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Preface

The study of electrospraying, the process of atomizing liquids into fine droplets using 
an electric field, has witnessed remarkable growth in recent years. Its relevance spans 
an ever-expanding range of disciplines, including materials science, nanotechnol-
ogy, medicine, and analytical chemistry. From its origins as a scientific curiosity 
to its current role in enabling breakthroughs in drug delivery, mass spectrometry, 
and advanced manufacturing, electrospraying has become an essential tool for 
addressing pressing scientific and technological challenges. This book, New Topics 
in Electrospraying, aims to study the latest advances and insights into this fascinating 
field, offering both foundational knowledge and a look into cutting-edge applications 
(Figure 1).

The book is structured into five chapters, each designed to explore key topics in 
electrospraying, such as food industry use, drug delivery, and tissue engineering. 

Chapter 1 introduces the reader to the principles of electrospraying and electrospin-
ning processes and the use of nanoparticles and nanofibers manufactured in these 
processes for food preservation, food packaging, and even food enrichment. The 
following two chapters are devoted to the latest achievements in electrospraying 
in medicine, particularly tissue regeneration, which is extremely important for 
improving the comfort and health of patients with injuries, diseases, or degenerative 
conditions. In Chapter 4, you can find information on the development of nanoen-
capsulation of biocides using the coaxial electrospraying method. The authors of the 

Figure 1.  
Application areas of electrospraying technique.



last chapter present a new protonation mechanism method and create very stable 
protonated small water clusters, which may exhibit interesting biological functions.

The book is a collection of knowledge for those looking for both basic information 
about the electrospraying process and the results of the latest research on this subject.

Weronika Smok, Paweł Jarka and Tomasz Arkadiusz Tański

Department of Engineering Materials and Biomaterials,
 Silesian University of Technology,

Gliwice, Poland
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Chapter 1

Electrospraying and 
Electrospinning in Food Industry
Weronika Smok, Paweł Jarka and Tomasz Arkadiusz Tański

Abstract

Due to the consumer’s well-being, great attention is currently paid to the quality, 
safety and freshness of food, which is why smart and active food packaging technolo-
gies are being developed. There are many methods currently available for preparing 
active food packaging, but due to their high effectiveness, it is worth paying special 
attention to two closely related methods: electrospraying and electrospinning. These 
methods are universal and allow for the low-cost production of polymer and com-
posite nanostructures of high quality and large specific surface area. The advantages 
of both technologies include simple equipment, easy control of process parameters, 
and the ability to produce structures with the desired morphology and physicochemi-
cal properties. Moreover, the multitude of varieties of these methods allows for the 
encapsulation of active ingredients inside nanostructures or modification of their 
surfaces, improving their functionality in food packaging. Therefore, the aim of this 
work is to present the application potential of the electrospinning and electrospraying 
methods in the modern food industry, with particular emphasis on the latest scientific 
reports.

Keywords: electrospraying, electrospinning, food industry, food packaging, 
encapsulation

1.  Introduction

There is no doubt that caring for the high quality of the food eaten is extremely 
important for human health but also allows reducing food waste. Therefore, the food 
industry is developing many techniques aimed at extending shelf life, improving 
safety, increasing the bioactivity of food and improving taste, including active food 
packaging, food encapsulation, food filtration and separation, texture modification.

Currently, the food industry relies on plastics such as PET, LDPE, HDPE, PP, PE, 
etc. shaped using classic methods of injection molding, injection blow molding, and 
plastic extrusion. These materials must meet a number of stringent requirements to 
be considered food contact materials (FCMs), including: compounds that cannot pen-
etrate and interact with the food, they must be thermally stable within the tempera-
ture range at which the food is stored or processed, and they must also be resistant 
to sunlight and gases used to protect the food (oxygen, nitrogen, carbon dioxide). 
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Current activities of engineers aim to improve or modify materials used in the food 
industry so that they can perform their functions even better or be able to perform 
additional functions. These modifications, however, must not result in deterioration 
of properties or failure to meet sanitary and hygienic guidelines.

The most frequently used material modification techniques in the food industry 
include sol-gel, casting, spray-drying, dip-coating, 3D printing. A serious disadvan-
tage of the above-mentioned methods is the need to use high temperatures, which 
may lead to partial or complete degradation of the bioactive compounds. It is worth 
paying attention to electrohydrodynamic techniques that have been gaining popular-
ity in recent years: electrospraying and electrospinning, as evidenced by the growing 
number of publications on this topic (Figure 1) [1].

1.1 Fundamentals of electrospinning and electrospraying

The main idea of electrospinning and electrospraying is based on an analogous 
principle. Hence, the equipment for carrying out both technologies has a similar 
construction. In both technologies, the solution is fed to the nozzle (by using a pump 
or e.g. a gravity feeder) [2], at the end of which a drop of solution appears. Due to 
the applied high voltage (HV), electrical charges are accumulated on the surface of 
the drop. After exceeding the critical voltage value, the charges overcome the surface 
tension of the polymer droplets and the jet is formed. Depending on how the process 
parameters are selected, fibers or particles are formed from the jet and fall on the 
collector (Figure 2). The main difference between electrospinning and electrospray-
ing relies on the concentration of the used solution. In case of high concentration of 
solution, the jet is stabilized and the elongation occurs by the mechanism of whipping 
instability.

In case of low solution concentration, the jet is destabilized because of varicose 
instability which is the cause of forming the fine droplets The highly charged droplets are 
subject to self-dispersing, which is used for agglomeration and coagulation prevention 

Figure 1. 
Number of publications in the field of application of electrospinning and electrospraying in food industry (Web of 
Science database, keywords: “electrospinning and food”, “electrospraying and food”).
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[3–5]. The electrospinning and electrospraying from solution methods have many 
advantages, including simplicity, the ability to carry out the process in room conditions, 
low costs of preparing high-quality materials, and the ability to produce materials with 
desired properties using precise control of process parameters (Figure 3). The process 
parameters are extremely important because they determine the morphology of the 
obtained nanostructures, including their porosity, shape and geometry.

Figure 2. 
Schematic illustration of the electrospinning and electrospraying setup (in the case of solution).

Figure 3. 
Common parameters of the electrospinning and electrospraying processes.
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 It is worth paying special attention to the multitude of electrospinning and elec-
trospraying modifications that may include the type of nozzle and collector.   Figure 4
shows the most popular types of collectors currently used, mainly in the electrospin-
ning process, because they allow obtaining fibers arranged chaotically (plate) or 
aligned (drum, disc, dual). Modification of nozzles by using, for example, coaxial or 
multinozzle allows to obtain core-shell nanostructures or increases the volume of the 
obtained structures to an industrial scale.  

 Such a wide range of modification possibilities makes the electrospinning pro-
cess extremely versatile and allows the production of polymer, composite and even 
metallic and ceramic nanofibers after appropriate thermal treatment. There is also 
great diversity in the morphology of fibers, both classic solid nanofibers and hollow, 
core-shell or high-porous nanofibers are produced, depending on the requirements 
(  Figure 5  ).  

 There is also wide spectrum of ectrospraying (ESPR) techniques with different 
configurations (  Figure 6  ) for fabrication the various material structures: layers [ 7 ] 
polymer or ceramic coated membranes [ 8 ], thin film composites [ 9 ], and nanopar-
ticles surface [ 9 ]. In general, these techniques are based on the application of various 
spraying modes dependent on process conditions (flow rate and electric potential) 
and fluidic properties [ 10 ,  11 ]. It is assumed that according to the rate of the solution 
flow and used voltage, the electrospray process is classified into three modes: drip-
ping, pulsating, and cone-jet [ 12 ]. The most frequently used is the cone-jet mode. The 
conical shape of it is formed as a result of parallelism of electric field (voltage) and 
surface tension. In comparison to other modes, cone-jet spraying demonstrates more 
stable working, achieves continuously produce homogeneous droplets, and indicate 
higher water concentration. In addition the external environment can easy modify the 
droplet characteristic [ 13 ]. The cone-jet mode is exploited  in a wide range of applica-
tions, i.e. local-area cooling, nanofilm and nanowire manufacturing, mass spectrom-
etry due to excellent spray pattern repeatability [ 14 – 16 ]. However, a certain limitation 
of the mod is the difficulty in precisely describing and planning the process due to 
the complexity of experimental and fluidic properties, which must be determined 
depending on various conditions. In practice, this most often means the need to select 
parameters experimentally [ 17 ].  

  Figure 4.
  Popular types of electrospinning collectors.          
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There are also more advanced varieties of electrospraying. One of them is the ring 
electrode system. In this system, the existing nozzle and substrate are attached to 
the ring electrode. While the process is ongoing, i.e. when voltage is being applied, 
the system of ring electrode can modulate the spray pattern by changing the external 
conditions, thereby adjusting the droplet size and rate which enhances the droplet 
distribution. Also, the ring electrode system can be used to overcome the low flow 
rate by increasing the liquid concentration. The ring electrode system is commonly 
utilized for local film coatings with high concentrations of fluid and areas where 
experimental parameters and fluidic characteristics are estimated [18, 19].

Another more advanced type of electrospraying is the nanoelectrospray laser 
deposition technique. It is a technique of applying layers of nanoparticles on two-
dimensional and three-dimensional structures [20]. The technique uses a suspension 
of nanoparticles dispersed in water with an appropriate surfactant called aqueous 
ink increasing viscous at high concentrations [21–23]. Using this ink in nanoelectro-
spray enables microdroplets production which can be used for thin film deposition, 

Figure 5. 
Possible morphologies of nanofibers obtained by electrospinning.

Figure 6. 
Spraying modes with potential difference increase [6].
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drop-on-demand printing, and microencapsulation [24–28] which provides easier 
manufacture of a variety of energy and electronic devices (solar cells, sensors) as well 
as masks for nanolithography, nanopillar arrays for photonic crystals, nanodot arrays 
for the plasmonic surface.

2.  Electrospinning and electrospraying in food industry

High quality, the possibility of functionalization, and the multitude of avail-
able materials make nanofibers suitable for use as filtering membranes, scaffolds, 
drug delivery systems, intelligent textiles, face masks, and optical devices. It is 
also worth paying attention to the special role of electrospun nanofibers in the 
food industry.

Food packaging is intended to protect it from the harmful effects of microorgan-
isms, oxidation and temperature during storage and transport. Currently, more and 
more attention is being paid to increasing the functionality of the packaging, which 
led to the creation of novel active food packaging technologies, which interact actively 
with the food product or its environment.

The basis of typical food packaging materials is plastics to which an active com-
pound is added, which may be a moisture absorber, a substance that inhibits micro-
bial growth or delays oxidation. Both nanofibers and nanoparticles work perfectly in 
this role, especially if they are based on biodegradable polymers such as polycaprolac-
tone (PCL) and polylactide (PLA), natural polymers e.g. zein, gelatin, chitosan, gum 
Arabic, sodium alginate.

Zhang et al. [29] using the electrospinning method prepared composite PLA 
membranes with the addition of ZnO nanoparticles, which antimicrobial and optical 
properties study showed very good bactericidal activity against Escherichia coli and 
Staphylococcus aureus and excellent ultraviolet and visible light barrier performances, 
respectively. These features mean that the produced PLA/ZnO nanofibers can be used 
in packaging that protects food against the harmful effects of bacteria and light.

Liu et al. [30] showed that electrospun PLA/tea polyphenol nanofibers have very 
high antimicrobial activity against Staphylococcus aureus and Escherichia coli and can 
potentially be used in food packaging to extend food shelf life.

PCL/lecithin/bacteriocin CAMT6 nanofiber films manufactured via emulsion 
electrospinning by Li et al. [31] effectively inhibited the growth of bacteria in salmon 
meat, slowed the oil oxidation and water loss in salmon meat, which indicates the 
multifunctionality of this packaging material.

Zhang et al. [32] prepared polycaprolactone/chitosan nanofibers with Chinese 
Yam Polysaccharide (CYP) as the active ingredient by electrospinning. The produced 
nanofibers were subjected to an in vitro CYP release test and an obvious antibacte-
rial effect was demonstrated. Moreover, the result of using the PCL/Chitosan/CYP 
nanofiber packaging on cherry tomatoes was a delayed water loss, which indicates the 
possibility of using the nanofibers in active food packaging.

Using the needle-less electrospinning method Karim et al. [33] prepared zein 
nanofibers loaded with tetradecane and cinnamaldehyde as an antibacterial and 
antioxidant agent, which were to ensure protection of the sausage during temperature 
fluctuations and adequate protection against bacteria. The study showed that the 
nanofibers used perfectly prevented the growth of Escherichia coli and Staphylococcus 
aureus, and the packaging using them, when the refrigerator was turned off, retained 
the cool temperature four times longer than commercial packaging.
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Gelatin/chitosan/3-phenylacetic acid nanofiber films were prepared via electro-
spinning by Liu et al. [34] to study their properties and antibacterial activity. It was 
shown that the obtained nanofibers were characterized by very good thermal stabil-
ity and water vapor permeability, as well as effective antibacterial activity against 
Salmonella enterica Enteritidis and Staphylococcus aureus, which makes the gelatin/
chitosan/3-phenylacetic acid nanofibers useful in active food packaging.

Wu et al. [35] developed edible food packaging gelatin/zein nanofibers loaded 
with cinnamaldehyde/thymol using electrospinning method. The produced nanofi-
bers worked perfectly as strawberry packaging material, extending the freshness of 
the fruit from 2 to 7 days, which was attributed to high antibacterial activity and the 
ability to maintain appropriate humidity.

Bioactive coatings with antibacterial, antioxidant and pH-responsive activity are 
also produced using the electrospray method. Stoleru et al. [36] produced, using 
electrospraying technique, dual-bioactive layers in the form of PE surface with 
immobilized antimicrobial chitosan and antioxidant vitamin E. This kind of mate-
rial has antifungal, antibacterial, biocompatibility, bioadhesivity, biodegradability 
properties derived from chitosan [37] and antioxidative activity as well as biological 
functions derived from vitamin E, and is very promising for the use of polyethylene 
as food packaging.

Electrospraying is used to produce active packaging material based on cellulose 
[38]. For this purpose, humic substances based on humic acid and fulvic acid (FA) 
were used. FA demonstrates antimicrobial and anti-inflammatory properties [39] and 
contains minerals and antioxidants. Finally, a biodegradable, sustainable, renewable, 
recyclable, and low-cost packaging material was produced by incorporating FA and 
carrier medium S on the packaging paper [40]. Due to their easy functionalization 
with various substances, nanofibers can not only protect against microorganisms but 
can also perform the function of monitoring the freshness of products by sensing pH 
changes, protecting consumers from health problems caused by the consumption of 
stale food.

In the work of Lafray et al. [40], it has been shown that the combination of 
electrospinning and electrospraying technologies enables the development of a new 
generation of super-repellent active biopapers with PLA, PCL, or PHBV coatings 
with incorporated hydrophobic silica microparticles with increased effectiveness for 
easy emptying food packaging to reduce waste of food. The research used: polylactide 
(PLA), poly(ε-caprolactone) (PCL), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV), and hydrophobic silica microparticles (SiO2), which were processed sequen-
tially with use electrohydrodynamic processing (electrospinning and electrospray-
ing). In the first stage, biopolymers were deposited onto a commercial food contact 
cellulose paper by electrospinning to create ultrathin fibers, next on the surface of 
fibers the nanostructured SiO2 was electrosprayed sequentially. In the further part 
of the work, multilayer-coated papers have been annealed to intensify adhesion 
among the layers and the super-repellent properties. In the further part of the work, 
multilayer-coated papers have been annealed to intensify adhesion among the layers 
and the super-repellent properties.

Shavisi and Shahbazi [41] electrospun chitosan-gum Arabic nanofibers with 
encapsulated pH-sensitive Rosa damascena anthocyanins, which change color depend-
ing on the pH of the environment. It was shown that the produced nanofibrous mats 
easily responded to the pH change of chicken fillets during 8 days of refrigerated 
storage, changing their color from pale pink to dark khaki, corresponding to the spoil-
age of the chicken.
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Guo et al. [42] manufactured double-layer mats composed of a layer of pullulan-
purple sweet potato extract and a layer of zein-glycerol-carvacrol, which not only had 
good antibacterial activity against Staphylococcus aureus and Escherichia coli but also 
monitored the freshness of pork by changing the purple color sweet potato extract 
with the change of pH, as presented in Figure 7.

Multifunctional polylactide, butterfly pea flower extract and cinnamaldehyde 
nanofibers were obtained by Liu et al. [43] for tracking and maintaining beef fresh-
ness. Results showed that the nanofibers had hydrophobic, antioxidant and antibacte-
rial properties and changed their color with the change in pH, which changed with 
the loss of freshness of the meat because the amount of volatile alkaline compounds 
resulting from amino acid deamidation reactions increased.

In the food industry, food encapsulation is also extremely important, as it enables 
the incorporation of vitamins, nutrients and bioactive compounds in food, supple-
ments or packages that will improve the quality and safety of products [44].

