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Preface
One important unit operation used in numerous industrial processes is the drying; this is
recognized as the leading industrial consumer of energy derived from fossil fuels in many
countries. The drying process involves reduction of moisture content contained in a solid
material by removing water under controlled conditions. As standard of living rises in the
world, energy usage for drying operations will rise along with the demand for energy effi‐
cient, environment-friendly and cost-effective drying technologies, which will continue to
increase in the world. Sustainability should be a key component of this process of produc‐
tion, safeguarding resources and reserves for future generations. Moreover, because fuel pri‐
ces are in constant rising, it is important and necessary for developing sustainable drying
technologies to take advantage of the fuel efficiently through innovative ideas.
In fact, the fast growth in energy consumption for drying will increase at a velocity more
rapid in the world, in particular, in the large economies. The primary goal of this book is to
make useful technical literature available for particularly those who have little access to ex‐
pensive books and journals. Researchers, students and faculty members can use this book
for teaching purposes as well as for technical and industrial needs. Contributors of this book
have tried to put their ideas in simple terms without sacrificing quality to cover the state-ofthe-art and future directions in sustainable drying technologies.
This interdisciplinary and comprehensive volume, consisting of five chapters, covers a sur‐
vey of trends in sustainable drying technologies for the development of functional foods,
spray drying of juice, thermostability of freeze-dried for plants and evaporative drying of
low rank coal. After reading this book, I am certain that you will find justified reasons to
start your own personal and social awareness campaign in favour of these effective technol‐
ogies to science, technology and engineering of drying.
To have a broader picture about sustainable processes, in this book, the first chapter pro‐
vides a simple and convenient introduction to the basic principles and terminology of the
drying, in addition to classification, details on commonly used dryers and new develop‐
ments in drying.
The second chapter contains detailed information about some measurements taken by the
food industry to ensure the supply of essential nutrients to as many individuals as possible
assuring the global sustainability. More specifically, the contribution of some drying techni‐
ques is employed in the development of functional foods to increase the sustainability of the
feeding process.
The powders obtained from drying of fruit juices, honey and lactose are examples of sticky
products. These products are difficult to dry in a spray dryer under standard conditions due
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to high sugar content (sucrose, glucose, lactose and fructose) and organic acids (citric, malic
and tartaric acid). With this background, the third chapter describes the effect on the use of
atomizers (nozzle and rotatory disc) and drying temperatures during spray drying of Opun‐
tia xoconostle juice on microstructural, functional and physicochemical properties of the
product obtained.
In the fourth chapter, we talk about the most effective parameters on evaporative coal dry‐
ing process with data in the recent literature open to the authors. Effective parameters are
evaluated in three categories, as follows: (1) parameters about drying media, (2) coal param‐
eters and (3) drying method. Effective parameters about drying media are type of media,
temperature, pressure, velocity and relative humidity. Different coals in varying sizes are
investigated in the section of parameters about coal. Finally, drying methods used in the
literature are studied. The main aim of this chapter is to summarize the recent studies on
LRC drying and to investigate most effective parameters on drying.
Finally, in the last chapter, we make a description of the analysed and optimized stages of
the sation lyophilization parameters and material formulation, based and heavily confront‐
ed with current state of knowledge, including so far rare reports of sation lyophilization of
plant materials containing other antigens, both at the initial stage and during further re‐
search. We present a comprehensive view on the development process and main problems,
which we faced during our work regarding lyophilization, associated processes and repro‐
ducibility factor. During establishing parameters of drying process, different proteins re‐
quire unique approaches. This chapter should give a significant insight into practical aspect
of designing successful parameters for material that is not widely used but gains attention.
Therefore, it should pose a valuable tool and source of knowledge for future freeze-dried
bioproducts.
I believe this book is suitable for self-study by engineers and scientists trained in any disci‐
pline and so as for the readers who have some technical background. It should also be help‐
ful to industrial users of dryers and dryer manufacturers. The topics chosen are designed to
give readers a quick practical overview of the sustainable drying without going into deep
mathematical or theoretical considerations. I hope that this book will be useful to research‐
ers working in many drying process.
Dr. Jorge del Real-Olvera
Environmental Technology, Centre of Research and
Assistance in Technology and Design of the State of Jalisco, (CIATEJ),
Guadalajara, Mexico

Chapter 1

Introductory Chapter: Principles of Sustainable Drying
Jorge del Real-Olvera
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/64614

1. Historical background
Currently in many industrial processes, removal of water or residues of different finished
products can pose a serious technical, economic and environmental problem. To solve this, the
unit operation of “Drying” is employed. This operation is the world’s oldest method for
preserving food, elaborating building material, producing pigment and drying animal skins.
In the past centuries, people in the near East kept fruits by wrapping them in dried palm leaves
and burying them in hot sand to dry. Moreover, people in the Arctic made deposits with the
surplus of walrus meat, “freeze dried” it by piling up stones away from their home to avoid
predators from devouring it. Native Americans in the northern parts of the United States had
employed the smoke from fire for drying meat, herbs, vegetables or fish through recirculation
of hot air.
For many years, the Indians in Peru dried potatoes with a simple but effective process. In the
first place, the material was frozen all night outdoors and the next day, the potatoes were fast
thawed, with that the moisture content remaining in the material boiled down. Then, they airdried the potatoes until crisp enough to be stored. Almost everywhere in the world, people
have utilised different food-drying methods in order to save food from one season to the next,
be it grains, meat, fruits, or herbs among others.
Over time, people in different cultures perfected drying wild and cultivated foods. For
example, The Greeks and Romans dried peas and grapes successfully. The Persians learned
how to preserve apricots and melons. The Chinese and Japanese were clever at the art of food
preservation, cured fish and sea vegetables. Mongolian explorers, en route to Europe, packed
bundles of dried milk products to sustain them on their long journey [1].
Across time, the process of drying fish and meat has supplied for many people around the
world the proteins necessary to live. In other times, the ancestors dried foods and conserved
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these for years and years, without the advantage of refrigeration. In fact, the most commonly
dried foods were different fish and meat. Ironically the fish is one type of food most difficult
to dry, because of its ease for sheltering bacteria in the products without treatment.
Ancestrally, different meats like fishes were treated with curing salt or a brine solution, which
helps remove water out of the meat. Finally, fish and meats were treated with smoke for a
smoking process [1].

2. Basic theory of drying
The efficient employment of energy in the drying process, the reduction in cost and the
minimum impact on the environment are aspects enormously lucrative for the industry.
Accordingly, recently a considerable number of reports have been developed around the
theme of sustainable drying in both industrial and academic areas. Sustainable drying is
intrinsically a multidisciplinary field, which has a very extensive demand in areas such as
agriculture, chemical, food, textile, building, tannery and other applications. For understand‐
ing this, an optimal knowledge of the three phenomena of transport and suitable knowledge
of science of materials are required, because the principal priority is not solely to conserve the
energy but, furthermore, to achieve a better product quality through a sustainable drying
process [2].
Sometimes it is necessary that products meet some specific requirements after the drying
process, like size of the product, free movement or dust free, resistance, particle size distribu‐
tion, solubility or preservation of active component. As a result, the selection of an adequate
process of drying and the design of dryer has a big influence over the quality, shape, size and
moisture content of the final product [3].
Because of these, sustainable drying has been a significant part of research since the decade of
1980s. Many studies about sustainable drying generally have two important components: one
is the drying theory, which treats the analysis of the three phenomenon of transport, and the
other one, the drying equipment, which has the objectives to design, optimise and fabricate
dryers based on the last theory. The drying phenomenon can be defined as a simultaneous
process of transfer in momentum, heat and mass, where the end result is the elimination of
humidity from the desired products to reduce the water content in them [4].
It is well known that the drying takes place principally through two mechanisms: the move‐
ment of humidity from the interior of a material to the outside and the evaporation of humidity
from the hot surface of a material to the surrounding. The transport of water are intimately
related to some external factors like humidity, pressure, the nature and type of the exposed
surface, temperature, and flow velocity [5–7].
Due to its complexity, the investigations on drying are still an area of interest to numerous
researchers all over the world. The principal motivation in many of these projects of research
in drying is to define the influence of the external factors over the process. The understanding
of the drying process with all detail is needed for the design precise of equipment employed
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scientific principles, maintaining the quality of the product and energy optimization, but
overall from a viewpoint sustainable [8–11].
Despite the increase in the number of studies and technological developments, drying process
is nowadays an exclusive area to be studied in detail and extensively by technicians and
researchers. It is necessary maintain efforts to make the drying process be more clear for all
the people; however, this is a complicated physical phenomenon and is not easy to establish
the design and control of the equipment and support the product quality. The employ of
knowledge in thermodynamics and transport phenomena for the description of equilibria and
kinetics drying is between the modern challenges for the research in this field [12].

3. Classification of drying methods and equipment
In general, the drying methods have been arranged and diversified according to the specific
necessities of each product. The drying process takes place in different forms and employs
diverse types of equipment, depending on the requirements stipulated by the consumer. As
seen in Table 1, the equipment for drying can be operated fundamentally with two big modes,
which are commonly designated as continuous and batch, depending on operation type.
Though the procedure in continuous is most technical and practicable, the dryers in batch are
most commonly employed, especially when the control of quality or considerations of health
are important factors. This class of process is seen in the pharmaceutical and food industries
[12].
The drying in batch is a chemical process and usually preferred when different materials are
handled in the same unit of drying, or when the drying is extensive and difficult and in which
batch system is placed downstream and upstream, for example, dried wood, brick, among
others. The principal difficulty of a system in batch is that the development does not reach a
steady state and this causes continuous changes in the operative function [13].
In contrast, a continuous system needs less work, space and energy. This guarantees a
supplementary uniformity in the dried product at an inferior cost than a batch system of
identical capacity. Sustainable drying has many forms depending on specifications in the
products and the use of various types of equipment. Depending on the type of heat applied,
drying system involves two basic methods: non-adiabatic and adiabatic. The heat of vapori‐
sation is supplied by the sensible heat in contact with the material to be dried in the adiabatic
processes, whereas in non-adiabatic system, evaporation heat is proportionate only by radiant
heat or by heat transported through the walls in interaction with the product [12].
The heat applied during the drying can be studied in four different types: convective, radiative,
conductive and dielectric. In the process where heat is applied by conductive, heat transfer
proceeds if there exists a gradient of temperature in a solid and necessary heat is acquired from
a heat source like an electric heater. Usually, direct contact takes place between the heat
generator and the target tissues. The heated gas is dispersed into the dryer by means of a fan
for help the drying process through evaporation. The word convection is used to describe the
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transfer of heat energy from some gas or air to liquid, solid or gas. The acquired heat in the
gas stream is occupied to evaporate humidity from a surface. The phase used for eliminating
the evaporated humidity also makes use of gas stream as a transport.
Judgement

Categorization

Type of operation

Batch
Continuous

Type of heat applied

Radiation
Convection
Conduction
Intermittent, continuous dielectric
Adiabatic or non-adiabatic

Movement of the material in dryer

Moving
Stationary
Dispersed
Agitated

Pressure of operating

Atmospheric
Vacuum

Medium of drying

Air
Combustible gases
Superheated stream

Temperature of drying

Under boiling temperature
Over boiling temperature
Lower freezing point

Movement between medium and solids

Mixed flow
Counter current
Co-flowing

Stages employed

Multiples stages
Single stage

Time of residence

Long
Medium
Short

Table 1. Categorization of drying methods and equipment [3, 12].
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Chapter 2

Thermostability of Freeze‐Dried Plant‐Made VLP‐Based
Vaccines
Marcin Czyż and Tomasz Pniewski
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/63503

Abstract
Freeze-drying or lyophilisation is a technique commonly used for pharmaceutical
products, in which stability is required to be preserved beyond 4°C temperature.
Although lyophilisation is a well‐established method, designing a sustainable process
for a new product is still to a large extent subjected to empirical practice and often
requires trial and error approach. Moreover, even successful lyophilisation of the
product may not assure its good long‐term storage stability, and progressive decrease
in activity may still be encountered. In the past decades, numerous studies have been
conducted in the area of protein instability and preservation during lyophilisation and
long‐term storage. Many critical issues have been identified with regard to physical and
chemical instability of proteins in the solid.
Our research effort was focused on designing the prototype oral plant‐made vaccine
against hepatitis B virus (HBV), which is based on expressing viral surface antigens:
small, medium and large (S‐, M‐ and L‐HBsAg), assembled into virus‐like particles
(VLPs ) in lettuce plants. We describe in detail the process of developing a freeze‐
drying protocol facilitating successful processing of plant tissue containing particular
HBsAg antigens, while preserving their VLPs structure and immunogenicity. The
processing of all HBsAg proteins was investigated, yet the research was focused on S‐
HBsAg as the basic structural antigen and the main viral immunogen, applied in
commonly used preventive anti‐HBV vaccines. Each lyophilisation step was consecu‐
tively evaluated. Protective excipients, freeze‐drying profile, associated processes and
long‐term storage were investigated to select the most effective conditions. Finally,
sucrose demonstrated appropriate properties as a lyoprotectant and the profile of 20°C
for 20 h for primary and 22°C for 2 h for secondary drying, as well as nitrogen
atmosphere for long‐term storage, enabled to maintain S‐HBsAg VLP structure and
antigenicity.
The preservation of native and immunogenic S‐HBsAg in plant‐derived preparation
was confirmed during mouse immunisation trials when the orally administered
preparation was used as boosting and elicited an immune response comparable to
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routine injection vaccination. Obtained results provided basis for an efficient freeze‐
drying process that in the future can be utilised for the purpose of a suitable oral plant‐
derived vaccine against HBV. On the example of anti‐HBV oral vaccine, this chapter
presents comprehensive view on the development process and main problems, which
can be faced during work on freeze‐dried products containing bioactive proteins of
plant origin. A significant insight into practical aspect of designing successful
parameters for material that is not widely used, but gains attention, was given.
Keywords: Freeze-drying, excipient, long‐term storage, neutral atmosphere, plant‐
made oral vaccines, plant tissue, thermostability, HBsAg, VLPs

1. Introduction
The original concept of plant oral vaccines dates back over 20 years. Some of the first and
flagship research projects were studies on vaccines against hepatitis B virus (HBV).
To date, the epidemiological situation connected with HBV around the world, particularly in
developing countries, has not improved markedly [1, 2]. The first attempts at providing a
solution to this problem by oral vaccination were based on the idea of immunisation through
consumption of raw tissue of transgenic plants expressing HBV surface antigens (HBsAg).
However, despite some encouraging results [3–8], as induction of a specific humoural response
[9], it was soon outlined that the future oral vaccine cannot be founded on unprocessed raw
plant material [10, 11]. A practical application of fresh plant material in the form of a medication
would present a number of problems in both the distribution and the application itself. Limited
durability, uneven antigen content throughout the harvested biomass and fostering oral
tolerance acquisition were only some of the major forecasted problems. Therefore, the original
concept evolved from plant‐based ‘edible’ vaccine to orally delivered lyophilised preparation.
However, freeze‐dried formulations facilitate elimination of complex material purification,
size reduction and better stability during storage, as well as easy handling and a controlled
administration regime, including dosage and short‐duration delivery. This was highly
attractive with regard to priorities of efficacious, cost‐effective, and reliable mass hepatitis B
vaccination programmes in developing countries [1, 2, 12, 13]. Preliminary trials confirmed
that freeze‐dried material containing the small surface antigen of HBV (S‐HBsAg) without
exogenous adjuvants induced a systemic immune response above the nominal protective titre
in mice. Nevertheless, lyophilisation of plant material required further investigation, since 90%
degradation of S‐HBsAg and other surface antigens—medium and large (M‐ and L‐HBsAg)
in the specific immunogenic form assembled into virus‐like particles (VLPs )—was observed
during that process [10, 11].

