown of ES particles: 

light and pH. Stimuli responsive materials can allow for release of encapsulate at a 

desired location or cell in the body, which can mitigate off-site toxicity as well as 

optimize therapy delivery. Carling et al. [41] formed a new light sensitive polymer called 

2-(40-N-dimethylamino-4-nitro-[1,10-biphenyl]-3-yl)butane-1,4-diyl dicarbonyl for stimuli 

responsive delivery. As designed, the polymer degrades rapidly when exposed to visible 

light (λex = 400–500 nm). This polymer was developed to degrade when visible light was 

focused at an intensity of ~0.21 W/cm2 in the area of the delivered particles.

Acetalated dextran (Ac-DEX) has been used extensively by our lab and a few others for 

vaccine and drug delivery, including formulation via ES [3]. Ac-DEX is formed from 

dextran, an FDA approved polymer which is used as a plasma expander. The polymer 

is acid-labile and degrades more rapidly at lower pH, as observed intracellularly, near 
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inflammation, or in tumors. The by-products of Ac-DEX degradation are primarily dextran, 

as well as exceedingly low levels of acetone and a short chain alcohol (ethanol or methanol) 

[42], well below what is produced naturally in the body or would be toxic to even pregnant 

women [43,44]. A unique feature of Ac-DEX is its finely tunable degradation rate (from 

hours to months) [81] that can be adjusted with reaction time and dextran molecular 

weight [42,46]. Additionally, early studies with the material indicate that Ac-DEX stabilizes 

proteins outside the cold-chain [47]. Ac-DEX has yet to be in any FDA approved products, 

but has illustrated little to no toxicity in animal models [3,48].

Eudragits are another class of pH responsive polymers. They are a co-polymer comprised 

of methacrylic acid - methyl methacrylate, typically used for oral (PO) delivery [49]. They 

are non-degradable, nonabsorbable, and non-toxic polymers. The L series polymers are 

anionic and dissolve around pH > 6 for enteric coating and delivery to the small intestine. 

Eudragit RL series polymers have quaternary ammonium groups and although they are 

water insoluble, they are often applied for film coating because they afford sustained release 

via polymer swelling in aqueous systems.

2.3. Natural polymers

Besides polyesters, natural polymers are the most commonly used type of polymers 

applied in ES. Natural polymers can sometimes have distinct characteristics and easy and 

inexpensive sourcing compared to synthetic polymers, but they can also have known allergic 

responses that can limit their use.

Alginate is a natural anionic polymer derived from brown algae [50]. It can be easily 

cross-linked in the presence of divalent cations such as Ca2+. Unless modified to become 

degradable, alginate is generally non-degradable in mammals. Particles made from alginate 

can be easily fabricated by dripping a solution of the polymer into a Ca2+ aqueous solution. 

Because of the ease of fabrication, alginate is used commercially in food (e.g. gummies, 

boba tea) as well as for oral delivery capsules.

Cellulose derivatives are used for ES and are usually modified to make them more soluble 

in organic solvents. Ethyl (hydroxyethyl) cellulose (EHEC) is a cellulose based polymer 

where ethyl and hydroxyethyl groups are linked to anhydroglucose units by ether linkages. 

Carboxymethylcellulose (CMC) has carboxymethyl on many of the hydroxyl groups of the 

glucopyranose monomers [51]. Both polymers degrade as cellulose degrades. They are both 

also used commercially as a thickening agent and to deliver drugs orally.

Gliadin is a wheat storage protein [58]. It is the water-soluble portion of gluten, which can 

limit its use to individuals who are not gluten sensitive. To that point, gliadin is the main 

immunogen of Celiac disease. Gliadin is often a contaminant detected in pharmaceutical 

preparations and is typically purified for formulation use.

Gelatin is a water soluble, denatured version of collagen. It is used as a gelling agent in 

many things including food and pharmaceuticals. As a protein, it is degradable in the body. 

It is often used to enhance cell adhesion for electrospinning [54] since it possesses binding 

groups for integrin binding of most cells.
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Fibroin is an insoluble protein that is contained in spider silk [60]. Its primary structure 

consists of repeat sequences of amino acids (GlySer-Gly-Ala-Gly-Ala)n, to form anti-

parallel beta sheets. These consecutive beta-sheets give the material a high stiffness and 

strength. Some bacteria are able to degrade fibroin, while mammalian species cannot.

Maize arabinoxylans are the main non-cellulose polysaccharides in corn. They can form 

gels in aqueous environments. Bran is the primary by-product of corn milling and mostly 

comprised of cellulose. Corn wax is the solid that is formed from the chilling of corn oil 

during the refining process and can be used for soap stock [61]. As polysaccharides, the 

structures are likely degradable, although this is not well understood.

Chitosan is a polysaccharide that can be isolated from various shellfish such as shrimp and 

crab. Since it is isolated from shellfish, there is concern that it could cause anaphylaxis in 

those who have shellfish allergies. A unique property of chitosan is that it is mucoadhesive 

and is commonly used for PO delivery, as it will attach to the mucous layer of the 

gastrointestinal tract. It is degradable and considered non-toxic but has not been FDA 

approved for use as a drug delivery polymer.

Yams are a very common plant across the globe. The starches from a yam have been 

shown to be viscous and stable in acidic conditions. They can be substituted for modified 

starches in processed foods and have been applied in the food industry. Their application in 

pharmaceutical has not been well reported [65].

2.4. Cationic polymers and lipids

Polyethylenimine (PEI) is a polymer comprised of repeat amine groups. It can be linear 

or branched. Abundant amines make the polymer highly cationic. When mixed with DNA 

or other negatively charged species, it can form polyplexes where the oppositely charged 

species intermix. At high levels PEI can be cytotoxic because the cations can complex to the 

cell’s DNA [69].

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) is a cationic phospholipid. It can be 

used in liposomes and other lipid complexes to provide a positive charge. Additionally, it 

can serve as an amphiphilic lipid to reduce surface tension and stabilize the surface of the 

particle.

2.5. Other non-degradable polymers

Ecoflex® is a rubbery material that is commonly used to make masks and prosthetics. It is 

approved for dermal contact but has not been approved for use in the body. The polymer is 

a non-degradable platinum-catalyzed silicone. Its ability to stretch and deform can afford it 

unique properties when formulated into particles.

Polyethylene glycol (PEG) is one of the most commonly used polymers for biomedical 

applications since it is highly thermodynamically favorable for it to interact with water. 

Due to this, it has anti-fouling properties that resist protein and cell adhesion, leading to 

reduced clearance by the reticuloendothelial system. This leads to long circulation times 

when therapeutics that are PEGylated (covalently bound to PEG) are given intravenously. 
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Moreover, steric protection of protein therapeutics can occur, leading to reduced absorption 

or degradation of these therapies. The first PEGylated therapy was PEG covalently 

attached to interferon, and since then there have been more than a dozen PEGylated 

therapies including conjugates to proteins, peptides, aptamers, and even small molecules. 

