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Preface

Scientists who dedicate their research activity to biomaterials pass through the typical dichot-
omy that often characterizes the basic research: on one hand is the wish of exploring new
frontiers of chemistry, physics, biology, medicine, pharmaceutics, food science, and all the
fields to which biomaterials can be applied. The constantly advancing scientific knowledge
would prompt the researchers to explore new strategies for producing materials with im-
proved and tailored features. On the other hand, the attempts to give an “official” definition
for biomaterials impose strong limitations to the potentiality of basic research. Just as exam-
ples, biomaterials are defined as “a nonviable material used in a medical device, intended to
interact with biological systems” (Consensus Conference of the European Society for Bioma-
terials, 1986) or “any substance or combination of substances, other than drugs, synthetic or
natural in origin, which can be used for any period of time, which augments or replaces parti-
ally or totally any tissue, organ, or function of the body, in order to maintain or improve the
quality of life of the individual” (American National Institute of Health) or even “a systemati-
cally and pharmacologically inert substance designed for implantation within or incorpora-
tion with living systems” (Clemson University Advisory Board for Biomaterials).

Essentially, the only common property is that a biomaterial is different from a biological ma-
terial that is produced by a biological system. Clearly, none of the proposed definitions can
succeed to cover the whole setting of properties and applications of this plethora of natural
or synthetic compound, but they can only fit a particular aspect of their function.

These considerations have been one of the bases of the present editorial task that reached its
second edition and involves volumes focused on the recent developments and applications
of biomaterials. This contribution book collects review articles and experimental reports
from eminent experts who are actively involved in this scientific area, striving to cover the
interdisciplinary aspects necessary for an effective development and the use of biomaterials.
Contributors were asked to give their personal and recent experience on biomaterials, re-
gardless of any specific limitation to fit into one definition or the other. In our opinion, this
book will give readers a wider idea on the new and ongoing potentialities of different syn-
thetic and engineered macromolecular materials.

In the meantime, an editorial choice was not to limit the selection of papers concerning mar-
ket or clinical applications of biomaterials, but results coming from very fundamental stud-
ies are welcomed in these textbooks. This preference will also allow to gain a more general
view of how the various biomaterials can be applied, along with the methodologies necessa-
ry to design, develop, and characterize them, without the restrictions necessarily imposed
by industrial or profit concerns.



Xl Preface

This volume contains six chapters related to the recent studies and researches on new materi-
als, with a particular attention to their physical, mechanical, and chemical characterizations.

I hope that readers will be driven toward an improved understanding of the range of disci-
plines and characterization methodologies used to develop biomaterials having the physico-
chemical and biological properties needed for any specific clinical application.

Rosario Pignatello

Section of Pharmaceutical Technology
Department of Drug Sciences
University of Catania

Catania, Italy

Teresa Musumeci

Section of Pharmaceutical Technology
Department of Drug Sciences
University of Catania

Catania, Italy



Chapter 1

Introductory Chapter: Reduce the Gap from Bench to
Bedside for Nanomedicines Increasing the Stability to
Long-Term Storage

Teresa Musumeci and Rosario Pignatello

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76541

1. The issue of physical stability in nanosized drug delivery systems

Stability to storage of a new pharmaceutical product is a key step for medical and commercial
success. As with other pharmaceutical products, nanomaterials and nanotechnological drugs
(nanomedicines) must be rigorously designed and tested to demonstrate the favorable ben-
efit/risk ratio needed by health authorities to issue marketing authorizations.

Innovative pharmaceutical products, such as micro and nanocarriers, have to face two impor-
tant aspects for regulatory approval: firstly, the demonstration of efficacy and safety profile
is necessary, and secondly suitable storage conditions must be identified for the final prod-
uct. In the case of colloidal (nanosized) carriers, it is important to obtain nearly unchanged
physico-chemical properties during storage [1, 2].

The issue of stability to long-term storage of nanosized drug carriers will be briefly com-
mented in this chapter, since this aspect can become, and often actually is, crucial for the
translation of basic researches to clinically valid products. Liposomes, that would often be
promising colloidal systems for drug delivery and targeting, are a sound example of how the
question of stability strongly influences the translation from lab scale to therapeutics. Apart
some few products which were able to reach a clinical significance, a huge number of projects,
although promising at the preliminary phases, are unable to undergo industrial and com-
mercial scaling-up, in most cases because of their very limited physico-chemical stability and
difficulty to preserve the chemical integrity of liposomal formulations.

Another important aspect is related to the requirement of sterilization, mandatory for prod-
ucts that must come in contact with blood, eye or other damaged or sensitive tissues. Gamma

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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or UV radiation and autoclaving or chemical (ethylene oxide) sterilization techniques are usu-
ally applied to sterilize polymer-based products or devices. These processes expose the poly-
meric materials to a certain degree of physico-chemical stress and thus fundamental to ensure
that the sterilized biomaterial retains its characteristics and features.

Of course, for some applications of biomaterials, a robust chemical stability is paradoxi-
cally unwanted. For resorbable materials, for instance, such as materials for sutures or fixing
screws for bone fractures, a relatively rapid degradation in the body after the healing process
is required.

Considering colloidal systems, we should pay attention to three principal properties, such
as size and size distribution (homogeneity), surface charge, and shape (the rule of 4S), that
should not significantly change during storage and that influence physico-chemical stability
(Figure 1) [3].

Looking into this matter, we can highlight some important properties that separately influ-
ence physico-chemical stability. It is widely known that a mean particle size below 100 nm,
correlated with a narrow size distribution (PdI < 0.2), allows increasing the stability of a
nanosized system. These experimental evidences are necessary but not sufficient conditions,
for instance also zeta potential values (i.e., a surface charge not less than +35 mV) stabilize
the nanoformulation. When this situation is not verified, several instability conditions have
been reported.

Surface

Size distribution

Figure 1. Venn diagram on properties that influence the physico-chemical stability of colloidal suspensions.
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2. Freeze-drying (lyophilization) as a strategy to increase nanocarrier
stability

To improve the stability of colloidal delivery systems upon storage, the removal of solvents,
if required during the preparation method, is necessary, to obtain a final aqueous suspen-
sion. Storage of aqueous suspensions could determine some changes in the product such as
increase of size, due to coalescence or aggregation phenomena, or even a reduction of it, due
to degradation of the polymeric matrix, undesirable drug leakage, changes in the surface
charge, and so on.

To remove water, freeze-drying (lyophilization) is one of the most efficient techniques
used in the pharmaceutical industry and a strategy to reduce and control the instability
phenomena [4, 5]. However, several physico-chemical phenomena, such as air adsorption
and modification of nanoparticle surface during the various steps of the process may lead
difficulty in redispersion of colloidal carriers in aqueous media for the subsequent admin-
istration [6, 7]. The addition of inert additives, defined as lyoprotectants or cryoprotec-
tants) at relatively high concentrations (10-30%, but in some instances also up to 50% by
weight), could protect the colloidal suspension against stress induced by the freeze-drying
process [8-10].

During the last three decades, different studies were performed to select the additives to use
during the freeze-dried process to prevent lyophilization stress. Several authors described
the protective effect due to the formation of an amorphous vitreous layer on the surface of
particles. Carbohydrates and polyalcohols are the most investigated ones [11].

Figure 2 shows how this field is a current topic of interest for scientists, as highlighted by the
increased number of papers published in the last two decades (Pubmed source).

shnd papers

e of o
.

Figure 2. Trend of article publication in the field ‘freeze-dried and nanoparticles’ (Pubmed database; update: February 2018).
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The protective action of cryoprotectants is principally a surface phenomenon, for which the
proper amount of this component should also be evaluated. The concentration should be
established as a function of total superficial area correlated to the size and the presence or not
of the adsorbed drug onto the surface that could change the disposition of cryoprotectant at
a molecular level on the surface. In the case of sugars, it was showed a reduction in the suit-
able amount to be used going from monosaccharides and disaccharides to oligosaccharides,
therefore as a function of the type [9].

To better understand what happens during the freeze-drying process, the involved steps are
recalled below. Scientists do not often distinguish between cooling and freezing steps and they con-
sider as a single process. Conversely, cooling is related to the decrease of temperature of the cham-
ber and the product inside it, while freezing corresponds to the modification of the physical state
of the formulation from liquid (water) to solid (ice). During this step, water starts to nucleate and
ice crystals are formed. Supercooling occurs if the formulation is cooled below its freezing point.

Lyophilization of nanosystems would however deserve a peculiar discussion. The first ques-
tion is whether it is better a slow or fast freezing speed to obtain redispersible nanoformula-
tions? The answer should consider some aspects: first of all, the state of excipient (e.g., the
cryoprotectant) during freezing. For instance, mannitol crystallizes during slow freezing,
while it is made more amorphous upon a fast freezing that makes mannitol to be able to pro-
tect nanoparticles. Another aspect is the concentration; several authors reported an enhanced
protective action with increasing the amount of cryoprotectant. In summary, fast freezing
rate and high concentration of cryoprotectant should produce a dry nanoformulation that
preserve its better initial physico-chemical properties upon redispersion with an aqueous
medium. However, a critical concentration for each cryoprotector seems to exist, above which
an additional amount is prejudicial in many cases [12].

During primary drying, it is appropriate to obtain a non-collapsed cake, whose consequence
would be a long time necessary for the redispersion of the freeze-dried nanoparticles. If pri-
mary drying occurs below the Tc of the nanoformulation, it is possible to avoid this phenom-
enon and the product will preserve the initial macroscopic structure.

Also the secondary drying is very important to be considered. Several authors sometimes
underestimate the evaluation and standardization of operative conditions during this step.
Currently, the drying time and shelf temperature can be optimized using simulation soft-
wares, thus reducing experimental errors [13].

Raw materials used for the preparation of the colloidal carriers should be considered in the
design and in the selection of the cryoprotectant. Liposomes are more sensitive to the freez-
ing step, while polymers used to realize micro and nanocarriers are resistant to the low tem-
peratures, but could suffer in the dehydration process, with a difficulty to restore the initial
particle morphology and size (e.g., because of aggregation).

3. Regulatory aspects

Polymer- and lipid-based nanomedicines are checked during stability assays for physico-
chemical, chemical, and microbiological aspects, such as macroscopic and microscopic physical
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appearance, particle mean size and size homogeneity, zeta potential (surface charge), morphol-
ogy and surface chemistry, drug loading/content and release profile, and in vitro drug stability/
degradation. ICH guidelines (e.g., ICH Q1A and Q1C [14, 15]) can be helpful to project a suit-
able and efficacious stability plan, in terms of temperature/humidity conditions and duration.