2. Basics of protein lyophilisation
Freeze-drying or lyophilisation is widely used to preserve biologically active proteins and
polypeptides, including biopharmaceuticals, which are physically and/or chemically unstable
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in aqueous solutions [14]. While it is a well‐established method, commonly used for pharma‐
ceuticals, it continues to be subjected to empirical practice in terms of its optimisation or
adaptation to new candidates [15, 16]. This method has great potential for improving the
stability of labile substances, especially proteins [17] and liposomes [18, 19], and also generates
physicochemical stresses, which can denature proteins to various degrees. In addition, even
after successful lyophilisation, the obtained product may still have a limited long‐term storage
stability. To preserve protein from denaturation caused by freezing (cryoprotection) and/or
dehydration (lyoprotection), a stabilising excipient(s) may be used, in parallel to establishing
optimal process profile [15, 17, 20].
Freeze-drying is a complex process involving several steps and depending on various factors.
Each of them can have a direct or indirect impact on the efficiency of the process, which is
defined as preservation of a protein in the biologically active form. In order to achieve high
efficacy, both lyophilisation parameters and material formulation must therefore be carefully
optimised. In general, a freeze‐drying process comprises three stages, namely freezing
(material solidification), primary drying (ice sublimation) and secondary drying (moisture
desorption). Efficiency of a freeze‐drying cycle depends on process variables, such as cooling
rate, shelf temperature and duration, combined with the presence of protective additives [16,
17, 20].
A variety of substances are used as effective formulation excipients for their cryoprotective
and/or lyoprotective qualities, among which sugars and polyols are the most common [16,
17]. These can serve both as the amorphous phase protecting an active agent and as a bulking
component providing desired physical properties of a lyophilised solid, sometimes expressing
those abilities in parallel.
Mechanisms of protein preservation in the dry state are still not sufficiently understood to
explain and predict the stability after a protein loses its hydration shell [21, 22]. There are two
main hypotheses that provide some explanations of protein stabilisation during lyophilisation
and subsequent storage in a dehydrated state. The first is the water substitute hypothesis [23–
25], and the other is the glass dynamics hypothesis [26]. However, neither sufficiently explains
all the observed aspects of freeze-drying.
The water substitute hypothesis assumes that physical denaturation of a protein is inhibited
according to the principles of thermodynamics. Preservation of hydrogen bonds maintains a
low value of free energy and thus protects the native protein structure. During drying,
substances, such as sucrose or polyols, can form hydrogen bonds by their hydroxyl groups at
specific locations on the surface of a protein, substituting removed water and stabilising a
protein [17, 27]. Thermodynamic stabilisation is ensured by maintaining balance between
native conformation and the unfolded structure. A stabiliser increases the free energy of
unfolding of a protein and thereby shifts the equilibrium towards its native, more stable state.
The glass dynamics hypothesis assumes that a stabilising agent forms a glassy matrix with
very high viscosity, which extremely reduces molecular mobility. This glass is formed by
substances, such as sucrose or mannitol, which do not or only partially crystallise during the
solution cooling process. The point at which a dissolved substance (liquid state) passes into a
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glass with a very high viscosity is referred to as glass transition temperature (Tg). However,
this conversion is not considered as a physical phase transition [28]. In contrast to crystallisa‐
tion, the glassy state preserves an interaction between the excipient and the protein, thus
allowing limited mobility to be extended to a protein and consequently significantly slowing
degradation processes. However, at temperatures above Tg, the system may enter into a more
mobile state. If a specimen is maintained in this state for a sufficient time, irreversible degra‐
dation may occur especially in the case of complex structures such as proteins. Therefore, glass
transition temperature is also referred as collapse temperature (Tg) and during freeze-drying
the temperature of a given formulation must be kept below its specific Tg'. Selected excipients
may increase collapse transition temperature and thereby enhance stabilisation of a formula‐
tion during both freeze-drying and storage [29].
In the first stage of the freeze‐drying process, a material must be frozen, which facilitates
immobilisation of solution components and prevents foaming during the vacuum stage [30].
It also facilities the formation of a structure of ice crystals in the frozen mass, which will directly
determine the rate of subsequent sublimation and the final morphology of a dried product.
Water crystallisation does not occur at the same time throughout its entire volume but
progresses from nucleation sites and forms ice crystals. Since water crystallises in the form of
pure ice crystals, it causes condensation of the remaining solution. Also, at this stage, an
interaction forms between the lyophilised protein and protective excipients. A glassy state is
created by the immobilised protein with established direct hydrogen bonds. Also, freezing has
a direct impact on drying rate. Creation of large ice crystals, and thus, a highly porous product
facilitates easy migration of water vapour from the product and is achieved by relatively slow
freezing (0.2–1.0°C/min). Fast freezing produces small ice crystals, hindering the release of
vapour from ice and thus limiting heat loss, which leads to overheating and product collapse
[21, 31, 32]. However, slow cooling promotes inactivation of dried proteins due to their
prolonged exposure to high local concentrations of different chemicals, pH shift, phase
separation or cell membrane dehydration as liquid water is transformed into ice crystals [33–
35].
With the progress of cooling, the formed material reaches the point, at which its entire volume
is solidified. Typical lyophilised formulations are not subject to crystallisation of all compo‐
nents during freezing. Active proteins and added protective substances remain in a non‐
crystalline, glassy form, which allows them to interact.
Annealing is an optional step often included after freezing and before drying. It is performed
by raising the temperature of a formulation after it is completely frozen and maintaining it for
a specified period [33]. This step is used for the recrystallisation of all the components that
were not completely solidified during freezing. Leaving a pool of ingredients in the glassy
state may lead to their spontaneous crystallisation during drying or subsequent storage, which
in turn may result in the release of free energy and hence plasticise the glassy phase comprising
the excipient and processed protein. However, sometimes the annealing process may also lead
to crystallisation of the amorphous protective component, which will result in the elimination
of interactions with stabilised protein and its subsequent inactivation [17]. Annealing is also
used to convert the ice structure into large crystals, which improves the sublimation rate,
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resistance to temperature and ensures a more uniform crystalline structure of the entire dried
batch.
Drying, the next step of lyophilisation, consists of two stages: primary and secondary drying.
The primary stage begins with lowering the pressure in a lyophiliser chamber below the limit
of the water triple point, which allows sublimation to start. The optimum pressure range in
the chamber is 0.15–0.2 mbar, while fluctuations in this range have little effect on drying
efficiency [36, 37]. Lowering pressure below a certain point may even decrease sublimation
rate, as high vacuum will isolate the product from the heated shelf and limit heat transfer
needed for evaporation [14]. A significant increase in the sublimation rate and shortening of
the process duration are achieved almost exclusively by increasing sample temperature.
Hence, optimisation of process conditions at this stage focuses mostly on determining a
maximally high shelf temperature, but avoiding melting or collapse of a product, leading to
the loss of its activity. The end of primary drying is indicated by an asymptotic increase in
product temperature up to the temperature of the lyophiliser shelf [38]. At this point, all
crystallised ice is removed, and the remaining water content of about 5–30% in the product is
in the form of the hydration shelf or water structurally bound to a polypeptide [39].
In contrast to primary drying with a high‐intensity vapour flow, the secondary stage is much
less effective, removing about 5–10% of total moisture in a sample, but it takes 20–40% time of
the whole process. At this step, remaining moisture is removed in response to an elevated shelf
temperature and application of intense vacuum [20]. Although the chance of collapse or
degradation of a sample is much lower than that for primary drying, it is still possible.
Moreover, complex formulations, such as proteins, often require a certain level of residual
moisture to ensure good stabilisation of their structure (even up to 5–7%), but in some cases,
a very low water content (max. 0.1%) is needed. Therefore, the length of secondary drying is
determined by the nature of the product itself [40, 41].

3. Initial lyophilisation trials of plant tissue containing S‐, M‐ and L‐HBsAg
The first stage of studies on a plant‐derived oral vaccine against HBV was to investigate the
stability of viral surface antigens: S‐, M‐ and L‐HBsAg contained in lettuce leaves during
lyophilisation process. The surface proteins are encoded by a common gene with three
autonomous start codons within the same reading frame. Therefore, all proteins contain the
common and the largest domain S, which alone consists of S‐HBsAg, and carries additional
preS domains at its N‐terminus: preS2 in the case of M-HBsAg, while L‐HBsAg has preS2 and
preS1. The S domain/protein once synthesised, dimerise by hydrophobic and disulphide
bonds. Dimers are basal structural units of the HBV envelope and they also can self‐assembly
into VLPs , both naturally and in artificial expression systems. Hydrophilic preS domains are
orientated to the outside of the virions or natural VLPs , consisted of S‐ and other HBs antigens
in various proportions. Naturally, M‐ and L‐HBsAg solely do not self‐assemble into VLPs ,
although such recombinant VLPs can be obtained to some extent.
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The plant material for lyophilisation was harvested from transgenic plants stably expressing
individual HBV antigens and divided into three groups on the basis of their expression level:
‘low’, ‘medium’ and ‘high’. This categorisation aimed to determine the effect of the initial
antigen content, including the behaviour of VLP‐formed antigens, on process efficiency. Since
the accumulation of particular antigens varied significantly, respective expression groups
were different. In the case of S‐HBsAg, the ‘low’ group was <2 μg of the antigen per g fresh
weight (FW), ‘medium’ 2–10 μg/g FW and ‘high’ >10 μg/g FW, respectively, and for M‐HBsAg,
the cut‐off points were <2, 2–4 and >4 μg/g FW and for L‐HBsAg: <1.5, 1.5–3 and >3 μg/g FW,
respectively.
Pilot variants comprised untreated material, directly harvested from plants and plant tissue
soaked with three excipients, such as sucrose, mannitol and glycerol, at a concentration of 500
mM. Sucrose was selected due to its high efficiency and extensive use in freeze-drying,
mannitol as an agent with the potential to form crystals as a rigid structure supporting the
glassy phase formed by plant tissue proteins, and glycerol due to its low molar mass and a
small molecule size, which could promote its tighter interaction with the tested antigen [13,
16–18, 20, 22, 42, 43]. Freeze-drying was performed at shelf temperatures of 20°C for 20 h for
primary drying and 22°C for two hours for secondary drying (profile of 20°C/20h–22°C/2h).
Obtained formulations had the desired dry powder form, with the exception when glycerol
was used. In that case preparations showed signs of increased viscosity and the tendency to

Figure 1. Relative lyophilisation efficiency [%] of lettuce leaf tissue dependent on diverse contents of S‐, M‐ and L‐
HBsAg in relation to VLPs (A) and total antigen (B). Plant expression groups—‘low’, ‘medium’ and ‘high’ [μg/g FW],
respectively, for: S‐HBsAg: <2, 2–10, >10; M‐HBsAg: <2, 2–4, >4; L‐HBsAg: <1.5, 1.5–3 and >3.
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clump. The probable reason was the high glycerol content in the tissue after drying, together
with its liquid physical state at the tested temperature range of 4–37°C.
Results for individual antigens varied greatly, confirming their different sensitivity to physi‐
cochemical factors during freeze-drying. Most likely, despite having a common structural S
domain, additional N‐terminal preS2 and preS1 domains substantially affect sensitivity of S‐,
M‐ and L‐HBsAg under stress conditions or their interactions with various excipients. Initial
tests have shown low lyophilisation efficiency in most variants—around 10% of preserved
VLPs (Figure 1), while only exceptionally it was around or more than 20%. However, when
the total antigen pool was analysed, a much better efficiency was observed, amounting to 50–
100%, which corresponded to several tens to several hundred μg/g dry weight (DW). However,
in some samples, a substantial (apparent) increase in the total antigen level was observed. It
exceeded 100% when compared to the theoretical full preservation of the antigen after drying.
According to the adopted hypothesis, the increase in the total pool of antigen is associated
with the degradation of VLPs formed by HBs antigens. Plant cells express antigens in two
pools: one comprises properly assembled VLPs , while the other is composed of antigens
forming aggregates and incomplete subparticles and even unstructured ‘free’ dimers [10].
Effects of various stresses can cause fragmentation of particles, subparticles and aggregates of
antigens to dimers, artificially adding to the total amount of antigens. These various forms are
in fact indistinguishable in immunoenzyme assays, including commercial tests, utilising
monoclonal and polyclonal antibodies specific to the S domain—common for all HBsAg. To
some extent, these tests detect ‘subparticles’, which is reflected as an apparent increase in VLPs
contents, also observed by other authors [13, 44]. However, further disintegration of the VLPs
is no longer observed as their increase; instead, the total antigen content begins to rise. In
addition, only small part of VLPs may be decomposed resulting in a large number of smaller
aggregates or dimers, substantially increasing the pool of the ‘free’ antigen compared to the
diminished or even constant quantity of VLPs . At the same time, it must be noted that larger
the particle, the higher its susceptibility to decay due to the relatively weaker nature of the
constructing bonds. The intensity or nature of a given stress causing VLPs fragmentation may
be usually insufficient to denature dimers, which are stabilised by strong hydrophobic
interactions and disulphide bonds. However, other stresses can cause degradation of dimers
or polypeptide chains themselves, finally reducing the pool of ‘free’ antigens. Both types of
degradation can occur at different times or simultaneously, with the same or different intensity.
All these processes are manifested as large fluctuations of VLPs and/or total antigen levels.
Considering that the main functional component of existing and developed vaccines against
HBV are VLP-formed by HBs antigens, mostly S‐HBsAg, [45], optimisation of the lyophilisa‐
tion process should focus primarily on the preservation of these structures. However, the level
of the ‘free’ antigen should also show a minimal fluctuation, especially avoiding its growth,
due to the possible side effects such as induction of oral tolerance. A small reduction of total
antigen content may be acceptable due to the elimination of the unfolded antigen pool while
maintaining the VLPs . In the best scenario, after freeze-drying, full preservation of VLPs and
an unchanged total antigen level should be observed. However, in view of the higher stability
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of dimers in comparison to VLPs , a moderate degradation of VLPs with a slight increase in
the total antigen level may be reasonably expected [45].
Regarding the potential impact of an initial antigen content on lyophilisation efficiency, HBs
antigens showed different effects. Processing of the material with S‐HBsAg and soaked with
excipients expressed a clear positive trend towards a greater antigen stability together with a
higher antigen content. However, differences between the best and the worst results amounted
to 81, 8 and 10%, for sucrose, mannitol and glycerol, respectively. An opposite trend was
observed for untreated plant tissue, yet dispersion of efficiency was only 6%. The use of sucrose
provided good antigen stabilisation in the form of VLPs amounting to 84%, which corre‐
sponded to 30.7 μg/g DW. Mannitol and glycerol expressed a significantly lesser protective
effect towards VLPs at only 9 and 11%, yet it was still higher in comparison to the variant
without any excipients added. Interestingly, soaking of plant material with any excipient from
the ‘low’ and ‘medium’ groups resulted in a very low freeze‐drying efficiency—from 1.1 to –
3.1%, even lower than that of the untreated material, indicating a varied effect of nominally
protective substances depending on the type of source material. Preservation of the total
antigen pool was much more erratic; however, it showed to be less susceptible to degradation
than in the case of VLPs . The use of tissue from the ‘low’ expression group resulted in the
highest total antigen contents for all variants of tissue treatment, whereas for the ‘medium’
and ‘high’ groups stabilisation was generally well below 100%. Only when sucrose was used,
the total antigen pool increased moderately to 124%, in parallel to the high degree of VLPs
conservation.
Freeze-drying of M‐HBsAg also demonstrated a positive correlation between VLPs stability
and the amount of antigen in the source plant tissue, yet the total antigen and the characteristic
preS2 domain were preserved in the reverse pattern [11]. However, unlike S‐HBsAg, VLPs
preservation in variants with excipients was significantly lower (by up to 7%) than that for
untreated tissue (>90% or 14.6 μg/g DW). Yet again, preservation of the total antigen pool
showed a reverse trend. An important fact was that freeze-drying of material from the ‘low’
group resulted in the least altered antigen level.
Preservation of L‐HBsAg during freeze-drying showed a distinct pattern in comparison to
other HBs antigens. VLPs were very unstable and their preservation in all of the tested variants
oscillated around only 10%. The maximum value, 17%—corresponding to 4.0 μg/g DW, was
achieved for plant material with a ‘low’ antigen content, unlike other HBs antigens. The use
of sucrose positively affected preservation of this antigen, similarly to S‐HBsAg, but distinctly
in comparison to M‐HBsAg, which is structurally more related. Preservation of the total L‐
HBsAg and its characteristic preS1 domain was also markedly lower than other HBs antigens,
decreasing gradually with an increasing initial antigen content in the plant material [11]. The
obtained efficiency ranged from 62–110%, reaching a maximum 16 μg/g DW.
Summarising this stage of research, it was found that some protective substances can increase
stability of HBs antigens. Among the tested excipients, a positive effect was observed for
sucrose towards S‐ and L‐HBsAg, while mannitol and glycerol showed no significant effect on
VLPs stability. The reason for this phenomenon is unknown, but a significant impact of sucrose
on freeze‐drying efficiency has been reported [46, 47]. Preservation of the total antigen pool
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using excipients showed significantly larger (30–100%) fluctuations than for VLPs , with no
visible advantage of a specific excipient. However, S‐HBsAg expressed a similar behaviour of
VLPs and total antigen, whereas results for the M and L‐HBsAg were much more ambiguous,
yet usually a higher VLPs stability was accompanied by a decreasing preservation of total
antigen.
Initial tests revealed a distinct stability of VLPs , ‘free’ dimers and particular antigen domains,
depending on the antigen structure and its initial content in plant cells, as well as the physi‐
cochemical effect of added protective substances. Observed differences could arise from
different requirements for the residual water content after drying or other effects of interactions
between molecules of the protective agent and VLPs surface, yet the nature of these processes
remains unknown. On the basis of obtained results, it may only be assumed that S‐HBsAg
retained its VLPs structure due to the interactions with additional substances, most likely by
creating hydrogen bonds on the surface of the particle. In turn, the antigen M‐HBsAg, due to
the presence of the preS2 domain located on the surface of the particles may express a self‐
stabilising effect and perform the role of a protective excipient in the formation of polar bonds
(hydrogen, electrostatic and others) with the surface of the particle. In contrast, L‐HBsAg
having the largest additional polypeptide chain on the surface of the particle, composed of the
preS2 and preS1 domains, may lose the ability to self‐stabilise due to the influence of preS1 on
the preS2 domain. In addition, a large total size of the two domains may also block access of
excipients to the surface of the S domain, which during lyophilisation and water deficit may
in effect weaken interactions between the S domains and contribute to the decay of VLPs . A
similar effect of blocking the particle by outer domains may be responsible for the low stability
of M‐HBsAg VLPs in the presence of sucrose. The preS2 domains by binding excipient
molecules lose their self‐stabilisation ability and additionally isolate the S domain from the
excipient. Somehow correspondingly to this hypothesis, in the case of lyophilisation of total
antigen and the preS domains, the dominant tendency was connected with their decreasing
preservation, reversely correlated with their increasing content in the source material. This
phenomenon could be attributed to the limited amount of the ‘free’ antigen, which can be
stabilised by the excipient or residual water, and/or innate properties of a particular HBsAg.
Obtained results implied that further work on the optimisation of the lyophilisation process,
as well as efforts to increase stability of HBsAg antigens must focus on preserving VLPs as
their more sensitive form, which constitute also the main vaccine immunogen.

4. Preliminary studies on storage stability of freeze‐dried S‐, M‐ and L‐
HBsAg
Preparations of freeze‐dried plant tissue‐containing S‐, M‐ and L‐HBsAg, obtained during the
previous step, were subsequently analysed for the stability of the antigens during 3‐month
storage at temperatures of 4, 22 and 37°C. All variants showed significant fluctuations in terms
of VLPs and total antigen stability (Figures 2–4).
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Figure 2. Relative changes [%] of S‐HBsAg VLPs (A) and total antigen (B) in lyophilisates derived from tissues of di‐
verse antigen expression levels, then soaked with protective substances and stored at different temperatures. Antigen
expression groups, respectively ‘low’, ‘medium’ and ‘high’: <2, 2–10 and >10 μg/g FW.

Figure 3. Relative changes [%] of M‐HBsAg VLPs (A) and total antigen (B) in lyophilisates derived from tissues of di‐
verse antigen expression levels, then soaked with protective substances and stored at different temperatures. Antigen
expression groups, respectively ‘low’, ‘medium’ and ‘high’: <2, 2–4 and >4 μg/g FW. Total M‐HBsAg assayed using the
ELISA test specific to the preS2 domain.
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Figure 4. Relative changes [%] of L‐HBsAg VLPs (A) and total antigen (B) in lyophilisates derived from tissues of di‐
verse antigen expression levels, then soaked with protective substances and stored at different temperatures. Antigen
expression groups, respectively ‘low’, ‘medium’ and ‘high’: <1.5, 1.5–3 and >3 μg/g FW. Total L‐HBsAg assayed using
the ELISA test specific to the preS1 domain.