Liposomal doxorubicin (Doxil®) is a PEGylated liposome and the most commercially 

applied liposomal therapy. PEG is not degradable, and often is used at molecular weights 

which will clear the kidney (< 40 kDa) because it will, over time, disassociate from the 

conjugate. There are reports of immune responses to PEG, which can complicate its use in 

humans [76].

Polyvinyl alcohol (PVA) is a common additive in polyester emulsions. It is a non-degradable 

material at realistic timescales in the body and is also water soluble. It is used as a 

thickening agent in drug formulations like eye drops. The addition of PVA to emulsions 

or ES can result in a more viscous solution, which could result in a more stable emulsion or 

Taylor cone.

3. Applications

3.1. Drug, protein, cell and gene delivery

3.2. Cancer drug delivery

The most common application of ES particles is for delivery of chemotherapeutics to 

treat cancer (Table 2). Since most ES particles are too large to exhibit the enhanced 

permeability and retention (EPR) effect [95], and intravenously (IV) injected particles 

primarily accumulate in the liver and spleen, direct injection into the tumor or peritumoral 

injection would be preferred. Intratumoral (IT) injections can be clinically relevant [96] for 

melanoma and other accessible cancers, and as cancer imaging techniques improve [97], this 

method of administration becomes more and more of an option for treatments.

3.2.1. Glioma treatment—Cancers affecting glial cells in the brain, known as gliomas, 

are the most studied cancers for application of ES particles (Table 2). Since surgical 

resection is the standard of care for brain cancer [98], interstitial therapy, where therapeutic 

agents are administered to the tumor resection cavity, can be easily applied. The FDA 

approved Carmustineloaded Gliadel® wafers are based on this practice. This therapy has 

significant room for improvement since Carmustine has low tumoricidal activity and is 

rapidly cleared from the brain upon release from the polymer wafer [99–101]. In 2005, 

Ding et al. [82] first reported the application of PCL particles encapsulating taxol, prepared 

via monoaxial ES, for the treatment of rat C6 Glioma cells in vitro. They noted that 

cellular uptake of particles was approximately 60% after 2 h of incubation and varied 

slightly with different processing parameters, including where the particles were collected 

during post spray processing (e.g. filter, pre-filter). Xie et al. [83] then expanded on this 

work in the following year by preparing paclitaxel-loaded PLGA ES particles 200 nm to 

10 μm in size. These particles illustrated an increase in the ratio of G2/M (interphase to 

mitosis) in C6 cells, mostly as the dose of paclitaxel increased in the particles. Moreover, 

C6 viability decreased with drug loaded particle treatment in a time but not dose dependent 

manner, when given in vitro. Later, Ranganath et al. [85] (Fig. 4) took ES paclitaxel 
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PLGA microparticles suspended in a sodium alginate solution and electrosprayed them a 

second time directly into a CaCl2 solution. They then encapsulated the PLGA microparticles 

into alginate hydrogel beads approximately 1.6 mm in size. When C6 glioma cells were 

cultured with the microparticle-hydrogel composite, greater apoptosis was observed for 

the encapsulated group at 6 days, compared to the soluble drug control; however, it was 

not significant versus the soluble drug at 2 and 4 days. The 50% lethal dose (LD50) of 

the formulation was significantly changed when the gelation time of the alginate beads 

(time in the CaCl2 solution) was altered, with increased gelation time leading to reduced 

cytotoxicity. Using another glioma cell line, GL261, Hayashi et al. [86] report cytotoxicity 

of red blood cell-like ES EHEC particles on the order of 1 to 10 μm in size, encapsulating 

superparamagnetic magnetite nanoparticles. In a very limited study, the cytotoxicity of 

the composite microparticles was reported to be the same as the control. In another 

study, Nie et al. [87] used co-axial ES to co-encapsulate paclitaxel and suramin in PLGA 

particles approximately 10 to 20 μm in size. When evaluating the co-therapy particles 

against a human glioma cell line, U87, they note an ~20% reduction in proliferation and 

viability after 3 days. Also, higher levels of apoptosis were observed with the co-therapy 

particles compared to free compound, but only after 6 days. Ramachandran et al. [91] also 

used U87 cells and treated them with PLGA ES particles encapsulating the photo-labile 

porphyrin 5,10,15, 20-tetrakis(meso-hydroxyphenyl)porphyrin (mTHPP) coated in albumin 

with dasatinib. When applied to U87 cells, a dose and time dependence for uptake was 

reported. When laser assisted activation of mTHPP was used, they noted an increase in 

reactive oxygen species (ROS) production by the glioma cells. Additionally, they noted 

inhibition of cell migration as a result of dasatinib. With these studies, they illustrated 

activity on U87 cells of both porphyrin and the tyrosine kinase inhibitor. In general, these 

studies illustrate that ES particles can release chemotherapeutics to lyse glioma cells in 

culture, particularly at longer time points, indicative of a controlled release system.

Although promising in vitro studies have been reported for the treatment of glioma cells 

with ES particles, evaluation in an animal model can advance pre-clinical studies toward the 

eventual translation of these therapies. Naraharisetti et al. [84] encapsulated both paclitaxel 

and etanidazole into 15 μm particles using monoaxial ES. When these particles were given 

in peritumoral implants for the treatment of a subcutaneous C6 tumor in BALB/c nude 

mice, cell death was observed histologically at the tumor edge. Decreased tumor volume was 

observed in the co-therapy particle group compared to soluble therapies. In comparison to 

other particle types, ES and spray dried particles displayed the same tumor inhibition with 

a four times lower dose of paclitaxel compared to disc shaped particles. Using the same 

animal model, Ranganath et al. [85] (Fig. 4) expand on their in vitro studies to show that 

after 21 days, tumor volume was reduced by paclitaxel loaded PLGA particles prepared 

via monoaxial ES, compared to untreated and soluble drug controls. They performed an IT 

incision to deliver 2 mg of particles and used valid sham controls for this method. Nie et 

al. [87] used a similar model with U87 cells in place of C6 cells to continue their in vitro 
work. Co-encapsulating paclitaxel and suramin, they found that localization of one drug 

versus the other in the core or shell of the particles did not result in significant differences 

in GBM growth. Additionally, statistical differences were not noted between individually 

delivered drugs and co-encapsulated compounds for tumor growth inhibition. However, 
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histology showed fewer tumor cells and reduced proliferation with co-encapsulated particles. 