For formulations that contain or encapsulate biotechnological products, like monoclonal anti-
bodies, peptides, proteins, and gene material, the procedures described in ICH guideline Q5C
for stability testing of these compounds must be considered [16].

Moreover, for medical devices and especially for sterile devices, apart an extrapolation from
the above ICH guidelines, the ISO 13485:2016 rules are useful to manage the quality and
stability requirements of these products, with the aim of demonstrating their ability to meet
customer needs and regulatory requisites.

In April 2014 in London, during the “SME workshop for micro-, small- and medium-sized
enterprises: focus on quality for medicines containing chemical entities”, organized by EMA,
Dolores Hernan Pérez de la Ossa presented a report entitled “Quality aspects of nano-based
medicines” [17].

The report identifies the challenges that a nanomedicine product should overcome to pass the
regulatory process and safely reach the market. Such document fixes not only the physico-
chemical aspects of the proposed nanomedicine, but also any complex supramolecular struc-
ture, for example the presence of ligands on the surface. These molecules determine the
interactions with biological substrates and influence the physical stability of the so-called
third generation nanoformulations. The presence of these substances often limits the effects
of others additives added to stabilize the colloidal carriers. Cryoprotectant agents could
not cover the surface and not preserve from aggregation during a freeze-dried process. The
ligands could significantly modify the zeta potential value, a predictable parameter of col-
loidal carrier stability.

Size, size distribution, shape,
surface chemistry, charge,
PEG density and
conformation (avoid
clearance by the mononuclear
phagocytic system)

Ligand density (effective
targeting and/or cell
activation)

Long-term stability to storage
and/or biological effects

Chemical composition (drug Impurities related to starting
and excipients), in vitro and materials and manufacturing
in vivo drug release excipients

Figure 3. The main properties of nanomedicines that influence both long-term storage stability and biological interactions.
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Another important aspect worthy of note is that only a small number of scientists, during the
planning of an experimental work, taken into account the regulatory aspects, which instead
must be considered before the development of a project. The biggest threshold is the scalable,
controlled, and reproducible manufacturing of nanomedicines under good manufacturing
practice (GMP) and, in many cases, under sterile conditions.

Why it is important to control physico-chemical properties of nanocarriers? Safety and effi-
cacy of nanomedicines upon biological substrates are strictly correlated with these properties
(Figure 3).

For this reason, there is a growing interest in quality-by-design approach (QbD): it is in fact
very important to establish which critical quality attributes (CQA) govern the quality, safety,
and efficacy of nanomedicines, also considering their specific route of administration or appli-
cation. Applying this or a similar approach in preclinical studies helps to obtain reproducible
drug batches [18-20].

Author details
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Abstract

Spray drying is a well-known method of particle production which comprises the trans-
formation of a fluid material into dried particles, taking advantage of a gaseous hot dry-
ing medium, with clear advantages for the fabrication of medical devices. In fact, it is
quite common the production of microspheres and microcapsules designed for drug
delivery systems. This review describes the different stages of the mechanism of the
spray-drying process: atomization, droplet-to-particle conversion and particle collection.
In particular, this work addresses the diversity of available atomizers, the drying kinetics
and the importance of the configuration of the drying chamber, and the efficiency of the
collection devices. The final properties of the dried products are influenced by a variety
of factors, namely the spray dryer design, the feed characteristics and the processing
parameters. The impact of those variables in optimizing both the spray-drying process
and the synthesis of dried particles with desirable characteristics is discussed. The scal-
ability of this manufacturing process in obtaining dried particles in submicron-to-micron
scale favors a variety of applications within the food, chemical, polymeric, pharmaceuti-
cal, biotechnology and medical industries.

Keywords: spray drying, dry particles, atomizer, drying chamber, collector

1. Introduction

Spray drying is a well-known method of particle production which consists on the trans-
formation of a fluid material into dried particles, taking advantage of a gaseous hot drying
medium [1]. Its first observation is dated 1860 and a primitive spray dryer device was pat-
ented by Samuel Percy in United States in 1872 [1-3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN
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Ever since it was first discovered, the spray-drying technique has been improved concerning
its operational design and applications. In fact, the primordial spray dryer devices lacked pro-
cess efficiency and safety. After overcoming these issues, spray drying became an attractive
method for food industry purposes, ending up to be used in milk powder production in the
1920s, remaining one of the most important applications until the current days. Spray-drying
evolution was directly influenced by World War II, where there was an imperative need to
reduce the weight and volume of food and other materials to be carried [3, 4]. As a result,
spray drying has become an industry benchmark, namely in the dairy products’ fabrication.
In the post-war period, the spray-drying method continued progressing, reaching the phar-
maceutical, chemical, ceramic and polymer industries [3, 5].

Even after more than a century of research, spray drying is still a target of study and innova-
tion due to the increasing demand for complex particles with specific characteristics. This is
considered a powerful technological process since it brings feasibility to the production of
free-flowing particles with well-defined particle size. Besides, bearing in mind the ability to
use different feedstocks as well as its high productivity and broad applications, makes this
technique more and more attractive to the scientific community [2, 3].

Spray-drying mechanism is based on moisture elimination using for that a heated atmo-
sphere to which the feed product is subjected. The process may be described by three
major phases (atomization, droplet-to-particle conversion and particle collection),
although some authors use four or five minor steps to describe it in more detail [2, 4, 6]. As
shown in Figure 1, a solution is pumped to an atomizer, breaking up the liquid feed into a

Alr heating system
|
/7 | |
| = P | —
r Atormizer (1) —
| Fead tank _
e 4 Air to exhaus!
c: [ — Scrubber
F 1
\
\ / L
\ Cyclone Exhaust
separator Alr

-

Feed pump

Figure 1. Schematic representation of spray-drying mechanism. (1) Atomization. (2) Droplet-to-particle conversion.
(3) Particle collection. Adapted from [2, 7].
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spray of fine droplets. Then, the droplets are ejected into a drying gas chamber where the
moisture vaporization occurs, resulting in the formation of dry particles. Finally, using an
appropriate device, the dried particles are separated from the drying medium, being then
collected in a tank.

All of these stages, conjointly with the conditions, in which they are processed, play a crucial
impact in the yield of spray-drying mechanism as well as in the final particle properties [1, 3].
Thus, every step of this mechanism will be meticulously described below.

2. Design and mechanism stages

2.1. Atomization

The spray-drying process is initiated with the feed solution atomization in small droplets due
to a decrease of surface tension. This is considered a crucial step for the subsequent phases,
namely during the drying chamber exposition. In fact, breaking up the initial solution into
many droplets increases their surface area, optimizing therefore the heat and mass transfers
between the heated drying gas and the liquid particles. In other words, this gathers the ideal
conditions for evaporation process, which will be preponderant for the formation of dried
particles [1, 6, 8].

The physical principle behind the atomization transformation process is based on the liquid
disintegration phenomenon. Several authors have addressed different interpretations and
analytical models to explain such event [2].

In 1873, Joseph Plateau was a pioneer in this issue, realizing that a liquid jet of constant
radius, falling due to gravity, experiences a progressive increase of its length [2]. As soon as
a critical value is reached, the cylindrical shape of the jet is disintegrated into small spheri-
cal droplets, which essentially takes place due to a decrease in surface tension (Figure 2A).
Later, Lord Rayleigh (1878) [2] validated Plateau’s work and postulated the “Liquid jet
theory”. In broad terms, he described the existence of perturbations waves in a simple
laminar jet. For certain wavelengths, the optimum wavelength (A =4.51d, where d is the
initial jet diameter), such perturbations grow larger in time, causing the droplet formation
(Figure 2B) [2].

Weber (1931) [2] and Ohnesorge (1936) [2] built a more complete model to describe the liquid
instability. Besides the surface tension and inertial forces underlying the previous works, they
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Figure 2. Schematic representation of droplet formation mechanism showing the optimum wavelength introduced by
Rayleigh [2].
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described the impact of other factors in the system, namely feed viscosity, the surrounding air
and the atomization gas. Weber proved that the frictional forces of the surrounding air cause a
decrease in the A for drop formation. Moreover, the increase of the relative velocity between
the liquid jet and the surrounding air also provokes a decrease in the A, and consequently
a reduction in the final droplet size. Regarding Ohnesorge’s contribution, he reported the
propensity of a liquid jet to breakup into droplets through a relationship (Eq. (1)) between its
viscosity, density, surface tension and jet size [2].

VWe u _ Viscous forces 1)

Oh = o~ =
Re Np-y-L  (inertia x surface tension)

Oh is the Ohnesorge number (dimensionless) that expresses a ratio between the Weber num-
ber (We) and the Reynolds number (Re). i, p and y are the viscosity, density and surface ten-
sion of the feed solution, respectively. L is the volume per unit area of the feed droplet.

The atomization process into droplet form may be accomplished by pressure, centrifugal,
electrostatic or ultrasonic energy, using specific devices called atomizers [6, 8]. There are
different atomizers (Figure 3), which are used according the desired product characteristics
(shape, structure and size) as well as depending on the nature of the feed solution. The most
common devices used in the majority of atomization processes are explained below and sum-
marized in Table 1 [1, 2]. In fact, there is a mathematical equation (Eq. (2)) which expresses
the relation between the droplet diameter (D), the atomizer type and feed solution properties
(surface tension (y), viscosity (1) and density (p)) [6].

D, = Kf'Qn[Pu‘Vb’PlC] )

Kf, Q and n are the equipment constant, feed solution volumetric flow rate, and the power
constant of volumetric flow rate, respectively. The power constants of solution properties are
represented by 4, b and c.

P th
(=13
wl
+
Internal mix
- . Ly
A8
OUTLLT RNl
External mix

Figure 3. Schematic representation of conventional atomizers used on spray drying. (A) Rotary atomizer with respective
disc atomizer in detail. (B) Hydraulic nozzle atomizer, (C) pneumatic nozzle atomizer—internal and external two-fluid
nozzles. Adapted from [1, 2, 7, 9, 10].
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Rotary atomizer

Hydraulic nozzle atomizer

Pneumatic nozzle atomizer

Atomization energy

Atomization
parameters

Type of spray

Mean droplet size

Relation between D,
and the feed solution
properties

Relation between D,

and atomization

Advantages

Drawbacks

Centrifugal

Disc speed 10,000-30,000
rotations per minute (rpm)

Fine, medium, coarse

30-120 um [2]
10-200 pm [11]

D,aQ

D,apu

D, is inversely
proportional to disc speed
and diameter

Handle high feed rates
without clogging;
formation of uniform size
particles; low pressure
operation; high efficiency

High price; not suitable to
viscous feed; Inability to
use a horizontal and small
spray dryer chambers

Pressure

Nozzle pressure 250-10,000
PSI

Coarse, less homogeneous

120-250 um [2]
30-350 um [11]
20-600 pum [4]

D,aQ

D,ap

D, is inversely proportional
to atomization pressure

Low price; formation of
particles with little occluded
air (i.e. particle production
of higher density); enables
the use of narrow drying
chambers

Not suitable to high viscous
feed; high feed rates cause
coarse and less homogeneous
sprays (i.e. broad particle size
distribution)

Kinetic

Nozzle pressure 250-10,000 PSI

Medium coarseness, poor
homogeneity

30-150 um [2]
5-100 um [11]
10-200 pm [4]
D,aQ

D,au

D, is inversely proportional to
atomization pressure

Better control over particle
size than in the hydraulic
nozzle; useful for feeds of high
viscosity; ideal to laboratory
scale since it requires small
drying chamber; good
efficiency

High operation costs due to
the need of high amounts

of compressed gas for
atomization; production of
particles with high occluded
air; Downstream turbulence

Adapted from [1-3, 7, 11].