Electrospinning and electrospraying methods are widely used for encapsulating 
active ingredients e.g. essential oils, primarily due to the use of efficient easy con-
trolled low-temperature processes that are harmless to volatile bioactive compounds. 
These techniques can also protect these compounds against loss of stability caused 
by environmental conditions such as: light, oxygen, pH, humidity, and the effect of 
enzymes [45]. Research conducted, among others, by Coelho et al. indicates that in 
this case, the critical factor is the choice of the polymer for the encapsulation of active 
ingredients for manufacturing structures capable of improving and/or preserving 
its bioactive properties [1]. In particular, biodegradable and renewable polymers are 
being developed as encapsulating materials. In turn, lipids, carbohydrates, proteins 
(also in native state), and their mixtures are considered to be the most suitable food-
encapsulating agents. However, currently, food proteins are of the greatest importance 
in encapsulation due to their biodegradability, and biocompatibility as well as tech-
nological functionalities (foaming, gelation, emulsification) ability to form various 
nanostructures (nanoparticles, nanofibers), surface activity, high ability to adsorb to 
the surfaces of colloidal particles and stabilization against aggregation. Proteins pres-
ent the ability to interact strongly with both polar (e.g. water) and non-polar solvent 
molecules (e.g. hydrocarbons) and have different functional groups on surfaces, 
which are used to modify and create interaction with various bioactive molecules [46].

Weng et al. [47] encapsulated anti-inflammatory, antibacterial, antitumor and 
antioxidant camellia oil in core-shell zein nanofibers using emulsion electrospinning. 
It was shown that zein nanofibers are excellent controlled release systems for hydro-
phobic oil.

Figure 7. 
Pork freshness monitoring using pullulan-purple sweet potato extract and zein-glycerol-carvacrol nanofibers as 
pH indicator [own work].
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Vitamin E-loaded dextran nanofibers were obtained by Fathi et al. [48]. The 
produced nanofibers were used to fortify cheese, which indicates that they have great 
application potential in the development of modern functional foods.

Drosou et al. [49] encapsulated β-carotene into pullulan/whey protein isolate 
nanofibers via coaxial electrospinning, providing more than 90% encapsulation 
efficiencies. The study showed that the nanofibers showed the function of protecting 
β-carotene against oxidation by molecular oxygen, which may open new avenues for 
the development of carotenoid supplements.

It should be mentioned that the conventional ESPR techniques have some limi-
tations in food encapsulation due to the physical parameters of the used solution 
(mainly viscosity and surface tension): difficulties of organic solvent eliminating by 
evaporation, limited range of operation (working window). In turn, the parameters 
of the solution depend strictly on molecular weight of the polymer and its con-
centration in the solution. All of this influences on general low productivity of the 
electrospraying process among others in the food and food packaging industry (few 
milliliters per hour per single emitter) [50]. Thus, ongoing work on the develop ment 
of ESPR technology in the food processing industry is necessary. One of the most 
common perspective is “Supercritical assisted electrospraying” SCF, combining high 
electric voltage and pneumatic spray biomass disruption, extraction and encapsula-
tion, microbial/enzymatic inactivation [51].

One of the varieties of this technology is proposed by Bioinicia S.L. The 
“Electrospraying assisted by pressurized gas” (EAPG). The introduction of EAPG 
is particularly important for increasing the efficiency of the ESPR process to enable 
mass production. The idea of EAPG is to modernize the classical electrospray 
atomization method through the addition of supercritical CO2 to the liquid polymer 
solution creating an expanded liquid. This ensures an increase in the production rate 
of micro- and nanometric particles with controlled size and distribution up to 100 
times in comparison traditional ESPR process due to the reduction of surface tension 
and viscosity [52].

This technique can be used for particle (micro- and nanoparticles) producing 
from a very high molecular weight supercritical fluid (mainly SC-CO2), supercritical 
antisolvent (SAS), supercritical assisted atomization (SAA) and supercritical emul-
sion extraction (SEE) [53–57].

Modification of ESPR has been extensively explored in encapsulation technology. 
Gómez-Mascaraque et al. described excellent encapsulation profiles and stabilities of 
zein and gelatin by containing b-Carotene [58], epigallocatechin gallate (EGCG) [59], 
extract of green tea (catechins) [58], saffron extract [60], chanar extract [61], and 
curcumin [62]. Using ESPR ensured the appropriate particle size in this case: micron 
and nanoscale, good stability of core material and properties of the active compound. 
Good structural properties combined with an appropriate level of protection against 
oxidation, high thermal stability, and controlled release make the manufactured 
materials suitable for food applications.

ESPR technology was also used by authors who worked on microencapsulating 
probiotics like Lactiplantibacillus plantarum and Bifidobacterium lactis [63–65] i.e. for 
double-layer co-encapsulation.

ESPR was also used in the study by Human et al. regarding the nanoencapsulation 
of aspalatin (hydrophilic bioactive dihydrochalcone). Aspalathin has poor bioavail-
ability and stability, which significantly limits its use as an active food ingredient. 
The solution to this problem was encapsulation using a synthetic polymer as a wall 
material [66].
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In the encapsulation process, another modification of ESPR is often used, which 
involves the use of a special nozzle structure (coaxial nozzle). This element is built by 
the outer needle and an inner needle. During the process two liquids (immiscible), 
eventually liquid and gas, are injected into the outer and the inner needles and the 
flow rates is controlled by two syringe pumps. There are a number of advantages of 
coaxial electrospray in comparison with other techniques of encapsulation: high effi-
ciency, effective protection of bioactivity, uniform size distribution, but the control 
of the process is complex due to the multiphysical nature of the processes involved 
and the complex interplay of multiple material and technology parameters [67].

Coaxial electrospraying encapsulation is successfully used for bioactive agents for 
pharmaceutical applications [68, 69] as well as for food-grade materials, in which: 
alginate-pectin [70], dextran and whey protein concentrate (WPC) [71] and WPC-
gelatin [72] have been used as matrix materials.

Many literature reports also concern the use of combining electrospinning and 
electrospraying methods to encapsulate essential oil with the use of natural polymer 
material such as protein (soy, whey), zein, hordein, gliadin, casein, protein, and 
gelatin [1, 44, 73, 74].

3.  Conclusions

This review presents the basics of electrospinning and electrospraying techniques 
and summarizes the latest achievements in their use in the food industry. The use of 
electrospinning and electrospraying techniques in the food industry brings many 
benefits, such as extending the shelf life of products, the ability to monitor the quality 
and freshness of food, and even improving the nutritional value of food. At the same 
time, these methods are simple, versatile and do not generate high costs. The use of 
these techniques in the food industry still requires refinement and close cooperation 
of scientists, because more studies are needed in particular to investigate the threats 
to human health that may appear with the use of nanomaterials in contact with food 
and to study the behavior of nanomaterials in contact with protective gases used 
during packaging. This is very important because materials in the food industry must 
meet very strict requirements. It is also worth to pay attention to the repeatability of 
research and increasing the efficiency of nanomaterial production so that they can 
meet the requirements of the industry. In addition, more attention should be paid to 
an ecological approach in the selection of materials, increasing the emphasis on the 
development of biopolymers in the food industry.

Both methods have great potential to revolutionize food industry, but for this to 
happen, a lot of work of scientists on this subject is needed.
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Chapter 2

Applications of Electrospraying in 
Tissue Repair and Regeneration
Rahul Sable, Pritiprasanna Maity and Kausik Kapat

Abstract

Electrospraying (ES) is becoming popular in tissue engineering owing to its ability 
to produce customized micro- or nanoscale particles for delivering bioactive mol-
ecules (e.g., growth factors, genes, enzymes, and therapeutic molecules possessing 
antimicrobial, anti-inflammatory) and living cells aimed at skin, bone, cartilage, and 
neural tissue repair and regeneration. Compared to conventional delivery methods, 
ES significantly reduces the denaturation of growth factors (such as BMP-2, BMP-7,  
VEGF, PDGF, and SDF-1) because of the limited exposure to organic solvents. 
Bioelectrospraying (BES) allows the encapsulation of living cells, including stem 
cells, fibroblasts, ligament cells, epithelial and endothelial cells, etc. Electrospray 
nanocarriers containing cells and other bioactive compounds can be further inte-
grated into intricate three-dimensional (3D) constructs intended for implantation 
into defects to achieve targeted delivery and tissue regeneration. The chapter high-
lights ES’s principles, advantages, and significant applications in tissue repair and 
regeneration and outlines the key challenges and limitations.

Keywords: electrospraying, bioelectrospraying (BES), repair and regeneration, cell 
encapsulation, drug delivery

1.  Introduction

The process of repairing a wound involves the replacement of injured tissue 
with new tissue through collagen synthesis, epithelialization, and angiogenesis. 
During natural wound healing, fibroblasts and other reparative cells cause random 
deposition of the collagen matrix, often associated with scar tissue formation. 
Tissue regeneration involving three key elements—reparative cells, growth fac-
tors (GFs), or other signaling molecules like chemokines, cytokines, etc., and 
biomaterials or scaffolds, also known as tissue engineering TRIAD, could be a 
better strategy for complete wound recovery [1]. Scaffolds provide several epitopes 
that facilitate the formation of an extracellular milieu, support cell homing, and 
steer intracellular signaling pathways linked to cell motility, proliferation, and 
differentiation [2, 3]. The conventional scaffold manufacturing techniques, namely 
solvent casting, particulate leaching, freeze drying, electrospinning, gas foaming, 
etc., often involve cytotoxic solvents and sometimes encounter challenges like long 
processing time, inadequate strength, pore interconnectivity, and irregular pore 
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size [4]. Advanced 3D printing techniques based on photopolymerization involve 
large monomers, often subjected to high-temperature treatment for efficient 
conversion into polymeric structures.

The electrohydrodynamic (EHD) techniques, namely electrospinning and elec-
trospraying (ES), are the other advanced methods of producing nano-/micro fibrous 
scaffolds and particles of different shapes and sizes, respectively, utilizing electro-
static forces (Figure 1) [5]. They principally differ in terms of (a) collectors, a liquid 
bath in wet ES and a solid plate in dry electrospinning; (b) nozzles: triaxial, coaxial, 
and uniaxial; and (c) final product: particles vs. nano/microfibers. In electrospin-
ning, a syringe pump propels a polymer solution through a needle, forming a Taylor 
cone at the needle tip. As the repulsion force exceeds surface tension and viscoelastic 
forces, the polymer jet subsequently erupts into fragmented droplets, which are then 
drawn toward the collector-generating nanofibers. On the other hand, ES produces 
micro/nanodroplets at ambient temperature and pressure, which are then converted 
into hollow spheres, nano cups, Janus particles, porous, cell-shaped/core-shell, 
and multilayered micro- or nanospheres with a narrow size distribution. In ES, a 
polymer solution containing drugs or bioactive molecules is loaded into the syringe 
and sprayed through a capillary or small-bore stainless steel needle at a constant 
rate using a syringe pump and applied voltage of 1–30 kV (mostly in DC mode) [6]. 
The solvent evaporates from the droplets as they separate from the Taylor cone. It 
creates dense, solid particles collected on a rotating drum collector or grounded flat 
plate positioned 7–30 cm apart from the capillary. Polycaprolactone (PCL), chitosan, 
polylactide (PLA), poly(lactic-co-glycolic acid) (PLGA), etc., are frequently used 
to encapsulate a variety of hydrophilic and hydrophobic model drugs/proteins [7]. 
Optimization of electrosprayed particle characteristics (particle size distribution, 
encapsulation efficacy, % loading, and release profile) is a complex process since 
it involves the manipulation of process variables, such as voltage, tip-to-collector 
distance, needle diameter, viscosity, flow rate, nature of drug/polymer/solvent, 
drug or protein-to-polymer ratio, organic-to-aqueous solvent ratio, surfactant, and 
conductivity [8].

Electrospray nano/micro-particles are useful in encapsulating sensitive 
biomolecules (growth factor, peptide) and living cells with high encapsulation 
efficiency, occupying significant space in wound healing and tissue regeneration 
[5, 9–11]. The factors involved in ES are not fully known and require a systematic 
study [12].

Figure 1. 
Principle and applications of electrospraying and electrospinning.
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2.  ES principle

The principles of electrospraying, established by Rayleigh, Zeleny, and Taylor, are 
based on the capacity of an electric field to deform the liquid drop interface by gen-
erating an electric charge (electrostatic of Coulomb force) inside the droplet, which 
contests with the intrinsic cohesive force to the liquid droplet [8, 13]. High-voltage 
external electrical fields and columbic repulsion are necessary for electrospraying 
[14]. The phenomenon commences at the Taylor Cone, where the unstable, charged 
macro-droplet is gradually contracted into a cone, causing the expulsion of the smaller 
charged droplets as the Coulomb force dominates over the surface tension. Depending 
on the process parameters, micro- or nanometre-sized droplets are produced when 
the electrostatic force supersedes the cohesive force. “Rayleigh limit” refers to this 
breakdown point (LR). After disintegration, the liquid droplets quickly desolvate and 
are deposited on the collector as solid micro- and nanosized particles [5].

3.  ES for wound repair and regeneration

3.1  Delivery of therapeutics

By adjusting the operational parameters (flow rate, external voltage, and polymer 
concentration), ES has proven to be one of the most efficient, quick, and adapt-
able methods for creating nanofibrous membranes and micro-/nano-particles with 
variable shape and sizes that influence their cellular or tissue uptake. During ES, the 
biomolecules in the spray liquid get entrapped and randomly dispersed inside the 
polymer matrix as the solvent evaporates from the liquid droplet [15, 16]. Drugs and 
other biomolecules have been successfully encapsulated and delivered via ES [17].

3.1.1  Drugs

3.1.1.1  Antimicrobial drugs

Curcumin is well known for its anti-inflammatory, anti-cancer, antibacterial, and 
antilipidemic properties. However, conventional delivery systems failed to achieve 
adequate bioavailability because of their limited water solubility and heat, pH, and 
light sensitivity. Several drug delivery systems, such as ES, have been investigated to 
enhance bio-, cyto-, and hemo-compatibility, besides cell activity.

As shown in Figure 2(i), curcumin as the model drug was successfully entrapped into 
the polylactic acid (PLA)-based microcapsules prepared by ES the mixture of drugs with 
the polymer solution, displaying entrapment efficiency over 95%, in vitro drug release 
over 200 h, significant biocompatibility, besides excellent antibacterial activities against 
Staphylococcus aureus and Escherichia coli (Table 1) [18]. In a similar study, curcumin-
loaded PLGA microparticles were prepared by coaxial ES, and the same exhibited optimal 
in vitro drug release profiles compared to burst release from conventional microparticles 
[22]. Coaxial jet electrospray was used to encapsulate Mentha piperita oil with broad-
spectrum antimicrobial activity. The micro-nanocapsules core containing peppermint oil 
was entrapped in the alginate shell using Tween 20 as an emulsifier. The same exhibited 
100% inhibition of S. aureus and E. coli, similar to pure peppermint oils [23].

AgNP-laden alginate beads were produced by ES silver nanoparticles (AgNPs) 
and sodium alginate solution into a calcium chloride bath. These beads were then 
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embedded into gelatin scaffolds and showed more potent antibacterial activity 
against S. aureus than E. coli. Additionally, they demonstrated noncytotoxic effects on 
normal human dermal fibroblasts (NHDF) cells, suggesting their potential as wound 
dressing materials [24]. Cefoxitin, a cephalosporin antibiotic used to treat postopera-
tive infections, was electrosprayed as nanoparticles (551 ± 293 nm) interconnected 
with nanofibers (61 ± 13 nm in diameter) of hyaluronic acid (HA) thin films. Their 
effectiveness against Klebsiella pneumoniae, S. aureus, and Listeria monocytogenes, with 
zones of inhibition of 24.3 ± 0.5, 13 ± 1, and 1.1 ± 0.2 mm, respectively, indicates that 
they could be used as nanofibrous scaffolds in surgical dressings to control postopera-
tive infections [25]. Ciprofloxacin, a poorly soluble drug, was added to electrosprayed 
biodegradable poly-butyl-succinate (PBS) microparticles that demonstrated excel-
lent antibacterial activity against S. aureus and Pseudomonas aeruginosa, which are 
frequently implicated in diabetic foot, venous leg ulcers, and nonhealing surgical 
wounds. Additionally, the microparticles demonstrated the ability to counteract P. 
aeruginosa biofilm formation implicated in chronic wounds [26].