During storage of freeze‐dried material containing S‐HBsAg, in most variants, large fluctua‐
tions of VLPs contents were observed, with both a significant decline and an apparent increase
(Figure 2A), especially at the intermediate point of the period. This should be considered as a
negative phenomenon—an indication of VLPs disintegration into smaller ‘subparticles’ or
aggregates. In this context, the smallest fluctuations of the VLPs level were observed in the
formulation derived from the material with a ‘high’ initial S‐HBsAg content, soaked with
sucrose and stored at 4°C. At higher temperatures, S‐HBsAg VLPs were significantly less
stable. Total antigen, comprising particles and the ‘free’ antigen, released during their gradual
disintegration, expressed heavy degradation at all temperatures, especially greater than 4°C
(Figure 2B). However, again, the relatively most stable storage variant of total antigen
employed sucrose as the protective agent. In untreated or mannitol‐soaked tissue, the total
antigen level gradually decreased. Samples treated with glycerol initially exhibited a decreased
rate of antigen degradation, but later the antigen level dropped by more than 60%.
In the case of M‐ and L‐HBsAg (Figures 3 and 4), degradation processes were more intensive
than that for S‐HBsAg, especially regarding L‐HBsAg. The apparent increase in the particle
contents of both antigens after the first month was significantly greater than for S‐HBsAg,
clearly indicating a strong VLPs decomposition. Material containing M‐HBsAg showed large
fluctuations in VLPs contents (Figure 3A), both at an intermediate storage point and at its end,
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suggesting an intense VLPs disintegration and following ‘free’ antigen degradation. The
smallest relative changes in the antigen content were observed when sucrose served as the
protective excipient, with minor differences between products coming from different plant
expression groups. Variants employing mannitol or glycerol underwent a significant apparent
increase in M‐HBsAg VLPs levels, with the exception of a relatively stable formulation
obtained from plant tissue with a ‘high’ antigen concentration and soaked with glycerol. In
addition, avoidance of any excipient for the freeze‐drying process, resulted in a gradual, but
extensive VLPs degradation during storage. Similar results were observed for the total antigen
pool (Figure 3B). With the exception of formulations prepared with the use of glycerol,
substantial degradation or apparent increase in the antigen level was observed, which
indirectly confirmed severe degradation of VLPs and the occurrence of various stresses acting
on the unstructured antigen.
Lyophilised plant tissue containing L‐HBsAg showed a significant decline of the VLPs level,
when no excipient was used (Figure 4A). Preparations containing a protective agent showed
a significant apparent increase in antigen particle levels after the first month of storage with
their subsequent severe reduction in the second storage period. The final VLPs content was
comparable to the initial level only in formulations containing mannitol; however, it was after
an apparent high increase at the intermediate stage. The level of total antigen (Figure 4B) in
the formulations with no excipient gradually degraded until its almost complete degradation
was reached. In contrast, a significant apparent increase—up to 600% of the initial value, was
observed in the formulations containing sucrose. Formulations with mannitol or glycerol
showed a significant increase of total antigen after 1‐month storage, followed by a decrease to
a value close to the initial. This clearly indicated disintegration of VLPs in the initial period,
and subsequently, small aggregates and dimers were formed. Variants untreated with
protective substances showed only progressive degradation of the ‘free’ antigen during
storage. Nevertheless, at this stage of the study, it could be concluded that excipients had a
positive effect on the stability of freeze‐dried M‐ and L‐HBsAg, when compared to a significant
decrease in their contents in untreated tissue.
Results of preliminary storage experiments indicated a definite necessity to optimise the
freeze‐drying process as essential for the stability of HBs antigens in derived formulations.
Although all antigens, both VLPs and ‘free’ forms, were gradually degraded, a clear beneficial
effect of used protective excipients for their stability was observed (Figures 2–4). Additionally,
preliminary results showed some important regularities (type of source material, excipients)
and phenomena (durability of individual antigens and preS domains, VLPs disintegration),
which helped to define directions for the next steps. Among the antigens, S‐HBsAg showed
the highest stability. This antigen is formed solely by the S domain, which is common, and the
main structural element of M‐ and L‐HBsAg antigens, even though the structure of those is
heavily influenced by the preS2 and preS1domains. Thus, examination and optimisation of
freeze-drying and storage conditions for S‐HBsAg could provide a basis for analogous studies
on the other antigens. These facts along with the fundamental role of S‐HBsAg for current and
potential oral anti‐HBV vaccines provided a justification for focusing our research mainly on
this antigen.
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5. Stability of S‐HBsAg during plant tissue freezing
An essential step during the lyophilisation process is connected with material solidification by
freezing. This often results in a strong degradation of processed proteins [48] or liposomes [49],
thus has to be optimised to avoid an unwanted decrease in the contents of active components.
The most common approach to alleviate freezing damage is to control the freezing rate of a
product. Both fast and slow freezing rates were reported to have the potential of decreasing
protein recovery following specific stresses of cryoconcentration, phase separation and cold
denaturation characteristic of slow freezing and the formation of a large ice‐aqueous interface
during rapid cooling [50].
Limited cryoconcentration and phase separation are achieved mainly by optimising product
composition and avoiding content reduction for certain substances such as NaCl or PVP.
Susceptibility to cold denaturation is an innate trait of a given protein, but certain additives,
for example, sucrose, can improve its resistance to damage. Degradation caused by the large
ice interface may be prevented mainly by avoiding fast freezing or, if it is unfavourable, by
directed ice seeding. This approach, by inducing ice formation, at higher temperatures can
effectively slow down the ice growth process and as a result generates a smaller number of
larger ice crystals. In the plant tissue, nucleation of ice is observed at temperatures ranging
from 0 to -12°C depending on the species, tissue type and its physiological state [51, 52].
However, the ability and effectiveness of modifying this process in plant tissue are very limited
and the methods to achieve this are still far from being applied on a regular basis [53]. In
addition, inducing ice nucleation outside tissue cannot be effective, due to the membrane and
cell wall barrier for ice propagation. Addition of bacteria or chemicals can promote nucleation
inside tissue, but this is in contradiction with the principles applied for pharmaceutical
formulations and would be difficult to standardise and scale [54].
For these reasons, none of the described methods could be used in the course of the presented
work. It was only possible to analyse the effect of the freezing rate on S‐HBsAg stability. The
research was initiated by examining the effect of plant tissue freezing rate on the integrity of
S‐HBsAg, both VLPs and the total antigen pool. For this purpose, plant tissue underwent two
standard freezing protocols, widely used on both the laboratory and the industrial scales: the
‘fast’ method utilising liquid nitrogen and ‘slow’ with a cooling rate of approximately 2°C/min
performed in a cooling chamber. Frozen samples were also subjected to ‘slow’ and ‘fast’
thawing (water or air bath) to determine its possible impact on the antigen.
In both variants, a significant decrease in S‐HBsAg VLPs together with an apparent increase
in total antigen contents was observed (Table 1). A greater VLPs pool was maintained when
the ‘slow’ freezing protocol was employed: 36–40%, as compared to 16–19% for ‘fast’ freezing.
At the same time, a lower apparent increase in the total antigen was also observed during
‘slow’ freezing (12 and 21% when compared to approximately 34–36%). This was most
probably associated with a lesser extent of VLPs collapse, while the formation of a large area
of the ice–aqueous interface during rapid freezing was probably the main cause for VLPs
decay. Due to the very high complexity of plant tissue as a processed material, VLPs could
also be damaged by ice crystals. This supposition can attest to the fact that the slow cooling
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protocol, which extended the impact of thickening substances on the antigen, provided a less
degrading effect despite the large amounts and variety of compounds in plant tissue. The
impact of thawing rate, however, was much smaller—differences between ‘fast’ and ‘slow’
thawing amounted to approximately 4% for VLPs and up to 9% for the total antigen pool. Still,
for both freezing methods, subjecting the material to ‘slow’ thawing resulted in a greater
stability of VLPs and a less apparent increase of ‘free’ antigen levels. Since the main functional
component of anti‐HBV vaccines is the VLP‐formed antigen, and a greater elevation of ‘total’
antigen may cause undesirable side effects such as oral tolerance acquisition, ‘slow’ freezing
and thawing were selected for future work.
Tissue treatment

S‐HBsAg
VLPs

Total

Freeze

Thaw

Content [μg/g FW]

Change [%]

Content [μg/g FW]

Change [%]

‘fast’

‘fast’

3.4 ± 1.1

19.2 ± 6.3

39.5 ± 1.5

134.1 ± 5.2

‘fast’

‘slow’

2.9 ± 1.1

16.5 ± 5.9

40.0 ± 1.2

135.8 ± 4.0

‘slow’

‘fast’

7.0 ± 1.4

39.5 ± 8.0

33.0 ± 2.0

112.0 ± 6.8

‘slow’

‘slow’

6.3 ± 1.7

35.8 ± 9.6

35.6 ± 3.4

120.9 ± 11.7

17.7 ± 1.6

100.0 ± 8.9

29.5 ± 1.3

100.0 ± 4.5

untreated

Material treatment: a/freezing: ‘fast’—liquid nitrogen, ‘slow’—cooling 2°C/min; b/thawing: ‘fast’—immersing in 4°C
water, ‘slow’—placing in 4°C air. Percentage values represent amounts of S‐HBsAg compared to untreated reference
sample.
Table 1. S‐HBsAg contents in transgenic lettuce leaves after the freeze‐thawing cycle [46].

6. Optimisation of the lyophilisation process of plant tissue containing
S‐HBsAg
Previously obtained results [10, 11] and the present experiments on freeze-drying and storage
of plant‐associated S‐, M‐ and L‐HBsAg demonstrated the need to optimise lyophilisation.
Among tested antigens, the native structure of VLPs was most effectively preserved for S‐
HBsAg, together with a smaller increase in the total antigen pool, which also includes products
of VLPs decomposition. Utilisation of protective excipients, especially sucrose, significantly
increased stability of the antigen (Figures 2–4). Further optimisation was aimed at determining
the most effective freeze‐drying conditions comprising a protective additive and physical
parameters to ensure the highest stability of S‐HBsAg VLPs during the process and the
subsequent storage.
6.1. Stability of S‐HBsAg during lyophilisation in the presence of protective substances
The next stage of research was to study in detail pre‐selected substances in terms of stabilising
S‐HBsAg in order to determine the main/basic excipient—which could be used alone or in

Thermostability of Freeze‐Dried Plant‐Made VLP‐Based Vaccines
http://dx.doi.org/10.5772/63503

combination with other protective agents. In addition to the previously applied sucrose,
mannitol and glycerol, the set of excipients was extended to include glycine and glucose, all
used in a wider range of concentrations—100, 250 and 500 mM. This selection was performed
on the basis of the reported protection efficacy [13, 16–18, 20, 22, 42, 43] and taking into
consideration requirements for the oral route of formulation delivery, that is, harmless
ingestion and low cost for product scalability. Glycine was considered as a good crystalline
substance with an ability to stabilise the microenvironment of lyophilised proteins [20, 42]. In
contrast, glucose, despite the frequently occurring adverse Maillard reaction, was used because
of its high ability to penetrate and adhere to protein surface [17]. Initially, two drying profiles
were used—20‐h primary drying at 5 or 20°C, combined with secondary drying at 22°C for 2
h, identical for the two variants (in short: 5°C/20h–22°C/2h and 20°C/20h–22°C/2h).
The experiments showed that drying at a higher temperature resulted in a much higher degree
of VLPs conservation in all excipient variants and for untreated tissue (Figure 5). For most of
the added substances, a relatively low preservation of VLPs was observed in parallel with large
fluctuations in the total antigen pool. However, considerable protective properties were
expressed by sucrose and mannitol at concentrations of 250 and 500 mM. Moreover, good
stability of VLPs was accompanied by moderate changes in the total antigen level. In particular,
the variant with tissue saturated with 500 mM sucrose solution and freeze‐dried at 20°C was
significantly more efficient than the other options. However, a rise by 24% was observed in
the level of VLPs above the baseline level, which most likely resulted from partial dissociation

Figure 5. Efficiency of freeze-drying represented as preservation of S‐HBsAg VLPs (A) and total antigen pool (B) in
lettuce leaves soaked with a series of excipients and processed under two temperature profiles. Preservation effective‐
ness [%] was calculated as the ratio of VLP-formed and total S‐HBsAg in the powdered lyophilised product to the anti‐
gen content in fresh tissue multiplied by weight loss degree. The asterisk indicates the variant selected for further
experiments [46].
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of native particles into smaller ‘subparticles’ or antigen aggregates. An additional positive
effect was the maintenance of the total antigen pool with only small and statistically insignif‐
icant changes. This allowed us to draw a conclusion that VLPs disintegration occurred to a
relatively small extent and consequently, sucrose was identified as the most promising
excipient for further studies. Its use made it possible to achieve significantly higher final
absolute antigen contents in the form of VLPs as compared to previous works—approximately
131.5 μg/g DW versus 11–12 μg/g DW [10].
In addition to the determination of S‐HBsAg protection effectiveness of individual excipients,
a clear trend of an increasing stability of VLPs with increasing concentrations of used substance
was observed. However, it was opposed to the behaviour of total antigen, especially in the
case of sucrose and mannitol. Because the preferred vaccine formulation would provide a
smaller increase in the ‘free’ antigen pool, the effect was considered favourable.
To summarise this stage of the study, among the analysed protective additives, sucrose proved
to be the most effective for the preservation of S‐HBsAg VLPs , and at the same time, its use
was beneficial by maintaining the total antigen level mostly unchanged. Hence, this compound
was selected as the basis for further studies.
6.2. Optimisation of temperature profile
The successive step was focused on determining shelf temperature and duration of freezedrying, which are of fundamental importance for process economy and scaling up. A higher
drying temperature makes it possible to shorten cycle duration and consequently provides a
more cost‐effective process; however, the material cannot be overheated, as collapse may occur
[16, 17]. Also after‐process residual moisture is an important factor, having a significant
influence on protein recovery.
Results obtained so far indicated that stability of S‐HBsAg VLPs was significantly higher when
the profile with 20°C for the primary drying temperature was used. Research at this stage
focused on attempts to establish a precise drying temperature and time, by the gradual increase
in these parameters for primary and secondary drying. Repeated tests of six drying profiles
were conducted and they were combined with an analysis of post‐process residual moisture
(RM) (Figure 6).
Freeze-drying with the primary stage conducted at 5°C confirmed a much lower VLPs
preservation—approximately 30%, in comparison to processing at 20°C—with an average 97%
of retained VLPs in a series of several repetitions. This may have been connected with a high
residual moisture in the preparation obtained after drying at a lower temperature—4.1 versus
2.6%. Extension of primary drying to 36 h with an unchanged temperature (5°C) resulted in
only slightly decreased RM (3.8%). Although some increase in VLPs stability was visible, it
was still insignificant and connected with an enlarged pool of total antigen. In turn, when
prolonged primary drying, that is, 36 h at 20°C, was applied and RM was reduced to only 0.6%,
it resulted in a significant drop of VLPs and total S‐HBsAg. This further confirmed the
importance of adequate RM for antigen stability. Next, it was assessed whether shelf temper‐
ature beyond 20 and 22°C can be applied. When secondary drying was conducted at 25°C,

Thermostability of Freeze‐Dried Plant‐Made VLP‐Based Vaccines
http://dx.doi.org/10.5772/63503

2.5% RM was obtained, but VLPs were preserved with a much lower efficiency. In addition, a
sharp drop of the total S‐HBsAg occurred, probably as a result of the polypeptide chain damage
on the VLPs surface. Increasing the temperature of primary drying to 25°C also yielded poor
recovery of total and VLP‐formed antigen, which could be the result of excessive drying
conditions and too low RM. Eventually, the initial profile proved to be the most efficient,
indicating that drying temperatures cannot exceed 20 and 22°C, while final RM should be
approximately 2.6%. This profile made it possible to save around 100% of VLPs with a
relatively moderate increase in the total antigen content.

Figure 6. Preservation of VLP‐formed (A) and total (B) S‐HBsAg in plant tissue lyophilised under different tempera‐
ture profiles. Sucrose at 500 mM was used as excipient in all variants. Letter indexes mark statistically homogenous
groups, separately for the total and VLP‐assembled S‐HBsAg [46].