Table 1. Conventional atomizers used on spray drying.

2.1.1. Rotary atomizers

The rotary atomizers have a horizontal wheel or disc, and the feedstock solution is driven
to its center. There, a centrifugal force is applied which accelerates the feed solution to the
periphery, forming a spray of droplets. It is common to find grooves in the atomizer disc,
since these structures maximize the control over the solution dispersion caused by the rotary
high velocities [1, 2].

2.1.2. Hydraulic nozzle atomizers

Also known as one-fluid nozzles, the operation principle of the hydraulic nozzles consists on
the conduction of the feed solution, under pressure, through a pipe with gradually decreasing
diameter. The fluid emerges from a small nozzle orifice (usually ranging from 0.4 to 4 mm in
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diameter) at high velocity with a simultaneous loss in its pressure, undergoing atomization,
and thus it is disintegrated in the form of droplets [1, 2].

2.1.3. Pneumatic nozzle atomizers

Pneumatic nozzles are also called multi-fluid nozzles. The most common configuration of
these devices is based on a two-fluid nozzle atomizer, where two phases are fed into the noz-
zle, namely the feedstock solution and the compressed gaseous atomizing medium. The gas
flows separately from the feed solution, meeting it whether within or outside the nozzle. Due
to the high frictional forces over the liquid surface caused by the high gas velocity, atomiza-
tion takes place and the feedstock solution is broken down into a cloud of droplets, as stated
by Weber. Similarly to the previous atomizers, atomization is influenced by feed properties.
Herein, gas velocity and density, as well as its direction and the ratio liquid/gas, also have an
important effect in the atomization process [1-3].

2.2. Droplet-to-particle conversion

After atomization, the spray-drying mechanism proceeds with the particle formation phase, a
crucial stage marked by two events: spray-air contact and droplet drying step, resulting, as a
whole, in the removal of the droplets’ solvent content and consequently on their transforma-
tion into dried particles [4, 6].

2.2.1. Droplet-air-contact

Atomized droplets are exposed to a hot gas within the drying chamber, resulting on first
rapid moisture evaporation. Usually, this drying gas is heated (and filtered) atmospheric air,
although in some cases there is a need to use other inert gases to avoid eventual instabilities
between the gas and the droplets [2]. In what concerns drying chamber’s size and shape, it
should be consistent with the spray dryer setup, that is, it should be chosen according the
used atomizer and the pretended particle properties. Thus, there are different sized drying
chambers (smaller or taller), though they should be big enough to guarantee that particles
have the necessary time to dry before reaching the chamber’s walls (otherwise they would
deposit in the chamber walls, which is undesirable). The majority of vertical chambers are
cylindrical, ending with an inverted cone on its base, as depicted in Figure 4 [1].

There are different drying chamber configurations, in which the flow pattern between the hot gas
and the spray of droplets is distinct: co-current flow, counter-current flow and mixed flow [1].

In the co-current flow (Figure 4A), both the atomized spray and the heated gas enter at the
top of the drying chamber, flowing through it in the same direction. The dried particles are
dropped at the bottom of the chamber, where they are released together with the gas. In such
configuration, there is no time for the drying gas to exchange some of its heat with the sur-
roundings, and thus the atomized droplets meet the highest temperatures inside the drying
chamber. However, this implies an instantaneous high rate of solvent evaporation (thermal
energy of hot air is utilized for evaporation, cooling it), enabling the dried particles to contact
with moderate temperatures which avoid undesirable thermal degradation [1, 2, 8].
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Figure 4. Air-droplet flow patterns within the drying chamber. An exemplificative temperature profile is also represented.
(A) Co-current flow. (B) Counter-current flow. (C) Mixed flow [7].

In the counter-current design (Figure 4B), spray and hot gas are introduced at opposite ends
of the chamber, being the atomizer positioned at its top and the air supplied from the bottom.
This flow pattern is considered the most efficient use of the chamber’s heat since the upward
streamline of the hot gas will reduce the downward flow velocity of the atomized spray,
subjecting it to a longer period of time inside the chamber [3]. However, in contrast with
what happens in the co-current flow, during the upward flow of the hot gas some of its heat
is released to the surroundings. Thus, atomized droplets with high amounts of solvent will
hit the gas at lower temperatures, whereas the driest particles will contact with the highest
temperatures of the drying medium at the bottom of the chamber, limiting the application of
this process to heat resistant materials. The dried particles are released at the bottom of the
chamber while the gas leaves it through its upper part [1].

Mixed flow dryer construction (Figure 4C) combines both co-current flow and counter-current
flow, that is, atomized droplets are fed from the bottom of the chamber in counter-current
relative to the downward streamline of the drying gas which is supplied from the top. The
dried particles as well as the drying gas are then released at the bottom of the chamber. First,
the atomized spray experiences an upward flow, and due to the impact of the downward
flow of the drying medium, there is a reversion on its path, ultimately falling in the bottom of
the chamber. Hence, the residence time of spray inside the chamber is maximized, being this
method preferential to dry coarse droplets, even in small chambers [3]. This arrangement is
also appropriated only for heat resistant materials.

2.2.2. Droplet drying: moisture evaporation

As introduced above, as soon as the aerosol droplets contact with the drying medium within
the chamber, they undergo evaporation and solute condensation, resulting in solvent removal.
This phenomenon reflects a heat and mass balance problem driven by the difference between
the solvent’s vapor pressure and its partial pressure toward a gas phase. Thus, the hot gas

15
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temperature triggers a heat exchange from it to the droplets, whereas the vapor pressure
difference causes a moisture transfer in the opposite direction. As a result, dried particles are
obtained [5, 8].

Drying kinetics of the spray-drying process comprise several steps with different durations
and specific events, as shown in Figure 5 [2, 12].

Immediately upon gas-droplet contact, heat transfer from the gas to the droplet causes an
increase of droplet’s temperature, from its initial temperature (T) to a constant value, the
equilibrium evaporation temperature (T, ) (Figure 5AB). The drying process proceeds at a con-
stant evaporation rate, that is, a fast water diffusion from the droplet core to its surface allows
a constant moisture removal. Thus, the droplet surface remains sufficiently cool and saturated
with moisture, keeping its temperature constant at the wet-bulb temperature (Figure 5BC).
Wet-bulb temperature is the name given to the temperature of the gas when it gets saturated
with vapor from the liquid. This is the lowest temperature that the drying gas can reach due
to the evaporative cooling phenomenon, that is, the gas is cooled as it spends latent heat of
vaporization. This stage of intense moisture evaporation is also marked by droplet shrinkage,
as represented in Figure 6 —step 1 [2, 12].

During the constant drying rate period, the evaporation of a liquid droplet with a given diam-
eter d, is proportional to its surface area. This is reflected in the “d?law” (Eq. (3)), a mathemati-
cal model that expresses how the drying process is mainly controlled by the Peclet number
(Pe) [2,13].

aC

5 = Pe-C 3)
C and r are the mass concentration of solid fraction and droplet radius, respectively. Peclet
number is defined by (Eq. (4)) [2, 13].

Gas lemperaturg -—--—---——-c----

Droplet center temperature

Time

Figure 5. Temperature evolution during drying kinetics of a sprayed liquid droplet. Adapted from [12].
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evaporation rate

Pe=15 = W )
Moisture evaporation occurs at a constant rate until a critical value of the droplet water con-
tent is reached. In other words, when the solute dissolved in the liquid reaches almost its satu-
ration, a thin shell (also known as crust) is formed at the droplet surface (Figure 6 —step 2),
and, as a result, evaporation slows down and becomes dependent on the water diffusion rate
through such surface shell [2, 3]. This marks the beginning of the drying kinetics’ falling rate
period, being immediately noticeable an increasing particle temperature (Figure 5CD). When
droplet temperature reaches the moisture boiling point, vaporization takes places, a transi-
tion which requires a large amount of energy (Figure 5DE). This means there is no longer a
sensible heating of the particles and thus, the drying process proceeds driven by external heat
transfer from the air to the particle. Once again, there is an increase of particle temperature
until it becomes equal to that of the surrounding gas, marking the end of the drying process
(Figure 5EF) [12]. Along the falling rate period, when the partial pressure of moisture vapor
at the droplet core overcomes the ambient pressure, bubble formation inside the droplets may
occur (Figure 6 —step 3) [2].

In order to achieve a successful droplet-to-particle conversion, an optimization of the pro-
cess conditions is required. Regarding the drying mechanism, two major aspects have a huge
impact in the final products: the minimum temperature (T,) which allows a completely sol-
vent removal and the minimum residence time (f) of the particles inside the chamber that
ensures a sufficient drying time. T, can be predicted from (Eq. (5)), an Antoine equation [6].

T m
T, = K (&) les(T)+K ®)

T ,and T, are the wet-bulb temperature and the boiling temperature, respectively. K, K,, K,
and m are Antoine constants.

Regarding t calculation, a mathematical mass balance can be defined through (Eq. (6)) [6].

¢, - (1-4) (6)

C,, C,and 7, are the desired final concentration of the main component of the dried particle
after spray-drying process, the initial concentration and the maximum droplet drying time,

Figure 6. Schematic representation of droplet morphological changes during spray drying. Adapted from [2].
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respectively. 7, can be extrapolated from (Eq. (7)) [6], where D, is the initial droplet diameter
and K is the evaporation rate, as stated above in (Eq. (4)).

b
=% @)

2.3. Particle collection

Once the droplet-to-particle conversion is concluded, it is necessary to collect the dried par-
ticles. This implies a separation procedure, in which the dried particles are disassociated from
the drying gas. Such separation occurs in general in two phases, called primary and second
separation. In the primary separation, the most dense particles are recovered at the conical
bottom of the drying chamber, as they settle on it [2, 8]. On the second separation, the finest
or smallest particles are transferred to external devices, where they are separated from the
humid air. The most common dry collectors include the cyclone separator, the bag filter and
the electrostatic precipitator (Figure 7); equipment with different efficiencies and which are

| 1A

<y

Figure 7. Typical collectors used on spray drying. (A) Cyclone separator. (B) Bag filter. (C) Electrostatic precipitator. (D)
Venturi wet scrubber. Adapted from [14-17].
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used according to the size of particles exhausted with the humid gas and the desired charac-
teristics of the final product [6]. Moreover, it is also common to use wet scrubbers after the
dry collectors in order to perform an extra gas cleaning step, as it will be explained below [2].