3.1.1.2  Anti-inflammatory drugs and antioxidants

Alpha-lipoic acid, known for its anti-inflammatory and antioxidant properties, 
was encapsulated in single-capillary electrosprayed poly(ethylene oxide)-chitosan 
nanoparticles (707 ± 66.7 nm) with a zeta potential of 57.7 ± 0.5 mV. Due to an 

Figure 2. 
Application of electrospraying for the delivery of drugs, growth factors, nucleic acid, and live cells (i) 10% 
curcumin-loaded microcapsules showing bactericidal activities (c and d) against E. coli and S. aureus as compared 
to no zone of inhibition (a and b) in absence and the drug. Reproduced with permission from Mai et al. [18] 
Copyright© 2017 The Royal Society of Chemistry. (b) Coaxially electrosprayed PLGA particles loaded with 
bovine serum albumin (BSA), stromal-derived factor-1α (SDF-1α), and BSA-SDF-1α significantly enhanced 
mesenchymal stem cells (MSCs) proliferation compared to PLGA particles after 3 days of culture. Reproduced with 
permission from Maedeh et al. [19]. Copyright© 2015 Elsevier Inc. (c) Live cell imaging of HepG2 cells transfected 
with CRISPR plasmids encapsulated into coumarin-6 labeled ALG NPs showed successful RFP expression after 1, 
2, and 7 days after initial localization in cytosol followed by degradation of nanoparticles and subsequent release 
of the plasmid. (Blue = nuclei, red = expressed Cas9-RFP in cytosol, green = coumarin-6-labeled nanoparticles). 
Most of the cells expressed Cas9-RFP on day 7, without any traces of nanoparticles in cytosol. Reproduced with 
permission from Alallam et al. [20] Copyright© 2020 by the authors. Licensee MDPI, Basel, Switzerland. (d) 
Laser-doppler flowmeter imaging revealed complete recovery of blood flow perfusion of the ischemic hindlimb in 
mice after 4 weeks of treatment with RGD-alginate microgels with outgrowth endothelial progenitor cells (OECs) 
and vascular endothelial growth factor (VEGF), compared to that of OECs only and RGD-alginate microgels with 
OECs. Reproduced with permission from Kim et al. [21]. Copyright© 2014 The Authors. Published by Elsevier B.V.
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effective electrostatic interaction with cell-surface molecules, the attached particles 
were quickly endocytosed by the lipopolysaccharide (LPS)-treated Raw 264.7 macro-
phages, demonstrating the anti-inflammatory effects of nanoparticles [27].

PLGA microparticles encapsulating ranibizumab, a nonsteroidal anti-inflamma-
tory drug (NSAID), were prepared by coaxial ES. The same resulted in 70% encapsu-
lation efficacy, higher stability, and sustained release of the drug from microparticles 
for over a month without significant loss of bioactivity. The absence of any long-term 
microglial activity or apoptotic effects was observed after an intravitreal injection of 
200 μg microparticles [28].

Transplantation of encapsulated islets can be a better choice for functional recov-
ery of the damaged pancreas in diabetic patients. However, to maximize graft life and 
prevent fibrotic growth from the host response, the encapsulated islets need to be 
immuno-isolated. In a study by Dang et al., in a chemically-induced type I diabetic 
mouse model, electrosprayed alginate microcapsules co-encapsulating antioxidant 
and anti-inflammatory curcumin with pancreatic rat islets significantly decreased 
fibrotic overgrowth and enhanced glycemic control [29].

Doxorubicin (DOX)-loaded chitosan nanoparticles (300–570 nm) were created 
by electrospray ionization utilizing a 26-gauge needle, 13 kV voltage, 0.5 mL/h flow 
rate, with 8 cm working distance, and tripolyphosphate as the stabilizer. Their drug 
encapsulation efficiency ranged from 63.4 to 67.9% at 1–0.25% DOX loading with a 
prolonged drug release for 7 hours [55].

3.1.2  Biomacromolecules

A variety of bioactive proteins (such as hormones and growth factors), peptides, 
and nucleic acids intended for tissue regeneration and wound healing have been 
effectively delivered by ES.

3.1.2.1  Growth factor

Because of the limited stability, short half-life, high inactivation rate, and risk of 
overdose that can lead to cancer, in vivo growth factor delivery in tissue engineering 
encounters severe challenges in promoting cell migration, proliferation, and differen-
tiation. In this context, electrosprayed microcarriers were better for delivering growth 
factors [11].

Numerous studies have demonstrated the potential benefits of administering 
stromal-derived factor-1α (SDF-1α) in treating myocardial infarction (MI) by draw-
ing native stem cells to the injured myocardium. PLGA core-shell particles prepared 
by coaxial ES with SDF-1α incorporated resulted in a controlled release of the growth 
factor for more than 40 days, along with 38% higher migration (chemotactic activ-
ity) and proliferation of mesenchymal stem cells (MSCs), and the ability to inject 
the particles for in situ cardiac regeneration (Figure 2(ii)) [19]. The recombinant 
human bone morphogenetic protein-2 (rhBMP-2) and bovine serum albumin (BSA) 
as stabilizer were loaded into core-shell PLGA microspheres with a size of 2.5–8 μm, 
prepared by coaxial ES. In vitro release studies showed a stable, prolonged rhBMP-2 
release for up to 21 days after a burst release within the first 6 hours with little chance 
of protein denaturation. Particle size substantially impacted the release rates in 
relation to rhBMP-2 loading. Cell proliferation was steadily increased for 7 days with 
minimal cytotoxicity within the studied dosage range when bone marrow-derived 
MSCs (BMSCs) were cultured with rhBMP-2-loaded PLGA microspheres, which 
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showed great promises for bone tissue regeneration [30]. Electrosprayed PLGA core/
PDLA shell spheres that were loaded with angiogenic VEGF to stimulate endothelial 
cell proliferation and osteogenic BMP-2 to stimulate osteogenic differentiation 
showed an initial burst release with ~80% release of the VEGF in the first 10 days 
and up to 30 days of stable, sustained release of BMP-2. BMSCs cultured with VEGF/
BMP-2 spheres for 14 days significantly increased osteogenic-related gene (ALP, 
OPN, and BMP-2) expression. Micro-computed tomography and histological analysis 
of critical-sized rat cranial defects treated with VEGF/BMP-2 spheres showed faster 
bone regeneration with vascular tissue ingrowth [31].

Similarly, pre-osteoblasts (MC3T3-E1) cultured with electrosprayed PLGA mic-
roparticles encapsulating VEGF, bone morphogenetic protein 7 (BMP-7), and stabi-
lizers for 3 weeks significantly induced osteogenic differentiation [32]. Electrosprayed 
nanoparticles (size <10 nm) loaded with collagen type II specific to cartilage and 
either hyaluronic acid or chondroitin sulfate enhanced the synthesis of cartilage-
specific proteins after culturing with chondrocytes. After internalizing the particles 
by nonspecific pinocytosis, the expression of chondrogenic genes (transforming 
growth factor-beta 1, collagen type II, and aggrecan) was significantly increased. The 
patella grooves of the male New Zealand rabbits implanted with pellets containing 
chondrocytes and polymeric nanoparticles exhibited signs of early closure of the 
injured cartilages and neo-tissue formation after 8 weeks of implantation [33].

Electrospray technology was used to manufacture core/shell double-layered 
microspheres in two steps: first, an alginate core loaded with BMP-2 was prepared, 
followed by a chitosan shell loaded with SDF-1. The in vitro release study revealed dif-
ferential release of SDF-1 and BMP-2, with an initial burst release of SDF-1 (~80%) 
in the first 6 hours and 50% of the latter released in 4 hours without sacrificing 
bioactivity. The microspheres also demonstrated chemotactic migration of MC3T3-E1 
pre-osteoblast cells and in vitro osteogenic differentiation of mice-derived BMSCs 
as evidenced by enhanced ALP activity after 3 days, development of mineralized 
modules after 14 days, and increased expression of osteogenic-related genes (Runx2, 
OCN, Osterix) and Smad signaling genes (Smad 1, 5, 8) after 7 days of osteogenic 
induction [34]. Platelet-derived growth factor (PDGF), an early mitogenic factor and 
simvastatin, a late osteogenic inducer were administered to promote dentoalveolar 
regeneration. PDGF and simvastatin were encapsulated in a double-walled PDLLA–
PLGA microspheres using the coaxial electrohydrodynamic atomization technique. 
Simvastatin (core)/PDGF (shell) microspheres exhibited a faster release of simvas-
tatin than PDGF; however, PDGF (core)/simvastatin (shell) microspheres revealed 
60% release of both PDGF and simvastatin concurrently at day 10. When PDGF/
simvastatin-loaded microspheres were injected into the maxillary first molar (M1) 
defect formed in the post-extraction ridge of the Sprague Dawley rats, osteogenesis 
level at day 14 and BV/TV, TMD, Tb.Th, and Tb.N values at day 28 was higher than 
control [35].

3.1.2.2  Peptides and hormones

Angiotensin II, a model peptide, was encapsulated using single or coaxial 
 electrospray methods into tristearin and N-octyl-O-sulphate chitosan nanocarriers, 
respectively. The same resulted in peptide entrapment in the particle matrix or a core-
shell structure, depending on the single or coaxial format. The 100–300 nm-sized 
electrosprayed nanoparticles showed encapsulation efficiencies of about 92 ± 1.8%; 
nevertheless, cytotoxicity tests indicated that an ideal peptide loading concentration 
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of about 1 mg/ml would result in a triphasic activity slow in the beginning, fast 
afterward, and diffusive at the end [36].

Genetically modified elastin-like polypeptides (ELP) were used to develop a 
biodegradable, biocompatible, and bioresponsive polymeric drug nanocarrier by ES 
technique. DOX-loaded ELP nanoparticles (300–400 nm in diameter) prepared in 
this way exhibited 20 w/w% drug loading without affecting the particle morphol-
ogy and a pH-dependent drug release that was correlated with the pH-dependent 
solubility of the ELPs, indicating their potential as a stimuli-responsive drug 
nanocarrier [37].

Since estrogen and progesterone have several adverse effects, phytoestrogens 
like daidzein may be a viable substitute for hormone therapy in the treatment of 
osteoporosis. ES was used to create daidzein-loaded microspheres based on poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which showed a 7.6% drug release 
at 1 hour followed by prolonged release over nearly 3 days. As a result, these micro-
spheres may find potential applications in bone tissue engineering and osteoporosis 
treatment [38].

3.1.2.3  Nucleic acids

The success of gene/plasmid DNA delivery relies on a safe and effective delivery 
system that can cross the biological barriers of the target cells. Viral or non-viral 
carrier systems typically deliver plasmid DNA because naked DNA is too big, nega-
tively charged, hydrophilic, and prone to enzymatic destruction to penetrate cell 
membranes. Non-viral delivery methods (lipid/polymer/inorganic nanocarriers, 
electroporation, nucleofection, hydrodynamic injection, and microinjection) have 
a lower risk of immunogenicity and carcinogenicity than viral vectors (adeno-asso-
ciated virus, lentivirus, and adenovirus), despite having a lower delivery efficiency. 
Electrospray can be used to develop excellent gene or plasmid delivery carriers [20].

CRISPR plasmids loaded in alginate nanoparticles were developed by ES. 
Their mean size, encapsulation efficiency, and zeta potential were measured at 
228 nm, >99.0%, and −4.42 mV, respectively, without loss of payload integrity 
(Figure 2(iii)-a). The encapsulated CRISPR plasmids retained adequate cyto-
compatibility and integrated with HepG2 cells [20]. pET30a-green fluorescent 
protein (GFP) plasmid and gold nanoparticles were electrosprayed as a thin layer 
over E. coli, allowing rapid cellular uptake and effective bacterial transformation 
evidenced by the formation of GFP-expressing bacterial colonies on an agar plate 
(Figure 2(iii)-b) [39].

BES helps deliver a genetic construct into living cells to increase plasmid DNA sta-
bility and transfection efficiency. Human Embryonic Kidney 293T (HEK293T) cells 
transduced with recombinant self-inactivating lentiviral vectors expressing green 
fluorescent protein (GFP) were subsequently manipulated by bio-electrospraying 
(BES). The combined technique offers the creation of live therapeutic constructs 
that allow for the precise and regulated release of cells or genes, apart from cell or 
gene therapies [56]. GFP plasmid was electrosprayed onto chick embryos to achieve 
localized GFP expression. Co-jetting/ES dye-loaded PLGA-polyethyleneimine and 
imaging/pH-responsive siRNA solutions could result in bicompartmental particles, a 
viable alternative to bacterial/cell transformation [40]. Nucleic acid-based therapies 
were also evaluated for treating lung disease. Nucleic acids (siRNA-FITC, luciferase 
DNA, and mRNA) were locally delivered to pig tracheal tissue and the whole lung ex 
vivo using a bronchoscopic electrospray administration method [57].
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3.2  Cell delivery

BES became an attractive tool for delivering living cells or complete organisms 
in scaffolds for tissue engineering applications [58]. Many cells, such as fibroblasts, 
adipose-derived stem cells (ADSCs), bone marrow-derived mesenchymal stem 
cells, umbilical vascular endothelial cells, gastric epithelial cells, periodontal ligament 
cells, and retinal pigment epithelial cells have been electrosprayed with low current in 
the nanoampere range and voltage up to several kilovolts, without significantly affect-
ing the cell morphology, viability, and proliferation [59, 60].

ES of BMSC suspension was accomplished at 6 mL/h flow rate and 7.5–15 kV 
voltages, with 88% cell survival and a proliferation rate comparable to native 
BMSCs. An unstable ES with decreased cell viability was noted at higher voltages 
because of the thermal or electrical shock to the cells. The effective differentiation 
of BMSCs, electrosprayed at 7.5 kV, into adipogenic, chondrogenic, and osteogenic 
lineages while maintaining their multipotency, suggests that BES is a safe method 
for delivering progenitor/stem cells for regenerative purposes [41]. Using 15 kV, 
0.46 ml/h flow rate, 4 cm distance, and 15 and 60 minutes spray time, a steady and 
continuous stream of BES could be formed without affecting the MSC’s survival, 
proliferation, plasticity, or immunophenotypic profile. DNA damage occurred 
when the BES time exceeded 30 minutes, but it underwent self-recovery within 5 
hours [42]. Similarly, the BES of mouse embryonic stem cells (ESCs) demonstrated 
that pluripotency retention was established by an alkaline phosphatase assay and 
gene expression profile [43].

A strategy combining therapeutic stem/progenitor cells and angiogenic proteins 
is attractive for treating vascular disease. Injectable multifunctional microgels 
comprising arginine-glycine-aspartic acid (RGD)-conjugated alginate encapsulated 
with outgrowth endothelial cells (OECs), VEGF, and hepatocyte growth factor 
(HGF) were developed by ES, which showed a time-dependent growth factor release, 
improved cell proliferation, viability, and human umbilical vein endothelial cells 
(HUVECs)-mediated tube formation and ex vivo sprouting of rat aorta. Mice treated 
with RGD-microgel containing OECs and other growth factors for 1 week showed 
an increased level of angiogenesis and capillary density in the subcutaneous pocket 
of the abdomen, while an enhanced blood flow perfusion into a hindlimb ischemia 
model (Figure 2(iv)) [21].

Extended gastrointestinal retention of probiotics is crucial for enhancing 
their functional efficacy. Mucoadhesive probiotic formulations (spherical with 
a 60–1300 μm diameter) containing Lactobacillus plantarum based on resistant 
starch-reinforced and mucoadhesive chitosan-coated alginate microparticles 
were developed using an electrospray approach. When the in vitro wash-off 
mucoadhesion of the formulations was evaluated using fluorescence microscopy, 
the alginate-starch electrosprayed formulations showed better protection against 
simulated gastric fluid than the alginate ones, though not as good as the chitosan-
coated ones [44].

3.3  Implant coating

Drug-eluting stents (DESs) are more effective in preventing in-stent restenosis 
in injured arteries following percutaneous coronary intervention (PCI), which 
is frequently associated with increased leukotrienes [61]. Montelukast, an anti-
inflammatory and anti-proliferative drug, has often been used to treat various 
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inflammatory diseases. ES montelukast/PLGA particles onto DES could effectively 
prevent the development of neointimal hyperplasia, which is the cause of in-stent 
restenosis, without affecting the healing of the stented vessel [45]. The bioactive 
coating of antioxidant vitamin E and antimicrobial chitosan onto the polyethylene 
(PE) surface, accomplished by electrosprayed, significantly inhibited bacterial 
growth and exerted potent antioxidant and pH-responsive properties [46]. An 
antibacterial coating was created on titanium surfaces by loading the cationic and 
amphipathic peptide chicken cathelicidin-2 between layers of poly(D,L-lactide-co-
glycolide) (PDLG) and gelatin methacryloyl (GelMA), which were electrosprayed in 
a layer-by-layer (LbL) assembly fashion. The coating was biocompatible with hMSCs 
and macrophages while exhibiting potent antibacterial activity against E. coli and 
S. aureus for 4 days. Such coating provides a suitable platform for preventing peri-
implantitis (Figure 3(i)) [47].