In summary, obtained results clearly indicated that for the stabilisation of the appropriate
(native) structure of S‐HBsAg, both the VLPs and dimers, a certain amount of bound water is
required. The water content in the final formulation cannot be too high, since this may favour
decomposition processes by enzymatic or physicochemical routes. However, water plays an
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important structural role. Thus, its content cannot fall below a specific critical value, as this
can cause VLPs dissociation and ultimately, degradation of the separate antigen molecules
due to the complete loss of the hydration shell. Maintenance of an optimum moisture content
at 2.5–2.6% was necessary and possible to establish by maintaining an appropriate temperature
and time of lyophilisation.
6.3. Reproducibility of lyophilisation process and batch‐to‐batch variation
In previous experiments, it was found that the lyophilisation process with the highest effi‐
ciency expressed as the highest degree of VLPs conservation, and simultaneously, the smallest
shift in the total antigen pool required 500 mM sucrose as the protective excipient and the
drying profile of 20°C/22h–22°C/2h. However, the lyophilisation process is a turn‐based
method; hence, a batch‐to‐batch variation does occur [16, 43]. Therefore, in the next part of the
study, this aspect was investigated in a series of nine repetitions (I‐IX), two of which (V and
IX) were divided into separate five independently prepared batches but processed during the
same single drying cycle (Figure 7). The preservation of VLPs in most cases reached approx‐
imately 100%, while only in three batches it was less than 50%. It should be stressed that one
of those (IX‐3) was one out of five homogenous repetitions tested in a single freeze‐drying
process. The observed fluctuations confirmed a natural process variation. Nevertheless,
overall freeze‐drying consistency was considered acceptable, as 13 out of 17 batches resulted
in an almost complete VLPs preservation. Overall efficiency for all tested batches was 86%,
while it was 97% for batches where VLPs preservation reached minimum 50%.
The process reproducibility in relation to the total antigen pool was much more ambiguous.
Observed levels of ‘free’ antigen after lyophilisation ranged from 98% to as much as 556% as
related to the theoretical, complete preservation of S‐HBsAg and showed no clear connection
with VLPs preservation or degradation. The differences in effectiveness were observed
between separate processes and during the single drying cycle as in batch V. In some cases, a
significant apparent increase in the total amount of antigen was associated with the breakdown
of VLPs , as in batches III or VI. In other cases, despite an approximately 100% preservation of
VLPs , the level of total antigen increased dramatically, for example in batch V. A possible
explanation of this variation during freeze-drying might be that even a partial destruction of
VLPs could result in a high increase in the total antigen content, similarly as in freeze-thawing.
Even though VLPs are effectively preserved during lyophilisation, some particles may still
disintegrate and the released S‐HBsAg dimers add to the total antigen pool. However,
relatively mild process conditions caused low degradation of S‐HBsAg polypeptide chains and
resulted in an increased total antigen level. However, in most cases, both VLP‐formed and
‘free’ antigen, remained relatively stable—around 100% of preservation, in particular in
repetitions I and VII–IX. It is worth noting here that the total antigen level never fell below
100% in any batch, indicating that the optimised freeze‐drying process ensured inhibition of
S‐HBsAg degradation processes at the molecular level. Despite fluctuations of the total antigen
level, it can be said that the key is to achieve high reproducibility of the process in relation to
VLPs as the specific immunogen.
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Figure 7. Preservation of S‐HBsAg—VLP-formed (A) and total (B)—during freeze‐drying replication tests. Each batch
was run under the profile of 20°C/22h–22°C/2h and with 500 mM sucrose as the excipient. Batches V and IX were load‐
ed in five separate samples. Letter indexes mark statistically homogenous groups, separately for the total and VLP‐
assembled S‐HBsAg [46].

The absolute content of S‐HBsAg in obtained preparations varied significantly, as it directly
depended on the antigen expression level in processed plant tissue. VLPs contents ranged from
5.0 to 192.4 μg/g DW, while the content of total antigen in lyophilisate ranged from 196.2 to
1369.9 μg/g DW. However, obtained absolute values of the total S‐HBsAg pool were consid‐
erably lower than previously reported, amounting to approximately 5000 μg/g DW [10].
Summarising, the elaborated freeze‐drying process expressed satisfactory reproducibility
regarding S‐HBsAg preservation. Furthermore, obtained material was characterised by high
VLPs contents along with the total antigen level being not excessive, which is considered
beneficial in terms of oral vaccination.
6.4. Freeze‐drying‐associated processing
Although freeze-drying was the crucial stage in plant tissue processing, the associated
handling steps such as tissue infiltration with a lyoprotectant and milling of the product could
also affect the final efficiency of the whole process. Hence, both steps had to be closely
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investigated. Literature data and our results showed that the preservation effect was associated
with a high concentration of the protective excipient, here 500 mM sucrose [17, 20] (Fig‐
ures 1 and 5). Therefore, maximal effectiveness of lyoprotectant infiltration had to be ensured.
Time (2–15 min) and pressure (50–200 mbar) of soaking were tested (Figure 8). The content of
S‐HBsAg was assayed after soaking and showed no fluctuations in tested parameters.
Interestingly, the shortest soaking time proved to be the most effective in all variants, whereas
under vacuum of 50 mbar sucrose concentration in tissue was the highest. However, soaking
under 100 mbar was only minimally lower and statistically equal. Most likely this lower
pressure during soaking created a bigger pressure differential between the chamber and the
interior of the leaf tissue, leading to a deeper and more extensive penetration of tissue by the
excipient solution. In contrast, prolonged treatment may have resulted in a gradual equalisa‐
tion of pressure between the chamber and the interior of plant cells, causing greater damage
of cells and tissue, and consequently providing a gateway of the excipient. For further work,
the variant employing 2‐min time and 100 mbar pressure as final parameters was selected due
to the milder processing conditions.

Figure 8. Sucrose concentration after different soaking conditions in lettuce leaf tissue. Letter indexes mark statistically
homogenous groups [46].

Lyophilised tissue had to be milled to obtain the final semiproduct. Performed tests showed
that within a period of 5–90 seconds, no significant differences occurred regarding both VLPs
and total S‐HBsAg contents (data not shown). Yet, since approximately 20 seconds were
enough to mill the tissue completely, this time was adopted.

7. Storage optimisation of freeze‐dried plant material containing S‐HBsAg
Initial studies on long‐term storage of freeze‐dried leaf tissue made it possible to establish that
the use of sucrose as an excipient ensures relative stability of VLP‐formed S‐HBsAg at 4°C, in
comparison to other variants [55]. However, VLPs still underwent gradual degradation
(approximately 30%). In addition, cold storage is disadvantageous economically and is also in
contradiction to the postulated wide availability of a plant‐made vaccine. Therefore, research
on improving the stability of VLPs in the lyophilised plant material was continued.
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A number of physical and chemical pathways of protein degradation may occur during storage
in solid states, with almost all being promoted with increasing temperature. The most common
and probable pathways comprise a shift of molecular mobility, oxidative and water activity
and protein aggregation. Although mobility by principle is limited in the glassy state, on
pharmaceutical time scales, it may be sufficient for a considerable molecular mobility of
pharmaceutical solids at temperatures up to 50°C below their glass transition temperature [27,
56]. For sucrose, this point is estimated at 60°C in the solid state, and exceeding this threshold
during storage at over 10°C could promote collapse of amorphous sucrose [20]. To improve
macroscopic mechanical properties of the final product by forming stronger dried cakes and
provide support for the amorphous phase, bulking agents, such as mannitol or glycine, may
be added. Glycine is widely employed having several advantages, including non‐toxicity, high
solubility, high eutectic temperature and easy crystallisation [38, 42, 57].
The content of residual water in the product cake throughout its shelf life may be the most
important factor responsible for instability [20]. Changes in water reactivity caused by
temperature increase, or its content due to transfer from the vial stopper may plasticise the
structure of the product cake, thus increasing molecular mobility and promoting various
reaction pathways [27, 58]. For this reason, an addition of bulking agents and/or desiccants
may have positive effects [44, 59].
Oxidation may be the next major degradation factor for therapeutic proteins and peptides [27,
41, 60]. Despite the complicated and poorly understood theoretical aspects of oxidation
processes in dried protein formulations, this degradation can be minimised by sealing vials
under neutral atmosphere and/or using chemicals which compete with protein functional
groups and bonds for possible oxidisers, for example, reactive oxygen species (ROS). Such
antioxidants as sodium sulphite (Na2SO3) and ascorbic acid are commonly used as preserva‐
tives in the food industry.
In addition to well‐known protective agents, several others were also recognised to beneficially
affect stability of lyophilised proteins, for instance divalent metal ions, especially zinc [61, 62].
However, mechanisms of their action remain unknown.
Apart from the above‐mentioned factors, protein aggregation may have the most essential
impact on antigen stability, although reasons of this process are still under investigation [63].
Protein aggregation may take place on physical and/or chemical levels, and it clearly depends
on the nature of the protein studied. Currently, the dominant view on aggregation is that the
main effort needs to be focused on solutions and rather than trying to prevent protein
association, we should avoid or counter conformational alteration in the first place [60]. As
aggregation poses a significant threat to freeze‐dried formulations, in the case of S‐HBsAg, this
was not encountered. In fact, disaggregation of VLPs appeared to be the crucial issue in our
studies. Therefore, the main effort had to be focused on stabilisation of this antigen form.
Long‐term storage tests were carried out on preparations obtained applying the process
conditions (soaking, freeze-drying and milling) established previously. Apart from the use of
only the basic excipient—500 mM sucrose, it was supplemented with additional substances,
which included various stabilisers, for example, divalent metal ions—Zn2+, bulking agents—
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glycine, antioxidants—sodium sulphite and/or ascorbic acid, as well as inert atmosphere of
nitrogen. All variants tested were used for one year storage at 4, 22 or 37°C in sealed containers,
both with and without the presence of silica gel as a desiccant (Figure 9).

Figure 9. Stability of VLPs (A) and total (B) S‐HBsAg in freeze‐dried tissue stored for one year at 4, 22 and 37°C. Mate‐
rial was infiltrated with 500 mM sucrose supplemented with different additives and stored under various conditions
(with/no desiccant, N2 atmosphere). Preservation efficiency is represented as a relative change of antigen level to the
storage start point. Asterisks indicate insignificant fluctuations in the antigen content with regard to the respective
starting point, separately for VLP‐assembled and total S‐HBsAg.

Most of the tested additional protective substances showed no effect on the efficiency of
lyophilisation itself. Preservation of S‐HBsAg VLPs and total antigen reached at least 80 and
100%, respectively, which was comparable to the reference material soaked with sucrose alone.
Similarly, the moisture content after lyophilisation formulations ranged from 2.6 to 3.0%.
Because of the fact that the total amount of the antigen in the lyophilisate directly depended
on its content in the initial plant material, storage efficiency was estimated in relation to the
starting antigen level immediately after drying, set at 100%. Maintenance of VLPs together
with minimal fluctuations of the total antigen level after 3 and 12 months of storage were
adopted as determinative in assessing efficacy of the variant.
In almost all tested variants, additional excipients exhibited no enhanced protective effect,
since a clear decrease in the VLPs levels was observed, particularly in preparations stored at
22 or 37°C. Total antigen content also fluctuated significantly, indicating that smaller aggre‐
gates and dimers released from disassociating VLPs were also subject to severe degradation.
In a vast majority of preparations, a degradation scheme was similar to the reference variant,
where only sucrose was used.
None of the variants containing zinc ions and/or glycine exhibited a significant improvement
in VLPs stabilisation (Figure 9A). In turn, the after‐process content of the total antigen was
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higher than in the reference variant, which indicated a reduced degradation (Figure 9B). In
these variants, total antigen levels initially dropped, yet later dimers and aggregates released
from VLPs were degraded to a lesser degree when compared to other variants, hence the final
content increased.
Formulations containing antioxidants, that is Na2SO3 and/or ascorbic acid, showed initially
(for three months) a slower rate of VLPs degradation, both at room temperature and at 37°C.
However, at the end of the storage period (12 months), almost the entire pool of VLPs was
degraded (Figure 9A). ‘Free’ S‐HBsAg also underwent a strong degradation and the final
content of total antigen was significantly lower than in the other variants (Figure 9B). This
effect could result from the pro‐oxidant activity of antioxidants, which occurs when these are
excessively concentrated. However, the degradation pattern was very similar not only for 100
mM, but also when 10 mM antioxidant solutions were used. This indicated that even a minimal
addition of antioxidants may pose an adverse effect on S‐HBsAg.
In turn, the use of a desiccant, in parallel with other additives or treatments, resulted in a similar
or more intense process of S‐HBsAg degradation for both VLPs and the unstructured antigen.
A desiccant added to the formulation containing only sucrose as the protective excipient, or
additionally kept under nitrogen atmosphere, caused a significant degradation of both VLPs
and the ‘free’ antigen, particularly during the second storage period—between the 3rd and
12th month (Figure 9). An adverse effect of the dessicant effect confirmed an irreplaceable role
of residual water in the preservation of integrity of both VLPs and the antigen itself.
Only in the variant where the lyophilised tissue was soaked solely with sucrose and stored
merely under an inert nitrogen atmosphere, S‐HBsAg remained stable during long‐term
storage. The level of VLPs (Figure 9A) was unchanged both at cold and at room temperature.
Only at 37°C a small (approximately 15%), statistically significant reduction was observed in
the VLPs content. Nonetheless, this occurred only within the first three months of storage, and
after that, the level did not change. The content of total antigen (Figure 9B) remained com‐
pletely (statistically) unchanged only when stored in the cold. In contrast, at 22 and 37°C, its
initial stable level eventually decreased substantially, to approximately 30 and 50%, respec‐
tively. Considering a potential vaccine formulation, this should not pose major problem, as
the VLP‐assembled S‐HBsAg is the immunisation agent. Moreover, when compared to the
other variants, and in particular to the reference sample, nitrogen significantly alleviated the
degradation process, which suggests a conclusion that oxidative/reductive activities play the
most important role in long‐term stability of S‐HBsAg, as it is for many other freeze‐dried
proteins [27, 41, 60].

8. Oral immunisation using lyophilised plant tissue‐containing S‐HBsAg
For the purpose of a prototype plant‐derived anti‐HBV oral vaccine in the form of freeze‐dried
plant tissue, apart from maintaining high contents and the native structure of S‐HBsAg
assembled into VLPs , it was equally important to confirm their immunogenicity. Hence,
animal immunisation trials were performed, where mice were vaccinated by intramuscular
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(i.m.) priming with the commercial Engerix®B vaccine and subsequently received an oral
booster (per os, p.o.) with a suspension of powdered lyophilised tissue based on the previously
developed low‐dose protocol [10]. The lyophilisate came from batch No. IV with a 109%
preservation rate of S‐HBsAg VLPs , corresponding to 29 μg/g DW and 199% or 538 μg/g DW
of total antigen. Hence, the dose of 50 ng VLPs was delivered in 1.72 mg of freeze‐dried tissue
per individual subject.
Results of mouse vaccination are summarised in Figure 10. The titre of anti‐HBs antibodies in
mice boosted orally with the lyophilised powder reached a mean value of 293 mIU/ml.
Although it was lower, the response was statistically equivalent as in the reference group
boosted by an injection with Engerix®B, while the response patterns were also similar. When
mice were orally administered the control tissue, no boosting effect was observed. Even though
the used freeze‐dried preparation exhibited some build‐up of total S‐HBsAg, apparently it did
not hinder immune response development. This result might be obtained due to the consid‐
erably lower absolute level of total antigen in the lyophilised tissue than that used previously
[10]; however, an exclusively oral immunisation was then performed. Moreover, although the
observed response was lower, it was comparable to other reports on injection‐oral vaccination
trials where plant‐associated S‐HBsAg was CTB‐ or LTB‐adjuvanted [5, 64]. In conclusion,
induction of systemic immune response presented in our study confirmed that the selected
parameters of plant material processing ensure successful preservation of S‐HBsAg antige‐
nicity and immunogenicity, fundamental to a potential oral vaccine against HBV.

Figure 10. Anti‐HBs antibody response in mouse sera after oral boosting with S‐HBsAg in powdered lyophilised tis‐
sue. Material for immunisation was freeze‐dried under the 20°C/22h–22°C/2h profile with 500 mM sucrose as a protec‐
tive excipient. Symbols: ○ individual mouse response; – group mean value; NC - control lyophilisate (negative
control). Letter indexes mark statistically homogenous groups [46].
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9. Conclusion
Presented research confirmed that freeze-drying may be exploited for effective processing of
such complex preparations as plant tissues containing antigenic proteins assembled into virus‐
like particles. Here, we showed consecutive steps of our study on HBs antigens to finally
establish a technology for S‐HBsAg—the basic antigen of hepatitis B virus. The freeze‐drying
technology, together with storage under inert nitrogen atmosphere, made it possible to obtain
a durable intermediate, having a stable content of immunogenic S‐HBsAg VLPs , which could
be used in the final formulation—a tablet, capsule, etc.—of an oral vaccine against HBV
(Figure 11). Although adaptation of this method to a specific protein requires numerous steps
and repetitions, it appears fundamentally important for the conversion of plant tissue to a form
of an oral vaccine against HBV and most probably also other pathogens.

Figure 11. Conversion of lettuce leaf tissue into lyophilised and powdered intermediate with stable S‐HBsAg content
for preparations of an oral vaccine against HBV.
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Abstract
Nowadays, the sustainability of a product, a process or a system is assessed according
to three dimensions: environmental, social and economic. Sustainability challenges
occur at all stages in the food system from production through processing, distribu‐
tion and retailing to consumption and waste disposal. The promotion of organic and
local food is not the only way to reach the sustainability. There is other possibility that
implies to continue the production hegemony. Increasing research is being focused on
the development of healthy, quality and safety food products adapted to consumer’s
needs and more environment-friendly processes, that is, processes consuming energy
more efficiently, generating less waste and emitting less greenhouse effect gases. Drying
technology is applied in the food industry not only for preservation but also to
manufacture foods with certain characteristics. Drying technology operations need to
be precisely controlled and optimized in order to produce a good-quality product with
the highest level of nutrient retention and flavor together with microbial safety. This
chapter contains detailed information about some measurements taken by the food
industry to ensure the supply of bioactive nutrients to as many individuals as possible,
assuring the global sustainability. More specifically, the contribution of some drying
techniques employed in the development of functional foods to increase the sustaina‐
bility of the feeding process is discussed.
Keywords: sustainability, functional foods, drying, bioactive compounds, structure
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1. Introduction
Sustainability means meeting the needs and aspirations of the present without compromising
the ability of future generations to meet theirs. As a result of environmental imbalances caused
by intensive production and massive use of resources, to achieve food and agricultural
sustainability, traditionally, the system has been directed toward promotion of organic and local
food, but this is not the only way, as explained in [1]; there is other possibility that implies to
continue the production hegemony, emphasizing biotechnology and technological panaceas.
Nowadays, the sustainability of a product, a process or a system is assessed according to three
dimensions: environmental, social and economic. Sustainability challenges occur at all stages
in the food system from production through processing, distribution and retailing to con‐
sumption and waste disposal. The development of a sustainable agri-food system places
responsibilities on both the natural and the social sciences [2]. While advances in basic and
strategic biological research have greatly expanded, the potential to produce nutritious food
in an efficient and environmentally sustainable manner, social and economic factors will
determine the uptake and value of this research as well as its future direction [3].
Food processing can be defined as the set of operations which allow manufacturing, preser‐
vation and distribution of food products from suitable raw materials. The improvement of the
food products is now directed toward ensuring nutritional and specific functional benefits.
Regarding the process improvement it is directed to ensure the quality and safety of environ‐
ment-friendly food products, prepared by optimizing the resources used, minimally affecting
or even enhancing their nutritional and beneficial characteristics [4].
Sustainable food production stands at the intersection of several growing needs. First, the
needs of consumers for improved food security and safety as well as more sophisticated needs.
Second, the quest for economic sustainability of food production based on cost reduction and
increased product differentiation. Third, the growing concern for reversing the over-exploi‐
tation of natural resources, waste generation and the contribution to climate change [5].
Functional foods are foods that beneficially affect one or more target functions in the body,
beyond an adequate nutritional effects, in a way that is relevant to either an improved state of
health and wellbeing and/or reduction of risk of disease, and it is consumed as a part of a
normal food pattern (not a pill, a capsule or any form of dietary supplement) [6]. Many diseases
strictly related with diet and lifestyle concern the society because of their prevalence. Func‐
tional foods can help prevent or improve these diseases, thus contributing directly to public
health. But the functional effect of a food or food component depends on the active component
gaining access to the functional target site. Foods are mostly complex mixtures of macro- and
micro-components organized in a structure that can trap active compounds, modulating their
release or inhibiting their activity. The selection and development of both appropriate food
matrix and technological process, able to maintain the active molecular form until the time of
consumption is the key step for the success of a specific functional food [4].
This chapter contains detailed information about some measurements taken by the food
industry to ensure the supply of essential nutrients and bioactive compounds to as many
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individuals as possible assuring the global sustainability. More specifically, the contribution
of some drying techniques employed in the development of functional foods to increase the
sustainability of the feeding process, is discussed.