These studies illustrate the ability of ES particles to treat glioma cancer burdens in vivo, and 

significantly reduce the tumor burden in comparison to soluble drug controls. Moreover, ES 

affords the co-encapsulation of multiple drug therapies for enhanced treatment of glioma.

3.2.2. Other cancers—Several other studies have reported ES particles encapsulating 

chemotherapeutics for the treatment of other cancers such as breast, skin, lung, liver, or 

ovarian. Two studies have evaluated ES particles for the treatment of breast cancer. Using 

doxorubicin encapsulated in 300–1800 nm co-axial electrosprayed silk and PVA particles, 

Cao et al. [79] observed a dose and time response in cytotoxicity when MDA-MB-231 breast 

cancer cells were cultured with the particles. The cytotoxicity observed upon treatment 

with the doxorubicin particles was greater than treatment with soluble drug at the same 

concentration. Additionally, apoptosis increased in a dose and time responsive fashion 

with the particles and further increased when ultrasound was introduced to the culture. 

Applying MCF7 breast cancer cells in vitro, Gulfam et al. [88] used monoaxial ES to 

encapsulate cyclophosphamide into 200–400 nm gliadin and gelatin-gliadin nanoparticles. 

When cells were cultured with the particles, B-cell lymphoma 2 (BCL-2), a regulator 

of cell death, was downregulated in cells treated with soluble drug or particle-delivered 

drug. Moreover, they report there were no significant differences in BrdU incorporation 

between the soluble and encapsulated drug after 24 h, indicating no significant differences 

in cell proliferation. Looking at melanoma, Cao et al. [89] loaded combretastatin A4 and 

doxorubicin into composite PLGA, PCL, and PVP particles using a co-axial ES system. 

They evaluated the drug activity in vitro against B16-F10 melanoma cells and human 

umbilical vein endothelial cells (HUVECs). They noted that the co-encapsulated particles 

induced apoptosis in both cell types. Applying silk fibroin particles approximately 60 nm in 

size and encapsulating cisplatin, Qu et al. [90] evaluated lung cancer cells. They observed 

an increase in platinum uptake in lung cancer A549 cells over non-cancer L929 cells 

when cultured with particles containing the platinum-based cisplatin. The particles were 

able to induce cytotoxicity at an increased rate versus soluble drug or empty carrier. Yin 

et al. [92] used ES to encapsulate gambogic acid into PLA microparticles to evaluate in 
vivo for the treatment of a hepatocellular carcinoma using an H22 cell orthotopic model. 

In a distribution study with intravenous administration, they found that particles smaller 

than 185 nm accumulated the most in the liver, whereas those around 350 nm in size 

collected most extensively in the spleen and those approximately 7 μm in size had the 

highest accumulation in the lungs. This distribution correlated with the ratio of gambogic 

acid in a specific tissue to the ratio in all the tissues evaluated (i.e., heart, liver, spleen, 

lung, kidney). Survival time of mice inoculated with liver cancer was improved with the 

drug loaded particle group over the soluble drug group. Zhang et al. [93] used co-axial 

ES to encapsulate both paclitaxel and etoposide into core-shell PLGA particles. They 

report that the encapsulated drugs increased cytotoxicity when applied to osteosarcoma 

cells, in comparison to free drug alone. Varshosaz et al. [75] (Fig. 5) evaluated ovarian 

cancer SKOV-3 cells both in vitro and in vivo using monoaxial ES particles comprised of 

Ecoflex® and PEG to encapsulate docetaxel. They noted that in vitro, particles significantly 

decreased cell viability versus free drug at the same concentration. This correlated with 

particle uptake, in that rhodamine B labeled particles were taken up at an increased rate 
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compared to free dye, as measured with flow cytometry. When applied in vivo to a B6 nude 

mouse model with subcutaneously introduced SKOV-3 ovarian cancer cells, the tumor size 

was significantly reduced in the particle treated group compared to the saline or Taxotere 

control without significant difference in body weights between groups. These results in an 

in vivo ovarian cancer model indicate that chemotherapeutic-loaded ES particles can reduce 

in vivo tumor burden, advancing the promising application of ES particles for delivery 

of chemotherapeutics. Watkins-Schulz et al. [94] used the stimulator of interferon genes 

(STING) agonist, cyclic guanosine monophosphate–adenosine monophosphate (cGAMP), as 

immunotherapy for cancer and illustrated innate immune signaling activity in bone-marrow 

derived dendritic cells (BMDCs). Production of inflammatory cytokines interferon-beta 

(IFN-β), tumor necrosis factor (TNF), and interlukin-6 (IL-6) all were significantly greater 

when cGAMP was encapsulated in electrosprayed Ac-DEX microparticles than when given 

in soluble form. cGAMP microparticles were injected via various routes in a subcutaneous 

B16F10 mouse model of melanoma, with IT injection illustrating the greatest reduction in 

tumor burden. Using this route of administration, tumor burden was significantly reduced in 

both melanoma and breast cancer (e077), in a manner that was dependent on natural killer 

(NK) and CD8+ T cells. When a STING knock-out mouse (6(Cg)-Tmem173tm1.2Camb/J 

(Tmem173−/−)) was used, cancer growth was not significantly changed, indicating that 

STING is required for cGAMP microparticle efficacy. All of these studies collectively 

expand on the application of ES particles to deliver chemotherapeutics to impact the growth 

and viability of several cancer types.

3.3. Antimicrobial delivery

The controlled release of antimicrobials can lead to reduced treatment frequency, which 

can result in reduced emergence of drug resistance and better treatment of biofilms [104]. 

To this end, several anti-microbial compounds have been encapsulated in ES particles and 

have demonstrated efficacy both in vitro and in vivo (Table 3). Duong et al. [18] loaded the 

toll-like receptor 7/8 agonist resiquimod into Ac-DEX microparticles using monoaxial ES. 

Particles were made with different drug loadings. When cultured with RAW macrophages 

in vitro, less resiquimod was needed for similar cytokine production when the drug was 

encapsulated in Ac-DEX particles, but this result was only observed when particles had 

a higher drug loading. Viability and proliferation of cells was equivalent for all particle 

groups except at high concentrations of particle and with the lower drug loaded particles. 

Using an in vivo visceral Leishmania donovani model of infection, mice were treated 

with either blank or drug-loaded microparticles via IV injection on day 14, post infection. 