Using the ES technique, the PLA loaded with dexamethasone (DEX), an anti-
inflammatory drug, was coated onto medical implants. Compared to spin-coated stents, 
electrosprayed stents demonstrated a suitable drug release profile and more remarkable 
HUVEC survival after 1 and 4 days [48]. Similarly, titanium implants coated with fibro-
blast growth factor (β-FGF)-loaded PLGA by ES showed enhanced osseointegration 
(bone-to-implant contact) following implantation in rabbit tibial defects [49].

3.4  Scaffold fabrication

Coaxial ES was used to create bioactive insulin-encapsulated silk fibroin (SF) 
microparticles to treat chronic wounds. The SF sponge loaded with microparticles was 
a bioactive wound dressing assessed for in vivo therapeutic effects on dorsal full-
thickness wounds in diabetic Sprague–Dawley rats. The result demonstrated evidence 

Figure 3. 
Electrosprayed particles used for implant coating and scaffold fabrication. (a) Among the samples containing 
etched titanium, etched titanium electrosprayed with (poly(D,L-lactide-co-glycolide)) (PDLG) [PDLG/−/−], 
PDLG with chicken cathelicidin-2 (CATH-2) [PDLG/CA/−], PDLG and gelatin methacryloyl (GelMA) 
[PDLG/-Gel] and PDLG, CATH-2 and GelMA [PDLG/CA/Gel], only [PDLG/CA/Gel] killed 100% of 
bacteria for 4 days, while [PDLG/CA/−] was void of any antimicrobial response against, (b) S. aureus and 
(c) E. coli. Reproduced with permission from Keikhosravani et al. [47] Copyright© 2014 Wiley-VCH GmbH. 
(b) Immunofluorescence staining of neurogenic proteins (TuJ1, SYN1, PSD-95) expressed by PC12 cells cultured 
on microfibrous scaffolds for 7 days exhibited significantly higher expression of proteins on electrosprayed 
aligned fibers coated with collagen (AFC-ES) as well as both collagen and polypyrrole (AFCP) compared to 
scaffolds without electrospraying (n = 3, **p < 0.01, *p < 0.05). Reproduced with permission from Tang et al. [51] 
Copyright© 2020 American Chemical Society.
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of vascularization, collagen deposition, and faster wound closure, which considerably 
facilitated the healing process [50].

Biomimetic scaffolds comprising aligned PCL microfibrous scaffolds co-sprayed 
with collagen or conductive polypyrrole nanoparticles were developed for simul-
taneously delivering topographic cues and electrotransduction by integrating ES 
with electrospinning. While PC12 cells were oriented and elongated along the 
fibers’ direction on collagen-coated PCL microfibrous scaffold, more functional 
expressions, including elongation, gene expression, and protein expression, were 
observed on PPy-coated aligned fibers, which led to increased neurogenesis [51]. 
Electrosprayed bovine serum albumin (BSA)-loaded core-shell PLGA nanospheres 
produced by coaxial ES were collected on an electrically grounded highly aligned 
electrospun PCL microfibrous mat. The study suggested that when cultured with rat 
pheochromocytoma (PC-12) and astrocyte cell lines, the nanocomposite scaffold 
was promising for directing neural tissue growth along the fibers and regeneration 
(Figure 3(ii)) [52]. A composite scaffold prepared by ES of nano-hydroxyapatite on 
electrospun collagen significantly increased the proliferation of human dermal fibro-
blasts, keratinocytes, and hMSCs differentiation in addition to inhibiting bacterial 
adhesion. The scaffold exhibited no adverse reactions following implantation in a rat 
subcutaneous pocket, indicating its potential for application as a dressing material or 
skin wound regeneration [53].

4.  Delivery of theranostics

Theranostic agents were created using the electrospray technology, which 
allowed for the simultaneous administration of therapeutic and diagnostic com-
pounds [62]. In situ synthesized magnetic iron oxide (Fe3O4) nanoparticles were 
encapsulated in PVA microspheres by one-step ES to be used as an MRI contrast 
agent. The PVA matrix was further cross-linked to facilitate embolization. In 
vivo evaluation of Fe3O4@PVA microspheres in the rabbit renal artery revealed 
increased MRI contrast, an embolic effect with excellent biocompatibility. On the 
other hand, the ability of doxorubicin (DOX)-loaded Fe3O4@PVA microspheres to 
release DOX over an extended period indicates its potential as a theranostic agent 
[10]. Superparamagnetic iron oxide nanoparticles (SPIONs), which may be steered 
by external magnetic fields to create localized hypothermia to damage targeted 
cells, have been widely investigated as MRI contrast agents due to their capacity to 
reduce drastically spin–spin relaxation (T2) time. In a fluorophore (BODIPY) inte-
grated tristearin core-shell system, a model drug, genistein, an isoflavonoid, and 
SPIONs (10–15 nm) were encapsulated with a 92% drug encapsulation efficiency 
utilizing coaxial ES. These particles showed low toxicity and were internalized by 
the cells in 4 hours, indicating the possibility of developing multimodal particles 
for integrated imaging and therapy [36]. One-step ES was used to create calcium 
alginate microspheres (Ta@CaAlg) loaded with tantalum nanoparticles and DOX, 
which not only allowed for a maximum 97.3 mg DOX loading per mL of beads and 
a pH-dependent release profile but also demonstrated embolic effects as revealed 
by digital subtraction angiography. The microspheres also produced good X-ray/CT 
contrast, allowing their real-time monitoring at embolized sites for up to 4 weeks 
(Figure 4(i)) [54].
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5.  Challenges and future perspectives

ES can quickly and easily prepare nano/micro-carriers with varying sizes, 
shapes, and encapsulation efficiency; however, low throughput is one of the major 
disadvantages of ES, mainly when using the cone-jet mode [63]. The technique 
is well ahead of industrial-scale production since only about 300 mg of particles 
could be created after 24 hours of spraying. Alternative approaches by applying a 
flute-like multipore emitter device [64], customized multi-hole spinneret [65], and 
needleless apparatus with microchannels made of two parallel glass plates sharp-
ened and grooved at their edges forming multiple spraying jets under high electric 
potential [66] were suggested to increase production rate through ES. There has 
been limited success in enhancing yield through multiplex electrospraying devices, 
which have several emitters fitted with a cone-jet at each emitter. Maintaining 
a constant electrical field across the emitters to produce equal jets is challeng-
ing [67]. BES has the potential to cause electrical stress on biomacromolecules 
and cells, perhaps leading to detrimental effects on their bioactivity. Although 
preliminary research suggests that ES does not influence the stability of proteins, 
enzymes, nucleic acids, and cells, further research is needed to determine the 
long-term implications of organic solvents and high voltages involved in ES [16]. 
More attention is required to create environmentally friendly ES methods that use 
aqueous-based solvents, as organic solvents are mostly hazardous and can harm 
intracellular components, payloads, and the viability of cells [68]. Integrating BES 
with the techniques to fabricate an organ-on-a-chip can eventually replace animal 
testing for determining the toxicity of therapeutic substances toward cells and 
tissues.

Figure 4. 
Theranostic applications of electrosprayed nanoparticles. (i) CT images of rabbit abdomens after embolization 
(marked with red circles) of the left kidney with tantalum nanoparticles loaded calcium alginate microspheres 
(Ta@CaAlg) for (a) 1 week and (b) 4 weeks, where 1, 2, and 3 representing transverse, coronal, and sagittal 
views, respectively. Reproduced with permission from Zeng et al. [54] Copyright© 2024 Ivyspring International 
Publisher.
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Chapter 3

Advancements and Applications 
of Electrospray Methods in Skin 
Tissue Regeneration
Mobina Bazari and Najmeh Najmoddin

Abstract

Skin tissue engineering, a critical area within regenerative medicine, focuses on 
creating functional replacements for damaged or diseased skin. Electrospray ionization 
has emerged as a promising method in this field due to its precision in biomaterial and 
bioactive molecule deposition. This chapter discusses electrospray’s role in revolutioniz-
ing scaffold fabrication, cell encapsulation, and therapeutic delivery in skin engineering. 
Electrospray allows for the production of scaffolds that mimic the skin’s extracellular 
matrix, enhancing cell adhesion, proliferation, and differentiation. It also enables 
efficient encapsulation of growth factors, promoting sustained release at targeted sites to 
improve wound healing and skin regeneration. Electrospray-assisted fabrication of scaf-
folds has shown superior biocompatibility and structural features over traditional meth-
ods. Furthermore, the technology’s capability for directing cell and therapeutic delivery 
to wound sites introduce personalized treatment options for various skin conditions, 
making a significant advancement toward the clinical use of engineered skin tissues.

Keywords: electrospray, skin, tissue engineering, regeneration, wound healing

1.  Introduction

During the last few years, interesting progress has been made in the field of tissue 
engineering, particularly in the development of innovative methods for skin tissue 
regeneration. In this vein, electrospray (ES) techniques have emerged as a pivotal 
technology, offering new possibilities for the precise deposition of bioactive materials 
and cells. This article seeks to explore the significant progress and applications of ES 
methods in skin tissue regeneration, highlighting the fusion of technology and biol-
ogy that aims to enhance therapeutic outcomes [1–3].

Electrospray ionization (ESI) is a technique that has found novel applications in 
the biomedical field, especially for the fabrication of tissue scaffolds and the encapsu-
lation of cells and drugs. The method involves the creation of an aerosol by applying 
a high-voltage to a liquid, which is then used to create fine particles or fibers. This 
ability to generate micro- and nanoparticles (NPs) with controlled size and distribu-
tion makes ES a valuable tool in tissue engineering [4, 5].
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In recent advancements, the ES technique has been utilized for the co-deposition 
of multiple materials, including polymers, cells, and bioactive molecules, in a spatially 
controlled manner. For instance, researchers have successfully used the ES technique 
to create layered structures that mimic the natural architecture of human skin. Such 
structures are crucial for the successful integration of ES-engineered scaffolds with 
native tissues and for promoting wound healing [1, 6].

Young et al. [7] investigated the creation of synthetic hydrogel microspheres using 
submerged electrospray combined with UV photopolymerization, targeting cell 
encapsulation applications. The electrospray technique allows precise control over 
microsphere size from 50 to 1500 μm by manipulating the flow rate and voltage, which 
is beneficial for specific biomedical applications, such as drug delivery and cell therapy. 
The microspheres revealed cell viability higher than 90% after 24 h, underscoring the 
technique’s compatibility with sensitive biological entities like cells and proteins.

Moreover, the adaptability of ES technology has been broadened to include the 
incorporation of bioactive agents and cellular growth factors that enhance the regen-
eration of skin tissues. For example, a study conducted by Chen et al. [8] explored the 
use of microfluidic ES in creating a drug delivery system based on natural polysac-
charides, demonstrating its effectiveness in promoting wound healing. This technique 
enhances skin tissue repair by ensuring targeted, sustained release of therapeutic 
agents directly to wound sites, thus accelerating cellular processes essential for skin 
regeneration.

The combination of ES techniques with other technological progressions like 3D 
printing and nanotechnology additionally unlocks fresh opportunities for developing 
intricate tissue structures. This integrative approach can lead to the development of 
highly functional and biomimetic tissues, which are vital for the treatment of severe 
burns and chronic wounds [5, 9].

As the field continues to evolve, further studies are required to optimize these 
techniques, particularly in the areas of material compatibility, the long-term viability 
of deposited cells, and the scaling of the technology for clinical applications. Ongoing 
research and development are expected to further refine the precision and efficacy of 
ES methods, making them indispensable in the realm of regenerative medicine [1, 5].

In conclusion, the advancements in ES technology are not only enhancing our 
understanding of tissue engineering but are also paving the way for groundbreaking 
applications in skin tissue regeneration. As this field progresses, it holds the promise 
of significantly improving patient outcomes in skin repair and regeneration.

2.  Overview of skin tissue engineering

Skin tissue engineering is a rapidly advancing field aimed at developing effective 
treatments for severe skin injuries and diseases. Recent advancements focus on creat-
ing bioengineered skin substitutes that integrate both dermal and epidermal compo-
nents, which are all-important for mimicking the natural structure and function of 
human skin.

One of the notable developments in this area is the use of biodegradable scaf-
folds, such as the NovoSorb™ Biodegradable Temporizing Matrix (BTM), which are 
designed to temporize wounds and promote the integration and establishment of 
dermal elements while resisting infection. These scaffolds are advantageous because 
they are inexpensive, easy to handle, and can be produced in large sheets, providing 
essential support for cellular growth and eventual wound closure [10].



41

Advancements and Applications of Electrospray Methods in Skin Tissue Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.1005762

Another critical aspect of skin tissue engineering is the interplay between different 
cell types. For example, the communication between fibroblasts and keratinocytes 
is essential for basement membrane synthesis, which is crucial for the stability and 
protection of engineered skin substitutes. This synergy supports the molecular bond-
ing necessary for attaching the epidermis to the dermis [10].

Engineered Skin Substitutes (ESS) represent a significant breakthrough, combin-
ing autologous keratinocytes and fibroblasts within a bovine collagen-glycosami-
noglycan scaffold. This model has shown promising clinical outcomes, especially in 
treating extensive burns, by reducing the need for donor skin grafts and improving 
survival rates [10].

Recent research also explores the incorporation of various cell types, such as mela-
nocytes, microvascular endothelial cells, and even hair follicles into these engineered 
constructs, enhancing their functional and esthetic outcomes. The field continues to 
face challenges, particularly in terms of the immune response to xenogeneic materials 
(like bovine or porcine collagens) used in some dermal-epidermal substitutes. Synthetic 
scaffolds and autologous cell approaches are being explored to minimize these risks [10].

Additionally, the remodeling phase of healing, which involves the maturation of 
scars and the replacement of type III collagen with type I collagen, is critical for the 
long-term success of these treatments. Innovations in fetal tissue engineering also 
show potential for scarless healing, suggesting new directions for future research [11].

Overall, the field of skin tissue engineering holds great promise for improving 
patient outcomes in wound healing and skin replacement. Ongoing research aims to 
make these technologies more user-friendly, commercially viable, and effective in 
clinical settings [12].

2.1  Importance of skin regeneration

Skin regeneration, a vital aspect of dermatological science, involves intricate pro-
cesses aimed at restoring the functional integrity and structure of skin after injuries 
such as burns, wounds, or surgical interventions. The regenerative capability of the 
skin is primarily facilitated by the interplay of skin stem cells and various signaling 
pathways that govern cell proliferation, differentiation, and migration. Recent studies 
highlight the indispensable role of mesenchymal stem cells (MSCs) due to their 
potent immunomodulatory effects, ability to differentiate into multiple cell types 
relevant to the skin, and secretion of paracrine factors that significantly accelerate 
wound healing [13–16].

Technological progressions in tissue engineering have bolstered methods for skin 
regeneration. One instance is the refinement of collagen-based scaffolds to bolster 
cellular activities crucial for tissue repair. These scaffolds offer a conducive matrix to 
the effective integration and regeneration of skin tissues [17]. Nanomaterials have also 
been employed to improve these outcomes by fine-tuning the mechanical properties 
and degradation rates of scaffolds, which can be critical for matching the dynamic 
nature of skin tissue repair [18].

Moreover, the use of hydrogels in skin regeneration has seen significant advance-
ments. Hydrogels are particularly effective due to their high-water content and soft 
tissue-like consistency, which makes them ideal for interacting with the natural skin 
environment. They promote cell adhesion, proliferation, and migration—all critical 
for tissue regeneration [19]. Moreover, it has been suggested that biomimetic methods 
capable of mirroring the structure of the extracellular matrix improve the healing 
process by offering signals that guide cell behavior and tissue growth [20].
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The interplay between mechanical forces and cellular responses, known as 
mechanotransduction, has also been recognized as a key element in skin regeneration. 
Mechanical signals can alter cell behavior, influencing wound healing and potentially 
reducing scar formation by modulating fibrotic responses [21]. This highlights the 
need for a comprehensive understanding of both biological and mechanical factors in 
developing therapeutic strategies for skin repair and regeneration.

Overall, the combination of stem cell technology, advanced biomaterials, and an 
understanding of cellular mechanobiology provides a robust framework for enhanc-
ing skin regeneration. This integrated approach not only promises improved healing 
outcomes but also opens avenues for personalized therapeutic strategies tailored to 
individual healing needs and conditions [13, 17–21].

2.2  Challenges in skin tissue engineering

Expanding on the challenges in skin tissue engineering, one of the primary 
objectives remains the replication of the skin’s multilayered structure and its complex 
functions. Each layer of the skin—epidermis, dermis, and hypodermis—plays a 
specific role, and successful tissue engineering must replicate these to restore full 
functionality. This involves not only mimicking the physical barrier of the skin but 
also its sensory and thermoregulatory properties  [12, 22].

The scalability of producing tissue-engineered skin also presents a significant 
challenge. The methods must not only be effective but also economically viable for 
widespread clinical use. Advances in manufacturing technologies, such as 3D print-
ing and automated bioreactors, are being explored to scale up the production of skin 
substitutes that are consistent in quality and function  [23, 24].