2. Drying operation
Drying is an energy-intensive well-studied unit operation in process engineering to reduce
moisture content in the food matrix to a level that is safe for storage and transportation, to
avoid microbial multiplication, slow down/inactivate microbial activity and the associated
product quality deterioration. It involves the removal of water from a wet feedstock by
inducing phase changes of water from solid or liquid into a vapor phase via the applica‐
tion of heat (except in the case of osmotic dehydration during which the water is removed
without a change in phase by the diffusion of liquid water from solid foods to an osmotic
solution through an osmotic pressure difference). The process of drying food materials is
extremely complex, involving coupled transient mechanisms of heat, mass and momentum
transfer processes accompanied by physical, chemical, structural and phase change transfor‐
mations [7, 8].
Drying is applied in the food industry not only for preservation but also to manufacture foods
with certain characteristics. The nature of the process along with the food structural charac‐
teristics results in a very marked effect on the quality characteristics of the final product. There
are many different methods of drying food materials, each with their own advantages and
disadvantages for particular applications. A vast number of dryer designs reported in the
literature are due to the differences in the physical attributes of the product, modes of heat
input, operating temperatures and pressures, quality specifications on the dried product and
so on [9]. The methods most commonly employed for biotechnological and food products
include freeze-drying, spray drying, convective drying, vacuum drying, microwave drying,
osmotic drying and combinations thereof (reviewed in [9, 10]). Overall, the quality character‐
istics of the final product are significantly affected by the process conditions and the way it is
conducted. Thus, drying operations need to be precisely controlled and optimized in order to
produce a good-quality product with the highest level of nutrient retention. The changes
caused to the food properties include discoloring, aroma loss, textural changes, nutritive value
and changes in physical appearance and shape [11]. Conditions of drying have a great effect
on quality attributes of dried product. For example, higher drying temperature reduces the
drying time but may result in poor product quality, heat damage to the surface and higher
energy consumption [12]. On the other hand, mild drying conditions with lower temperature
may improve the product quality but decrease the drying rate thus drying period is length‐
ened.
The problems of drying are diverse as various food materials with very diverse physical/
chemical properties need to be dried at different scales of production and with very different
product quality specifications [13]. The materials preserved by dehydration vary a lot, not only
fruits and vegetables to probiotic microorganisms and animal products in the food area, but
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also other biological materials with important physiological activities, such as human blood
cells and insulin.
As described in [4], in most cases, drying involves the application of different temperature
conditions (e.g., in the case of freeze-drying, the temperature applied can be −30°C or −80°C,
and in the case of other methods such as air drying or spray drying, the temperatures can be
45–80°C or 125–140°C, respectively) that cause irreversible damage due primarily to:
- changes in cellular structures (e.g., cell wall, cell membrane) constituting biological tissues
and the induction of changes in key properties responsible for product functionality (e.g.,
cell membrane permeability, mechanical strength of the wall membrane assembly, etc.).
- changes in the chemical structures responsible for the biological value of nutritious com‐
ponents (e.g., protein, fat). The structural changes also cause changes in the technological
functionality that these compounds give to the food to which they belong.
- reactions, mainly oxidation, that decrease the functional value of nutritive compounds (e.g.,
vitamin, antioxidant).
The major challenge is to remove water from the material in the most efficient way with better
product quality, minimal impact on the environment and at the lowest capital and operating
costs of the process. Today’s increased competition due to globalization, together with the
growing consumer demand for better quality products, coupled with the need for eco-friendly
and sustainable processes to maintain competitiveness with minimal impact on the environ‐
ment, will continue to seek innovations in the drying process [9].

3. Strategies to increase the functionality of food products in drying
processes
One important part of the sustainability to point out is the minimization of residues on the
bioactive compounds recovery from the food waste. During bioactive compounds recovery
from food waste, it is common to carry out a drying operation in order to concentrate these
ones and use the minimum quantity of solvent. A lot of papers have been written studying the
optimal exploitation and revalorization of food waste extracting the maximum quantity of
bioactive compounds and minimizing the environmental impact. Some examples of articles/
reviews published are those from [14, 15]. However, in this chapter, we focus on the contri‐
bution of functional foods to global sustainability concept. In this way, the principal strategies
to increase the functionality of food products during drying as indicated in [9] can be divided
into three groups. These strategies can be applied regardless of bioactive compound source
either being naturally present in the food matrix or derived from food waste recovery:
1.

Addition of ingredients that protect the degradation of bioactive compounds.

2.

Creation of structural elements that protect/maintain the functionality of bioactive
compounds.
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3.

Prevention of reactions causing a degradation of bioactive compounds and promotion of
those that result in a functional effect.

3.1. Addition of ingredients that protect the degradation of bioactive compounds
As mentioned earlier, drying operation involves removing large amounts of intracellular and
extracellular water from food matrices that results in structural and biochemical changes that
at the end can affect the functionality of bioactive compounds. The bioactive compounds to be
protected vary a lot, from probiotic microorganisms to other important biological compounds
such as red blood cells and insulin. As a result, a variety of protectants have been added to the
drying media in order to protect the viability of these bioactive compounds. Following this
strategy, the researchers aim to not only reduce the degradation of bioactive compounds
during drying but also increase their functionality.
Regarding probiotic microorganisms protection during drying, a lot of literature can be found.
The probiotic microorganisms are dried in order to extend their viability in dried form or
during their incorporation into functional foods. Several works show that properly dried
microorganisms remain viable during long-term storage at room temperature [16]. However,
the stresses suffered during processing may lead to significant losses in viability and func‐
tionality. As explained by Iaconellia et al. [17], the stresses applied on microorganisms by
drying processes can be divided into two main categories: the mechanical stresses, mainly
localized to the cell membrane, and the intracellular accumulation of reactive oxygen species
that causes damage to cell proteins, lipids and nucleic acids. Structural changes can lead to
membrane deformation that with fast dehydration-rehydration processes result in membrane
permability leading to cell death [18–20]. Moreover, reduced water activity induce phase
transitions from crystalline to a gel in cell membrane [21], which may lead to leakage and cell
death [22].
A variety of protectants have been added to the drying media before freeze-drying or spray
drying to protect the viability of probiotics during dehydration, including skimmed milk
powder, whey protein, trehalose, glycerol, betaine, adonitol, sucrose, glucose, lactose and
polymers, such as dextran and polyethylene glycol [23]. The beneficial effects of the protectants
seem to be related to their protective effect on proteins and cell membranes [24].
As reviewed by Meng et al. [25], drying injuries to the cell depend on probiotic strain, drying
method and conditions of processing.
Some examples of new protectants and applications in the area of functional foods develop‐
ments are described later. In most of the studies, not only the survivability of the probiotic cells
is considered but also their functionality is measured in terms of enzyme activity, acid tolerance
and hydrophobicity.
The benefit of disaccharide protectants such as cellobiose, lactose and sucrose, for maintaining
viability and b-glucosidase activity of Bifidobacterium infantis UV16PR during freeze-drying
and storage in different food matrices was evaluated [26], concluding that at 10% concentration
both trehalose and cellobiose significantly enhanced enzyme activity, viability and acid
tolerance.
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Resistant starch was found to protect Lactobacillus plantarum CIF17AN2 during drying process
and could potentially protect it from gastric acid and bile exposures [27]. In the same way,
whey protein isolate (WPI) was able to protect Lactobacillus plantarum A17 in the encapsulation
process. A unique layer-by-layer electrostatic mechanism involved in encapsulation of A17 at
pH 7 was found responsible for higher survival of cells [28].
The capability of different fiber preparations to protect the viability and stability of Lactobacillus
rhamnosus during freeze-drying, storage in freeze-dried form and after formulation into apple
juice and chocolate-coated breakfast cereals was studied [29]. The stability of freeze-dried L.
rhamnosus cells at 20°C was higher in chocolate-coated breakfast cereals in comparison to lowpH apple juice. As in freeze-drying stability, wheat dextrin and polydextrose proved to be
better carriers than oat flour in chocolate-coated breakfast cereals. In the development of
probiotic chocolate, as reviewed by [30], the lipid fraction of cocoa butter was shown to be
protective for bifidobacteria.
Regarding other bioactive compounds, trehalose seems to be the most studied protectant. For
example, trehalose has shown to have a protective effect on insulin structure, probably via
substitution of hydrogen bonds, while the mild surfactant, sodium deoxycholate, was more
protective on the native structure of insulin and, therefore, results in high bioactivity mainly
due to resistance to the frozen concentration and interface denaturation in a concentrationdependent manner [31]. Intracellular trehalose has been shown to be necessary for successful
stabilization of the membrane during freeze-drying of liposomes and cells [32]. In the same
way, trehalose-loaded red blood cells lyophilized in the presence of liposomes demonstrated
high survival and low levels of methemoglobin during 10 weeks storage at 4°C in the dry state.
A detailed investigation on the liposome size revealed that extruded egg yolk phosphatidyl‐
choline vesicles with an average diameter of 270 nm are the most effective in inhibiting
hemoglobin release. Smaller vesicles could access membrane disruptions and be responsible
for membrane repair, which was reflected in reduced hemoglobin leakage [33].
Sometimes, the addition of key ingredients can not only help to reduce the degradation of
bioactive compounds but also increase their functionality. It was demonstrated that the
addition of a cationic amphiphilically modified dextran could act as excipient in drug delivery
nanocarriers of dry power inhalation and significantly increase the drug functionality and its
effect [34]. In the same way, a dry powder phage K preparation for oral delivery to control
Staphylococcus aureus using alginate whey protein microspheres was developed [35]. The
results showed that maltose provided the best protection to encapsulated phage K during
drying. Both the microsphere size and polymer concentrations in the encapsulation matrix
were important factors to determine the degree of protection against stomach acids.
3.2. Creation of structural elements with protective effect
Creation of structural elements with protective effect like encapsulation by using spray drying
to create a protective structure, the application of drying operation to form edible films and
coatings and the use of vacuum impregnation and its subsequent drying are strategies which
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can reduce the negative effect of dehydration on biomolecules, protect and even improve the
functional value of the food.
3.2.1. Encapsulation
Encapsulation is defined as a technology of packaging solids, liquids or gaseous materials in
miniature, sealed capsules that can release their contents at controlled rates under specific
conditions [36, 37]. The main objective of encapsulation is to protect the core material from
adverse environmental conditions such as moisture, heat, oxygen or other extreme conditions.
Thereby encapsulation can contribute to increase the shelf life of the product; increase
functionality, promoting the controlled liberation of the encapsulated bioactive compound in
the target site [38] and keep its properties protecting its bioactive compounds. To extend its
shelf life and hence reduce food losses is related with a waste of land, water, energy and several
inputs used in production, so any technique effectively reducing these losses will also
contribute to the more efficient use of natural resources and therefore sustainability.
Regarding encapsulation technologies, spray drying is an economical, flexible, continuous
operation, which produces particles of good quality. For this reason, it is the most widely used
microencapsulation technique in the food industry. Encapsulation with spray drying is
typically used for the preparation of dry, stable food additives and flavors and to protect
functional ingredients such as polyphenols and probiotics [4].
In most of the cases, the capsule is mainly made up of polysaccharides, proteins and their
combinations for the microencapsulation of antioxidant components and probiotics. Some
polysaccharides such as inulin and polydextrose may act as prebiotic, as they are not hydro‐
lyzed by human digestive enzymes, and have been used to protect probiotic bacteria during
spray drying and storage [39].
Recently, food industry by-products have raised considerable interest for their use as encap‐
sulant because of being a sustainable source of material. Chiou and Langrish [40] demonstrated
in their study that milled citrus fiber can be used as a replacement for maltodextrin-type
carriers to encapsulate hibiscus extract. Also, whey protein is an excellent encapsulating
material due to its emulsification, gelation and film-forming properties. Denaturing the whey
protein ensures higher tensile property and lower oxygen permeability which protects the
probiotic cells from adverse gastrointestinal conditions [41, 42]. Concretely, microencapsula‐
tion of Lactobacillus plantarum with fructooligosaccharide and denatured whey protein as wall
material was found to be most effective in maintaining the viability of bacteria after drying,
during storage and in simulated gastric and intestinal conditions [43]. Reconstituted skimmed
milk has demonstrated to behave as a protective carrier for improving the survival ratio of
lactic acid bacteria (LAB) after spray drying. Such protective effects has been attributed to
calcium, which might enhance the heat resistance of LAB cells, and proteins, which lead to a
mild temperature variation rate that is beneficial to cell survival [44]. Other example of foodderived protein that is able to protect probiotics from hot temperatures is derived from flaxseed
(Linum usitatissimum L.) and its mucilages; reference [45] has demonstrated its efficiency as
wall materials for microencapsulation by spray drying of Lactobacillus acidophilus La-05.
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3.2.2. Edible films and coatings
Recently, the interest in high-quality food products, increased shelf life and reduced environ‐
mental impact has promoted the development of edible and biodegradable polymer films and
coatings. Extending shelf life is nowadays one of the main objectives of scientific research and
industrial application of edible films and coatings on the surface of several foods.
Use of edible film in multiple food-packaging applications has emerged as an environmentfriendly technology with regard to its film-forming properties. An edible film or coating of
any material used for enrobing (i.e., coating or wrapping) various foods to extend shelf life of
the product that may be eaten together with food or without further removal is also considered
[46]. Edible film or coating can control moisture transfer, gases exchange, lipid migration and/
or oxidation processes. An edible coating is a thin layer of edible material formed as a coating
on a food product, while an edible film is a preformed, thin layer, made of edible material,
which once formed can be placed on or between food components [47].
Edible films are obtained from food-grade suspensions and are usually molded as solid sheets
onto inert surfaces. They are dried and put into contact with food as wrappings, pouches,
capsules, bags or casings through further processing [48]. Biopolymer edible films can be
formed via two basic technologies: dry and wet processes. In a dry process, the biopolymer
relies on the thermoplastic behavior exhibited by some proteins and polysaccharides at low
moisture levels in thermo-compression molding and extrusion. And in wet process, biopoly‐
mers are dispersed or solubilized in a film-forming solution (solution casting), and drying
steps to make the film matrix [49], solvent removal is required to achieve solid film formation
and control its properties [50]. In this case, most of the times, drying operation is applied to
form the structure not to obtain dried foods as in aforementioned cases. Those drying opera‐
tions are generally with air flow at moderate temperatures ranging from 30°C to 60°C,
depending on the characteristics of the product. When the edible film is applied in a dehydrate
product, drying temperature can be higher; in reference [51], an edible film is applied in an
apple snack enriched with fructooligosaccharides and Lactobacillus plantarum with methylcel‐
lulose, acid citric and sorbitol at different temperatures ranging from 50°C to 140°C during a
range of 3–90 minutes.
Edible films and coatings contribute to the revalorization of some industrial by-products which
are included in their formulation. This is the case of starch, cellulose and hemicellulose from
plant origin, chitosan from crustacean, gums, carrageenan and protein extracted from sea‐
weed, whey protein from the dairy industry, gelatin from slaughterhouses and tanneries,
plant-based proteins as soybean and sunflower proteins from oilcakes and keratin from
feathers [52–55]. The use of by-products contribute to reduce the waste and hence to increase
the sustainability of the process.
In addition, edible films and coatings can act as carriers of functional bioactive compounds as
antioxidant and/or with antimicrobial properties, bacteria with probiotics effect or antimicro‐
bial and other components which raise the value of the product by increasing the food’s shelf
life and protecting its physicochemical properties while maintaining its mechanical integrity
and handling characteristics [55–57].
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3.2.3. Vacuum impregnation
Vacuum impregnation is a mass transfer operation where a liquid medium is introduced into
a solid porous food structure due to pressure gradients created [58, 59]. The liquid amount
impregnated into the food matrix depends on the food structure (pore size, distribution,
morphology and porosity) and on the vacuum force applied (time and intensity).
Vacuum impregnation can be considered as a useful technology to introduce solutes into the
structural food matrix to modify its composition. Generally, it is applied to add bioactive
compounds to achieve a technological and/or nutritional functionality [4]. In most cases, this
technological operation is used as a pre-treatment for other operations such as frying, drying
and freezing due to its effectiveness in reduction of enzymatic and browning reactions, without
using antioxidants, by removing oxygen from the food matrix [60]. Vacuum impregnation with
a subsequent drying operation is a good combination to obtain stable and enriched functional
foods. This operation can also be used to mitigate drying effect by introducing protector
compounds as sugars, sugar alcohols and non-reducing sugars in the food matrix. Functional
compounds added into the food matrix are more protected from oxygen and other degradation
factors than the free functional compound itself; hence functional properties and shelf life are
improved, even synergies between some bioactive components can occur and enhance its
functionality. It has been demonstrated that bioactive compounds provided by foods can have
synergic effect, for example hesperidin is more efficient in combination with ascorbic acid [61].
In reference [62], a probiotic apple snack impregnated with mandarin juice and enriched with
Lactobacillus salivarius spp. Salivarius was developed. The inclusion of the probiotic into a food
matrix by vacuum impregnation demonstrated a protection against degradation reactions and
at the same time, the new structure could permit the liberation of the bioactive compound in
the target site hence improving its functionality.
3.3. Prevention of reactions causing a degradation of bioactive compounds and promotion
of those that result in a functional effect
Because of the decrease in the moisture content during drying, most of the nutrients present
in the food undergo substantial concentration, thus increasing its nutritional value. However,
other more sensitive nutrients are irreversibly transformed and/or destroyed during the
dehydration step mainly due to the effect of light, oxygen, heat and the presence of sensitizers.
The extent of such changes would depend not only on the processing conditions but also on
the sensitivity of each particular compound, their interaction with other food components and
the protection conferred by structural matrices, such as cells or microcapsules. From deterio‐
rative reactions occurring during drying of foodstuff, those having a chemical basis are
basically oxidation and Maillard reactions. Lipids, vitamins, carotenoids and phenolic
compounds are particularly sensitive to oxidation which, in turn, can take place enzymatically
or non-enzymatically.
Lipid oxidation leads not only to the development of the typical aroma of many meat
products but also to the formation of unpleasant odors and flavors. From a nutritional point
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of view, oxidation may affect the fatty acid composition and fat quality of meat and fish
products. Significant decrease in long-chain polyunsaturated fatty acids (LC-PUFA) was
reported during dry-cured ham processing [63]. Also the exposure to light and oxygen during
sun drying and controlled oven drying induced a noticeable reduction of the most impor‐
tant ω-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), in both
lean and fat fishes [64]. In addition, free radicals and peroxides originated during lipid
oxidation are closely related to the pathology of some cancers, arteriosclerosis, arthritis,
neurodegenerative diseases and the aging process [65]. Moreover, oxidized lipids can react
with proteins and other food components and reduce their nutritional quality and safety [66].
Regarding the application of a salting process, brine contact with fish has also been report‐
ed to enhance lipid oxidation of the highly unsaturated lipids, which is directly related to the
production of off flavor, protein denaturation and texture changes [67]. Specific techniques
reported to prevent lipid oxidation in fish oil processing include microencapsulation and the
application of natural food additives with antioxidant capacity like rosemary extracts, αtocopherol or polyphenols from grape pomace [68]. Among simpler technical proposals for
reducing lipid oxidation during fish and meat drying, those focused on reducing the exposure
to oxygen in the drying chamber and, to a lesser extent, the drying temperature are particu‐
larly of interest. To this end, satisfactory results have been reported from vacuum drying and
ultrasonic vacuum drying [69], microwave drying [70], ultrasound assisted drying [71],
freeze-drying [72] and low-pressure superheated steam drying. Although there is little
evidence about the impact of such techniques on the lipid profile of treated products, one
intuits that these treatments result in more porous structure entailing greater risk of dam‐
age by oxidation during further storage. Also in fruits and vegetables, such techniques have
resulted in reduction of pigments, vitamin C, phenolic compounds and other minor ingre‐
dients losses due to oxidation.
Carotenoids are natural pigments synthesized by plants and microorganisms. Their impor‐
tance in human nutrition and health is mainly due to their capability to inhibit oxidative
reactions. This property is particularly high in the case of lycopene, closely followed by αcarotene and β-carotene and, to a lesser extent, zeaxanthin [73]. Carotenoids may be free in the
lipid phase of the food, forming complexes with proteins, bound to carbohydrates or as fatty
acid esters. Carotenoids oxidation can be indirectly catalyzed by lipoxygenase, the enzyme
responsible for the peroxides formation from lipid oxidation of unsaturated fatty acids, and
results in important color changes and losses in antioxidant activity. Isomerization is also
involved in carotenoids loss during food dehydration. Indeed, naturally occurring carotenoids
are in all-trans form, which is the most stable chemical form to heat treatments. Thermal
treatments applied during food processing promote isomerization of trans-carotenoids to their
cis-form, mainly on the 9-cis and 13-cis types; it is not entirely clear whether it adversely affects
their ability to scavenge free radicals [73]. As reported in reference [74], 13-cis-β-carotene is
formed in carrots as the temperature of the product reaches 60°C, when submitted to hot air
drying, or even lower temperature, when applying vacuum drying and low-pressure super‐
heated steam drying. Although the antioxidant activity is unaffected in this case, the conver‐
sion of trans-β-carotene in any of its cis-isomers might imply a notable decrease in its activity
as vitamin A precursor [75]. Negative effects of isomerization are usually offset by an increase