2.3.1. Cyclone separator

The separation mechanism of the cyclone separator is based on centrifugal force. This
device presents a cylindrical upper part, the barrel, and a conical part on its bottom, the
cone (Figure 7A). The streamline of air containing the dried particles coming from the dry-
ing chamber is supplied into the cyclone at its top, namely tangentially to the barrel. Then,
this streamline follows a downward flow, creating an outer vortex. The high velocities of
the outer vortex create a centrifugal force on the particles, allowing the particles-gas stream
separation. As soon as the gas reaches the cone, an inner vortex is created in the opposite
direction. Thus, the gas is expelled from the cyclone at its top, whereas the particles settle
into a collection chamber placed on its bottom [2].

2.3.2. Bag filter

Filtration based on bags is extensively used in the spray-drying process. Herein, the air
streamline containing the dry particles enters the bag filter under pressure or suction by its
hopper and is passed through a fabric, which halts the particles path (Figure 7B). This means
that the dry particles are retained on the bag surface while the clean air passes through it,
being expelled from the device. The accumulated particles on the bag surface are then col-
lected due to pulses of compressed air injected in counter-current flow inside the bags [2, 18].
Bag filters present high operation efficiency, especially when they are arranged in filtering
units with decreasing fabric pores diameter [1].

2.3.3. Electrostatic precipitator

Electrostatic precipitation is a method of particle collection whose principle is based on
electrostatic forces. A high voltage is applied to discharged wires, forming an electric field
between them and the collecting plates that constitute the precipitator (Figure 7C). As a
result, the gas around these wires is ionized, being capable of charging the particle content
of the drying air flowing around this area. Due to Columbic forces, the charged particles
converge to the collecting plates and thus the air becomes devoid of dust [2]. Electrostatic
precipitators are also very efficient but seldom used taking into account the high equip-
ment costs [1].

2.3.4. Wet scrubbers

In a spray-drying process, it is usual to find some particles escaping in the air stream after the
dry collection. Owing to this, it is quite common to install an additional collecting system after
the dry collectors, the wet scrubbers. These devices are economical and effective alternatives
which perform a final gas cleaning step, being thus capable of minimizing the particle content
or even some odor intensity before releasing the gas streamline to the atmosphere [2, 18].
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Venturi wet scrubbers (Figure 7D) are well studied devices of easy cleaning or maintenance,
being therefore one of the most used equipment in the spray-drying process. They present a con-
verging section, a throat (narrowest part) and a divergent section (diffuser). The inlet air carry-
ing fine particles enters the scrubber and is mixed up with the scrubbing liquid (usually water).
This mixture flows throughout the converging section, reaching the throat at high velocity. As
a result, a spray of droplets is formed with the dust particles entrapped inside them (scrubbing
liquid could also be injected at the throat level). Lastly, the fluid content is separated from the
clean gas, being the former discharged and the latter released into the atmosphere [16, 18].

3. Process parameters

As it could be noted above, the final properties of the dried products are directly influenced by
a set of equipment parameters, such as the atomization devices, the drying chamber configura-
tion and the collector type choice. Additionally, a variety of feedstock specificities and process
parameters also play a crucial role in the final particle characteristics, conferring different mor-
phologies, sizes or residual moisture amounts. It is thus fundamental to realize how these vari-
ables influence the spray-drying mechanism in order to achieve an optimized operation [2].

3.1. Atomization pressure

Atomization stage is carried under pressure, namely when nozzle atomizers are used. The
pressure involved during this process has an impact on droplet size. For a given atomizer
device and feed solution, droplet size decreases with increasing pressure, as expressed in the
following mathematical correlation (Eq. (8)) [1, 2]:

D, (PN

5 (7) ®

D, and D, are the initial and final droplet sizes when the atomization pressure changed from
P, to P, respectively.

In the particular case of rotary atomizers, droplet size exhibits an inverse relationship with
wheel rotation speed and wheel diameter [2].

3.2. Feed flow rate

Feedstock solution is pumped into the atomizer at a controllable rate. Keeping the atomiza-
tion pressure constant, there is an increase in the droplet size with increasing feed flow rates.
This is easily understandable bearing in mind that the nozzle would have the same energy
amount to spend in the atomization process of higher feeding volumes. Thus, the droplet fis-
sions are minimized, provoking a small reduction of its size [2].

3.3. Feed viscosity

When feed viscosity is increased, a great percentage of atomization energy supplied to the noz-
zle is used to overcome the large viscous forces of the solution. Hence, a small amount of energy
is left for the droplet fission, resulting in larger droplet sizes. This mechanism follows (Eq. (9)).
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D, and D, are the initial and final droplet sizes when the solution viscosity changed from i, to
u, respectively. Feed density also follows this principle [2, 7].

3.4. Feed surface tension

As stated above, atomization occurs due to the disruption of the feed surface tension. This
means that a feedstock solution with higher surface tension hinders the atomization process.
In that sense, before starting the spray-drying process, feedstocks are usually emulsified and
homogenized in order to reduce their surface tension [2].

3.5. Inlet temperature

The inlet temperature refers to the heated drying gas temperature, measured right before its
entry into the drying chamber. The thermal charge of inlet drying gas reflects its capacity
to dry the humid atomized droplets and, thereby, higher inlet temperatures enable higher
solvent evaporation rates. Nevertheless, the inlet temperature should not just be increased to
achieve better drying performances because it also has an impact in the wet-bulb tempera-
ture of the surrounding air. In fact, lower inlet temperatures lead to lower surrounding air
wet-bulb temperature, preventing therefore thermal degradation of the final product. Hence,
a wise choice of inlet temperature, balanced on these factors, should be done according the
feedstock properties [1, 2].

3.6. Drying gas flow rate

Drying gas flow rate is the volume of drying gas which is supplied to the drying chamber
per unit time. High gas flow rates will increase particle movements inside the chamber,
minimizing air-droplet interaction time. Besides, it is also reported that the higher the dry-
ing gas flow rate, the greater efficiency will be obtained during cyclone separation. This
means that the drying gas flow rate should be low enough to ensure a complete particle
moisture removal, but on the other hand, it should be suitable for the subsequent separa-
tion procedure [1].

3.7. Outlet temperature

Outlet temperature is the temperature of the air containing the dried particles just before
such content to be piped into the collection devices. Theoretically, the outlet temperature
is the highest temperature to which the dried powder can be heated, although in the coun-
ter-current dryers the final product may present a higher temperature than the outlet air
(Figure 4B) [1, 2].

Outlet temperature results from all heat and mass exchanges inside the drying chamber, and
thus is not directly regulated by the operator. However, this is a function of parameters like
the inlet temperature, the drying gas flow rate, as well as the feed properties (solvent evapora-
tion enthalpy and droplet solid concentration) [1].
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3.8. Residence time inside drying chamber

Residence time refers to the exposition period of the atomized droplets inside the drying
chamber, being another important factor with a direct influence on the final product quality.
Residence time should be long enough to guarantee that the main goal of the drying stage is
accomplished, that is, to obtain dried particles. On the other hand, it is fundamental to keep
the product characteristics and when the dried particles are subjected to longer residence
times, thermal degradation may occur, especially upon heat-sensitive materials. It is hard to
experimentally predict the minimum residence time to be used, although it could be approxi-
mately calculated using the (Eq. (6)), defined above. Notwithstanding, it should be remarked
that the residence time is usually in the order of a few seconds (e.g. in general, fine particles
should not stay more than 10-15 s inside the drying chamber) [2, 19].

3.9. Glass transition temperature (T )

Glass transition temperature is an important thermophysical property of amorphous poly-
mers. Above T , the material changes from a rigid glassy state to a more rubbery state. Hence,
this could be related somehow with the material stickiness on the drying chamber, being
therefore an obstacle to the spray-drying process. Product agglomeration problems are, for
example, one of the major undesirable issues. The T, of a feed solution is dependent on its
solute constituents. (Eq. (10)), the Gordon-Taylor equation, expresses the T, of a given feed
solution consisting of more than one solute [2, 20].

wl-Tg1+k-w2'ng

T =

g w, +k-w,

(10)

w, and Tgl are the weight fraction and the glass transition temperature, respectively, of the
blend component with the lower T,. w, and T, are the weight fraction and the glass transition
temperature, respectively, of the blend component with the higher T . k is the ratio of specific
heat change of component 1 to component 2 at the glass transition temperature.

Summing up, the importance of processing parameters on the spray-drying efficiency is clear.
Therefore, the advantages and drawbacks of each parameter should be weighed in order to
produce products with desirable characteristics. The trade-off between some of the spray-
drying parameters is summarized in Table 2.

Throughout this review, the importance of the spray-drying technique is evidenced. It enables
the production of particles with high yield and made up of several raw materials on an indus-
trial scale, thus proving to be a cost-effective process. Spray drying is preferred over conven-
tional particle production approaches, such as emulsion/solvent evaporation method, due to
its unique properties: rapid, continuous and single-step method that displays great versatility
and reproducibility [22]. Additionally, spray drying does not require a final drying step, as is
the case of the majority of conventional methods, and allows to deal with heat-sensitive materi-
als. Considering these ideas, the use of the spray drying in the production of several drug par-
ticles or polymeric carriers with well-defined particle size and good flowability (in opposition
to the conventional methods) comes as no surprise. Some examples are detailed below [22].