Infection control is another critical issue, particularly for wounds susceptible to 
bacterial contamination. Incorporating antimicrobial agents or designing materials 
that naturally reduce bacterial growth without harming the regenerative cells or the 
patient’s tissues is a key area of ongoing research  [22, 25].

3.  Fundamentals of electrospray technique

3.1  Principle of electrospray technology

ES technology, also known as electrohydrodynamic spraying, serves as a useful 
technique in various fields such as tissue engineering, drug delivery, and gene delivery 
systems. The process fundamentally relies on the dispersion of a liquid into fine droplets 
via an electric field, employing the principle of Coulombic repulsion to achieve this dis-
persion. As charges within the liquid repel, the liquid disintegrates into smaller droplets, 
a process crucial for the precise delivery mechanisms required in these fields [26, 27].

The operational mechanics of ES are highlighted by the formation of a Taylor cone 
at the liquid’s surface when subjected to a high-voltage. This conical shape results from 
the equilibrium between the electric field’s force and the liquid’s surface tension. Once 
the electric field’s strength exceeds a critical threshold, it disrupts the surface tension, 
initiating the ejection of a liquid jet from the cone’s apex. This jet then undergoes 
several instabilities, ultimately breaking into droplets whose sizes can vary from a few 
nanometers to several micrometers, suitable for targeted applications in medicine and 
engineering. Central to the ES setup are its core components, which include a syringe 
pump for controlled liquid flow, a nozzle that allows for the adjustment of droplet size, 
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and a high-voltage power supply that charges the droplets. These droplets are subse-
quently collected after solvent evaporation. The ability to control droplet formation 
is vital for the success of the ES system, ensuring the achievement of specific particle 
characteristics necessary for the targeted applications, thereby underscoring the 
technique’s versatility and effectiveness in precise particle generation [27–31].

Structured micro/nanomaterials synthesized via ES offer unique properties and 
functionalities, making them valuable in biomedical applications. By controlling the 
composition and processing conditions, researchers can tailor the properties of the 
resulting materials to meet specific requirements for tissue engineering scaffolds, 
drug delivery carriers, and biosensors [27, 32].

By understanding the principles underlying ES technology and optimizing its 
parameters, researchers can harness its potential to advance various biomedical 
applications, from tissue engineering to drug delivery systems, offering innovative 
solutions to address complex healthcare challenges.

3.2  Parameters influencing the electrospray process

ES is a versatile technique widely employed in various fields, including tissue engi-
neering, for its ability to precisely control the size, morphology, and composition of 
particles or fibers. Several parameters play crucial roles in determining the outcome 
of the ES process, as elucidated by recent studies [33].

Firstly, the choice of solvent(s) significantly impacts the ES process. The polarity, 
viscosity, and surface tension of the solvent affect the formation and stability of the 
Taylor cone, which is all-important for generating fine droplets or fibers. The study 
by Xu et al. delves into this aspect, highlighting how different solvents influence the 
properties of electrospray particles, such as size and morphology. Understanding 
solvent-solute interactions is imperative for optimizing ES parameters [34, 35].

Secondly, the flow rate of the solution being sprayed plays a crucial role in control-
ling droplet or fiber size and uniformity. Variations in flow rate affect the breakup 
dynamics of the jet emanating from the Taylor cone, thereby influencing the size dis-
tribution of the resulting particles or fibers. This parameter is extensively discussed in 
the study by Li et al., wherein the impact of flow rate on the morphology and encap-
sulation efficiency of electrospray particles is investigated. Additionally, the nozzle 
design significantly impacts the particle distribution and size. The size of the droplets 
is controlled through nozzle geometry and flow rate, further emphasizing the impor-
tance of mechanical configuration in achieving desired outcomes [28, 36].

Moreover, the choice of voltage applied during ES significantly influences the 
process. Voltage affects the surface charge density of the solution, thereby influencing 
the formation and stability of the Taylor cone and subsequent droplet or fiber genera-
tion. Molecular dynamics simulations, as discussed in the study by Xu et al., provide 
valuable insights into how different voltage conditions affect the dynamics of ES [37].

Lastly, parameters such as the distance between the needle tip and the collector, 
ambient humidity, and temperature also play crucial roles in the ES process, albeit to 
varying extents depending on the specific application and materials used [35].

3.3  Materials used in electrospray in tissue engineering

Materials like natural polymers (e.g., alginate, collagen) and synthetic ones (e.g., 
PLGA) are preferred due to their biocompatibility and controlled degradation rates, 
supporting the integration of engineered tissues  [29–31, 38, 39].
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Polymers used in ES techniques include both natural and synthetic materials. 
Natural polymers like alginate and collagen are particularly valuable due to their bio-
compatibility and biodegradability. They are used to create scaffolds that support cell 
proliferation and differentiation, mimicking the extracellular matrix. For instance, 
the gelatin-alginate composite has demonstrated remarkable utility in promoting 
wound healing, burn treatment, and other biomedical applications [40]. Synthetic 
polymers like PLGA offer versatility, providing customizable degradation rates and 
mechanical properties, which are critical for drug delivery systems. Advances in 
composite materials and the combination of natural and synthetic polymers have 
been highlighted by various research groups for their adaptability and compatibility  
[38, 40]. Injectable gels and hydrogels have also been explored for their potential in 
regenerative medicine, particularly using ES and related techniques for their prepara-
tion. These materials can be loaded with cells, growth factors, or drugs, and then 
precisely deployed to wound sites, providing a moist environment that facilitates 
tissue growth and repair. The versatility of these systems allows for the incorporation 
of various bioactive components that can be tailored to specific clinical needs [41].

4.  Advancements in electrospray techniques

Recent advancements in ES techniques have significantly expanded their appli-
cability in various scientific and technological fields, enhancing precision and 
efficiency. ES has been refined to create micro and NPs with controlled size and mor-
phology, which is vital for applications such as drug delivery systems. This is achieved 
through precise manipulation of electrospray parameters such as voltage, flow 
rate, and needle size, allowing the production of tailored microspheres suitable for 
targeted drug delivery. For example, alginate microspheres have been developed for 
controlled release and encapsulation of therapeutic agents, capitalizing on alginate’s 
biocompatibility and biodegradability  [42].

Further, ES has been combined with other technologies to improve outcomes in 
fields such as tissue engineering and vascularization. The electrospray bioprinting 
method developed by Jack et al. was pivotal in enhancing vascularization by rap-
idly generating hydrogel microspheres encapsulating vascular endothelial growth 
factor (VEGF)-overexpressing HEK293T cells. These microspheres effectively pro-
moted angiogenesis in a mouse hind-limb ischemia model. The controlled release of 
VEGF from the microspheres induced collateral vessel formation, vital for therapeutic 
angiogenesis aimed at treating limb ischemia. The study demonstrated that applying 
increased voltage using the electrospray method not only refined microsphere size 
but also ensured the targeted delivery and sustained release of VEGF, enhancing 
vascularization and tissue repair in ischemic conditions [43].

Additionally, the integration of ES with nanospray desorption techniques has 
fostered advancements in mass spectrometry, enabling the direct, in-depth analysis 
of metabolites from biological samples. This combination facilitates a minimal sample 
preparation approach, maintaining the integrity and original distribution of the 
metabolites on sample surfaces  [44].

In biomedical engineering, ES is used in conjunction with other encapsulation 
techniques to enhance the delivery and efficacy of probiotics and other therapeutic 
agents. This includes the development of novel biomaterials that can protect active 
ingredients against harsh gastrointestinal environments, thereby increasing the 
survival and delivery efficiency of therapeutic microbes  [44].
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5.  Electrospray techniques in skin tissue engineering

5.1  Application of electrospray in skin cell deposition

The application of ES in skin cell deposition is gaining traction due to its capacity 
to create micro- and nano-scale structures beneficial for skin tissue engineering. ES 
offers a highly controlled method for depositing cells and biomaterials onto various 
substrates, which is essential for the precise construction of skin layers.

For instance, the deposition of fibroblasts using ES has shown promising results 
in maintaining cell viability and function, essential for effective skin regeneration 
[45, 46]. Zheng et al. have explored the use of ES for depositing zinc oxide (ZnO) 
thin films, which are utilized in sensors but have potential applications in skin tissue 
engineering due to their biocompatibility and microbial resistance [45].

Moreover, the precision of ES allows for the deposition of cells in defined patterns, 
mimicking the natural extracellular matrix and thus promoting better cell adhesion 
and proliferation. This technique surpasses traditional methods like manual cell 
seeding or random fibroblast spraying, which lack control over cell distribution and 
density [46, 47].

Recent advancements have also explored combining ES with other technologies. 
For example, combining ES and bioprinting has been proposed to fabricate com-
plex tissue structures by precisely placing cells and scaffolds layer by layer, further 
enhancing the mimicry of natural skin architecture [45].

ES deposition represents a promising frontier in skin tissue engineering, offering 
advancements in how cells and materials are layered and integrated into functional 
tissue constructs. This approach could significantly improve the outcomes of skin 
regeneration therapies, making them more efficient and effective.

5.2  Role in the fabrication of skin tissue scaffolds

ES is a beneficial method for producing scaffolds for skin tissue, allowing for the 
generation of particles at micro- and nano-scales. Unlike electrospinning, which 
focuses on fiber production, ES uses electrical forces to produce droplets of polymer 
solutions. These particles can be functionalized with bioactive agents like growth 
factors or drugs, promoting wound healing and providing an environment conducive 
to tissue regeneration [48, 49].

In the context of skin tissue engineering, electrosprayed particles loaded scaffolds 
support cell attachment and proliferation, essential processes in skin regeneration. 
Their high surface area-to-volume ratio enhances the scaffolds’ ability to deliver 
therapeutic compounds efficiently. For instance, scaffolds can be loaded with growth 
factors, which stimulate cell growth, differentiation, and migration, aiding wound 
healing [25].

A significant advantage of the ES technique is its compatibility with different 
materials. Both synthetic and natural polymers can be used, allowing for the design 
of scaffolds with customizable properties such as mechanical strength, degradation 
rate, and biological functionality. These customizable features can be tailored to meet 
specific clinical needs, such as treating diabetic ulcers or extensive burn injuries [50].

ES is a versatile and promising tool for producing innovative scaffolds in skin tis-
sue engineering. By enabling precise control over the delivery of bioactive agents and 
scaffold architecture, it offers significant potential for developing effective, personal-
ized treatments in regenerative medicine.
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5.3  Delivery of growth factors and bioactive molecules

Growth factors play an important role in wound healing and tissue regeneration 
by promoting cell proliferation and migration, modulating immune responses, and 
enhancing the formation of extracellular matrix. Alginate, combined with other 
biopolymers like sericin and platelet lysate, has been used to create bioactive wound 
dressings that release growth factors in a controlled manner, thereby accelerating the 
healing process in skin lesions. This approach uses the ES technique to encapsulate 
these molecules within biodegradable materials, which can then be applied directly to 
wound sites for improved healing outcomes  [51].

The use of scaffolds in skin tissue engineering is another significant area where ES 
techniques are beneficial. Scaffolds provide a 3D structure that supports cell adhe-
sion, growth, and differentiation. Materials like chitosan and polylactic-co-glycolic 
acid (PLGA) have been utilized to create nanofibrous scaffolds that mimic the natural 
extracellular matrix of the skin. These scaffolds can be functionalized with growth 
factors like basic fibroblast growth factor (bFGF) and transforming growth factor 
beta 1 (TGF-β1), which are critical for promoting skin regeneration and reducing 
scarring  [52, 53].

ES technique is important in advancing wound dressing technology by enabling 
precise deposition of bioactive molecules on fabrics, which plays a crucial role in 
controlled drug release and targeted therapeutic actions. Zhang et al. [54] utilized 
the electrospray technique to apply a polydimethylsiloxane (PDMS) coating on one 
side of a chitosan-loaded cotton fabric, creating a Janus bandage with hydrophilic and 
hydrophobic properties. This unique structure facilitated unidirectional moisture 
management, crucial for maintaining optimal wound moisture, during the healing 
process. The bandage showed a one-way transport index of 1068%, indicating highly 
efficient moisture transfer away from the wound. Moreover, the bioactive coating 
ensured sustained release of antimicrobial agents, significantly enhancing fibroblast 
proliferation and reducing infection risks at the wound site, thus accelerating the 
healing process.

6.  Case studies: success stories in skin regeneration

6.1  Detailed accounts of successful applications

In the realm of tissue engineering, the ES technique has been harnessed success-
fully to foster advancements in skin regeneration. Below are several illustrative case 
studies from recent years that highlight these developments:

Jayarajan et al. [55] demonstrated that bio-electrospray could effectively recon-
struct 3D organotypic human skin tissues with high cell viability using a hydrogel 
mixed with human fibroblasts. The results showed that bio-electrospray facilitated 
the formation of skin tissues with varying epidermal thickness. Specifically, manually 
seeded constructs had an epidermal thickness of approximately 30 μm, while bio-
electrospray constructs displayed an inconsistent thickness due to the impact of larger 
cell-bearing droplets. These findings underscore the potential of bio-electrospray in 
tissue engineering, suggesting its capability to handle and integrate high concentra-
tions of cells into complex tissue structures effectively.

Another significant study explored the use of ES to apply shrimp and mushroom-
derived chitin nanofibrils onto cellulose tissues, targeting skin contact applications. 
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The findings showed that this application significantly enhanced the anti-inflamma-
tory properties of the cellulose, with cytokine inhibition efficiency reaching up to 
67%. Moreover, the ES technique maintained over 90% viability for human dermal 
keratinocytes, emphasizing its suitability for creating biocompatible and functional 
skincare materials. These results highlight the potential of ES in developing innova-
tive, bio-based products for skin care applications [56]. Figure 1 revealed that HaCaT 
cells (human epidermal keratinocyte line) were viable in all the electrosprayed 
cellulosic tissues. Only a few dead cells were observed, with no differences between 
the different samples.

In the innovative study, Luo et al. [57] employed a microfluidic electrospray 
technique to produce discal microparticles (DMPs) loaded with therapeutic agents 
for enhanced wound healing. The effectiveness of this method was notably evident 
in the significant results observed in the angiogenesis process, crucial for wound 
repair. Specifically, the DMPs+drugs group demonstrated a marked increase in the 
formation of new blood vessels, as indicated by the measurement of “tube length.” 
This term refers to the length of tube-like structures formed by endothelial cells, 
which are used as a quantitative indicator of new blood vessel growth. The results 
revealed an impressive 63% increase in tube length, with the treated group achieving 
an average tube length of 1.8 mm compared to just 1.1 mm in the control group. These 
findings clearly highlight the electrospray’s capacity to enhance therapeutic delivery 
and efficacy, accelerating the healing process by promoting more robust and rapid 
angiogenesis.

Research has explored the regenerative and anti-aging capacities of adipose-
derived stem cells (ADSCs) loaded with growth differentiation factor 11 (GDF11) 
using the ES technique. This combination has been found to enhance skin integrity, 
density, and strength, while also reducing wrinkles. The study indicates that ADSCs, 
when electrospray with bioactive factors like GDF11, can significantly contribute to 
skin rejuvenation and repair processes [58].

Figure 1. 
Direct cytotoxicity test: Live/Dead viability test performed on HaCaT cell line seeded on cellulose tissues 
electrospray with (a) shrimp chitin nanofibrils (sCNs) (water); (b) sCNs (water/acetic acid); (c) sCNs 
(water/HFlP); (d) mushroom chitin nanofibrils (mCNs) (water); (e) mCNs (water/acetic acid). (f) Pristine 
cellulose tissue. Viable cells are stained in green, dead cells are stained in red, and the cellulosic tissue shows 
autofluorescence mainly in the red channel. Adopted with permission [56].
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A study documented the use of ES to deposit silver nanoparticles (AgNPs) on 
radiosterilized porcine skin to prevent infections in deep burn wounds help maintain 
cell viability and promote cell growth. This innovative approach used an ES technique 
to apply a solution of AgNPs directly to the skin, enhancing its antimicrobial proper-
ties and thus reducing the risk of infection in severe burn injuries. This method high-
lights the potential of combining NP technology with the ES technique to improve 
outcomes in critical care scenarios  [59]. Figure 2 provides an insightful overview of 
the impact of AgNPs on fibroblast viability, with micrographs and quantitative data 
demonstrating the distinctions between live and dead cells and offering a comparative 
assessment of their counts and proportions. It reveals that while low concentrations 
of AgNPs maintain high cell viability in human dermal fibroblasts, increasing the 
concentration leads to significant reductions in both the number and viability of cells. 
At the lowest concentration (0.055 M), viability is at 99%, but it decreases to 85% 
at the highest concentration (0.500 M). This indicates a concentration-dependent 
cytotoxic effect of AgNPs on cell viability and number.