Parasite burden in the bone marrow of infected mice at day 28 was significantly reduced 

by treatment with resiquimod loaded microparticles compared to treatment with empty 

microparticles. Parasite burden in the liver and spleen were numerically reduced but were 

only significantly lower than the PBS control in the liver. In another study evaluating the 

toxicity of tetracycline hydrochloride encapsulated in monoaxial CMC alginate particles, Lai 

et al. [102] applied particles 500 nm in size to 3T3 fibroblasts and human embryonic kidney 

(HEK293) cells. They illustrated that cytotoxicity remained near 100% at a concentration 

up to 200 μg/mL at 5 and 24 h. Mai et al. [103] (Fig. 6) encapsulated curcumin in PLA 

monoaxial ES particles, forming 1–20 μm particles. They evaluated antibacterial efficacy 

in Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) using a disc approach 
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on bacterial lawns on agar. They illustrated that discs comprised of the antibiotic loaded 

particles limited the growth of either bacteria. They also noted low levels of hemolysis and 

cytotoxicity in rat adrenal medulla (PC12) and human embryonic kidney (293 T) cells, and 

these low levels were observed to have a dose response. When human dermal fibroblasts 

were grown on a layer of particles, a growth rate similar to tissue culture plastic control 

was observed at 1, 3, and 5 days. These studies are a start to applying an ES platform to an 

area of increasing interest, antimicrobials. As drug resistance to conventional antimicrobials 

increases, ES particles could be a valid controlled release system that should be explored to 

decrease dosing frequency.

3.4. Oral delivery

Oral delivery of therapeutics is always challenging due to significant barriers which can 

include extreme pH levels, intermittent fluid flow, high amounts of metabolizing enzymes, 

and a discontinuous mucosal layer across the entire gastrointestinal tract [109]. Platforms 

that can effectively deliver biologics and small molecules which do not obey Lipinski’s rules 

through the oral route are desired, as current approaches result in very poor bioavailability. 

Several ES particles have been applied for oral delivery (Table 4). For example, Hao et al. 

[105] encapsulated proton pump inhibitor omeprazole into Eudragit L 100–55 monoaxial 

ES particles. At the highest drug to polymer ratio (0.8), cytotoxicity in Caco-2 intestinal 

epithelial cells was significantly lower at 24 h compared to untreated controls. Later at 

36 and 48 h, particles with lower drug to polymer ratios (0.4 and 0.6) also had reduced 

cytotoxicity compared to controls. In a separate work, Hao et al. [106] evaluated the 

cytotoxicity of PLGA particles encapsulating the anti-ulcer medication metronidazole with 

GES-1 (gastric epithelial) cells. These formulations were non-toxic to cells up to 800 μg/mL 

at 24 h. Cytotoxicity decreased very slightly with 2–4% w/w loaded particles at the 36 and 

48 h time points. In a third study by Hao et al. [107], aspirin was encapsulated via co-axial 

ES into Eudragit L 100–55 and Eudragit RS particles. Cytotoxicity of Caco-2 cells when 

incubated with aspirin-loaded particles was significantly reduced after 24 h at a particle 

concentration of 100 μg/mL and greater. For all evaluated drug concentrations, cytotoxicity 

was significantly reduced at 36 and 48 h. A dose and time dependent response was observed 

with cytotoxicity measurements, reporting levels as low as 65% viability for 800 μg/mL 

at 48 h. When Caco-2 cells were imaged for uptake by epifluorescence, there was notable 

uptake at 1 and 2 h. In another application of ES particles for oral delivery, Paz-Samaniego 

et al. [108] (Fig. 7) used corn-based bran and wax arabinoxylans to encapsulate bacteria 

and insulin via tetra-axial ES. Using the SIMulator Gastro-Intestinal (Simgi®)—a computer-

controlled model of a human GI tract that consists of five successive reactors, simulating 

the stomach, small intestine, and three parts of the large intestine—they report that 24% 

of insulin was released before the colon compartment, with the remainder released in the 

colon. Bacteria deposition was noted in the colon compartment, but earlier deposition was 

not discussed. Overall, oral delivery of small molecule drugs, proteins, or cells has been 

reported with ES particles, illustrating the promise of this technique in developing platforms 

for oral drug delivery.
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3.5. Gene delivery

For gene delivery, PEI has been used in two ES applications, one that formed PEI-DNA 

polyplexes during spraying and another that induced transfection as part of the process. 

Zeles-Hahn et al. [70] sprayed PEI and the cationic lipid DOTAP with plasmid DNA 

encoding luciferase. They reported a significant increase in cytotoxicity when 1:10 DNA 

to PEI polyplexes were applied to human derived tracheal epithelial cells, but such an 

increase was not observed with a 1:4 polyplex. Both lactate dehydrogenase (LDH) release 

and interleukin-8 (IL-8) were measured, demonstrating both cytotoxicity and cytokine 

production increase in < 10 h. Lee et al. [71] electrosprayed PEI with plasmid encoding 

green fluorescent protein (GFP) and 3T3 fibroblasts, all in a single spray, as a form of 

aerosol electroporation. They concluded that transfection increased when different media 

was sprayed and when a range of voltages were applied to the spray needle. The viability of 

the cells decreased with increasing electrical potential difference between the spray needle 

and substrate. Together, these studies demonstrate promise for the future applications of ES 

in gene transfection (Table 5).

3.6. Treatment of inflammation and oxidative stress

ES particles have been used for a variety of other drug delivery applications including 

treatment of inflammation and oxidative stress. In a study using a photosensitive polymer, 

2-(40-N-dimethylamino-4-nitro-[1,10-biphenyl]-3-yl)butane-1,4-diyl dicarbonyl, Carling et 

al. [41] (Fig. 8) evaluated the inhibition of inflammation by encapsulating dexamethasone 

using monoaxial ES to form particles approximately 1 μm in size. Using a carrageenan-

induced hind paw inflammation model and treating with particles, they report that 

application of light to rapidly degrade the particles resulted in significantly reduced footpad 

thickness, indicating reduced inflammation, compared to dexamethasone alone or drug 

in the particle without light exposure. Stubelius et al. [110] used ES to encapsulate 

dexamethasone in Ac-DEX particles and evaluated them in cells, a dermal air pouch model, 

and an animal model for gout. They report reduced IL-1β levels in mouse bone marrow 

derived macrophages and CXCL1 levels in epithelial cells when cells were stimulated with 

lipopolysaccharide (LPS) and monosodium urate (MSU) crystals and then incubated with 

particles. Upon treatment with dexamethasone-loaded Ac-DEX particles, pro-inflammatory 

cytokine levels were significantly reduced compared to untreated PBS controls but not 

compared to dexamethasone-loaded PLGA particles or the free drug. Prophylactic treatment 

of an MSU mouse model of gout lead to significantly reduced tissue infiltration of the 

MSU crystals compared to untreated control, free dexamethasone, and PLGA-encapsulated 

dexamethasone. Prophylactic treatment was also evaluated in a skin air-pouch model to 

determine the inflammatory response of the formulation. Similar to the gout model, the 

Ac-DEX-encapsulated dexamethasone group significantly outperformed the other groups in 

the reduction of pro-inflammatory cytokines and immune cell infiltrates.