However, spray drying presents some challenges as it was being explained in the previous
sections. It is worth highlighting issues like product loss associated to particle deposition
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Table 2. Relationships between spray- drying parameters. Adapted from [1, 21].
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' water) evaporation to spend on ry dry )
particle fission  product easier drying
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inside the walls of the drying chamber, as well as due to the inability of the separation devices
to collect the smallest particles. As a result the process yield tend to decrease, while in optimal
conditions would be close to 100%. Moreover, it is important to note that it is very challeng-
ing to obtain very small particles (nanometer scale) by spray drying, not only due to the inef-
ficiency of the collecting devices but also due to the inherent difficulty of disintegrating the
feedstock solution (atomization step) into submicron droplets [22].
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4. Spray dryers

Spray-drying mechanism can be carried out in a pilot-spray dryer developed on a laboratory
scale or performed in commercially available instruments. The best spray dryer configuration
depends on the purpose for which the instrument is used, that is, the equipment must be

Mini Spray Dryer B-290

Nano Spray Dryer B-90 HP

i Heating Drying Dryi
Schematic . o .:?:E-‘:L:;n i ;5:,;"7
representation of the i 51 o
equipment 13 X Heating
Dirying I
CRamiper l' l’ .
L o Droplket
¢ i |formation
I 5". Drying %
= R chamber
]
4 1
Partiche "
collaction [—
Outhet
LY fiter
Needed sample 30-1000 mL 1-200 mL
amount
Sample viscosity limit UP to 10 cps Up to 10 cps

Droplet formation
(atomization device)

Atomization principle

Two-fluid nozzle

Fine droplets are formed using

compressed gas. Nozzle tip diameter:

0.7,1.4 or 2.0 mm

Ultrasonic nebulizer

Piezoelectric actuator with a thin stainless steel
membrane which vibrates at ultrasonic frequencies.
Membrane micro sized holes: 4.0, 5.5 or 7.0 pm

Droplet size Broader Narrow
distribution

Drying chamber Up t0 220°C Up to 120°C
temperature (inlet

temperature)

Mean residence time ~ 1-0-1.5s 1-4s

Particle collection Cyclone technology Electrostatic particle collector
Process speed High Low

Particle diameter 1-25 pm 200 nm-5 um
range

Yield Up to 70% Up to 90%
Applications Pharmaceutical industry, life and material sciences

Special remarks

Already used in more than 700
publications and 400 patents

Newest generation of laboratory scale spray-
dryers provided by Biichi

Adapted from [22, 28-31].

Table 3. Major properties of Mini Spray Dryer B-290 and Nano Spray Dryer B-90 HP commercialized by Biichi.
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compatible with the feedstock solution and meet the processing conditions, which lead to the
desirable particle specificities.

Biichi (Switzerland) have been developing reliable and versatile spray dryers, which have been
used for various intents [22-27]. Mini Spray Dryer B-290 and Nano Spray Dryer B-90 HP are two of
those instruments and thus, their major characteristics and benefits are organized in Table 3 [22].

5. Spray-drying applications in the biomedical area

Spray drying medical applications are mainly focused on the production of microparticles
designed for encapsulation purposes and drug delivery systems, which can be then adminis-
tered orally, pulmonary, ophthalmologically, parenterally, nasally or even vaginally [22]. The
fact that this technological process enables to dry heat-sensitive components, like enzymes or
proteins, without compromising their biological activity makes the production of such sys-
tems possible [32, 33]. As a result, within the biomedical field, spray drying is primarily used
to produce dry powder aerosols and to tune active pharmaceutical compounds, making them
useful and suitable for drug delivery [11, 32]. In that sense, different strategies have been used
to tailor the sprayed products according to the desired goals.

Regarding the spray-drying approach aiming drug encapsulation and delivery systems, it
usually takes advantage of a complex initial system containing the active drug substance and
an aqueous/organic phase (solution, emulsion or suspension) to produce either microspheres
or microcapsules [11, 32].

The fabrication of biodegradable microspheres filled with an active drug is one of the most
common strategies of spray drying. Polyesters gather important requirements, such as good
biocompatibility, biodegradability and easiness to process, and thus they are usually chosen
for the manufacturing of such products. As a result, it is possible to control the drug release
over time as the polymer fraction is gradually degraded toward the physiological environ-
ment [32, 34]. There are several studies which have reported the production of a wide variety
of polymeric microspheres using spray drying. Exemplificative findings involve the use of
co-poly (p,L-lactic/glycolic acid) (PLGA) encapsulating a drug designed to fight solid tumors
[34], polylactide (PLA) and poly(lactide-co-glycolide) (PLG) entrapping antigens [35], and a
mix of PLGA and poly(e-caprolactone) (PCL) incorporating a specific chemotherapy agents
used in the treatment of ovarian and breast cancer [36].

The incorporation of hydrophilic domains in the spray-dried particles is an alternative way
of controlling the drug release behavior. In fact, the hydrophilicity of the polymers used to
encapsulate the drug has a direct impact on the behavior it, as a more hydrophilic polymer
enables fast gelation, consequently slowing the drug release rate. On the other hand, a low
concentration of hydrophilic polymeric coating can enhance the drug release rate of poorly
water soluble drugs, since it will improve the wettability of the surrounding fluids. Derivative
cellulose polymers such as sodium carboxymethyl cellulose, hydroxypropylmethyl cellulose
and methylcellulose are just three examples of hydrophilic polymers which have been pur-
posed for these endings [11, 32, 37].
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A singular method focused on the encapsulation of sensitive bioactive compounds (e.g. pep-
tides, proteins) or other drugs can be also achieved through spray-drying technology associ-
ated to sol-gel polymerization process. In other words, sol-gel process is carried under soft
conditions, and when combined with spray drying can deal with the production of micro-
spheres with sensitive molecules entrapped on them [32, 38]. Spray-dried silica gel micro-
spheres are reported in the literature as a promising system to be administered in the form of
a drug injectable [38, 39].

Some literature findings are assembled in the following subsections, which have reported the
use of spray drying for different applications within the medical area.

5.1. Pulmonary drug delivery

Pulmonary drug delivery route is considered an interesting alternative to the oral drug deliv-
ery system, as the lung presents a high surface area covered by a rich blood supply. Thus,
a targeted delivery to the lungs enables the use of reduced doses, consequently minimiz-
ing the side effects associated with systemic drug administration [24, 40]. Notwithstanding,
this strategy implies the use of aerosol drugs, whose production is indeed feasible through
the spray-drying technology. As reported in the literature, spray drying has revealed to be a
powerful tool in fabricating an inhalable powder suitable for lung delivery, since it allows the
production of dried, stable and well-defined solid particles within the “respirable size range
for pulmonary delivery” [25, 26, 41, 42].

Adi et al. [43] used spray-drying method to produce dry powders for inhalation-containing
doxycycline or ciprofloxacin or even a combination of these two chemicals. The cospray for-
mulation of doxycycline and ciprofloxacin (1:1 ratio) has proved to be more efficient for lung
delivery than each one of the single spray-dried antibiotic since it exhibited improved physi-
cal stability which favored the drug deposition profile.

Beck-Broichsitter et al. [24] investigated the release profile of phosphodiesterase V (PDE-5)
(a drug prescribed in the treatment of severe pulmonary hypertension) encapsulated within
spray-dried polymeric particles. In that sense, they produced particles from organic PLGA
solutions and also composite particles obtained from aqueous PLGA nanosuspensions. They
concluded that both spray-dried products were aerodynamically suitable for deep lung
deposition but the particles produced from the organic solution are preferred over the com-
posite ones to work as pulmonary drug delivery vehicles as they exhibited an extended drug
releasing profile.

Grenha et al. [44] developed microencapsulated protein (insulin)-loaded chitosan/tripoly-
phosphate nanoparticles by spray drying. In particular, by taking advantage of the ionotropic
gelation of chitosan with the tripolyphosphate, they prepared the nanoparticles and then
incorporated the protein content within such particles using aerosol excipients (mannitol and
lactose). As a result, suitable microspheres for lung protein delivery were produced. In fact,
the microspheres presented a good protein loading capacity, being released in a matter of a
few minutes toward the lung environment. Nevertheless, the authors realized that the manni-
tol/protein ratio impacts the microspheres morphology, namely spherical shapes are obtained
in the presence of higher amounts of nanoparticles.
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5.2. Nasal drug delivery

Similarly to the pulmonary drug delivery, nasal drug delivery present some remarkable advan-
tages when compared to drug delivery using the central nervous system, standing out the rapid
onset action. Nasal surface presents a large surface area with rich porous vascularized epithelium,
favoring the drug adsorption. Dry powder-based mucoadhesive products are ideal for nasal
administration and thus, spray-drying technique has been used for such purposes [26, 45, 46].

Tadwee et al. [46] prepared, by spray drying, hydoxypropyl methylcellulose microspheres
loading carbamazepine, an antiepileptic drug which is used in epileptic seizures. Along this
study, they found in this system a promising strategy to allow the drug absorption by the
mucosal membrane. This is of extreme importance considering that carbamazepine has a poor
aqueous solubility which hinders its use by oral administration.

Alhalaweh et al. [45] developed zolmitriptan-chitosan microparticles by spray drying. Zolmitriptan
is a drug prescribed to fight the migraine symptoms (pain, nausea, photophobia and phonopho-
bia). In the present days, it already exist a tablet and a nasal spray (based on zolmitriptan drug)
solutions used to treat such health condition. Nevertheless, in both alternatives, the absolute bio-
availability of this drug does not exceed 40% [47]. In that sense, Alhalaweh et al. intended to use
chitosan in the preparation of a zolmitriptan powder, considering that the mucoadhesive prop-
erty of chitosan may have an important impact on increasing the bioavailability of the drug in
the nose. Some important notes can be drawn from this study, such as: spray drying allowed the
production of chitosan spherical particles entrapping good amounts of zolmitriptan; zolmitriptan
dispersion around the chitosan matrix is dependent on the chitosan quantity; zolmitriptan release
is also affected by proportion and molecular weight of chitosan.

Recently, Zadeh et al. [48] used spray drying to produce insulin loaded microspheres for
intranasal delivery application, which is indeed an alternative route of insulin administration
that has been tested in the treatment of diabetic mellitus. For that purpose, Zadeh et al. used
spray drying to produce microspheres of chitosan and polyvinyl alcohol (PVA) working as
the carrier vehicle of insulin. As expected, the properties of the microspheres varied upon dif-
ferent material ratios. In what concerns the rate and drug release from the microspheres, it is
important to highlight that chitosan microspheres led to an initial fast insulin release, followed
by a slower release rate, but with effective insulin absorption, while the microspheres made
up of chitosan and PVA allowed rapid insulin release but without absorption effectiveness.

5.3. Orthopedic field

Spray-drying mechanism can also be used in the materials production focused in the ortho-
pedic field, as it will be hereafter explained. Aiming bone repair purposes, Quinlan et al. [27]
proposed the development of a collagen-hydroxyapatite scaffold enhanced with spray-dried
alginate particles loading vascular endothelial growth factor (VEGF). In other words, VEGF
was primarily encapsulated in the alginate particles which were then incorporated within the
collagen-hydroxyapatite matrix. Upon this biomaterial implantation in a bone damage site, it
was registered VEGEF release for 35 days. As a result, there was an effective vessel formation
with consequent improved bone regeneration outcomes, which did not happen at all in the
presence of a scaffold without the growth factor.