Sustainable Drying Technologies for the Development of Functional Foods and Preservation of Bioactive Compounds
http://dx.doi.org/10.5772/64191

in bioavailability. All-trans forms naturally existing in foods are linear, long and rigid mole‐
cules, whereas their cis isomers are shorter molecules that can be more easily solubilized,
absorbed and transported at a cellular level [76]. Even the irreversible degradation of carotenes
by oxidation could be compensated by this increase in bioavailability [77]. For this purpose,
losses during processing should be minimized by using one of the alternatives to aforemen‐
tioned conventional drying techniques. Preventing the loss of cellular integrity also contributes
to diminish the incidence of oxidation, as well as some pretreatments, such as blanching and
osmotic dehydration. Blanching benefits are attributed to enzyme inactivation, while osmotic
treatments for a short period in the presence of sucrose at 30–40°C have been reported to
encourage these phytochemicals generation [78].
Other food components having beneficial health effects due to their high antioxidant and
antimicrobial activity, and therefore being susceptible to oxidation, include polyphenols and
ascorbic acid. Phenolic compounds and vitamin C are known to prevent free radicals
formation and reduce molecular damage on DNA, lipids and proteins, which is directly
related to a decrease in the incidence of cancer and coronary diseases. They also play a
decisive role in the color and flavor of certain fruits and vegetables. Most of the polyphe‐
nols are present in foods as esters, glycosides or polymers, that is, as forms that cannot be
absorbed [79]. However, as previously mentioned for other functional compounds, structur‐
al and chemical changes taking place during fruits and vegetables drying can contribute in
increasing their bioavailability during further consumption. In general, reducing the contact
with oxygen in the drying chamber by reducing the drying time reduces losses in phenolic
compounds, but due to its greater sensitivity to high temperatures, reducing the vitamin C
losses might imply a noticeable decrease in the drying temperature [80]. In spite of these
considerations, certain fruits and vegetables show an increase in their ability to scavenge free
radicals after drying in adverse conditions [81], which has been explained in terms of the
generation of new compounds with higher antioxidant activity as the ones resulting from the
Maillard reaction.
The Maillard reaction or non-enzymatic browning reaction is the chemical reaction that occurs
between compounds with a primary amine function and compounds with carbonyl groups,
which generate different flavors and brown color [82]. This reaction is accelerated under
alkaline conditions, intermediate moisture content (0.55 < aw < 0.75) and high temperatures,
but it is also observed under refrigeration [83]. The type of compounds involved also influences
the reaction rate, as well as the presence of certain metals. Logically, meat and fish products,
with a particularly high protein content, are most susceptible to experience such reaction.
However, by-products of the Maillard reaction have also been found to be less in lysine
products, such as fruits and vegetables. Adverse effects associated with this reaction include
alteration of the organoleptic properties and decrease of the nutritional value since essential
amino acids, mainly lysine, and certain vitamins, such as vitamin K and C, are generally
involved. In addition, some of the compounds formed in the Maillard reaction are toxic or
mutagenic. This is the case of high carboxymethyl lysine that promotes diabetes and cardio‐
vascular diseases, and some recognized it as a probable human carcinogen compounds, such
as acrylamide and hydroxymethylfurfural [82]. On the contrary, melanoidins formed at the
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last stage of the Maillard reaction are non-digestible compounds having antioxidant and
antimicrobial activity against pathogenic microorganisms of the colon [83]. Non-enzymatic
browning in foods also includes caramelization reaction, but it involves only sugars or
polyhydroxycarboxylic acids and usually requires more drastic conditions. Since the pyrolysis
of sugars starts at temperature above 110°C, caramelization reaction in foodstuff drying is not
as worrisome as compared to other chemical reactions.

4. Energetic considerations
Drying is probably the most energy-intensive process of the major industrial processes because
it consumes large amounts of energy and releases significant amount of carbon oxides to the
environment [84]. In an energy-intensive industry like heating or drying, improving energy
efficiency by 1% could result in as much as 10% increase in profit [85]. Any small improvement
in energy efficiency in food drying process will lead to a sustainable development to global
energy perspective.
Condition of drying air has a great effect on the quality attributes of dried product. Thus, one
of the key issues of drying technology is to reduce the cost of energy sources to increase the
efficiency of drying facilities for good quality of dried products. On the other hand, the design
of an energy-intensive system for lower cost and higher efficiency is one of the essential
approaches for sustainable development [86].
There are a lot of studies modeling drying operation. Most of the times, the models are directed
to analyze heat and mass transfer in order to improve the quality of the final products obtained.
With the aim to evaluate the drying operation, there are a lot of studies directed to analyze the
energy used during process in order to optimize the drying method and contribute to the
sustainability of the process. It is necessary to combine all process variables (drying process,
installation design, time, temperature and product characteristics) to minimize energetic and
product losses.
Usually, an energy analysis is carried out in most of the studies. The energy analysis is a basic
and traditional approach to estimate various energy conversion processes [87]. The energy
analysis is based on the first law of thermodynamics, which is expressed as the principle of
the conservation of energy. According to Singh [88], energy analysis is useful in quantitative
evaluation of energy requirements of energy generating and delivery systems and in the
detection of mode and evaluation of energy loss. However, it provides no information about
the irreversibility aspects of thermodynamic processes. The energy analysis is unable to
distinguish the different qualities of energy such as heat quality which is dependent on the
heat source temperature.
The exergy-based analysis and subsequent optimization of drying processes is having a
growing interest among the researchers. Exergy is the maximum amount of work obtained
from a stream of matter, heat or work when some matter is brought to a state of thermodynamic
equilibrium with the common components of natural surroundings by means of reversible
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processes, and is a measure of the potential of a stream to cause change, as a consequence of
not being completely stable relative to the reference environment [89, 90]. The exergetic
performance assessments not only distinguish the magnitudes, location and causes of
irreversibilities in the plants, but also enables the locations, types and magnitudes of waste
emissions and internal losses to be determined [91, 92]. The main objective of exergy analysis
of drying systems is to provide a clear picture of the process, to quantify the sources of
inefficiency, to distinguish the quality of energy consumption, to select optimal drying
conditions and to reduce the environmental impact of drying systems. The exergy analysis is
being applied to more and more products. In recent years, some articles have been published
combining both energy and exergy calculations in order to have a more completed analysis
and sustainability evaluation of the process [93].

5. Conclusions
The development of functional foods can clearly contribute to the global concept of sustaina‐
bility. The negative effects related to the application of extreme temperatures in drying
operations can be minimized by incorporating ingredients that protect structural elements,
creating protective structures and avoiding degradation reactions. Management of drying
processes in an adequate way can contribute to prevent bioactive compounds losses, maintain
and even increase the functionality of dried products.
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Abstract
Low-rank coals including the brown and the subbituminous coals are commonly known
to contain high moisture content (up to 65%, wet basis), which limits their utilization
around the world in spite of their low cost. Today, the most of the drying technolo‐
gies are based on the evaporation of the water from the moist product. In this chapter,
the most effective parameters on the evaporative coal-drying process are investigated
with the data in the recent literature. The effective parameters are evaluated in three
categories as follows: (1) the parameters about the drying media (the type of the media,
the temperature, the pressure, the velocity and the relative humidity), (2) the coal
parameters (the type of the coal and the size) and (3) the drying method.
Keywords: low-rank coal, lignite, drying, evaporative drying, coal

1. Introduction
Today, the lignite is one of the cheapest energy sources [1, 2]. The lignite reserves constitute
about 45% of the total coal reserves and are distributed throughout the world [3]. The lowrank coals (LRCs) including the brown and the subbituminous coals, which are known to contain
high moisture content (up to 65%, wet basis), are very important for the LRC-fired power plants,
the gasification and the liquefaction [4]. The high moisture content of the LRC limits its availability
in spite of its low cost [5].
The moisture in the coal causes problems in the handling, the storage, the transportation, the
milling and the combustion [4, 6]. In the coal combustion, the important part of the energy is
consumed to evaporate the moisture inside the coal [5–7]. The combustion of the high moisture

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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content coal creates some problems such as the additional energy consumption for the
moisture evaporation, the insufficient combustion and the additional exhaust discharge [8].
The LRC should be dried to the required moisture level to decrease the energy losses and the
transportation costs, and to increase the quality of the products [9, 10]. The drying of the LRC
may be divided into the evaporative drying or the non-evaporative dewatering [11]. In this
study, only the evaporative drying of the LRC is considered.
The drying of the LRC decreases the problems caused by the high moisture content. In a coalfired power plant with the coal drying, the heat lost with the flue gas, the water consumption
in the cooling tower and the energy consumption in the mill decrease [12]. The efficiency of
the coal-drying process for a coal-fired power plant mainly depends on the source of the drying
energy. The low-quality heat source for the drying process can enhance the efficiency of a coalfired power plant [13].
In the drying process, both the heat and the mass transfer mechanisms are active. In the
evaporative drying of the coal, the heat is provided to remove the water from the coal particle.
In references [5, 14, 15], it is stated that the effective parameters on the drying of the lignite are
the temperature, the drying media flow rate, the sample thickness and the particle size. Many
studies have been conducted on the lignite drying. In the literature, there are some attempts
to review the studies about the coal drying such as references [11, 16–22].
The estimation of the exit coal moisture content of the dryer is an important research topic.
However, there is not much study on this issue. The thin-layer drying models and the neural
network methods were applied to estimate the drying curve [23–29]. The performance of the
used models and methods seem so satisfactory.
There are various studies on the evaporative coal drying. In this study, the most effective
parameters on the evaporative coal-drying process are investigated with data in recent
literature open to the authors. The effective parameters are evaluated in three categories as
follows: (1) the parameters about drying media, (2) the coal parameters and (3) the drying
method. The effective parameters on the drying media are the type of media, the temperature,
the pressure, the velocity and the relative humidity. Different coals in varying sizes are
investigated in the section of parameters about coal. Finally, the drying methods used in the
literature are studied. The main aims of this study are to summarize the recent studies on the
LRC drying and to investigate the most effective parameters on the drying.

2. Parameters about drying media
In this section, the most effective parameters on the drying media are examined. These
parameters are as follows: the type of drying media, the temperature, the pressure, the velocity
and the relative humidity. All of these parameters should be defined before the design of the
dryer.
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2.1. Parameters about drying media
In the coal-drying literature, four drying medium (air, steam, exhaust gases and nitrogen) are
used in the studies. The summary of the types of drying medium used in the coal-drying
studies is presented in Table 1.
Drying media

References

Air

[3, 4, 6, 8, 9, 23, 26–46]

Steam

[8, 9, 25, 27, 37, 47–52, 54, 55]

Exhaust gases

[7, 54]

Nitrogen

[25, 31, 33, 53, 56, 57]

Table 1. Types of drying medium used in the literature.

The high temperature (700–900°C) air or the exhaust gases are used in the conventional
evaporative dryers [18]. In the power plants, the exhaust gases can be used in the drying
process, so the overall efficiency of the plant can be increased [36]. Akkoyunlu et al. [58] studied
the economic upper limit of a possible dryer for the coal-fired power plants without consid‐
ering the method, the conditions, the source of energy, etc.. However, in the coal drying, the
air and the exhaust gases may cause some problems. The air and the exhaust gases with the
high temperatures are not applicable because of the spontaneous combustion of the coal and
the loss of the volatiles [11, 59].
Using superheated steam as the drying media has many advantages over the air and the
exhaust gases [18, 60, 61]. The energy consumption in the air drying is more than the super‐
heated steam drying [25]. In the superheated steam drying, the risk of oxidation and the fire
are highly unlikely due to the oxygen-free atmosphere [60, 61]. Therefore, the drying temper‐
ature can be raised and the higher drying rates can be achieved [18]. The exhaust of the
superheated steam drying is pure steam, and so its latent heat can be recovered by the
condensation [8, 49, 53]. Moreover, using superheated steam for the coal drying with high
capacities in the power plants seems more effective than the others [6].
Using nitrogen as the drying media is not applicable. However, the results of these studies can
be evaluated in conjunction with the exhaust gases. The significant proportion of the exhaust
gases are nitrogen.
Drying with the air and the steam are the most important topics in the coal-drying literature.
The pros and cons for both are presented in many papers. In Figure 1, the drying rate curves
for the lignite in the hot air and superheated steam are shown. For the same drying tempera‐
tures (120, 140 and 160°C), the final moisture content in the air drying is nearly zero. However,
in the superheated steam drying, the final moisture content is about 0.7 kg/(kg db). The drying
rate increases as the temperature increases. At the temperature of 120°C, the air drying is faster
but at the temperatures of 140 and 160°C, the steam drying is faster.
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Inversion temperature term is used in the comparison of the air and the steam drying. It shows
the temperature point above which the drying rate in the steam is greater than that in the air.
In reference [13], the inversion temperature was found in the range from 120 to 140°C.

Figure 1. Drying rate curves for lignite in hot air (right) and superheated steam (left) [8].

2.2. Temperature
The drying temperature is one of the most important parameters affecting the drying rate and
time. Using the high-temperature drying media requires short drying time. However, the hightemperature values are not applicable for the coal drying due to the spontaneous ignition and
the loss of volatiles [59]. The drying temperature levels used in the literature are categorized
in two classes (below and above the boiling temperature), and they are presented in Table 2.
Temperature

References

Below boiling temperature

[4, 6, 23, 28, 29, 32, 34–36, 38–41, 46, 57]

Above boiling temperature

[3, 4, 6–9, 23, 25–31, 33, 37, 38, 43–53, 55, 56]

Table 2. Drying temperature levels used in the literature.

The LRC is liable to the spontaneous combustion because of its reactive nature [62]. The hightemperature media comprising oxygen may result in combustion of the coal. Using the air or
the exhaust gases (comprising uncontrolled rate of oxygen), the drying media may cause the
spontaneous combustion of the coal even in the low temperatures. In some of the applications,
the rate of oxygen in the exhaust gases is regulated, so the risk of the fire is controlled. However,
there is still risk of the fire.
In addition, in the high temperatures, the coal losses its volatiles, which in turn decreases its
calorific value [59]. Moreover, the volatiles increase the risk of the fire.
The effects of the drying temperature on the coal weight loss and the drying rate are shown in
Figure 2. As can be seen, the higher temperature provides faster drying and short drying time.
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Figure 2. Change of coal weight loss with time (a) and drying rate with moisture content (b) at different temperatures
[33].