Looking at oxidative stress, Xing et al. [111] used a tri-axial ES to make porous PCL 

particles loaded with antioxidant Ganoderma lucidum polysaccharide (GLP) in a solid 

core-porous shell structure intended for pulmonary delivery. Though the particles seem 

large with an average size of 13.37 μm, the theoretical mass mean aerodynamic diameter 

(MMADt) was estimated to be 4.66 μm. This MMADt paired with the particle porosity made 
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the formulation promising for aerosolization and lung delivery [111]. These particles were 

administered to an H2O2-induced oxidative stress in vitro model with MRC-5 human lung 

fibroblasts. After 48 h treatment with particles, reactive oxygen species (ROS) staining 

indicated a reduction in ROS, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) indicated an increase in cell proliferation and viability. Furthermore, Sudan 

Red G loaded particles were delivered via a dry powder insufflator, in vivo to determine 

biodistribution upon inhalation by pathogen-free KunMing mice. Fluorescent intensity 

measured in vivo demonstrated delivery to the lung tissue and a retention time > 48 h. 

Overall, these applications of ES for stimulus-sensitive delivery and pulmonary delivery 

demonstrate the promise of the ES method for control of oxidative stress (Table 6).

3.7. Vaccine delivery

The application of ES for production of particulate vaccines takes advantage of the reduced 

denaturation of encapsulated proteins and peptides compared to other formulation methods, 

such as emulsion. Reduced denaturation is desirable for subunit vaccines that use proteins as 

antigens. In the evaluation of vaccines, only innate signaling can be evaluated in vitro with 

leukocytes, so mouse or higher species models must be used to fully elucidate the protection 

afforded by vaccines. Suksamran et al. [65] report development of an orally delivered 

vaccine comprised of alginate or yam starch encapsulating the model protein ovalbumin 

and coated with a cationically modified chitosan through electrostatic interactions. They 

noted that when the particles were applied to Caco-2 cells, cell viability was essentially 

100% in particle concentrations up to about 1 mg/mL, and cytotoxicity increased to near 

50% at > 10 mg/mL of particles. They then evaluated adhesion of the particles in an 

ex vivo porcine intestine model. Adhesion to the porcine intestine after 30 min was 

significantly greater for cation-coated particles relative to uncoated particles, and a fairly 

constant percent adhesion was observed in all groups out to the last time point at 2.5 h. 

Particles were then evaluated in BALB/c mice for antibody titer generation following oral 

vaccination on day zero with another orally administered booster dose on day fourteen. 

Significantly greater total IgG and IgA titers were observed from mice vaccinated with 

chitosancoated, OVA-loaded alginate yam core particles compared to individual polymer 

formulations and formulations without yam protein. Doavi et al. [112] used a monoaxial 

electrospray strategy to encapsulate a synthetic E. coli antigen, rEIT, into chitosan or 

trimethylated chitosan (TMC) particles. They administered the antigen encapsulated in 

either vehicle intranasally to BALB/c mice, with boosts on days 28 and 42 following initial 

vaccination. Comparable levels of anti-rEIT IgG in serum was observed when immunizing 

with ES formulations or a positive control consisting of rEIT injected intraperitoneally 

with Freud’s adjuvant. In addition, they saw increased anti-rEIT IgA titers in serum, 

fecal, and eyewash fluids compared to both the soluble controls and the intraperitoneal 

positive control. Subsequently, they observed significantly reduced adhesion of E. coli 
O157:H7 to cultured Caco-2 monolayers in the presence of sera from the intranasally 

immunized mice relative to unimmunized mice. Bacterial shedding from the intestines 

was also significantly reduced compared to soluble controls in both groups immunized 

with ES particles. Gallovic et al. [11] generated an anthrax vaccine using Ac-DEX to 

encapsulate recombinant protective antigen (rPA) and resiquimod either together or in 

separate particles using co-axial ES (Fig. 9). Vaccinating on day 0 and 21 subcutaneously 
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in BALB/c mice, we showed that vaccination with ES particles significantly increased the 

amount of total IgG, IgG2a isotype, and neutralizing antibodies compared to particles made 

through emulsion. Also, ES particles protected significantly better after a lethal aerosol 

anthrax challenge. Moreover, we showed that ES particles protected better than rPA with 

alum or FDA approved Biothrax. In a lethal challenge, we reported that, surprisingly, co-

encapsulated particles (rPA and resiquimod) provided significantly reduced protection than 

when adjuvant and antigen were separately delivered, despite having similar total IgG titers. 

Junkins et al. [48] also applied Ac-DEX using a co-axial ES system to develop an influenza 

vaccine using hemagglutinin (HA) and STING agonist cGAMP. In this study, cGAMP 

was encapsulated in Ac-DEX particles and HA was delivered in soluble form. When 

culturing BMDCs isolated from C57Bl/6 mice with cGAMP particles, ES Ac-DEX particles 

had significantly greater induction of IFN-γ and IL-6 than unloaded particles, ES PLGA 

particles, emulsion Ac-DEX particles, liposomes, or transfection agent co-administered 

with cGAMP. We also reported that no significant differences in IFN-γ secretion were 

observed when treating BMDCs with cGAMP particles before or after sterilization with 

gamma-radiation. Vaccinating mice via intramuscular (IM) injection on day 0 and 21, we 

reported there was greater total IgG, IgG2a isotype, soluble cytokines, and cells producing 

IFN-γ and IL-2 after HA re-stimulation compared to controls. These differences became 

significantly greater as the concentration of cGAMP decreased. Additionally, mouse toxicity 

studies were performed, and across six different parameters, cGAMP-loaded particles at the 

highest loading did not illustrate any signs of toxicity. Furtmann et al. [80] used monoaxial 

ES to encapsulate Cytomegalovirus (CMV) pp65 IE-1 peptide. They then administered the 

particles to peripheral blood mononuclear cells (PBMCs). They noted that cytotoxicity was 

not decreased with increasing concentration of peptide loaded particles, and particles did not 

significantly change cytotoxicity. Additionally, monocytes primarily took up the particles in 

contrast to B cells, T cells, and NK cells, which is logical for 200 nm sized particles as 

they can only effectively be engulfed by phagocytic cells [113]. TNF-α and IFN-γ positive 

T cells were near equal with those treated with soluble peptide after antigen re-stimulation. 