These case studies exemplify how the ES technique is being utilized to create and 
optimize bioactive scaffolds that enhance skin regeneration. By manipulating various 
biomaterials and cellular components, researchers can tailor properties that meet 
specific therapeutic needs, paving the way for advanced solutions in skin repair and 
regeneration.

6.2  Discussion on the impact of electrospray techniques on patient outcomes

The impact of ES technique in skin tissue engineering is a burgeoning area of 
research that promises significant advancements in patient outcomes, particularly 
in wound healing and skin regeneration. ES and related techniques, such as elec-
trospinning, have been essential in the development of nanofibrous scaffolds that 
mimic the extracellular matrix, thereby enhancing tissue integration and cellular 
interactions.

Figure 2. 
Viability of fibroblasts exposed to electrospray AgNPs. The effect of AgNPs from porcine skin on fibroblast viability 
was measured. (A) Micrographs of viable cells (calcein/green) and dead cells (ethidium homodimer/red); (B) 
number of living and dead cells; and (C) percentage of living and dead cells. Adopted with permission [59].
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ES deposition, for instance, is utilized to create fine mists of collagen particles, 
which are then directed onto target surfaces. This technique is especially valuable 
in the pharmaceutical and biomedical fields due to its precision and the ability to 
maintain the stability and activity of the sprayed particles. The resultant collagen 
nanostructures are ideal for drug delivery applications and are used to enhance the 
healing processes in tissue engineering [60].

In the realm of skin tissue engineering, the structural properties of scaffolds 
created via ES and electrospinning are of paramount importance. These scaffolds 
provide a three-dimensional matrix that supports cell attachment, proliferation, and 
differentiation, all of which are essential for effective tissue regeneration. Recent 
advancements have highlighted the role of NP additives in these processes, such as 
ZnO and graphene, which confer additional antibacterial properties and enhance the 
mechanical integrity of the scaffolds [61, 62].

The versatility of ES techniques extends to the creation of hybrid scaffolds that 
combine both synthetic and natural polymers, improving the overall functionality of 
the scaffolds. These hybrid materials demonstrate improved mechanical properties, 
stability, and bioactivity, which are critical for their performance in vivo [61].

Furthermore, the use of nature-derived polymers in ES applications, such as cel-
lulose and its derivatives, has been explored for their biocompatibility and environ-
mental stability. These materials offer the potential for controlled degradation, which 
is beneficial for temporary scaffolds that need to support tissue formation and then 
degrade safely within the body [61].

ES techniques significantly impact patient outcomes in skin tissue engineering by 
providing sophisticated tools for creating advanced biomaterials that support wound 
healing and tissue regeneration. The ongoing development of these technologies 
suggests a promising future for their application in regenerative medicine and other 
biomedical fields.

6.3  Comparative analysis with traditional skin regeneration methods

ES and traditional methods of skin regeneration each bring unique approaches 
and technologies to the field of tissue engineering. The adoption of ES techniques, 
particularly in the generation of nano and microscale fibers, presents an innovative 
path that diverges significantly from more conventional methods like grafting or the 
use of biomaterial scaffolds.

Traditional skin regeneration methods have largely relied on direct transplantation 
and the application of skin grafts, including autografts, allografts, and xenografts. 
These methods, while effective in many contexts, often face limitations due to donor 
site scarcity, potential for immune rejection, and infection risks. Additionally, the 
mechanical properties and integration of these grafts can vary, potentially complicat-
ing the healing process [41, 63].

In contrast, ES technology offers a highly versatile platform for creating tailored 
tissue scaffolds that can enhance cell attachment, proliferation, and differentiation. 
The technique allows for the precise deposition of polymers, cells, and active com-
pounds in an organized manner, enabling the development of structures that closely 
replicate the natural architecture of skin tissue. This level of control is particularly 
beneficial for promoting proper tissue integration and function [63, 64].

Recent advancements have demonstrated the potential of ES in delivering bioac-
tive molecules effectively. For instance, research has shown that ES can be used to 
encapsulate and subsequently release growth factors in a controlled manner, which 
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is crucial for modulating wound healing processes. This method ensures sustained 
release, which is often necessary for the prolonged durations required in tissue 
regeneration scenarios [64].

Furthermore, the integration of ES with other technologies like 3D bioprinting 
has been explored, resulting in hybrid techniques that leverage the strengths of both 
approaches. For example, the combination of 3D printing and ES has been utilized to 
create layered structures that offer mechanical support and active biological func-
tionality, which are essential for effective skin regeneration [41].

While traditional skin regeneration techniques continue to be valuable, ES and 
related advanced manufacturing technologies represent a significant step forward. 
These methods provide enhanced capabilities for creating more complex, functional, 
and personalized tissue constructs that could lead to improved patient outcomes 
in skin repair and regeneration. The ongoing development and refinement of these 
technologies hold promise for addressing the limitations of existing methods and 
expanding the possibilities within the field of tissue engineering.

7.  Challenges and limitations

ES technology holds significant promise for skin tissue engineering, particu-
larly in the encapsulation and controlled release of bioactive molecules. However, 
several challenges and limitations must be addressed to optimize its efficacy. One 
major issue is the precise control over droplet size and distribution, which is cru-
cial for creating uniform particles and fibers. Inconsistent droplet formation can 
lead to nonuniform scaffold structures, adversely affecting cell growth and tissue 
regeneration outcomes. Achieving and maintaining the stability of the Taylor 
cone, especially with solutions of varying viscosities and conductivities, requires 
meticulous fine-tuning of parameters such as voltage and flow rate, which can be 
time-consuming and labor-intensive [65].

Moreover, the integration of ES with other techniques like electrospinning to fab-
ricate hybrid scaffolds introduces additional complexity. Ensuring material compat-
ibility and maintaining the structural integrity of combined scaffolds are significant 
engineering challenges. Hybrid scaffolds must achieve desired mechanical properties 
while retaining the bioactivity of incorporated molecules, necessitating extensive 
optimization and iterative testing. This complexity often involves a trial-and-error 
approach to balance mechanical robustness and biological functionality [66].

Scaling up the ES process for clinical applications presents another substantial 
challenge. Laboratory-scale experiments show potential, but translating these 
findings to large-scale production involves addressing batch-to-batch variability, 
equipment scalability, and compliance with stringent regulatory standards. Ensuring 
that ES-based products meet quality and safety standards essential for medical use is a 
demanding task, requiring rigorous validation and quality control measures [67].

8.  Future directions

ES is emerging as a promising technique in skin tissue engineering due to its ability 
to generate finely controlled particles and droplets. Its future directions lie in inte-
grating with advanced technologies like nanotechnology, 3D printing and biofabrica-
tion, enabling more complex and functional skin tissue structures.
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The convergence of ES with nanotechnology holds significant potential for 
enhancing biofabrication strategies. Nano-biomaterials can be embedded into 
bio-inks via ES, providing targeted delivery of growth factors or drugs and mimick-
ing the extracellular matrix structure to trigger specific cell responses. For instance, 
embedding nano-biomaterials within bio-inks has demonstrated success in delivering 
growth factors like TGF-β1 for cartilage regeneration. These nano-carriers protect and 
sustainably release their cargo, which could be crucial for controlled differentiation in 
skin tissue engineering  [68].

The ability of ES to produce particles of controlled sizes complements 3D printing 
technologies by enhancing the layering of bio-inks and ensuring uniform particle 
distribution in engineered tissues. Advanced biofabrication techniques can leverage 
this to produce more complex, multilayered structures that closely mimic native skin. 
For instance, research on cardiac tissue engineering illustrates how ES can contribute 
to improved bio-ink formulations, enhancing the layering and integration of cells and 
scaffolds within 3D-printed constructs  [69].

Despite promising advancements, challenges like bio-ink printability, cell viabil-
ity, and material compatibility need resolution. Future research aims to optimize 
bio-ink formulations with tailored mechanical and chemical properties, making 
them suitable for ES processing. Moreover, integrating ES with real-time monitoring 
systems could refine the printing process to achieve more precise control over the 
tissue structures produced [68, 69].

Overall, the future of ES in skin tissue engineering appears promising, especially 
when combined with these advanced technologies. The interdisciplinary approach 
will be a key to unlocking new potentials and overcoming current limitations.

9.  Conclusion

The ES technique is a valuable tool in skin tissue engineering, offering precise 
fabrication of cell-seeded scaffolds and controlled delivery of bioactive molecules. 
This precision enhances cell adhesion and growth, while its compatibility with 
various biomaterials makes it suitable for diverse tissue scaffolds. The technology 
shows promise for personalized skin grafts and sophisticated wound healing through 
multilayered structures and controlled release of therapeutic agents.

Moving forward, ES’s integration with emerging technologies like bioprinting 
and improvements in operational parameters can lead to significant clinical appli-
cations. Collaboration among researchers, clinicians, and industry will be crucial 
to overcoming technical challenges and accelerating its transition to clinical use. 
With a concerted effort, ES technology could revolutionize skin regeneration and 
treatment.
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Chapter 4

Exploring the Formation of Gum 
Arabic-Poly(Vinyl Alcohol)/
Irgasan Nanocapsules through 
Coaxial Electrospraying
Mehmet Dasdemir, Serap Gamze Serdar, Hatice Ibili  

and Bilgen Çeliktürk Kapar

Abstract

Gum Arabic, known for its natural, biodegradable, and non-toxic attributes, 
holds significant promise in encapsulation. Despite the limited capacity of its natural 
form to create particles or fibers, this study aimed to produce nanocapsules through 
co-axial electrospraying, employing a solution of Gum Arabic/poly(vinyl alcohol) for 
the shell and Irgasan for the core. Additionally, process and solution parameters dur-
ing co-axial electrospraying have been optimized. Solvent concentrations, total feed 
rates of shell/core solutions, needle tip to collector distance, electric field, and needle 
diameter have been studied in detail as a part of this optimization. Their effects 
on nanocapsule formation were observed through SEM images for morphological 
analyses and TEM images for observing capsule wall formation. The study thoroughly 
examines the properties of the resulting nanocapsules, reporting successful acquisi-
tion in the nano size range and monodispersity. This highlights the co-axial electro-
spraying method’s potential for the nanoencapsulation of Gum Arabic and Irgasan.

Keywords: Gum Arabic, PVA, Irgasan, nanoencapsulation, co-axial electrospraying

1.  Introduction

Gum Arabic (GA) has been widely utilized for its certain advantages such as wide 
availability, cost-effectiveness, and biocompatibility; furthermore, it offers excep-
tional encapsulation properties such as high efficiency, controlled release, and protec-
tion against compound degradation. The most common type is derived from Acacia 
senegal—Senegal trees [1]. GA is typically characterized as neutral or mildly acidic 
and primarily constitutes a branched complex polysaccharide structure, enriched 
with mineral combinations of potassium, magnesium, and calcium salts [2].

Currently, GA finds extensive application across the food and pharmaceutical 
sectors, especially in food processing to enhance texture and consistency. GA can 
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be employed in lower-calorie candies [3], serving as a coating agent [4, 5], pigment 
stabilizer [3, 6], emulsifier [3, 7], and texture enhancer [7] in various products such 
as candies, jellies, soups, and dessert mixes [1]. GA serves multiple roles in cosmetics, 
including stabilizing lotions and protective creams by enhancing viscosity and pro-
viding a smooth texture. It also acts as an adhesive in blushers and a foam stabilizer in 
liquid soaps. Furthermore, GA functions as a dispersant in paints ensuring uniform 
distribution of pigments and active ingredients. Within the textile sector, it serves as 
a thickening agent in printing pastes for dyeing cellulose fabrics [3]. Microcapsules 
are obtained by encapsulating very small liquid droplets, solid particles, or gases with 
a continuous film or polymer material [1]. Common encapsulation methods include 
spray drying [8, 9], electro-spraying [10], and coacervation [11].

There are numerous studies on microencapsulation, with GA being commonly 
used in most of them [12]. GA is typically used as an auxiliary material or viscosity 
enhancer in the electrospraying process [13]. In the study conducted by Stinjman 
et al. [14] a total of 17 natural polymers were divided into three groups to examine 
their electrospinning capabilities: polysaccharides obtained from microorganisms, 
polysaccharides obtained from algae, and polysaccharides obtained from plant cells 
and plant exudates. GA was included in the third group, and a 50% concentration 
was prepared and subjected to the electrospinning process. During the process, 
droplets were observed at the needle tip, but electrospinning could not be achieved. 
In another study, researchers aimed to explore the impact of combining synthetic and 
natural biopolymers with GA on the encapsulation of probiotics. The utilization of 
GA enhanced the viability of cells within the electrosprayed capsules [15]. GA was 
also used as a nanocomposite scaffold and demonstrated promising potential [16]. It 
contains low protein content in its structure, is one of the most important hydrocol-
loids with a high solubility in water, and solutions can be prepared up to concentra-
tions of 50–55%. This property of GA stems from its highly branched and complex 
structure [17].

GA is water-soluble (except below pH 3.0), exhibits compatibility with 
solids, and demonstrates low viscosity in Newtonian fluid foods at below 40% 
concentrations [17]. Because of being water soluble, GA treated products have 
low washing stability which makes these products disposable. While insoluble 
in fats and many organic solvents, GA can dissolve in aqueous ethanol solutions. 
Additionally, it has limited solubility in glycerol, ethylene glycol, acetate esters, and 
acetate-alcohol mixtures [17]. GA has been widely utilized in encapsulating due to 
its numerous benefits, including its widespread availability, affordability, non-toxic 
nature, and encapsulation properties such as high efficiency, controlled release. 
Despite its advantages, the biodegradability of GA may vary based on processing 
conditions and cross-linking agents used. Combining GA with other polymers is 
suggested to enhance the mechanical properties of microcapsules [1]. Several stud-
ies have been conducted on GA utilization for different purposes. Recent studies 
such as those by Zaeim et al. [10] and Koh et al. [18] reported on the significance, 
optimization potential, and positive impact of GA on the stability and viability of 
microencapsulated probiotics.

Polyvinyl alcohol (PVA) stands as a significant polymer, holding pivotal 
importance within the biodegradable counterparts PVA, a synthetic polymer, is 
non-toxic and biodegradable, possessing superb compatibility and film-forming 
capabilities [19]. It is commonly employed as a stabilizing agent in the fabrication 
of nanoparticles, facilitating the production of small, homogeneous particles [20]. 
In a study, nanocapsules were synthesized using the emulsion diffusion technique, 
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wherein PVA served as a stabilizer in conjunction with polylactic acid (PLA) in the 
external phase and plasmid DNA in the internal phase [19]. Ganti et al. [21] employed 
PVA as a cryoprotectant material during the manufacture of nanocapsules. Similarly, 
in the study conducted by Yadav et al. [22] nanocapsules were prepared via the 
salting-out method, with PVA utilized once again as a stabilizing agent.

Biodegradable polymers widely utilized in various applications, Irgasan is one of 
the potent agents known for its broad-spectrum effectiveness. It is a non-ionic, broad-
spectrum antimicrobial agent known as Triclosan, demonstrates rapid and lasting 
antibacterial efficacy, and is extensively utilized across various personal care products 
such as toothpaste, deodorant, soaps, detergents, dish washing liquid, cosmetics 
[23–25]. Subsequently, Irgasan has been used for skincare applications and oral care 
products. Irgasan serves to inhibit bacterial growth on various plastic items used in 
households, bathroom accessories, flooring materials, and toys [24, 25]. Several stud-
ies have reported on Irgasan utilization for antibacterial applications such as coating 
plasma-modified polyethylene [26] and active antibacterial medical-grade polyvinyl 
chloride for medical purposes [23], using in drug delivery applications for increasing 
the efficiency [27].

The objective of this study was to produce GA/PVA-based nanocapsules using the 
coaxial electrospraying technique, with GA/PVA solution serving as the shell and 
Irgasan (triclosan) solution as the core. The investigation centered on analyzing the 
impact of process parameters such as flow rate, needle size, working distance, and 
voltage on the formation of nanocapsules. Additionally, the effects of solvent concen-
tration of Irgasan core solution on nanocapsule formation were explored. The proper-
ties of the nanocapsules were assessed using scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM).

2.  Materials and methods

2.1  Materials

Irgasan (72,779 ≥ 97%), GA, and ethanol (CAS No:64-17-5) were all purchased 
from Sigma Aldrich.

25/75 v/v% GA/distilled water solutions were prepared at 50°C. Poly(vinyl alco-
hol) (PVA) solutions were prepared weight/volume concentration (wt/vol%) as 2 wt/
vol% at 40–80°C. For electrospraying, 1:1 GA/PVA solution was prepared.

Irgasan solutions were prepared weight/volume concentration (wt/vol%) with 
ethanol solvent. Three different solvent concentration (25%, 50%, and 100% etha-
nol) were prepared using distilled water. Irgasan solution was prepared at 1 wt/vol% 
concentration.