2.3. Pressure
The pressure of the drying media also affects the drying of the LRC. The increase in the pressure
improves the overall heat transfer coefficient [49]. However, the higher pressure values result
in the higher equilibrium moisture content. The effect of the pressure can be investigated in
three categories such as the atmospheric, the vacuum and the high pressure. The drying
pressure levels used in the literature are presented in Table 3.
Pressure

References

Atmospheric

[3–6, 8, 9, 23–41, 43–47, 50–53, 55–57]

Vacuum

[47]

High

[6, 7, 47–51]

Table 3. Drying pressure levels used in the literature.

Figure 3. Effect of pressure on heat transfer coefficient [49].
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The effect of the pressure on the heat transfer coefficient is shown in Figure 3. The percent
increase in the heat transfer is calculated relating to the pressure at 1.1 bar. The pressure seems
significantly effective according to reference [49]. Moreover, according to reference [63], the
higher pressure values result in the faster drying. However, according to reference [48], the
pressure does not affect the drying rate. The effect of the pressure on the drying should be
presented clearly.
2.4. Velocity
The velocity of the drying media is effective on the LRC drying. In the literature, the different
velocity values are studied. In the fluid bed coal-drying studies, the fluidization velocity is also
studied. For the case of the fluid bed drying, the level of the drying media’s velocity according
to the minimum fluidization velocity is very important.
The effect of the drying media is investigated in reference [39] (Figure 4). The higher velocity
value provides the faster drying rate. The velocity does not affect the drying rate significantly
in the last part of the drying. For the fluidized bed dryers, the higher fluid velocities increase
the heat transfer rate and the solid mixing [33].

Figure 4. Effect of velocity on coal drying [39].

2.5. Relative humidity
The relative humidity of the drying media affects the drying of the LRC. As can be seen from
Figure 5, the lower relative humidity means the higher drying rate. At the surface of the coal
particles, the evaporation rate is dependent on the water vapour pressure difference between
the coal surface and the drying media. The water vapour pressure of the drying media increases
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with the increase in humidity, and thus, the drying rate decreases with the increase in
humidity. In addition, the equilibrium moisture content of the coal particles increases with the
increase in the relative humidity.

Figure 5. Effect of relative humidity on coal drying [41].

3. Parameters about coal
The characteristics and the particle size of the coal have an important effect on the drying. All
types of the coals have different characteristics such as the initial moisture content, the porosity,
the equilibrium moisture content, the volatile matter, the grindability, the ash content and the
heating value. The effect of the moisture content on the coal heating value for different coal
types is shown in Figure 6.
The moisture in the coal can be categorized in three groups: the surface moisture (the free
water), the physically bound moisture and the chemically bound moisture [32, 64]. The heat
is provided to the coal particle, in the evaporative drying, for heating the particle, for evapo‐
rating the water, and for overcoming the binding forces (both the physical and the chemical)
between the coal and the water [32, 49]. The surface water is easily removed by the evaporation
but the other types of the moisture require more energy to be removed. As can be seen from
Figure 7, the heat of the desorption of the water from the Yallourn brown coal increases with
the decrease in the moisture content after a critical moisture value, which shows the end of the
surface water and the start of the domination of the internal mass transfer mechanisms.
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Figure 6. Coal heating value as a function of coal moisture content [32].

Figure 7. Heat of desorption of water as a function of moisture content [65].

It is important to understand the types of the water in the coal to be effectively removed. For
different coal types, the binding forces change, and the binding enthalpy increases with the
decreasing moisture content (Figure 8) [66–68].
The higher part of the water in the lignite is in the pores [69]. Therefore, the number, the size,
the distribution and the shape of the pores in the LRC have important effects on the drying.
The water in the smaller pores means difficult to remove. The importance of the effects of the
coal parameters on the evaporative drying clarifies that all the types of the coal should be
studied separately to obtain the drying characteristics.
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Figure 8. Change of binding enthalpy with coal and water content [49].

3.1. Type of coal
In the literature, there are many studies ([5, 7, 30, 32, 35, 36, 45, 50, 51, 57, 70], etc.), which
investigated the effects of the coal type on the drying. In Figure 9, the drying curves of the
North Dakota lignite and the subbituminous coal from the Powder River Basin (PRB) are
shown. Different types of coals show different drying characteristics.

Figure 9. Comparison of drying curves for two different coals [35].

3.2. Particle size
The particle size is highly important in the drying process. In addition, the particle size is
very important parameter in the fluidization of the fluidized bed. Moreover, the size of the
lignite particles has an important effect on the heat transfer coefficient inside the superheat‐
ed steam fluidized bed dryer [49]. The sizes of the coal particles used in the literature are
presented in Table 4.

67

68

Sustainable Drying Technologies

Particle size (mm)

References

<2

[5–8, 24, 25, 27, 33, 34, 39–41, 47, 53, 57]

<5

[3, 4, 9, 26, 31, 32, 35–37, 44, 49–52, 56]

>5

[23, 26, 28–30, 35–37, 43, 45, 46, 48, 49, 55]

Table 4. Coal particle sizes studied in the literature.

The effect of the particle size on the drying rate is presented in Figure 10. The drying rate
increases as the coal particle size decreases. The smaller particle fractions have larger surface
area, and thus, they dry faster [71]. In addition, the moisture transport distance inside the
particle decreases as the particle size decreases.

Figure 10. Effect of particle size on drying rate [39].

4. Drying method
In the literature, many different coal-drying technologies are seen. However, the common
conventional drying systems are the fluidized bed dryer, the rotary dryer, the shaft dryer, the
pneumatic dryer, fixed bed, etc. [72]. The experimental drying methods used in the literature
are presented in Table 5.
Some of the experimental drying methods (the TGA-Thermal Gravimetric Analysis, the oven
and the others) used in the literature are just for investigating, analysis and modelling.
Therefore, they are not examined for the applicability of the methods. The results of these
studies are important to understand the drying characteristics of the coals, to evaluate the
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effective parameters on the drying and to be able to model the drying of the LRC in a convenient
drying technology.
Drying method

References

Fluidized bed

[3, 9, 25–27, 30–33, 35, 36, 38–41, 47–49, 53]

Microwave

[5, 24, 25, 53]

Moving bed

[43]

Flash

[7]

TGA

[34, 44, 56, 57]

Oven

[4, 6, 37, 50–52]

Fixed bed

[23, 28, 29, 46]

Others

[8, 44, 55]

Table 5. Experimental drying methods used in the literature.

The fluidized bed method is extensively used in the drying of the wet particulate and the
granular materials [39, 72]. It has many advantages such as the better gas-drying medium
contact, the high thermal efficiency and the drying rates [15]. However, it has some disadvan‐
tages such as the high-pressure drops and the non-uniform moisture in the output products
[73].
The low-temperature fluidized bed drying method is developed in the United States [32, 74].
The low-grade waste heat is used in this process. This method decreases the risk of the
oxidation and the fire due to the low-temperature air. The in-bed heat exchangers are used to
increase the temperature of the air and its moisture carrying capacity. However, there is still
a risk of the spontaneous combustion in the low-temperature air drying.
The superheated steam fluidized bed-drying technology is a promising one for the coal drying,
especially for the high capacities such as the coal-fired power plants. For the power plants, the
necessary steam for the drying process can be supplied from the turbine. The in-bed heat
exchangers are also used in this method. The heat is supplied to the exchanger tubes by the
steam in the lignite drying process [49]. The generated steam can be used in the process by
increasing its temperature by the vapour compressor [49]. In addition, the generated conden‐
sate in the in-bed heat exchangers can be used for preheating [49]. Using the steam as the drying
and the heating medium may increase the efficiency of the process considerably.
The microwave drying is used in a few coal-drying studies [5, 53]. It has some advantages such
as the higher heating rates compared to the conventional heating and the more uniform heat
supply [5, 60]. The microwave drying directly uses the electricity as the energy source, so it
seems so expensive for the LRC drying. However, it can be used by integrating with a
conventional drying system due to the advantages of the microwave drying in removing water
inside the coal, which is difficult to evaporate with the other drying technologies (Figure 11)
[75].
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Figure 11. Effect of microwave drying on normal drying curve [75].

The microwave power level has effects on the drying with the microwave. The weight loss
increases with the increasing microwave power (Figure 12). In addition, the coal type affects
the weight loss with the microwave drying.

Figure 12. Effect of microwave power level on coal weight loss for three different coal types [5].

The flash drying is one of the most widely used technologies in the drying, and it is also known
as the pneumatic drying [72]. As the drying medium, the steam, the air and the exhaust gases
can be used. It requires the high drying medium velocities to transport the particles. The
particle size range for the flash drying is usually 0.01–0.5 mm [72]. It is not applicable for the
larger particle sizes.
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The packed moving bed dryer was developed for the large capacities and it uses the 150°C
exhaust gases with the controlled oxygen content [76]. Using of the exhaust gases at this
temperature levels provides the waste heat recovery potential. In addition, the controlled
oxygen content decreases the spontaneous combustion risk. This methodology seems appli‐
cable to the power plants with the high capacities and the heat recovery systems.
The fixed-bed drying technology was used to dry the coarse lignite particles [46]. However,
there is not much study on the fixed-bed drying. This methodology is a promising one for the
drying of lignite particles greater than 10 mm.

5. Conclusions
The coal is one of the most important energy sources in the world. The drying of the LRC is
very essential to utilize it efficiently. Because the coal has a reactive and a combustible nature,
the drying technology and the drying media should be determined carefully. Moreover, drying
is an energy-intensive process; thus, the energy source for the drying process should be
determined with care. There is not only one correct method to dry a product. There are
numerous methods in the drying literature. Therefore, every drying process should be studied
separately.
The drying of the LRCs is still a contemporary topic. There are many studies on the LRC drying,
but the current studies are not enough. According to the authors, some further steps should
be taken as stated below:
• There is not any detailed study, which examines the effect of porosity on the drying
characteristics of the LRCs and links up the drying characteristics, the coal type and the
porosity.
• The single-particle drying characteristics of different coals should be studied in detail, and
all the effective parameters (particularly the pressure) on the drying should be presented
clearly.
• One of the most important areas for the LRCs is the power plants. More elaborative studies
should be conducted over the use of the LRC in the power plants such as:
○ All the stages (from the mine to the boiler) of the coal combustion in the power plant
should be presented clearly, and the problems caused by the moisture content should be
presented.
○ All the possible drying technologies should be presented.
○ All the possible energy sources should be presented, and especially the waste heat
recovery sources should be determined.
○ For the technologies using the superheated steam, the possibilities of using the process
steam should be evaluated, and the optimization studies should be conducted.
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• The innovative coal drying systems should be created, and the hybrid and integrated coaldrying systems should be examined.
• There are many mathematical, numerical and theoretical models for the drying of the moist
solids. The simple models should be developed for the coal drying.
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Abstract
The xoconostle fruit (Opuntia matudae) is rich in polysaccharides, soluble fiber, simple
phenols, betalains, and ascorbic acid. However, its consumption is limited due to its
high acidity. Spray drying could be a technological option to strengthen the sustaina‐
bility of xoconostle giving a re-valorization as a possible natural additive for the food
industry. The food powders have to be designed considering aspects related to the effect
of processing conditions on final quality properties; in this case, the effect of different
drying air temperatures was evaluated on moisture content, water activity (Aw), glass
transition temperature, microstructure, antioxidant activity, phenolic, and betalain
compounds. For all cases, the drying air temperature had a positive effect on physical
stability, at low levels of water activity and moisture content, and glass transition
temperature (Tg) was increased. The biological functionality (assessed through
phenolics, betalain compounds, and antioxidant activity) was also kept constant for all
processing conditions investigated. However, the most evident changes were ob‐
served at microscopic scale analyzed through morphometric parameters.
Keywords: spray drying, food powders, xoconostle juice, microstructure, betalains,
phenolics content, antioxidant activity
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1. Introduction
In food, pharmaceutical, and biotechnology industries, spray drying is the most used drying
method. In this, a material in liquid state is fed by atomization in the form of fine droplets into
a drying chamber, to obtain a solid product (powder). The outlet temperature of the dried product
is between the wet bulb temperature and the outlet drying air temperature, remaining below
100°C [1]. Some factors that have shown effect on the final quality characteristics of food powders
obtained by spray drying are the type of atomizer (two-fluid nozzle, sonic nozzle, spray nozzle,
or rotatory disc), the physical properties of fed materials, heat and mass transfer phenomena,
the average size of the atomized drops and their distribution, particle trajectory, size, and speed
of particles [2, 3].
The food powders with high sugar content can be classified into two groups: sticky and nonsticky. The non-sticky products such as milk products and egg powders are obtained by spray
drying in simple operating conditions and are characterized by free-flowing powders [4]. The
powders obtained from fruit juices, honey, and lactose are examples of sticky products. These
products are difficult to dry in a spray dryer due to their high sugar content (sucrose, glucose,
lactose, and fructose), organic acids (citric, malic, and tartaric acid) [5], and hygroscopic
characteristics. To improve the efficiency of drying process of sticky materials, agents of high
molecular weight such as maltodextrins are used because of their high solubility, low viscosity,
and high glass transition temperature [4, 6].

2. Drying
Drying is defined as the elimination of water in relatively small quantities of certain materials,
under controlled conditions. Drying or dehydration of biological materials, in particular food
products, is used as a conservation method [7]. The microorganisms that cause food decom‐
position cannot grow and multiply in the absence of water, and many enzymes that cause
biochemical changes in the food and other biological materials may be inactive [8]. Microor‐
ganisms are inactive when the moisture content is below 10%. However, it is usually necessary
to reduce the moisture content below 5% of weight in food to preserve its flavor and nutritional
value [9].

3. Spray drying
Spray drying, as unitary operation, is used to transform liquid into solid particles (powder),
eliminating moisture. In food industry, spray drying is widely used as an encapsulation
method for food ingredients such as flavors, vitamins, minerals, dyes, waxes, and oils, in order
to protect them from environmental stress and prolong the storage stability [10, 11]. Spray
drying is commonly used in the food industry since, in comparison with other encapsulation
techniques, its cost of production is low, has high availability of equipment, and also produces
particles of good quality [12]. The fed materials (solution, emulsion, suspension) are atomized
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within the drying chamber in the form of very small drops (between 20 and 250 μm). This
increases the total contact surface, improving the evaporation of the solvent (usually water).
When the product is encapsulated by spray drying, the nucleus exists as microparticles or
droplets distributed within the dry solid capsule. According to the size of the particle, the
encapsulation is classified as macro (>5000 μm), micro (0.2–5000 μm), and nano (<0.2 μm).
Some authors point out that spray drying can be considered a sustainable process for the
consolidation of nanoparticles within a spherical particle of micron size, but with properties
in nano scale [13, 14].
Spray-drying equipment components are heating system and circulation of air, atomizer
(nozzle or rotary disk), and powder recovery system. The most important stage of spray drying
is atomization, because this affects the size, distribution of the droplets and, consequently, the
final particle size. The most used atomizers are the rotary disc and pressure nozzle. Two-fluid
pneumatic nozzles are used in special applications or in low-capacity dryers in pilot plants.
Surface tension, viscosity, and density are the main characteristics of liquid that influence
atomization [15]. Processing parameters such as configuration of dryer and operating condi‐
tions exert a significant influence on the properties of the final product [16, 17].
3.1. Drying stages
The main stages of a dryer spray are atomization of the fed product, contact air-drop, evapo‐
ration of moisture from the product, and recovery of the dry product [15].
a.

Atomizing—this stage generates fine drops, increasing the relationship surface-mass, and
it is the key parameter to determine the size of the particle. In all cases, the atomization
occurs when the magnitude of the disruptive force exceeds the size of the surface tension
[15].

b.

Contact of drying air droplet—at this stage, the atomized droplets fall into a hot air flow
inside the drying chamber. The contact can be on different arrays of liquid flow with the
drying air flow (co-current, countercurrent, or mixed flow) [18].

c.

Evaporation—the process of elimination of solvent contained in the droplet is divided
into two phases. In the first stage, the droplet is heated when contacting with hot air,
achieving a value closer to the wet bulb temperature, which corresponds to the drying air
condition; in the second stage, a shell is formed, and diffusional process of water and
soluble solids are detected [19].

d.

Solids recovery—in the last stage, the powder is collected in a cyclone, which consists of
a cylinder with a tangential opening through which the gas flows with particles generated
in the dryer [20].

During evaporation stage, in the first step, the drying rate is almost constant, at which the
surface of the drop remains saturated by the migration of water from the inside to the outside
of the particle, and at the same time the solutes are concentrated, and the droplet diameter can
be reduced. On the contrary, the drying air temperature decreases, and the particle tempera‐
ture is increased [21]. In the second step, two regions of the particle are distinguished: a dried
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shell and a wet core. Drying of the particle speed is controlled by the moisture diffusion from
the center to the surface of the shell. As a result of drying, the thickness of the crust increases,
and its temperature rises to the set by the end of the process. Once the moisture content drops
to a minimum value, the product is considered as a dry particle [22, 23].
3.2. Spray drying of high-sugar products
Food products dried by this process can be classified into sticky and non-sticky products. This
categorization is relative, since some non-sticky products behave in an opposite manner,
depending on the process conditions and hygroscopicity [24].
The non-sticky products can be treated through a simple dryer, and the powders obtained
have a low hygroscopicity and can be classified as free-flow powders. The non-sticky products
are dairy powders, micro-encapsulated powders, and powdered white egg. These powders
can be dried in single operating conditions and are characterized by dust that flows free [5, 25].
In sticky products such as juicy fruits and vegetables, the spray drying treatment is usually
difficult [24]. Sticky products hinder spray drying in normal conditions, such as powders
obtained from the juice of fruits and vegetables, honey powder, and lactose powder. This is
mainly due to the high content of sugars (sucrose, glucose, lactose, and fructose) and organic
acids (citric, malic, and tartaric acid). During drying a product with a high content of sugar,
the viscosity of the drops increases until it reaches a critical value (107 Pa s), making it a rubbery
product prior to obtaining an amorphous structure. This kind of gumminess is considered as
a sticky structure that is linked to the water activity (Aw) and temperature, which is between
the glass transition temperature and the temperature at which the product is sticky (10–30°C)
[26]. When the surface of the droplet reaches a sticky state, it raises the coalition with any area
of the surface of another particle. This accumulation or agglomeration depends on the speed,
strength, angle, and contact time. The result is considered negative for the case in which the
particles adhere to the internal walls of the dryer chamber, causing a loss of the product.
However, there are positive benefits when the particles are linked among them, contributing
to the drying and changing its structure, forming clumps [27]. The moisture content in sticky
products such as juice powder fruit must be between 2 and 4% [25]. Controlling the moisture
content is very important, since it has a direct effect on the powder quality.