27



28 Biomaterials - Physics and Chemistry - New Edition

Sequeira et al. [49] pointed the use of two inorganic oxides, zirconia and alumina, as potential
candidates to be used in the orthopedic implantology field. A biocompatible material for such
purpose may be obtained combining these two materials, since the stiffness and long-term
stability of alumina is merged to the chemical stability and mechanical strength of zirconia.
Herein, different zirconia-toughened alumina and alumina-toughened zirconia composite
granules were produced by spray drying. Both composites exhibited good mechanical prop-
erties as well as allowed osteoblastic cytocompatibility.

Ceramic powders are of major importance in bone tissue engineering. Innovative approaches
like 3-D printing makes use of calcium phosphate ceramic powders to shape complex and
precise products aiming the regeneration of bone defects. Nevertheless, conventional pow-
der fabrication procedures are far from being ideal for the subsequent 3-D printing usage, as
they lack flowability and dispersity which cause agglomeration and irregular morphology
issues [50]. Following along with this idea, spray drying has proved to be a credible method
to overcome those problems, and thus being suitable in the production of such powders.
Ben et al. [50] used spray drying to fabricate monodispersed and spherical p-tricalcium
phosphate (3-TCP) powders to be used in 3-D printing. They obtained ceramic materials
with good dispersity and flowability, satisfying a high density and uniform porous archi-
tecture, meeting therefore important requirements for bone regeneration.

Cholas et al. [51] embedded spray-dried hydroxyapatite (HA) microspheres within a colla-
gen matrix. HA microspheres presented a mesoporous structure which in combination with
the collagen matrix formed a good composite scaffold for human bone tissue engineering.
Moreover, the authors realized that promising outcomes may be obtained using a simple
modification of this system. These HA microspheres could be loaded for drug delivery pur-
poses or even to control the pore structure of the ceramic particle.

6. Spray drying patents in the biomedical area

Due to the increasing interest of spray-drying technology as well as the numerous appli-
cations that spray-dried products can hit, specially within the medical field, several pat-
ents were issued until these days. Table 4 compiles some of those patents of the past
10 years.

Title and number of the Technical field Brief description/main goal Publication  Ref.
patent year

Thermostable spray-dried Vaccine development Provide an enhanced spray-drying 2017 [52]
rotavirus vaccine formulation (pharmaceutical) process to obtain said rotavirus

and process thereof vaccine formulation. In particular,

(US20170173145) it was obtained a vaccine with

improved heat-stability, ease-of-
use, ease-of-transportation and
affordability features
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Title and number of the
patent

Technical field

Publication Ref.
year

Brief description/main goal

Inhalable epinephrine
(US20170119699)

Pharmaceutical composition
with improved bioavailability

(US20170000764)

Method for improving the
pharmaceutical properties

of microparticles comprising
diketopiperazine and active

agent (US20160101049)

Spray drying vancomycin
(US20150231197)

Spray drying of high

molecular weight hyaluronic

acid (US20140155347)

Liposomal formulations
of lipophilic compounds
(US20130259922)

Adhesive containing
microparticles
(WO2012158483)

Inhalable drug delivery

Solubility and
bioavailability
enhancement

Pharmaceutical
formulations for
pulmonary delivery

Injectable antibiotic
(pharmaceutical)

Spray drying of
polysaccharides

Liposomal preparation
for drug delivery

Medical devices for skin
delivery

Development of particles for
delivery of epinephrine to

the respiratory system. It was
intended to spray-dry particles
exhibiting aerodynamic
characteristics that enable
targeted delivery of epinephrine
to the site of action

2017 [53]

It was intended to use spray 2017 [54]
drying to get improved

bioavailability (good solubility/

dissolution rate), safety and

tolerability of a compound for

therapeutic endings

Spray drying was used to 2016 [55]
fabricate diketopiperazine-
insulin particles, improving the
aerodynamic performance, active
agent stability and efficiency
delivery, when compared to
diketopiperazine-insulin particles
obtained by lyophilization

As an alternative to
lyophilization, spray-dried
vancomycin (an injectable
antibiotic to fight bacterial
infections in the body) was
proposed. Spray-dried antibiotic
demonstrated favorable
reconstitution times and water
content

2015 [56]

Hyaluronic acid is commonly 2014 [57]
used in several medical

applications due to its single

physical and biological

properties. This invention allows

a minimal molecular weight loss

of the spray-dried polysaccharide

Liposomes have been used in the
pharmaceutical industry for drug
delivery purposes, being usually
administrated by injection. Long-
term stability and preparation
procedures of liposomes involve
dehydration and rehydration
steps, which can be accomplished
by spray drying

A liquid containing active agents
was spray dried, resulting in
microparticles which can be
subsequently incorporated in an
adhesive

2013 [58]

2012 [59]
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Title and number of the Technical field Brief description/main goal Publication  Ref.
patent year
Nanoparticle carriers for Nanoparticle carriers Herein, a double emulsion of 2011 [60]
drug administration and for oral administration =~ water-oil-water emulsion was
process for producing same spray dried to form spherical
(US20110033550) nanometric particles loaded
with a specific drug. It is worth
mentioning that the nanoparticle
carrier itself is made up of
polymeric material, the drug
is delivered into one of the
emulsion phases and the oil-
phase or the outer-water phase
was doped with a carbohydrate
Method of producing Production of porous The production of porous 2010 [61]
porous microparticles microparticles particles is feasible using spray
(US20100092453) drying under specific conditions.
In particular, combining desirable
organic compounds with a
volatile solvent system.
Pulmonary delivery of Spray-dried polyene Polyenes (e.g. amphotericin) are 2009 [62]
polyene antifungal agents compositions efficient antifungal compounds,
(US20090081302) but lack solubility, either in water
or organic solvents. In that sense,
the current invention deals with
complex issues to get a chemical
stable and dispersible powder
polyene antibiotic. Nevertheless,
the obtained particles are good
candidates to be administered
by inhalation to the lung to fight
pulmonary fungal infections
Inhalable powders Production of This invention deals with the 2008 [63]
comprising protein, phenylalanine- production of spray-dried powders
phenylalanine, and containing powders containing a phenylalanine
other protein stabilizers fraction and other active
(US20080089849) substance to serve as an inhalative

pharmaceutical composition. The
resulting powders revealed good
aerodynamic characteristics and
stabilization of the extra active
agent

Adapted from [52-63].

Table 4. Some patents about spray-drying technology in the past 10 years.

7. Conclusions

Spray drying is considered a powerful technological process since it brings feasibility to the pro-
duction of free-flowing particles with well-defined particle size. This is indeed a cost-effective
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manufacturing process capable of producing dried particles in submicron-to-micron range [2, 3].
Moreover, the ability to use different feedstocks and the high productivity and broad appli
cations of this technique makes it more and more attractive to the scientific community [2, 3].
It was noticed that the spray-drying conditions form a network of mutual relationships which
have a direct influence on the spray-drying efficiency. The advantages and drawbacks of each
parameter should be weighed in order to produce products with desirable characteristics. Such
parameters should not be analyzed separately, but rather looked as a complex model, which
as a whole contributes to the success of the spray-drying process [2, 64]. The scalability and the
cost-effectiveness of this manufacturing process in obtaining dried particles in submicron-to-
micron scale favors an increasing variety of applications within the food, chemical, polymeric,
pharmaceutical, biotechnology and medical industries.
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Abstract

Calcification is one of the most common issues that arise concerning biocompatibility,
known to affect many systems in the body. It is often associated with an increase in free
phosphate and calcium particles in the serum that leads to mineral deposition. Calcification
is problematic both in the naturally occurring state of the body, as well as when it exists
as result of biomaterial implants. While calcification is prominent in many different forms,
not all mechanisms and processes associated with the phenomenon are completely under-
stood. In this chapter, materials affected by calcification, potential mechanisms of action,
and potential treatments will be discussed. Both bioprosthetic and polymer heart valves
and urinary implants will be evaluated for material composition, application, and failure.
Current research on the assessment of these materials will be reported, with the associ-
ated chemical and biological mechanisms explained. The chapter will also detail diseased
states of the arteries that induce calcification and what treatments can be used for both arte-
rial and bioprosthetic calcification. Finally, the chapter will conclude by detailing future
designs for biomaterials to prevent and treat calcification in both natural and synthetic
applications.

Keywords: aortic valves, biomaterials, bioprosthetic, calcification, tissue engineering,
urinary regeneration

1. Introduction

Calcification is one of the most common issues that arise concerning biocompatibility, known
to affect many systems in the body. It is often associated with an increase in free phosphate
and calcium particles in the serum that leads to mineral deposition [1]. Calcification is prob-
lematic both in the naturally occurring state of the body, as well as when it exists as result
of biomaterial implants [2]. While recent research confirms that it is an active, cell-mediated
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process rather than a passive association of age, the various mechanisms of calcification and
related factors that are involved with this phenomenon are still not completely understood.

The cardiovascular system is one that is majorly affected by calcification, both naturally and
via biosynthetic and bioprosthetic implants. Natural vascular calcification is associated with
the stiffening of arterial walls and the deposition of free calcium and phosphate particles in
the serum [3]. Vascular calcification is also seen to increase in patients on dialysis, due to
serum being stripped of natural inhibitors of mineralization [4]. Valve implants, coronary
stents, and balloon angioplasty are all affected by mineralization due to immune response of
biomaterials used, calcium affinity, or even elastin/collagen injury post-implantation [5]. The
consequence of this calcification is often associated with implant failure and stiffness of tissue.
This also occurs in implants in the urinary system due to adhesion of various minerals and
cells to the surface of the implant [6]. Implants such as urinary catheters and ureteral stents
calcify as a result of interaction of the bacteria and the device.

While calcification is prominent in many different forms, not all mechanisms and processes
associated with the phenomenon are completely understood. In this chapter, materials
affected by calcification, potential mechanisms of action, and potential treatments will be
discussed. Both bioprosthetic and polymer heart valves and urinary implants will be evalu-
ated for material composition, application, and failure. Current research on the assessment
of these materials will be reported, with the associated chemical and biological mechanisms
explained. The chapter will also detail diseased states of the arteries that induce calcification
and what treatments can be used for both arterial and bioprosthetic calcification. Finally, the
chapter will conclude by detailing future designs for biomaterials to prevent and treat calcifi-
cation in both natural and synthetic applications.