2.2  Methods

GA/PVA solution is fed from the outer needle tip while Irgasan solution is fed 
from inner needle tip through dual syringe pumps via micro pumps (New Era 
NE-1000X). The coaxial needle tip is connected to the high DC voltage (Gamma High 
Voltage Series ES100P). The samples were collected on an aluminum foil covering the 
grounded plate. In each experiment, GA/PVA and Irgasan solutions at each mixing 
ratio were subjected to a 30-minute electrospraying process. Electrospraying param-
eters are presented in Table 1. Temperature and humidity were measured as 20–28°C 
and 20–25%, respectively.



New Topics in Electrospraying

62

The surface morphology of electrosprayed GA/PVA nanocapsules is examined 
using a scanning electron microscope (SEM) (JEOL JSM-6390). The SEM images 
were captured at magnifications ranging from 1000 to 10,000 at an acceleration 
voltage of 5–20 kV. Transmission electron microscope (TEM) (JEOL JEM 100C) was 
used for high-resolution imaging to determine nanocapsule formation. Nanocapsules 
produced by electrospraying were collected onto copper grids placed on the upper 
surface of the foil during application. Samples on these grids were characterized 
using TEM.

3.  Results and discussion

3.1  Effects of total flow rate on nanocapsulation formation

Flow rates of solutions frequently serve as critical parameters for regu-
lating the formation of structures through the electrospray method [28]. 
Coaxial electrospraying was conducted at different total flow rates, including 
5 μl min−1, 10 μl min−1, 20 μl min−1, and 40 μl min−1. Electrospraying process was 
conducted at fixed applied voltage and distance as presented in Table 1. The ratio of 
needle tip area of the core and the shell was calculated as 55/45%. This ratio was used 
to arrange the flow rates of the core and the shell. According to this arrangement, the 
flow rates of the core and the shell are given in Table 2.

The pictures of the samples are presented in Figure 1. Dripping was observed in all 
samples across all flow rates. Upon comparing the effects of flow rate, an increase in the 

Total flow rate 5 μl min−1 10 μl min−1 20 μl min−1 40 μl min−1

Core flow rate 2.75 μl min−1 5.5 μl min−1 11 μl min−1 22 μl min−1

Shell flow rate 2.25 μl min−1 4.5 μl min−1 9 μl min−1 18 μl min−1

Table 2. 
Flow rate ratios of core and shell solutions.

Solvent concentration 

(% wt/vol)

Working 

distance (cm)

Electric field 

(kV cm−1)

Flow rate 

(μl min−1)

Needle size 

(Gauge)

25/75%;

50/50% water/ethanol;

100% ethanol

15 10 11/9 22–26

50/50% water/ethanol 5–20 (5*) 10 11/9 22–26

50/50% water/ethanol 15 5–20 (5*) 11/9 22–26

50/50% water/ethanol 15 10 5/15; 11/9; 

10/10; 15/5

22–26

50/50% water/ethanol 15 10 11/9 21–22; 21–24; 

21–26; 22–26

50/50% water/ethanol 15 10 11/9 22–26

*Increment.

Table 1. 
Investigated material and process parameters (temp. 20–28°C, hum. 20–25%, time 30 min).
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flow rate of the shell solution corresponded to an increase in dripping. Particularly, at 
total flow rates of 20 and 40 μl min−1, dripping was much more intense.

SEM images were captured to observe the formation of nanocapsule (Figure 2). 
Electrospraying was observed at all flow rates. However, at flow rates of 5 μl min−1 and 
10 μl min−1, film formation occurred, obscuring the nanocapsules underneath. At flow 
rates of 20 μl min−1 and 40 μl min−1, film formation also occurred, but the capsules 
were more clearly visible. A monodisperse distribution was observed at 20 μl min−1 and 
40 μl min−1, indicating successful encapsulation on a nanoscale, with no fibril formation.

Due to issues with dripping and film formation, the coaxial electrospraying setup 
was isolated, and the electrospraying process was repeated using the same total flow 
rates. In the isolated setup, in all samples (at all flow rates), dripping was observed. 
However, this dripping was less than previous samples.

Isolated environment provided electrospray with much less dripping. In the 
isolated setup, dripping was observed in all samples at all flow rates, though to a lesser 
extent compared to previous samples. The isolated environment resulted in signifi-
cantly reduced dripping during the electrospray process (Figure 3).

SEM images confirmed the formation of nanospheres with a monodisperse 
distribution, and no fibril formation was observed, indicating successful encapsula-
tion on a nanoscale (Figure 4). The quantity of nanocapsules increased with the 
rising flow rate, while the particle size enlarged between 5 and 10 μL min−1. Several 
studies reported that higher flow rates produced larger particles [29–32]. Increased 
flow rates led to the ejection of more solution, leading to the formation of larger 
particles, whereas lower rates produced small, highly charged droplets, resulting in 
small particles through Coulomb fission [31]. At higher flow rates, the particle size 
remained similar. Based on the SEM analysis, a total flow rate of 20 μL min−1 was 
chosen considering the quantity and morphology of the nanocapsules.

3.2  Effects of solvent concentration

The effects of solvent concentration on electrospray were investigated. 25/75% 
water/ethanol, 50/50 water/ethanol, and 100% ethanol solvents were used to solve 
Irgasan. Electrospraying was observed in all solvent concentration. SEM images were 
captured to ensure nanocapsule formation through electrospraying (Figure 5).

Figure 1. 
Images of samples.
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Figure 2. 
SEM images of samples electrosprayed at different total flow rate.
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Figure 3. 
Images of samples in isolated environment.

Figure 4. 
SEM images of samples electrosprayed at different total flow rate in isolated environment.
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The nanocapsules displayed a spherical shape with uniform distribution and no 
fibril formation across all solvent concentrations. The solvent evaporation in electro-
spraying plays a key role for achieving particles that are monodispersed and uniform in 
size [33]. At 25/75% water/ethanol and 100% ethanol solvent concentrations, the size 
of nanocapsules was reduced; however, the number of nanocapsules was decreased 
too. Employing 100% ethanol solvent resulted in the presence of nanocapsules of vari-
ous sizes. At 50/50% water/ethanol solvent, nanocapsules were slightly larger, yet dis-
played the most uniform distribution, with the highest number observed. Therefore, 
subsequent applications were conducted using a 50/50% water/ethanol solvent.

3.3  Effects of working distance

The effect of distance between the needle and the collector on electrospraying 
was investigated. Electrospraying was conducted at four different distances as 

Figure 5. 
SEM images of samples electrosprayed at different solvent concentration.
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5 cm, 10 cm, 15 cm, and 20 cm to determine the optimum distance between the 
needle and the collector. 50/50% water/ethanol solvent was used. The total flow 
rate was set to 20 μl min−1. SEM images of electrosprayed surfaces were captured 
to ensure nanocapsule formation (Figure 6). Nanocapsules were in form of sphere 

Figure 6. 
SEM images of samples electrosprayed at various distance.
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and had monodisperse distribution without fibril formation. Encapsulation is 
achieved on a nanoscale.

SEM images in Figure 6 revealed that with increasing distance, the distribution 
of capsules became more uniform. At a distance of 5 cm, a wide size distribution was 
observed. At short distances, the solvent did not fully evaporate before reaching the 
collector, leading to an increase in particle size [34, 35]. The size has also decreased 
proportionally, but the capsules at a distance of 20 cm are so small that they cannot 
even be observed with SEM images properly. Also at 20 cm, the number of nano-
capsules was reduced. Although increasing the distance allows for longer evapora-
tion time and enhances cone-jet stability, it also results in a decrease in the electric 
field [29]. Determining the optimal distance is crucial for electrospraying. Figure 6 
shows that nanocapsules formed at a distance of 15 cm exhibited uniform distribution 

Figure 7. 
SEM images of samples electrosprayed at various voltage.
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and smaller diameter compared to those at 5 and 10 cm. This is because as the distance 
increases, drying occurs more effectively. Also at 15 cm, the number of nanocapsules 
was higher compared to those at 20 cm. Therefore, the distance of 15 cm was selected 
for optimum process parameter.

3.4  Effects of electric field

The effect of electric field on electrospray process was investigated. At this stage, 
electrospray was conducted at four different voltages as 5 kV, 10 kV, 15 kV, and 20 kV. 
Other process parameters were set as 20 μl min−1 total flow rate, 15 cm distance, 
50/50% water/ethanol solvent. SEM images of electrosprayed surfaces were captured 
to ensure nanocapsule formation (Figure 7). Electrospraying was not achieved at 
all voltages. At 5 kV voltage, only dripping occurred. However, electrospraying was 
occurred at 10 kV, 15 kV, and 20 kV. Nanocapsules were in form of sphere and had 
monodisperse distribution without fibril formation. Encapsulation is achieved on a 
nanoscale.

Voltage was known as a fundamental parameter for electrospraying 
process [33]. Lowering the voltage could result in a reduced electrical field, poten-
tially leading to the formation of non-spherical droplets. The uniform shape was 
related to higher voltage [32, 33]. According to the SEM images, nanocapsules 
formed at a voltage of 10 kV were smallest in diameter. At higher voltage the 
diameter of nanocapsules was getting larger. At 20 kV voltage, the number of the 
nanocapsules was reduced significantly. Therefore, a voltage of 10 kV is selected as 
the optimum voltage.

3.5  Effects of flow rate

The effect of flow rate of shell and core solutions on electrospraying was investi-
gated. Total flow rate was kept constant at 20 μl min−1. Coaxial electrospraying of GA/
PVA as shell and 1% Irgasan solution as core was conducted at four different core/shell 
solution flow rate as 25/75% (5–15 μl min−1) core/shell, 50/50% (10–10 μl min−1) core/
shell, 75/25% (15–5 μl min−1) core/shell, and 55/45% (11–9 μl min−1) core/shell.

SEM and TEM images of electrosprayed surfaces were captured to ensure nano-
capsule formation (Figures 8 and 9).

SEM images have shown that electrospraying was achieved with no fibrillation at 
all flow rate ratios (Figure 8). A distinctive core/shell structure was observed at all 
flow rates. The lower shell solution flow rate resulted in the failure of the shell mate-
rial to cover the core material, whereas higher shell solution flow rates facilitated 
capsule formation [36]. Xie et al. studied on encapsulation of protein inside PLGA 
(poly(DL-lactide-co-glycolide)) microparticles by coaxial electrospray and found 
that when the flow rate of the shell solution was significantly higher than that of the 
core solution, the distribution of droplet diameters tended to be more uniform [32]. 
Yet, the most uniform distribution was achieved at the flow rate 11–9 μL min−1 core/
shell ratio in this study. At 15–5 and 5–15 μL min−1 core/shell ratios, the size of the 
nanocapsules was seen smaller in diameter. However, TEM images of electrosprayed 
surfaces proved that at the 11–9 μL min−1 core/shell ratio, this flow rate gave the 
best morphology (Figure 9). Therefore, the optimum flow rate was determined 
as 11 μL min−1 for 1% Irgasan core and 9 μL min−1 for GA/PVA shell. In TEM 
images, the inner and outer phases of the formed capsules can be clearly observed 
(Figure 9).
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Figure 8. 
SEM images of samples electrosprayed at various flow rate.
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3.6  Effects of needle size

The needle size may influence the electrospraying process, particle size and 
distribution [35]. The effect of needle size on electrospraying was investigated. Four 
different needle size combinations for core/shell construction were used for coaxial 
electrospraying. By this way, flow rate ratios of core/shell solutions were changed, and 
its effect on electrospraying and nanocapsule formation were investigated. 21, 24, and 
26 G needle utilization implied a decrease in core flow rate.

SEM images of coaxial electrosprayed surfaces were captured to ensure nanocap-
sule formation (Figure 10). Electrospraying was achieved with all needle size combi-
nations. Nanocapsules were in form of sphere with no fibril formation.

Some studies found no significant relation between the needle size and particle 
size [37, 38]. Larger particles may be produced by utilizing larger needle due to higher 
flow rate [26]. The effect of the needle size was found more significant especially 
at lower flow rates [28]. At the constant flow rate, with 21–24 G and 21–26 G needle 
combinations, smaller core needle caused decrease in the size of the nanocapsules 
compared to that of 21–22 G needle combination. Also, the number of the nanocap-
sules was higher (Figure 10). 21–26 G needle combination resulted to form larger 
and less nanocapsules. TEM images of coaxial electrosprayed surfaces were captured 
to ensure nanocapsule formation (Figure 11). In TEM images, the inner and outer 
phases of the formed capsules can be clearly observed. With 22–26 G needle combina-
tion, the nanocapsules were formed at more uniform distribution.

4.  Conclusion

This study investigated the formation of nanocapsules through the coaxial elec-
trospraying method employing GA/PVA solutions for the shell and Irgasan solution 
for the core. The effects of ethanol solvent concentration, flow rate and total flow 
rate, needle size, working distance, and electric field were analyzed to see compat-
ibility these parameters on the electrospraying process. Following the electrospraying 

Figure 9. 
TEM images of samples electrosprayed at 5–15 and 11–9 μL min−1 core/shell ratio flow rate.
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Figure 10. 
SEM images of samples electrosprayed with various needle sizes.
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process, SEM and TEM images were utilized to discuss the size, morphology, and 
distribution of produced particles. Our findings revealed that the solvent concentra-
tion influenced the nanocapsule size and the distribution. At 50/50% water/ethanol 
solvent, nanocapsules were displayed the most uniform distribution, with the highest 
number observed. Furthermore, working distance and electric field play crucial roles 
in determining nanocapsule size and morphology. The electrostatic field affected the 
balance between coulombic forces and flight time, resulting in smaller particles at 
higher values up to a threshold point. Our findings also indicate that electrospraying 
distance has similar working mechanism and optimum working distance was found 
as 15 cm. The other significant outcome of our study was lower flow rate of the shell 
solution led to inadequate coverage of the core material by the shell material. As a 
result of this study, desired nanocapsules comprising GA/PVA shell and Irgasan core 
were achieved. Optimum electrospraying parameters and concentration rates were 
found to be key for achieving a well-formed shell-core structure from GA and Irgasan. 
These findings suggest that the electrospraying process of the GA/PVA-Irgasan 
nanocapsules can be a valuable reference for future encapsulation applications.
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Figure 11. 
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Chapter 5

On the Origin of Protons in
Electrospray Ionization
Yixin Zhu and Kai Tang

Abstract

In electrospray ionization (ESI), analyte molecules are protonated in the
positive ion mode to form molecular ions. However, little is known about the origin of
these protons. To investigate, an enclosed ESI ion source was used to control the
type of gas introduced into the source. First, when only inert gas such as N2 or CO2

was used, protonated molecular ions disappeared. Second, when gas phase D2O was
used, [M+D]+ became the predominant peak in the mass spectrum. However, when
gas phase H2O was used, [M+H]+ became dominant even though caffeine was
dissolved in pure D2O. Furthermore, when mixtures of D2O/H2O with different
ratios were used in the gas phase, the percentages of [M+D]+ peak calculated from the
mass spectra strictly follow the percentages of D2O in the gas phase mixture. Based
on these observations, we conclude that the source of protonation in ESI could
originate entirely from the gas phase H2O molecules, independent of the solvent the
analyte molecules are dissolved in. When pure H2O was sprayed out, protonated
small water clusters (PSWC) were formed, which comprise of a single proton
surrounded by 2 to 5 water molecules. These PSWC may have a wide range of
biological functions.

Keywords: electrospray ionization (ESI), protons, gas phase molecules, D2O, gas
phase molecules (e.g. H2O) surrounding the ESI tip, protonated small water clusters

1. Introduction

Since its introduction in 1989 [1], electrospray ionization (ESI) has become the
dominant ionization method for biological mass spectrometry, with exciting applica-
tions in proteomics, genomics, metabolomics and drug discovery. However, the fun-
damental mechanisms involved in ESI remain elusive. It is commonly agreed that
electrospray produces charged droplets [2], and droplets shrink due to evaporation
as they move along the heated capillary entrance of the mass spectrometer and
eventually result in solvent-free ions [3]. However, it is not clear how the droplets are
charged and where the charges come from. We can divide the ESI process into three
stages:

Stage I: the generation of charged droplets from a needle held at high voltage,
Stage II: the shrinkage of the droplets as they are moving along the heated

capillary, and

79



Stage III: the generation of charged molecular ions from minimized charged
droplets.

The end result in Stage III is clear—the analyte molecules are protonated, which is
revealed by the observation of [M+nH]n+ ions in mass spectrometry. Various mecha-
nisms have been proposed to describe processes II and III [4, 5], mainly based on the
charged residue model (CRM) of Dole [6] and the ion evaporation model (IEM) of
Iribarne and Thomson [7]. A chain ejection model (CEM) was also introduced by the
Konermann group to describe disordered polymer/protein ion generation from
charged droplets [8, 9]. Many excellent reviews have been published over the years
[10–12], representing a progressive view of our understanding of these two stages.