4. General characteristics of powders
Spray drying of liquid foods or biological materials produces amorphous particles mainly due
to the rapid evaporation and the short time for crystallization [28]. Since morphological
features are created by the loss of moisture, the rigidity of the surface of amorphous particles
depends on the temperature and moisture content [28, 29].
The formation of microparticles takes place when the sprayed droplet enters in contact with
the gas (hotter than 100°C). While the moisture is removed, the shell particle is formed, creating
structures with different shapes. The vapor produced inside particles expands and collapses
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the particle structure; therefore, such vapor is primarily responsible for the powder develop‐
ment [30, 31].
When the initial solution is a homogeneous product, it is transformed into two layers; one of
them is dense, and the other reveals a porous surface. However, the development of particle
microstructure is complex due to the interaction of drying operation conditions and physico‐
chemical liquid-fed composition [31, 32]. When using maltodextrin, changes in the morpho‐
logical structure of particles are related to the moisture content of material and drying air
temperatures. At low temperatures, particles with rough surface were observed; at high
temperatures, a smooth surface (but with a greater number of particles broken or fragmented)
was developed [31].
4.1. Morphology and microstructure
The particle morphology is described in terms of particle size, shape, surface properties, and
internal structure [33]. It is determined by the physical and chemical properties of the particle
shell, which at the same time depend on the composition and concentration of power, viscosity,
and drying air conditions [34].
Optical microscopy, confocal laser scanning microscopy, and electron microscopy scanning
are different techniques used to characterize powder (primary and secondary or agglomer‐
ates). Additionally, through digital image analysis, quantitative information is obtained [30,
35]. The scanning electron microscopy (SEM) is one of the most appropriate techniques for the
characterization of the morphology and microstructure of food. It is based on the scanning of
the sample surface, and it produces results in the form of digital images obtained directly from
the microscope. The images can be translated into numeric data for subsequent statistical
analysis, and its quantification at any resolution scale may indicate structural changes due to
processing [36].
In this sense, digital image analysis is a useful tool that allows using an image to quantitatively
describe the different morphometric, colorimetric, and statistical characteristics. Quantifica‐
tion and classification of images via dimensional descriptors such as shape, texture, diameter,
and area allow the identification of structural changes at any resolution level. Digital image
analysis can be used to evaluate, compare, and characterize microencapsulation under
different processing conditions [37, 38].

5. Case study
A fruit of special interest is the xoconostle (Opuntia matudae). It is an acid fruit containing a
significant amount of polysaccharides, soluble fiber, simple phenols, betalains, and ascorbic
acid (which confers antioxidant capacity) [39], among other compounds such as proteins and
ashes. In order to improve the sustainable development in rural agricultural areas, the
processing of xonocostle could be done by the spray drying of the juice, and the resulting
product could be used as a food additive. However, due to its high sugar content, the juice has
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to be added with a drying adjuvant such as maltodextrin in order to improve the drying
process.
5.1. Opuntia xoconostle fruit
The xoconostle fruit is a pyriform berry with an apical depression or receptacle. It is composed
of the epicarp (skin or shell), mesocarp (pulp), and the endocarp where the seeds are tightly
bound in a mucilaginous structure [40] (Figure 1). In the genus Opuntia, a wide variety of
species that produce xoconostle fruit have been reported, including Opuntia joconostle and
Opuntia matudae (Xoconostle cuaresmeño). Xoconostle is an acid fruit that has been underused
and considered as an agricultural waste product, although it contains a significant amount of
fiber, minerals, phenolic compounds, betalains, organic acids, and waxes [39] with an impor‐
tant nutritional contribution, which makes it an attractive product.

Figure 1. Image of whole and half of Xoconostle cuaresmeño fruit. The arrows show the epicarp, mesocarp, endocarp,
and seeds.

5.2. Production of xoconostle juice and powder
Xoconostle cuaresmeño (Opuntia matudae) of the municipality of San Martín de las Pirámides,
Mexico State, Mexico, was collected. The xoconostle batch was put in wooden boxes with kraft
paper covering the fruit. Then, it was stored under refrigeration conditions until processing.
Juice extraction was performed by subjecting the fruit clean, after cut into slices, to water bath
using the 2:1 ratio (fruit-water) at 70°C for 20 min. Then it was crushed in a pulper machine.
The fruit juice was extracted including compounds of the mucilage and seed. Maltodextrin
20DE was added in the ratio 1:1 w/w (with respect to xoconostle total solids). Maltodextrin
was used as adjuvant for spray drying juice. After obtaining the blend, an aliquot was
separated for analysis, and the rest was spray dried.
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A two-fluid nozzle laboratory co-current spray dryer (Mobile Minor 2000, GEA Niro, Den‐
mark) was used, equipped with a peristaltic pump (Model 520, Watson Marlow, USA) for
liquid flow control. The spray drying was conducted under 110/60, 155/70, and 200°C/80°C,
as inlet/outlet drying air temperature.
5.3. Characterization of xoconostle juice and powder
5.3.1. Degrees Brix (°Bx)
The degrees Brix refers to the amount of dissolved solids extracted from fruit or sugary liquids.
The method is based on the change of direction of the light because of the separation of two
media in which the velocity of propagation is different. Degrees Brix reading was carried out
with a refractometer (Master T, Atago, Japan). Measurements were done in triplicate.
5.3.2. Powder moisture content (MC)
One gram of powder sample was poured into an aluminum tray (constant weight) and was
placed in a vacuum oven at 60°C for 24 h [41]. Measurements were done in triplicate.
5.3.3. Water activity (Aw)
One gram of xoconostle powder sample was put in a cell and then subjected to scanner
computer activity using a water activity analyzer (AquaLAB 4TE, Decagon Devices, USA), at
a constant temperature of 24 ± 1°C. Measurements were done in triplicate.
5.3.4. Glass transition temperature (Tg)
Fifteen milligrams of xoconostle juice powder were poured into an aluminum capsule to be
analyzed using a calorimeter (DSC Diamond, Perkin Elmer, USA). The temperature interval
of the analysis was from −40 to 120°C, at a heating speed of 5°C/min. The resulting thermo‐
grams were analyzed to determine the glass transition temperature (Tg) [42].
5.3.5. Scanning electron microscopy (SEM)
To assess the morphology of microparticles, powders were fixed on carbon tape placed on a
specimen slide, and the remainders were removed. Samples were observed by means of a
double-beamed scanning electron microscope (Dual Beam Nova 200 Nanolab, FEI) operated
at 1.00 kV (for sensible materials), a total amplification of 1000×, 3000×, and 5000× [30].
Measurements were done in triplicate.
5.3.6. Particle size and shape by digital image analysis
To assess the distribution and particle size, powder samples obtained after spray drying were
analyzed using software ExpertShape, where the acquisition of images was carried out
manually using the light microscope (CILAS 1090-ExpertShape-NT 2107380, France), which
has a video camera with a peak bandwidth of 23.2 MB/s. A microscope suited with a 10×
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objective lens was used. Illumination was provided by a light-field source. A total of 1300
particles were analyzed for each experiment.
For particle measuring, software ExpertShape acquires the image of a particle defined as a
group of contiguous nonzero pixels. Particles can be characterized by a relationship of
measures depending on their attributes such as location of the particle, area, and form factor.
The coordinates are expressed with reference to the origin (0, 0), located at the upper left corner
of the image. When extracting a particle in the image, the outline is defined by the projection
of the sensor cutting. Contour is defined by scanning the sequence of adjacent pixels for each
particle. The outline is drawn using the chain of “Freeman” code (gray-level image, the
thresholder image, the shape without holes and smooth contour, and extracted contour with
Freeman chain-code algorithm). Some morphological parameters that could be evaluated are
area (A); perimeter (P, as the length of the contour of the particle); mean Feret diameter (Calipter
diameter) defined as the distance between two tangents on opposite sides of the particle,
parallel to some fixed directions, touching opposite sides of particle; maximum Feret diameter,
as the length of particle; minimum Feret diameter is the width of particle; equivalent circular
diameter is calculated as the circumference with the same area as the projected particle;
roundness is defined as the ratio of the area of a circle (the most compact shape) that has the
same perimeter, and the closer the shape of the particle is to a disk, the closer the roundness
is to 1; equivalent ellipse ratio, as the ratio of the major axis to its minor axis (elliptical shapes
exhibit ratio >1) [43].
5.3.7. Total phenols by Folin-Ciocalteu method
Total phenols of xoconostle juice and powder were obtained by the method of Folin-Ciocalteu
to determine the thermal damage caused by drying air temperature as an operation condition
of spray drying.
For the extraction of total phenols, 1 g of powder was mixed with 5 mL of 80% methanol and
shaken for 30 min at 200 rpm at room temperature. The sample was decanted using filter paper
of 110 mm (qualitative circles Whatman 3). The supernatant was separated and placed into an
amber glass bottle. The sediment was reconstituted, using 8 mL of 80% ethanol, and the
procedure was repeated twice. Thereby, three extractions were joined to be analyzed. For the
xoconostle juice, a sample of 4 mL was used, following the previous methodology. For the
quantification stage, 0.75 μL of Folin-Ciocalteu reagent (1:10) was added to 100 μL of the
extract, and the mixture was left to stand for 5 min in the dark. Subsequently, 0.75 mL of
NaHCO3 60 g/L solution was added to neutralize the reaction. The solution was left to stand
for 90 min, and the absorbance was determined at 725 nm. The results were reported as mg
gallic acid equivalents/100 g (db) [44]. Measurements were done in triplicate.
5.3.8. Extraction and quantification of betalains
One gram of powder sample was mixed with 5 mL of a solution: methanol ((80:20 v/v), stirring
(at maximum speed) using a magnetic stirrer for 30 min and 5°C. The solution was filtered
using a membrane pore with a size of 110 mm. The obtained extract was analyzed, expressing
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the result as mg of betacyanin/100 g of sample (db), since it has been reported that betacyanins
are the main components of betalains [45, 46].
5.3.9. Antioxidant activity
ABTS (7 mM) radical cation (ABTS•+) solution was prepared by reacting ABTS (2, 2'‐azino‐
bis(3‐ethylbenzothiazoline‐6‐sulphonic acid)) with 2.45 mM potassium persulfate and
allowing the mixture to stand in the dark at room temperature for 12–16 h. The ABTS•+ radical
was diluted with ethanol to give an absorbance of about 0.700±0.02 at 734 nm. In order to
measure the antioxidant capacity, 10 μL of the extract was mixed with 990 μL of radical
solution. The absorbance was monitored at 734 nm for 7 m. All experiments were carried out
in triplicate. The results were expressed in terms of mM Trolox equivalent/g sample (mM TE/
g, db) [44, 47].
5.4. Results and discussion
Spray drying of xoconostle juice was conducted with low content of maltodextrin as carrier
substances, improving the drying characteristics, avoiding technical problems such as the
presence of sticky powder and the accumulation of wet material on the walls of the drying
chamber and the mechanical cyclone. Although xoconostle juice contains a very low solid
concentration (3°Brix), this value was the reference to choose the quantity of carrier agents to
be mixed with the juice. The relation of juice solids-maltodextrin (1:1) was enough to reach
yield levels from 42 to 79%, the best drying condition being at 110°C/60°C, to obtain the highest
powder recuperation (Figure 2). This fact could be affected by the powder density and mean
particle size, by keeping constant the concentration of the feed flow and atomizer pressure (0.6
Bars). Low drying air temperature produces compact and small particles, as reported by
Alamilla-Beltrán et al. [31].

Figure 2. Images of the xoconostle juice and the xoconostle juice powder obtained by spray drying at 110°C/60°C as
inlet/outlet drying air temperatures.

Moisture content, water activity, and glass transition temperature (Tg) were evaluated for
all conditions, obtaining values of 4–4.98% (db), 0.19–0.23, and 34.37–38°C, respectively

87

88

Sustainable Drying Technologies

(Table 1). The results showed that powdered xoconostle juice was highly stable due to
reduced values of moisture and water activity, improving storage stability with the
incorporation of a carrier of high molecular weight such as maltodextrin by increasing the
glass transition temperature, and considering that fructose has lower values of Tg (16–
17.6°C).
Parameters

Drying air temperature (inlet/outlet) (°C)
110/60

155/70

200/80

Moisture content (% db)

4.99

4.07

4.88

Water activity (Aw)

0.19

0.22

0.23

Glass transition temperature (°C)

34.70

34.75

38.45

Feret diameter mean (μm)

14.76

16.11

16.12

Feret diameter max (μm)

12.12

11.12

13.27

Feret diameter min (μm)

16.87

17.76

18.40

Equivalent elliptical ratio

1.94

1.80

1.85

Form factor (roundness)

0.8055

0.8571

0.8453

Phenolic content (mgGAE/100 g)

1250.10

1365.60

1359.10

Betalain content (mg/100 g)

2.65

2.14

2.42

Antioxidant capacity (mM TE/g)

65.08

64.39

67.26

Table 1. Mean values of different parameters evaluated for xoconostle juice powder obtained by spray drying process
at three different inlet/outlet drying air temperatures.

This variety of fruit contains compounds such as oxalates, organic acids, vitamins, and wax.
In this study, the effect of these has not been analyzed; however, it could exist as an important
interaction between wax and maltodextrin, which may improve the protective effect upon
powdered xoconostle juice. Regarding the drying temperature, the highest condition improves
the reduction on powder moisture content, although this difference is minimal. No evident
difference was found in the water activity values, which means that drying temperatures do
not affect this parameter, getting low values in all cases. At all combined values of water
activity and moisture content obtained in this work, biochemical reaction and enzymatic
activity were inhibited, and bacterial growth could be reduced.
During spray drying, mass and heat transfer mechanisms act inducing the evaporation of
water; meanwhile, solids and moisture content diffuse from the inside of droplets to the
outside, developing solid particles. This migration of components was induced by the airdrying temperature and diffusion factors, to create powders with microstructures that
influence the final quality of powders.
Powder microstructure could be analyzed by using diverse methods. In this work, scanning
electron microscopy (SEM), optical microscopy, and digital image analysis provided informa‐
tion about morphometric parameters such as size, perimeter, area, shape, and structure of
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microparticle (Table 1). Under all conditions, the powdered xoconostle juice (analyzed with
SEM) revealed spherical individual particles (primary particles) forming weak agglomerates
(secondary particles). The shape of primary particles tends to be spherical with slightly deep
depressions of surface; meanwhile, agglomerates form an elliptical shape, without a structured
order. Some particles exhibit an external surface with highly porous aspect. This fact could be
caused by a selective migration of solutes dissolved in the xoconostle juice. Solutes with low
molecular weight could diffuse quickly to the surface forming the porous shell, which means
that sugars may be structured and form the external surface. These kinds of particles are not
desirable due to the high hygroscopicity of sugars. For all drying temperatures, particle
microstructure was similar, with differences assessed by morphometric parameters.
Morphometric parameters evaluated by optical microscopy and digital image analysis
described differences in particles for all experimental conditions. In this case, knowledge on
morphometric parameters is useful to improve the particle description, so identifying any
change induced by the processing conditions (drying air temperature, atomizing pressure, and
concentration of feed flow) is useful to improve the spray drying process. This means that any
change in the processing conditions will be translated into physicochemical properties of
powders. In this work, the morphological parameters gave information about dimensions and
particle shape.
The highest particles measured by mean Feret diameter (16.12 μm), maximum Feret diameter
(18.4 μm), minimum Feret diameter (13.3 μm), and area (209 μm2) were obtained at 200°C/
80°C. These results could explain the lower moisture content and water activity values
obtained at 200°C/80°C, and due to particle expansion, the moisture diffusion could be
facilitated through thin wall particles. The opposite was observed in products obtained at
reduced drying air temperatures.
Although primary particles observed by SEM seem to be spherical and the agglomerates
showed an elliptical form, form factor (or roundness) and equivalent ellipse ratio were
calculated as a descriptor of bulk powder. Values of roundness were close to 0.85 for all
conditions, being lightly higher for particles obtained at 200°C/80°C, so it could be related to
particle expansion and less formed agglomerates (1.84 as equivalent elliptical ration). In the
case of 110°C/60°C, this parameter was 1.94.
For all drying air temperatures, total phenolics (1250–1366 mg GAE/100 g), betalain content
(2.14–2.65 mg/100 g), and antioxidant activity (64–67 mM TE/g) did not exhibit significant
differences. This means that any option could be applied to produce a powdered xoconostle
juice containing phenolic compounds and betalains; however, microstructural, physicochem‐
ical, and flow properties have to be considered when a powder with functional properties is
designed.

6. Conclusions
The spray drying process has been widely used as a useful tool to generate functional products
in the form of powders. The processing of xoconostle juice by spray drying allows proposing
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an option to strengthen the sustainable use of this product as a natural additive in the food
Industry, reinforcing the valorization and reutilization of valuable components found in the
agro-industrial waste. By keeping constant the drying conditions (such as feed concentration,
atomization pressure, flow arrangement, and type of atomizer) and changing the drying air
temperature, the powdered xoconostle juice was obtained.
For all cases, the drying air temperature had an evident positive effect upon physical stability
given by the low values of water activity and moisture content, and the increase in Tg by the
addition of maltodextrin. The biological functionality (evaluated by total phenolics, betalains,
and antioxidant activity) was also kept in similar values for all drying conditions. The most
evident changes were observed at microscopic scale. For designing similar products, it is nec‐
essary to consider the interactions between food properties (microstructural, functional, phys‐
icochemical, and flow) to take the best decision.
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