2. Heart valves

A major contributor to morbidity and mortality worldwide is valvular heart diseases (VHDs).
Valvular dysfunction is related to an insufficient opening or closing of the valve caused by
either stenosis, regurgitation or both [7]. Stenosis can be described as a stiffening of the leaflets,
leading to improper opening and closing of the valves. Regurgitation occurs when blood flows
back through the valve indicating inadequate valve closure [8]. Almost 2.5% of the U.S. popu-
lation is affected by VHDs. With 300,000 surgeries completed annually, heart valve replace-
ments come in second for the most common cardiovascular surgical procedure to treat this
issue [7]. There are currently two strategies for this treatment: repair or valve replacement [7].

Valve replacements generally exist in two forms: mechanical heart valves (MHVs) or biopros-
thetic (biological) heart valves (BHVs) [9]. There are five categories of biological heart valves:
autograft, autologous, homografts, pericardial valves, and porcine xenografts [7]. Autograft
heart valves are implanted using the Ross procedure, which replaces the problematic aortic valve
with a healthy valve that is already within the patient [10]. To create an autologous heart valve,
cells from a patient must be harvested and transplanted onto a scaffold using tissue engineering
techniques. The resulting tissue that has formed within the scaffold is then placed back inside
the same patient [11]. Homografts that used for valve replacements are typically taken from
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organ donors. Grafts obtained from these donors, or sources other than the receiving individual
are known as allografts. Pericardial valves are fabricated from bovine pericardium and are fixed
onto a stented frame during implantation [12]. Xenografts are any valves transplanted from an
animal source, including porcine and bovine pericardial valves [12].

Bioprosthetic valves can also be in one of three forms: stented, stentless, and percutaneous
[13]. Mechanical valves are typically created from non-biological materials like polymers,
metal, carbon, and various alternatives [9]. Of the two valve replacement types, roughly
half of U.S. patients receive bioprosthetic valves. These are usually either porcine xenograft
or bovine pericardial valves. Another 43% of patients undergoing heart valve surgery will
receive mechanical prosthesis (Table 1) [7].

2.1. Bioprosthetic vs. polymer valves

When choosing between a bioprosthetic and a mechanical valve, there are some important
factors that should be taken into consideration. These include the patient’s age, preference,
life expectancy, comorbidities, and indication/contraindication for warfarin therapy [13].
MHYVs and BHVs not only have different compositions, but also differ in features like throm-
bogenicity, durability, and hemodynamic properties [15]. MHVs have superb durability but
require lifelong anticoagulation therapy because of their increased risk of thromboembolism,
thrombotic obstruction, and hemorrhage. In contrast, bioprosthetic valves do not require
anticoagulation therapy because they are less thromboembolic; however, due to calcific

Bioprosthetic Material

heart valves

Purpose Implantation

methods

In vivo response

Stented Porcine valve Unlike mechanical Requires open heart These biological valves
leaflets and bovine  valves, stented valves surgery do not present the
pericardium are not susceptible to patient with thrombo-
fabricated into thrombo-embolic effects embolic problems
pericardial valves but they do lead to
are both mounted calcification and tissue
onto a polymer or hardening due to
metallic supporting immune response
stent

Stentless Made from bovine Used to improve Requires open heart These present the same
pericardium or hemodynamics and surgery problems in vivo as
porcine aortic durability of the stented valves but have
valves valves been shown to have

a 10% larger effective
valve area compared to
stented valves

Percutaneous Biologic porcine or A less invasive surgery  Implanted into Presents same
bovine pericardium  for valve replacement the body by a problems as stented
is affixed to a in patients with high percutaneous and stentless but is a
supporting stent or ~ operative risks transfemoral very novel technique
cage method and needs further

investigating

Table 1. Table summarizing the differences between stented, stentless and percutaneous bioprosthetic heart valves [12-14].
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tissue degradation, their durability is finite [13]. MHVs and BHVs last around 20-30 years
and 10-15 years, respectively. Biological valves are used more often than mechanical valves
because of their ease of implantation, safety, functionality, and the fact that they do not
require anticoagulant therapy [7, 15].

Most BHVs used are fabricated from porcine heart valves or from bovine pericardium. While
bioprosthetic valves are competent, they are still lacking in that they have significant struc-
tural deterioration due to calcification [16]. Younger age, renal insufficiency, mitral valve
position, and hyperparathyroidism are all predictive factors thought to be associated with
structural valve deterioration (SVD). Patient age is a major factor of SVD in bioprostheses.
Implant failure ten years after application occurs in less than 10% of elderly patients, while
reaching 20-30% in patients less that forty years old [13].

Other factors contributing to calcification are the pre-implantation techniques used on biopros-
thetic valves. For example, prior to implantation, most bovine or porcine valves are decellular-
ized which make them less antigenic; however, this process removes all the endothelial cells
present. Therefore, adjoining tissue and/or circulating cells cannot then be reseeded after decel-
lularization occurs [7, 17]. Along with decellularization, stabilization of the extracellular matrix
(ECM) components, and masking of xenogeneic epitopes are important. For this reason, all
animal pericardium must be treated with specific crosslinking agents such as glutaraldehyde
prior to implantation. However, glutaraldehyde stimulates many destructive effects such as
structural damage, cytotoxicity, and calcific deterioration [18]. Because of problems associated
with prosthetic valves, approximately 60% of all patients receiving heart valve replacements
will need to have a revision surgery [7]. Also, all studies thus far have neither confirmed nor
rejected the use of pericardial valves over porcine valves or vice versa (Figure 1) [13].

Figure 1. Image of a porcine bioprosthetic heart valve. (C) is showing calcification, (T) is showing cusp tears, and (S) is
showing stenosis of the valve [16].
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2.1.1. Mechanism
2.1.1.1. Modes and mechanisms of valve failure

The specific mechanisms leading to VHD are not fully known, meaning it is unclear how
important genetics, cellular characteristics, and microenvironmental characteristics are in this
disease. However, in light of recent evidence, it is believed that alterations in developmental
morphogenesis signaling pathways could play a role in VHD [8]. One affected pathway is
that of Notch1. The Notchl pathway is engaged in numerous cell-to-cell communication pro-
cesses. With this pathway being an intercellular signaling mechanism, it is believed that the
loss of Notchl1 results in deformation of leaflet morphology throughout embryo development
and the inability to suppress calcification during adulthood [19].

One known major cause of failure in bioprosthetic heart valves is calcification [17]. The exact
mechanism of tissue degeneration leading to calcification is not fully known. However, IgM/
IgG antibodies entering the valve matrix initiate the process. This then leads to deposition of
macrophages on the valve surface which is followed by collagen breakdown and calcification
[15]. These macrophages are critical factors in the innate immune response. Macrophages are
in charge of inducing phagocytosis and killing bacteria. When these macrophages become
overwhelmed, they induce an inflammatory response [20]. This inflammatory response
causes an increase in inflammatory cytokines that cause calcification [13]. For this reason, the
immune system is thought to be a key factor in the initiation of calcification (Figure 2) [15].

lDlglnmﬂmem

Figure 2. This is a theoretical model showing the degenerative, atherosclerotic, and immune rejection processes involved
in the structural degradation of bioprosthetic heart valves [13].
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To further determine the reason for calcification involved with BHVs, their composition must
be examined. BHVs are fixed in glutaraldehyde to reduce immunogenicity and ameliorate
the mechanical strength of the heart valve; however, this fixation reduces antigen presenta-
tion and chemical stabilization by concealing antigens and eventually leading to an influx in
calcium [9]. Consequently, glycoproteins and other substances are lost during glutaraldehyde
fixation which allows for the formation of a calcium phosphate precipitate that would not
occur under normal cardiac conditions [17]. This glutaraldehyde fixation is also thought to
cause chemical interactions between aldehyde groups, phospholipids and circulating calcium
ions which can also cause calcification in bioprosthetic valves [15].

Surface heparin has been used as a preventative method for dealing with tissue calcification in
heart valve replacements. This heparin treatment is meant to replace glutaraldehyde fixation.
In one study, it was discovered that porcine aortic valves that were pretreated with surface
heparin showed a decrease in the accumulation of calcium in valve tissue [17]. While the exact
mechanisms of heparin are unclear, it is thought that the heparin molecules block calcium
phospholipid-binding sites that glutaraldehyde fixation targets. Ingrowth and antiprolifera-
tive effects are also characteristics of heparin which may potentially influence small muscle
cell growth during implantation which would indirectly inhibit calcification [17].

In addition to glutaraldehyde fixation causing calcium influx and tissue degradation dete-
rioration, recent studies have suggested that SVD is also due to active mechanisms such as
atherosclerosis and immune rejection. This immune rejection could be due to bioprosthetic
valves not being “immunologically inert” [13]. This results in humoral and cellular immune
responses that lead to tissue disruption and/or mineralization. This would explain why
younger patients with a more vigorous immune system might experience faster SVD.

Bioprosthetic SVD might also be due to atherosclerotic processes from associated risk factors
[13]. The oxidation and infiltration of low-density lipoproteins within bioprosthetic tissue might
trigger an inflammatory process. This would result in osteoblastic differentiation of stem/pro-
genitor cells caused by the oxidized low-density lipoproteins and inflammatory cytokines [13].
Another reason for bioprosthetic valve failure is calcific deposits found in tears in the commis-
sural and basal areas of the cusp. Within 15 years of implantation, over 50% of porcine valves
show some form of functional degradation, usually due to regurgitation caused by these cusp
tears [15].

2.1.2. Prevention
2.1.2.1. Biomaterial alterations and coatings

One of the major reasons that implants calcify is due to the biocompatibility of the material.
In several studies, either altering the chemical makeup and properties of the biomaterial or
coating the material with anticalcification agents have been used to reduce these effects.

Crosslinking surface material of various implants has become a topic of interest in current
research, specifically because of the mechanical properties it supplies to implants. Crosslinking
chemistry provides protection to various extracellular matrix components in bioprosthetic
heart valves in order to retain structural strength [21]. Several crosslinking methods, specifi-
cally crosslinking with glutaraldehyde, provide strength by preventing degradation, but the
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elastin in the ECM is not protected. This leads to stiffness, tears, and deformations in the
surface of the material, a condition known as “permanent set” [5]. A modified form of cross-
linking involving treating the surface of biomaterial implants with pentagalloyl glucose does
not cause damage to collagen or surface deformations. In a study using bovine pericardium
tissue, the combined cross-linking was prepared by first soaking the tissue in neomycin trisul-
fate and a buffer, then incubating it in a cross-linking carbodiimide solution with pentagalloyl
glucose. The treated leaflets of tissue were then tested in vivo in rats to determine calcification
after a thirty day period. Little to no calcification was found on any of the leaflets. The study
showed the potential benefits of using this cross-linking method to prevent or delay calcifica-
tion in implants, though further data should be collected (Figure 3) [5].