Although, they reported significantly increased T cell proliferation with particle treated 

PMBCs compared to those treated with soluble peptide. Increased peptide tetramer staining 

over soluble and blank particle control was also reported after particle treatment. Chen 

et al. [45] used Ac-DEX and encapsulated ovalbumin and murabutide, separately, using co-

axial ES to explore the effect of particle degradation on vaccine responses. When particles 

encapsulating the NOD-2 agonist murabutide were applied to JAWSII dendritic cells, we 

found that significantly higher production of cytokines over soluble, blank, or media control 

was observed when the adjuvant was delivered with ES particles. Furthermore, cell viability 

was near 100% for up to 400 ng/mL of murabutide. To understand the effects of degradation 

individually on adjuvant (murabutide) and antigen (ovalbumin), particles encapsulating these 

compounds were co-delivered with soluble ovalbumin or monophosphoryl lipid A (MPL), 

respectively. After IM vaccination on day 0 and 21 with particles of three different Ac-DEX 

degradation rates for both adjuvant and antigen delivery, total sera IgG and isotypes were 

shown to be uniquely dependent on the degradation rate of Ac-DEX polymer. Moreover, 

cellular responses were influenced by degradation, in a manner unique in some cases 

from what was observed with humoral responses. These studies support the idea that 

encapsulation with ES is desirable for protein delivery, as a denatured protein would not 
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elicit a strong humoral or protective response for many of these evaluated systems. As the 

application of ES for vaccine development grows, other benefits like scalability and dry 

powder formulation will likely also contribute to the success of this platform (Table 7).

3.8. Drug release for tissue engineering

The range of tissue engineering applications of ES particles is vast and includes drug 

releasing particles as well as using blank particles to create microstructures, such as pillars 

of particles or particle laden nanofibers [29]. These surfaces create structure for new tissue 

growth, differentiation and repair. To accomplish this, even a variety of matrix material, 

outside the realm of polymers have been used. For example, Link et al. [124] report 

the electrospray of decellularized extracellular matrix to form nanoparticles and promote 

lung repair. Several reviews discuss the application of electrospray particles strictly for 

tissue engineering [29,125,126]. In noting the studies that generate drug eluting particles 

applied in vitro or in vivo, two primary applications are found: stem cell differentiation and 

encapsulation or bone tissue repair Table 8.

ES has been used to generate particle laden scaffolds or scaffold components for stem cell 

differentiation, and it is also used to encapsulate cells for tissue engineering applications. 

Wang et al. [114] (Fig. 10) fabricated PLGA and gelatin particles to encapsulate insulin-like 

growth factor (IGF). These particles were then sprayed on to polyurethane urea scaffolds 

that were simultaneously being electrospun. When mesenchymal stem cells (MSCs) were 

seeded on the particle laden scaffolds, the IGF released from lower molecular weight PLGA 

lead to increased proliferation of rat aortic smooth muscle cells (SMCs). MSC viability 

on the scaffolds was the greatest with the low molecular weight particles incorporated in 

the scaffold; however, those grown on high molecular weight particle scaffolds exhibited 

similar viability. Under hypoxic conditions, the MSCs had significantly lower viability when 

grown on a scaffold without IGF incorporated in the particles compared to being grown 

on a scaffold with IGF loaded in the ES particles. In another approach, focusing on the 

encapsulation of cells, Zhao et al. [118] electrosprayed R1 Embryonic stem cells in either 

alginate or carboxymethyl cellulose (CMC) to form either gel (alginate) or liquid CMC 

containing particles. They showed that the gel core had decreased pluripotency markers 

and increased differentiation markers for cardiac cells, whereas the liquid core particles 

displayed the opposite trends. However, in culture, the cells in the liquid core displayed 

significantly more beating foci, indicative of cardiomyocyte activity. Additionally, the gel 

core particles still displayed increased foci compared to tissue culture control. Zamani 

et al. [119] encapsulated Stromal derived factor-1α (SDF-1α) with and without bovine 

serum albumin (BSA) in ES PLGA co-axial particles. When the particles were applied 

to MSCs in vitro, a significant increase in number of migrating cells was observed in 

response to particles containing both BSA and SDF-1α compared to particles without BSA 

and other controls. Moreover, MSCs proliferated at an increased rate when cultured with 

extract released from the BSA stabilized particles. Gandhimathi et al. [120] used monoaxial 

ES to encapsulate ascorbic acid and dexamethasone into PCL and silk fibroin, forming 

particles 0.72 to 4 μm in size. When the co-therapy particles were incubated with human 

adipose derived stem cells (ADSC), cells grown on the particles had increased growth 

across all timepoints compared to tissue culture controls, individual and combined polymer 
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blanks, and polymers with ascorbic acid. Quantification of alkaline phosphatase (ALP) 

activity showed that osteogenic differentiation was highest in the co-therapy particulate 

group, as well as the particle group without dexamethasone. This mirrored the highest 

mineral deposition observed. Evaluating the encapsulation of cells via ES, Esfahani et al. 

[122] encapsulated 3T3 fibroblasts into rigid PLGA microparticles using co-axial ES. They 

illustrated encapsulation of GFPexpressing fibroblasts using flow cytometry and microscopy. 

In the same year, Chang et al. [123] loaded bone morphogenetic protein-2 (BMP-2) into 

PLGA particles and then embedded them in a cryogel scaffold. The scaffold was placed 

under the head of a screw as it was implanted into the mandible of a rat. The bone to volume 

ratio around the screw increased for all groups, compared to PBS control, but the deposition 

of new bone was greatest for the particle-containing group. These studies indicate that 

systems with ES particles can influence stem cell differentiation into a variety of different 

tissues.

For bone tissue repair a variety of ES platforms have been evaluated. Chang et al. [115] 

have used PLA and PLGA and co-axial ES to encapsulate platelet-derived growth factor 

(PDGF) and simvastatin, used to stimulate osteoblastic activity [127]. Osteotomies (i.e. 

holes were drilled in the bone) were performed on Sprague-Dawley rats, where a section of 

bone was removed from the maxillae. Looking at osteotomy repair and bone regeneration, 

they showed that simvastatin-in-core and PDGF-in-shell particles had significantly greater 

percent of bone fill compared to controls, individual drug groups, or the PDGF-in-core 

and simvastatin-in-shell group. Significantly fewer inflammatory cells were observed in the 

co-delivered groups. However, tartrate-resistant acid phosphatase positive (TRAP+; a marker 

of osteoclasts) cells and apoptotic cells (except for the PDGF-in-core/simvastatin-in-shell 

particles) in all drug treatment groups were similar by day 14. They continued this work, 

using the same particle system and animal model, osteotomy repair in Sprague-Dawley rats 

[123]. They then report significantly greater osteogenesis in the osteotomy with core-shell 

PDGF and simvastatin particles at day 14, but by day 28 bone growth was similar in all 

drug groups, including individually delivered agents. TRAP+ cells significantly increased, 

compared to BSA core/shell control, after treatment with simvastatin-in-core with BSA-

in-shell or simvastatin-in-core and PDGF-in-shell after 28 days. Nath et al. [116] used 

simvastatin alone in PLGA monoaxial ES particles. When these particles were cultured 

with MG-63 osteoblast cells the cytotoxicity of simvastatin loaded particles was reduced 

compared to PLGA alone, especially at higher drug loading. Expression of osteogenic 

factors, determined by PCR, significantly increased with simvastatin dose and time up to 