In the upstream of Stage I, the generation of charged droplets starts with the
formation of the Taylor cone and the ejection of a liquid jet from its apex. The process
has been photographed with fast time-lapse imaging [13] and comprehensively
reviewed by Fernandez de la Mora [14]. The surface of the Taylor cone is positively
charged when a positive high voltage is applied to the spray needle. It is commonly
believed that charging of the sprayed droplets originates from the excess positive
charges on the surface of the Taylor cone, which in turn originate from the acid added
as a mobile phase modifier or from electrochemical reaction at the metal surface
interfacing with the mobile phase through which high voltage is applied [15, 16].
However, the electrochemical theory of protonation in ESI was not without contro-
versy [17]. It is also known that ESI could happen without any acid modifier in the
mobile phase and regardless of solution pH [18].

In this report, we try to trace the origin of protons that forms molecular ions [M
+H]+ with analyte molecules by using D2O in solution and in gas phase. Caffeine was
chosen as a model compound as it does not have exchangeable hydrogens. Experi-
mental evidence strongly suggest that the source of protons could originate from the
surrounding gas phase H2O around the Taylor cone.

2. Methods

Caffeine, D2O (99.9%) and deuterated acetic acid (H3CCOOD, 99.0%) were pur-
chased from Shanghai Aladdin Biochemical Technology Co. Ltd. (Shanghai, China).
Acetonitrile was from Sigma-Aldrich.

Caffeine was dissolved in pure water or acetonitrile without adding any acid. The
working concentration was 1 μM. ESI was performed using a syringe pump running at
2 μl/min. An enclosed nano ESI source (CEESI ion source, Zhejiang Haochuang Bio-
tech Co. Ltd., Hangzhou, China) with carrier gas flow was used to control the atmo-
sphere around the spray tip (Figure 1). Ultra-pure N2 or CO2 was used as carrier gas.
A tubing from the carrier gas tank was fed through an inlet port of an HPLC mobile
phase bottle and reached near the bottom. The outlet of the HPLC solvent bottle was
connected to the inlet of the CEESI ion source via a low-pressure gas regulator. When
carrier gas alone was introduced, no liquid was present in the bottle. When the bottle
was partially filled with liquid, such as H2O, D2O or a mixture of them with a certain
ratio, gas phase molecules of the same kind(s) present in the vapor were introduced
into the CEESI ion source with the carrier gas. The overall gas pressure in the spray
chamber was monitored and kept at the same level throughout the experiments. The
CEESI ion source was an enclosed nano/micro flow ion source with an axial capillary
spray tip. Since the CEESI ion source was not open to the atmosphere, the gas phase
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environment around the spray tip could be precisely controlled. A Thermo LTQ linear
ion trap mass spectrometer was used to acquire mass spectra. The temperature of the
heated capillary tube in the LTQ mass spectrometer was set at 200°C, and the syringe
pump was running at 2 μl/min, unless noted otherwise. All tests were performed in the
positive ion mode, with spray voltage set at 1.05� of the threshold voltage V0, below
which there was no detectable signal in the mass spectrometer. The threshold voltage
V0 varied from tip to tip and was experimentally determined in each case. Usually, V0

was around 1.2–1.5 kV. Therefore, spray voltages were always below 1.6 kV, ensuring
no corona discharge existed around the spray tip.

For the production of protonated small water clusters (PSWC), reverse osmosis
purified water (to remove all ions) stored in water storage tank 1was pumped through
capillary array 3 using water supply pump 2 (Figure 2). The capillary array was
connected to the positive electrode of high voltage power supply 4, serving as the
anode. The tips of the capillary array were aligned with the circular holes of cathode 5,

Figure 1.
Schematic diagram of CEESI ion source used for protonation studies of caffeine.

Figure 2.
Schematic diagram of production equipment, where 1 – water storage tank; 2 – water supply pump; 3 – capillary
arrays; 4 – power supply; 5 – circular holes aligned with capillary array tips serving as cathode; 6 –water storage tank.
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which were connected to the negative electrode of power supply 4. The PSWC was
collected in water storage tank 6. The voltage of the home-made power supply 4 was
set at 10 kV, and the flow rate of water supply pump 2 was 12 ml/min.

3. Results

First, a caffeine ESI signal was established when the spray chamber was open to the
atmosphere through an open tubing. Then, the tubing was connected to an ultra-pure
N2 or CO2 tank; while maintaining the same pressure in the spray chamber, the ESI
signal dropped to zero. Disconnecting the tubing and releasing air into the spray
chamber restored the ESI signal to the previous level. A video of the process is shown
(Supplementary Video 1, https://bit.ly/3UrNDz3). These results could be obtained
regardless of whether caffeine was dissolved in and sprayed out from pure water or
pure acetonitrile. In the case of pure acetonitrile as a solvent and mobile phase, there
was no source of H+ in the solution to protonate caffeine. However, [M+H]+ was still
readily observed in the mass spectra. These observations indicated that protonation
might be related to compounds in the air, other than N2 or CO2.

Next, caffeine dissolved in D2O (without adding any H2O or acid) was used for ESI
while the ion source was opened to the atmosphere through a tubing. [M+1]+ was
observed as the predominant peak, and the relative intensity for the [M+2]+ peak was
about 13% (Figure 3c). Compared to the standard caffeine spectrum when H2O was
used as a solvent (Figure 3b), the relative peak intensities for the [M+2]+ peaks were
very similar, close to the theoretical natural isotope abundance of protonated caffeine
(Figure 3a). However, when D2O was introduced in the gas phase while pure water
was used as a solvent for caffeine, then [M+2]+ became the dominant peak in the mass
spectrum (Figure 3d), presumably representing ionization through protonation by
adding one D+ to the caffeine molecule, forming [M+D]+.

Similar results were obtained when caffeine was dissolved in pure acetonitrile and
sprayed out while the chamber was filled with air or with ultra-pure nitrogen gas
carrying D2O (Supplementary Video 2, https://bit.ly/3UrNDz3). When the ion
source was open to the atmosphere through a tubing, [M+1]+ was observed as the
dominant peak, and [M+2]+ was at 11%, representing natural isotope distribution.
When the tubing was connected to the ultra-pure N2 source carrying gas phase D2O,
the [M+2]+ peak increased rapidly to be the dominant peak, while the [M+1]+ peak
decreased to <10%, probably due to a trace amount of air coming from the incom-
plete seal of the ion source. The [M+3]+ peak was presumably due to the natural
isotope distribution in caffeine.

Furthermore, a mixture of D2O/H2O with a known molar percentage of D2O
ζ = D2O/(H2O + D2O) was used in the solvent bottle, and its vapor was carried by
either N2 or CO2 gas to the spray chamber. A typical mass spectrum obtained is shown
in Figure 2b.

The intensity of each isotope peak can be expressed as

M1 ¼ Aþ β ∗B (1)

M2 ¼ Bþ α ∗A (2)

where A is the peak intensity contributed from the monoisotopic peak of [M+H]+,
B is the peak intensity contributed from the monoisotopic peak of [M+D]+, α is the
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percentage of the second isotope peak intensity relative to A and β is the percentage of
[M+H]+ peak intensity relative to B when no H2O is used in the mixture (ζ = 100%,
Figure 4c). The existence of a small β may represent an incomplete seal of the ion
source and a trace amount of H2O in the D2O sample. The value of α can be obtained
theoretically (10.67%, Figure 3a) or experimentally when no D2O was used in the
mixture (ζ = 0%, Figure 4a). The value of β was determined experimentally to be
9.35% (Figure 4c).

From Eqs (1) and (2), A and B can be written as

Figure 3.
Isotope profile of charged caffeine molecules. a. Simulation of natural isotope abundance of [M+H]+ using MS-
Isotope. While the m/z of the dominant monoisotope is normalized as 100%, the monoisotope +1 peak is at about
11% of the maximum. b. Measured isotope profile of [M+H]+ when caffeine was dissolved in H2O and the gas
phase molecule was air. c. Measured isotope profile when caffeine was dissolved in D2O and the gas phase molecule
was air. d. Measured isotope profile when caffeine was dissolved in H2O and the gas phase molecule was D2O.
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A ¼
M1� βM2

1� αβ
(3)

B ¼
M2� αM1

1� αβ
(4)

The percentages of D2O in the mixture can be calculated from the mass spectra as

ζExp ¼
B

Aþ B
¼

M2� αM1

1� αð ÞM1þ 1� βð ÞM2
(5)

We tested molar percentage of 25%, 50% and 75% D2O in the gas phase mixture
using either N2 or CO2 as carrier gas. The experimental values of ζExp were obtained by
using Eq. (5) and listed in Table 1. The results showed that they faithfully reflected
the molar percentage of D2O in the original solution.

When caffeine was dissolved in pure acetonitrile, there were no H2O molecules
in the liquid phase, nor did there exist any liquid phase molecules that could provide
H+. These results strongly indicated that the gas phase water molecules around the
spray tip provided the only source of protonation in ESI, at least in the current
experiment setup.

Using the same experimental setup, when pure water (after reverse osmosis to
remove all ions) was used for ESI, the protons from the surrounding air would
protonate water molecules. Normal water molecules exist as clusters [H2O]n, where n

Figure 4.
Isotope profiles of charged caffeine molecules dissolved in pure acetonitrile when mixtures of H2O and D2O with
different molar ratios were used in the gas phase. a. Isotope profile when only H2O was used. α represents the
percentage of the second isotope peak intensity relative to the monoisotope peak A0. c. Isotope profile when only
D2O was used. β represents the percentage of the remnant [M+H]+ compared to the [M+D]+. b. Isotope profile
when a mixture containing ζ molar percentage of D2O was used. M1 and M2 are the measured intensities of the
first and second isotope peaks, respectively, and A is the peak intensity contributed from the monoisotopic peak of
[M+H]+ and B is the peak intensity contributed from the monoisotopic peak of [M+D]+.
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ranges from 2 to �100. In order to minimize the influence of high temperature on the
integrity of clusters, the temperature of the heated capillary tube in the LTQ mass
spectrometer was set at 30°C. The mass spectrum is shown in Figure 5. Protonated
small water clusters [H2O]n, where n = 2, 3, 4 and 5, were observed. No protonated
clusters where n ≥ 6 were found.

Due to the protonated nature of the small water clusters, they could serve as a
carrier for protons to neutralize negative reactive oxygen species. In order to further
test their utility, a high-throughput production device was built according to Figure 2.
The collected protonated small water clusters were then tested with a pH paper and a
pH meter. The measured pH values were 7 and 4.67, respectively. This indicated that
the protonated small water clusters were chemically neutral but had an H+ concentra-
tion of 10�4.67 mol/L. As a control test, the reverse osmosis-purified water before
going through the ESI process was also tested with the same pH paper and pH meter.
The measured pH values were 6.5 and 5.94, respectively. When the collected

N2 CO2

ζ 0% 25% 50% 75% 100% 0% 25% 50% 75% 100%

M1 100% 100% 100% 42.57% 9.35% 100% 100% 97.86% 38.66% 6.43%

M2 10.56% 42.50% 100% 100% 100% 10.35% 42.75% 100% 100% 100%

α 10.56% 10.35%

β 9.35% 6.43%

ζExp 0% 24.96% 49.66% 74.19% 100% 0% 24.99% 49.57% 74.87% 100%

Table 1.
D2O molar percentages calculated from the mass spectra (ζExp) using Eq. (5) when mixtures of D2O/H2O with
different D2O molar percentages (ζ) were used in the gas phase.

Figure 5.
Observed ESI mass spectra of pure water, indicating the presence of protonated dimer, trimer, tetramer and
pentamer water clusters.
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protonated small water clusters underwent multiple rounds of ESI, the
pH value measured by the pH meter could go as low as 2.39, while the pH strip still
gave a pH of 6.

The stability of the protonated small water clusters was also tested by boiling and
maintaining the boiling temperature for 5, 10, 15, 20, 25 and 30 min. After cooling
down to room temperature, their pH values were again tested with the same
pH meter. The obtained values were 4.64, 4.62, 4.62, 4.62, 4.61 and 4.61, respectively.
The protonated small water clusters were stored in plastic water bottles and tested
repeatedly during a 2-year period. No significant change in pH values was ever found.
These indicated that the protons were well-protected in the protonated small water
clusters and stable under heating and over a long period of time.

4. Discussions

In many previous publications, pure N2 was used as carrier gas or curtain gas in the
ESI ion source. However, no signal quenching was ever reported. We attribute this to
the atmosphere-open ESI ion source used. With an open source, there was no way to
guarantee that there were no H2Omolecules from the air still existed around the spray
tip. In our setup, as the CEESI source was an enclosed ion source, we could effectively
remove any remaining water molecules inside the ion source by using inert gases.
Therefore, the quenching of the ESI signal was observed when ultra-pure N2 or CO2

gas was introduced.
We used the lowest spray voltage possible inside the CEESI source, which was

500–1000 V lower than that normally used for an atmosphere-open ESI source. This
ensured that corona discharge did not occur in the CEESI source.

Based on our results, we believe the evidence is strong pointing toward that the
source of protonation in ESI can originate from the gas phase molecules (e.g., H2O)
surrounding the ESI tip. More work is needed to determine how the gas phase H2O
could provide the H+ for protonation in ESI.

Here, we propose one possible model in which the H+ ions in the spray chamber
come from the gas phase molecules (e.g., H2O) surrounding the ESI tip due to field-
induced cleavage of the O-H bond, while ESI droplets leaving the Taylor cone were
neutral but polarized. The H+ ions near the Taylor cone attach to the negative poles of
the polarized droplets and eventually provide the source of protonation to the analyte
molecules.

Is it reasonable to assume that the electrical field around the Taylor cone is strong
enough to break the O-H bond in H2O? Considering the capillary with high voltage in
front of the mass spectrometer inlet, the required voltage for the onset of electrospray
is given in [19]:

Von≈2� 105
γRcð Þ

1
2 ln

4d

Rc

� �

(6)

where γ is the surface tension of the solvent, Rc is the outer radius of the spray
capillary and d is the distance between the spray tip and the counter-electrode. In our
setup, γ = 0.073 N/m for H2O, Rc ¼ 12:5 μm and d = 1.0 mm; therefore, Von = 1.1 kV,
which matches well with our experimental value.

The electric field at the tip of the Taylor cone is [20, 21]:
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Ec≈
2Vc

rc ln 4d=rcð Þ
(7)

Here, rc is the radius at the tip of the Taylor cone, not the Rc of the capillary. It is
known that rc can be 100 nm [22] or even less [23]. In our case, we estimate rc is on the
order of 100–600 nm. Therefore, Ec ¼2.1 � 109 V/m to 4.16 � 108 V/m. And, the
electric field energy density is:

We ¼
1

2
ε0E

2 (8)

Here, ε0 = 8.85 � 10�12 C2/Nm2. Therefore, We ¼1.9 � 107 J/m3 to 7.7 � 105 J/m3.
On the other hand, if we assume the gas phase H2O in the spray chamber is ideal

gas, we have:

PV ¼ nRT (9)

where P is the vapor pressure, V is the volume of gas, n is the mole number, R is
the ideal gas constant (8.314 Pa m3 mol�1 K�1) and T is temperature. At room
temperature of 298K (25°C), the vapor pressure of H2O is 3173 Pa. Therefore, its
concentration can be written as:

n

V
¼

P

RT
¼ 1:28 mol=m3 (10)

The O-H bond energy is 464 kJ/mol. So, the energy density to break the O-H bond
must be larger than

4:64� 105 J

mol
� 1:28

mol

m3
¼ 5:94� 105 J=m3: (11)

Therefore, the electric field energyWe is more than enough to break the O-H bond
and produce H+.

If this model of ionization is correct, we may be able to find other molecules
containing the X-H bond which has lower bond energy than the O-H bond. This
would facilitate the release of H+ and increase protonation efficiency in ESI.

This mode of ionization is also compatible with other experimental phenomena
observed in ESI, such as ion suppression caused by charge competition and the lack of
dependency on mobile phase pH.

Our results here do not rule out the possibility that electrochemical reactions at the
electrodes provide the protons in an ESI setup. In reality, multiple ionization path-
ways may co-exist in a given set of experimental conditions. More studies are certainly
needed to determine which pathway is more dominant under normal ESI conditions.
Nevertheless, realizing the source of protonation could come from the gas phase is
particularly important not only for ESI mechanism studies but also for finding new
ways to improve the analytical detection sensitivity of ESI by introducing novel gas
phase molecules to enhance protonation efficiency.

Realizing this new method of protonation mechanism, we have also discovered
protonated small water clusters. The possible structures of these protonated small
water clusters are shown in Figure 6. These protonated small water clusters are
thought to comprise one single proton surrounded by 2, 3, 4 or 5 water molecules.
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This may explain the observed stability of the protonated small water clusters, as the
protons are well-protected at the center of the clusters.

The protonated small water clusters were found to have an anti-inflammation
effect in a series of animal model tests [24] and may have other biological functions.
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Proposed structures of the protonated small water clusters.
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