14 days compared to the PLGA control for all recorded time points. Wang et al. [121] 

(Fig. 11) encapsulated vascular endothelial growth factor (VEGF) and BMP-2 into 500 nm 

PLGA and PLA co-axial ES particles. Using microvascular epithelial cells (MECs) and the 

osteogenic differentiation of bone marrow stem cells (BMSCs) they showed that VEGF 

induces MEC proliferation and gene expression of ALP, and osteopontin (OPN) and BMP-2 

were significantly increased with BMP-2 treatment after 14 days. Using a rat calvarial 

bone defect model, they showed that treatment with co-therapy particles lead to significant 

increases in bone volume at 2, 4, and 8 weeks compared to soluble agent, even co-delivered 

soluble agent. Additionally, CD-31 presence at 4 and 8 weeks was significantly greater 

compared to soluble controls, combination soluble controls, and blank particles, indicating 

Steipel et al. Page 16

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2023 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



greater vascularization upon co-therapy particle treatment. Increased osteocalcin (OCN) for 

co-therapy particles versus other groups was illustrated via histology. The application of 

ES particles for bone tissue engineering has illustrated strong repair, bone growth, and 

expression of repair-associated factors. These promising results should encourage further 

exploration of the applications of ES therapies for bone growth and repair. ES is starting to 

emerge as a platform for tissue regeneration and these results are promising in the field of 

tissue regeneration and drug delivery.

4. State of the art and future perspectives

As demonstrated by the works highlighted here, ES technology is promising for various 

biomedical applications, including cancer treatment, vaccine development, oral drug 

delivery, and drug eluting tissue engineering platforms. ES also promises advantages 

over other particle fabrication techniques when it comes to manufacturing. Additionally, 

ES demonstrates improved encapsulation efficiency over other techniques. Despite these 

advantages, there is a need for improved methods to evaluate particle cytotoxicity in cell 

culture and for more rigorous animal models in the evaluation of ES drug-loaded particles.

With regard to manufacturing, the scalability and size of the ES system could advance its 

application in cell and animal models. The scalability of ES is a significant advantage of the 

platform. Although others have studied multi-plexing of ES systems where multiple spray 

nozzles operate in parallel [20,21], this has not been reported to be applied to in vitro and in 
vivo models. Comparison of multi-plexed versus single-head systems in vivo would advance 

the scalability potential of the platform. To display a bioequivalence of sorts between the 

two methods would lead to better acceptance of ES for the fabrication of particles en masse. 

In addition to scalability, a smaller size of particles would lead to a better embrace of ES 

particles by the biomedical community. A majority of the studies above report particles 

with diameters > 200 nm and into the micron range. To target non-phagocytic cells and for 

better intravenous delivery of particles, which would be especially helpful for the delivery 

of chemotherapeutic or theranostic agents in cancer treatment, sizes 100 nm or below are 

needed. Generation of particles in this size range and in a multi-plexed model would have 

significant impact on ES for biomedical applications.

In selection of cargos, a focus should be placed on molecules that need to be encapsulated 

for maximum efficacy. Also, molecules that have poor encapsulation with other methods

—often due to partitioning into an aqueous continuous phase present during processing

—increases the rationale for using ES over other methods. The use of dexamethasone 

by several of the aforementioned groups is one example of this, as emulsion-based 

encapsulation of dexamethasone can lead to low loading of the drug [128], whereas ES 

can lead to higher encapsulation efficiencies [41,120]. The vaccine adjuvants resiquimod 

[18,129] and cGAMP [48] are also examples where encapsulation efficiencies are poor with 

emulsion but increase with ES. In the cases of cGAMP and the adjuvant murabutide [45], 

the cell membrane partition coefficients of the adjuvants are exceedingly low, and therefore 

copious amounts of soluble drug are needed to permeate the cell’s membrane (clinical trial 

#NCT02675439). Using ES to form particles that release their cargo intracellularly, the 
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barrier of the cell membrane is overcome. By identifying therapeutics that would partition 

into an aqueous phase easily, one can rationally maximize the benefits of ES formulation.

There are several areas of improvement for evaluating particle cytotoxicity, including assay 

selection, controls, selectivity of formulation, and concentration range. With regards to 

assays, many of the proposed studies focus on cytotoxicity measurements using a MTT 

based assay. With MTT-based assays, the number of mitochondria is measured, which can 

be an indicator of cell viability as well as proliferation. If the particles are of a small 

enough size, taking into consideration the polydispersity of the sample, they may be taken 

up by cells, slowing the cells’ proliferation rate but not significantly affecting their viability. 

Earlier, our group did a study comparing viability as measured by an LDH assay and MTT 

assay [81]. We noted that there was significantly reduced viability as measured by MTT, 

but the LDH assay revealed very little toxicity. It was then hypothesized that engulfment 

of particles was likely the cause of the decreased MTT, which of course was reflected in 

a dose response fashion as observed with the MTT but not LDH assay (data not shown in 

manuscript). Although we did not conduct additional assays, we could have used a terminal 

deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL), or fluorescent live/

dead assay to better evaluate cell viability. Several of the aforementioned papers used an 

LDH assay; however, other assays could be used to support the data found with the LDH 

assay. Additionally, when doing a cytotoxicity evaluation, drug-loaded and blank particles 

should both be used. Without the use of both blank and loaded particles, it is difficult to 

discern if observed cytotoxicity is the result of the carrier or the drug. To save samples, 

blank particles can just be used at the highest concentration. Finally, for chemotherapeutic 

studies, a selectivity of cytotoxicity in cancer versus non-cancer cells is preferred. Qu et 

al. [90] demonstrated this effect in their study, and it added to the understanding that with 

the ES formulation, drug is primarily affecting cancer cells over non-cancer cells. Also, 

to illustrate greater difference between soluble and encapsulated agents, a greater range of 

concentration is sometimes warranted, wherein low or high concentrations might lead to 

significant differences in either therapeutic effect or cytotoxicity. Controlled release systems 

can take longer to result in noticeable differences, so changes in concentration and time can 

make a significant difference in evaluating particles. Taken together, careful consideration 

of these aspects can improve the accuracy, quality and rigor of the cytotoxicity evaluation 

reported with ES or other particle systems.

Finally, the ES field will advance when more rigorous animal models are used for 

evaluation. For instance, orthotopic or spontaneous tumor models are considered more 

relevant than subcutaneous models. Orthotopic glioma models [130] in mice or rats would 

better mimic clinical standards for the disease and allow therapies to be more translatable. 

Similarly, more rigorous orthotopic models of triple negative breast cancer [131] would be 

the next step beyond subcutaneous models. Although these are challenging models, they can 

be accessed through collaboration and offer the potential to expand translational application 

of ES therapies.
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5. Conclusion

As ES matures as a platform for generation of particle-based drug release systems, it 

is important to apply these systems in relevant in vitro and in vivo models. The work 

presented here on delivery of drugs, cells, genes, and vaccines, as well as tissue engineering, 

highlights the wonderful potential of this technology. As the application of ES progresses 

in the biomedical field, a greater impact of the work can also be realized through further 

optimization of the particles generated by the method and better choices of cargos, assays, 

and animal models.
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Fig. 1. 
(A) Co-axial ES apparatus for generation of acetalated dextran (Ac-DEX) microparticles 

encapsulating the adjuvant resiquimod and a protein antigen in a single microparticle [11]. 

(B) Co-axial needle [12] and (C) Tetra-axial needle [12]. The Taylor cone would be created 

at the right-hand tip, with Luer-Lock style imports at the left and facing down.
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Fig. 2. 
Figure modified from Almería et al. [16] to illustrate polydispersity of PLGA ES particles 

as a function of liquid flowrate (Q (μl/h)) and polymer volume fraction at the Rayleigh limit 

(ϕ). The Rayleigh limit is the point at which the electric stress and surface tension become 

unbalanced and the Taylor cone, or the flow in general, becomes unstable. Entanglement 

volume fraction, ϕent, is the volume fraction of polymer within the droplet that is large 

enough to form an entangled network of polymer chains. The overlap volume fraction, 

ϕch.ov, is the polymer volume fraction where the average distance between chains is 

equivalent to their radius in solution.
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Fig. 3. 
Fluorescent micrograph of coumarin-6 encapsulated in the core of a core-shell co-axial ES 

microparticle comprised of poly(D, L-lactide) and poly(D,L-lactide-co-glycolide) [26].
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Fig. 4. 
Ranganath et al.’s [85] encapsulation of ES paclitaxel PLGA particles in alginate (A-C), and 

then in vitro evaluation for apoptosis when cultured with C6 glioma cells (D) and when used 

peritumorally to treat a C6 subcutaneous tumor (E). Micrograph B is of the PLGA paclitaxel 

particles, and micrograph C is of the alginate particles, with the arrows indicating PLGA 

particles.
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Fig. 5. 
Varshosaz et al. [75] applied Ecoflex® and PEG particles encapsulating docetaxel for the in 
vitro and in vivo treatment of ovarian cancer. (A) They prepared their particles by spraying 

into an aqueous phase containing a surfactant to stabilize and prevent coalescence of sprayed 

particles. Note the necessity of insulating the magnetic stirrer from the high voltage of the 

spray apparatus. (B) SEM micrograph of particles formed. (C) Presents cell viability in vitro 
where DTX refers to docetaxel, and NP nanoparticles.(D) The uptake of particles labeled 

with rhodamine B, as measured by flow cytometry, where M1 indicates autofluorescence 

of blank cells and the M2 region indicates greater fluorescence due to particle uptake. 

Each of the three particle groups in the M2 region were treated with rhodamine-loaded 

particles while the group in the M1 region was treated with unloaded particles. (E) Size of 
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subcutaneous ovarian tumor with treatment of drug (Taxotere)-loaded particle, drug alone or 

with no treatment. (F) Body weight of each treatment group in E.
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Fig. 6. 
Fabrication by Mai et al. [103] of PLA particles encapsulating curcumin (left) with scale bar 

equal to 10 μm. Incubation of control particles (a–b) and curcumin loaded particles (c–d) 

with two different bacteria (right), demonstrating the effective inhibition of bacterial growth 

by the curcumin-loaded particles.
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Fig. 7. 
Paz-Samaniego et al. [108] generated ES particles from corn-based arabinoxylans to 

encapsulate bacteria and insulin via tetra-axial spraying (A). (B) Photograph of particles 

encapsulating two bacteria and insulin. Particles encapsulating insulin and bacteria in the 

stomach (C) and small intestine (D) compartments of the GI tract simulator Simgi®.
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Fig. 8. 
Carling et al. [41] applied 2-(40-N-dimethylamino-4-nitro-[1,10-biphenyl]-3-yl)butane-1,4-

diyl dicarbonyl (Polymer 1) to encapsulate dexamethasone in ES particles (a). IR780 is a 

near IR fluorescent probe. (b) Illustrates location of injection on the mouse, with (c) showing 

application of light. In (d), Carrageenan-induced hind paw inflammation was induced 

and treated with either saline control (DPBS), dexamethasone (Dex) and dexamethasone 

encapsulated in Polymer 1, with or without subsequent near IR light stimulation (P-1-Dex 

and P-1-Dex + Light, respectively). Significant reduction in paw thickness increase was 

observed with the light-triggered release of dexamethasone from the particles.
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Fig. 9. 
Gallovic et al. [11] ES of Ac-DEX to encapsulate rPA (PA) and resiquimod (Resi). 

Micrograph of (A) emulsion (EM) and (B) ES particles. (C) Circular dichroism of rPA from 

different particles and blank particles spiked with protein ideally stored. (D) Total serum 

IgG after vaccination with experimental groups. (E) Toxin neutralization of serum antibodies 

isolated from mice after vaccination. (F) Survival after vaccination and lethal challenge with 

different experimental groups.
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Fig. 10. 
Wang et al. [114] combined spraying and aligned spinning apparatus to create particle-laden 

electrosprayed scaffolds (A). (B–D) Rhodamine-B loaded PLGA (red) shell and FITC-BSA 

(green) loaded core. Scanning electron micrograph of (E) 5% and (F) 10% IGF-1 loaded 

PLGA particles. (G) Bioactivity of IGF-1 released on SMCs. HV stands for high molecular 

weight, and LV low molecular weight. The numbers refer to loading of IGF-1 in μg/mL. 

(H) The percentage of surviving MSCs under hypoxic conditions and nutrient starvation 

conditions.
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Fig. 11. 
Wang et al. [121] used PLGA and PLA to particles to encapsulate VEGF and BMP-2. (A) 

Scanning electron micrograph of ES particles. (B) Proliferation of MECs when cultured with 

VEGF loaded particles. (C) RT-PCR was used to report gene expression profiles of ALP, 

OPN, and BMP-2 on day 14 Following treatment with BMP-2 loaded particles. (D, E) Bone 

volume measured by 3D μ-CT of rat calvarial bone defects treated with different groups, and 

images of osteotomies in each group at 2 and 8 weeks after treatment.
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