Glutaraldehyde Collagen in ECM Crossfinked collagen through
4 g COOH  Schiff-base chemistry and aldol
COOH condensation
e} o
PPN W —
N=CH~__~~._-HC=N
NH2 2HN
Crosslink is variable length and
reversible; can hydrolizeand
reform bonds elsewhere  COOH
COOH
GLUT Other ECM components such as GAGs and 2lastin
- largely remain unstabilizeddue to no free amine
Crosslml(mg groups as substrate for binding
EDC /
N\
Collagan in ECM
N=C=N
i { \ COCH co
0=y =0 NH ] §°
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NS + HeN —) pH
NH2 W co NH
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HD—(Z; {3—0 v +° C: T.CH COOH
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Figure 3. Treating the biomaterial with POSS to form POSS-PCU changes existing receptors so that free calcium ions are
no longer able to bind, preventing deposition and mineralization [5].
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Another method of preventing calcification is by targeting the free aldehydes present in bio-
prosthetic tissue. As previously mentioned, glutaraldehyde is used to set tissue to be used
for implants because of the strength it provides, and the aldehydes remaining on the tissue
are thought to promote calcification [22]. When bovine pericardium is treated with alter-
natives to cap the free aldehydes, the tissue shows significantly reduced levels of calcium
content and mineralization [23]. Reducing agents such as glycine, glutamate, and sodium
bisulfite can form a Schiff base and effectively neutralize the aldehydes present [23]. This
process allows the tissue to maintain its mechanical strength but inhibits the formation of
calcification [23].

Nanocomposites are growing in popularity for use in biomaterials due to their biocompatibil-
ity and anticalcification properties [24]. Using polyhedral oligomeric silsesquioxane (POSS)
nanoparticles with poly(carbonate-urea)urethane (PCU) has proven to increase mechanical
strength, and potentially work as a calcification-resistant material. Figure 3 illustrates the
treatment of POSS-PCU [24]. These composites have been shown to significantly decrease
deposition compared to glutaraldehyde-fixed bovine pericardium tissue. The treated tissue
shows decreased platelet adhesion to its surface compared to typical bovine pericardium, a
mechanism thought to be associated with calcification resistance [25]. These nanocomposites
show increased promise for use in biomaterials.

2.2. Tissue engineered and ion-loaded scaffolds

Because of their biocompatibility and regenerative capabilities, tissue engineered scaffolds
are becoming a popular source for heart valves replacements. There are three different types
of scaffolds: porous, fibrous, and hydrogels. These can be either acellular or seeded with
autologous cells to promote regeneration and avoid a negative immune response [7]. A key
component in the scaffold is its ability to degrade in a controlled time period [7]. The tissue
can then be regenerated while the synthetic scaffold degrades or is remodeled, leaving behind
growth and proliferation resembling natural tissue [26].

Tissue-engineered scaffolds seeded with vascular interstitial cells (VICs) have been shown to
regenerate valvular tissue, while still retaining the alpha-smooth muscle actin (a-SMA) marker
expressed in smooth muscle cells [7]. The tissue engineered scaffolds have a lower risk of ECM
damage than the decellularized tissue used in many heart valve implants; therefore, the col-
lagen and fibers behave in a more normal manner, retaining their smooth muscle phenotype.
Porosity can be controlled, compared to the unintentional porosity created in decellularized
tissue, making the scaffolds more resistant to calcification [7].

These scaffolds can be manipulated before entering the body, from seeding them with autolo-
gous cells to promote new growth to loading them with ions as a form of drug delivery to
mitigate negative responses post-implantation. Metal ions, including iron, aluminum, and
magnesium, are gaining popularity in current research because of their ability to bind to
forming hydroxyapatite crystals in the serum and prevent further deposition [27]. Though
the mechanism is not fully understood, it is hypothesized that ions such as magnesium bind
where calcium typically would, preventing calcium deposits [28]. They also are thought to
interrupt alkaline phosphatase activity [27]. These ions often exist naturally in the body for
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this process, but by loading tissue-engineered scaffolds with different metals (aluminum,
magnesium, iron) they can specifically target calcium deposition at the site of the implant to
prevent failure. The problem that rises with this design is that, after implantation, there is no
way to reload the matrices with more ions, so it cannot act as a long term inhibitor.

3. Urinary

3.1. Urinary tract materials

In the entire urinary system, the organs most commonly and significantly affected by calci-
fications are the kidneys, followed by ureters, and then the urinary bladder. Urinary tract
calculi are formed when the urine is supersaturated with salt and minerals such as calcium
oxalate, struvite (ammonium magnesium phosphate), uric acid, and cysteine [29]. This super-
saturation can be caused by a variety of genetic and dietary factors, urinary calcium excretion,
and environmental triggers [30]. Urinary calculi are solid particles in the urinary system that
cause pain, nausea, vomiting, hematuria, and chills/fever due to secondary infection.

Urinary tract calcification is organized in three different categories: renal calcification, ureteral
calcification, and bladder calcification. These are further classified by their orientation, position,
shape, size, mobility, opacity, chemical composition, and location in the kidneys, ureters, or
bladder, and their relation to pathologic conditions [31]. Calcification in the urinary tract can
also occur from infection of the implants. Healthcare associated infections are the fourth leading
cause of disease [33]. Studies indicate that biofilm infections cause up to 80% death [33]. One of
the leading causes of infection is the insertion of catheters and ureteral stents [33].

3.1.1. Mechanism
3.1.1.1. Urinary infection mechanisms

Catheters and stents used in patients are subject to biofilm formation when different particles
in the urine, blood, or surrounding tissue attach to the surface of the implant. Biofilms begin
to form when colonized bacteria attaches to the surface of the device, altering the surface
properties [32]. Once attached, the bacteria binds with target molecules and, after an extended
period of time, the attachment becomes permanent and the process is irreversible. Overtime,
as the biofilm becomes more developed, it will repeat these processes to form a new biofilm
formation on an unpopulated area of the implantation device [34].

One of the main reasons for encrustation of a device is infection due to bacteria that produce
urease. This enzyme uses urea to create an alkaline environment from ammonia, raising the pH
[35]. E. faecalis, Proteus mirabilis, Staphylococcus aureus, and Candida tropicalis are considered the
strongest strains to form biofilms; however, P. mirabilis is hydrolyzes urea ten times faster than
the rates of other strains [34]. Under these conditions, hydroxyapatite and struvite crystals form
on the surface of the device, resulting in encrustation [34]. This process will continue and repeat
until the flow of urine is blocked due to encrustation resulting in the complete device failure [35].
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Encrustation of ureteral stents occurs for a variety of reasons. One reason is the failure of
patients to return for stent removal after surgery or inadequate counsel by professional
healthcare [36]. The material of the stent may also contribute to encrustation. Silicone con-
taining stents seems to be more resistant to encrustation, followed by polyurethane, silitek,
percuflex, and hydrogel coated polyurethane [36]. Stents fracturing after being in situ for
a long period due to hardening and loss of tensile strength can also be another reason for
encrustation. Other factors that contribute may include urinary composition (hypercalciuria,
hyperoxaluria, hypocitraturia, homocystinuria, and hyperuricosuria), history of urolithiasis,
and congenital urinary tract anomalies [37].

3.1.2. Prevention
3.1.2.1. Urinary implant coatings

Coatings of the urinary implantation devices are one of approaches that prevents bacterial
adherence. Surface coatings of the devices inhibit bacterial biofilm formation to prevent infec-
tion and encrustation [38]. The coating needs to have certain properties to inhibit bacterial
adherence which includes biocompatible, resists biofilm formation, and antimicrobial [39].

Hydrogels are hydrophilic, cross-linked polymers capable of absorbing large amounts of liquid.
They form a thin layer of water on the surface of the device, preventing biofilm formation and
bacterial adherence [34]. Studies have shown hydrogel-coated catheters have less bacterial adher-
ence compared to non-hydrogel coated catheters [40]. In addition, hydrogel-coated catheters also
cause less irritation and inflammation [34].

Similar to hydrogels, antimicrobial peptides (AMPs) are hydrophilic polymers that have anti-
biotic resistance which inhibits bacterial adhesion [39]. In one study, AMPs were coated on
titanium implants and inhibited bacterial adhesions both in vitro, and in vivo using rat models.
In addition to inhibiting bacterial growth, it also has wound healing benefits. However, there
are some conditions with AMPs that include potential local toxicity, pH sensitivity, suscepti-
bility to proteolysis, and high cost of synthesis [34].

Polyvinylpyrrolidone (PVP) is also hydrophilic and has excellent lubricant properties. Therefore,
the implantation device has less bacterial adhesion and encrustation in vivo compared to
uncoated catheters [34]. Heparin is a glycosaminoglycan which is a natural inhibitor of crys-
tallization. Naturally, heparin is considered to prevent bacterial attachment and encrustation;
however, studies concluded that there is not a significant decrease in bacterial adherence despite
its overall good quality [38].

On the contrary, hyaluronic acid shows promising results in vitro. Hyaluronic acid is a type
of glycosaminoglycan that inhibits nucleation, growth, and aggregation of salts. Covalently
bound hyaluronic acid catheters increase hydration, while decreasing adsorption of proteins
and bacterial adhesion. Even though hyaluronic acid coating shows promising results, it has
yet to be fully analyzed. Gendine is another antimicrobial coating that contains gentian violet
and chlorhexidine [34]. Compared to uncoated controls, devices that are coated in gendine are
resistant to the adherence of multi-drug-resistant bacteria [34].
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Researchers are continuously searching for an ultimate biocompatible material that can
substitute segments of the urinary tract [41]. This involves urinary system cells or other cell
sources that can be seeded onto biodegradable scaffolds [42]. Experts have reported that cells
isolated from urine can express smooth muscle, endothelial and interstitial cells, and mark-
ers of urothelial [42].The ideal biomaterial has to be biocompatible and biodegradable, pro-
mote vascular regeneration, nerve regeneration, and cellular differentiation; also, it should
be watertight and stretchable, resist encrustation and biofilm formation, and regain its shape
[41]. However, most biomaterial includes natural collagens, and natural collagens scaffolds
cannot maintain their physical properties in an in vivo environment resulting in graft failure
or formation of fibrosis [43]. There is no ideal biomaterial available yet, but they can be modi-
fied to enhance biological properties for cellular integration. Smart polymers are also optimal
for use in urinary construction [41].

4. Diseased state

In addition to affecting different biomaterials and biosynthetic implants, calcification also
occurs naturally throughout the cardiovascular and the urinary system due to various states
and diseases.

Cardiovascular disease is the leading cause of death in the United States, with a high mortality
rate among end stage renal disease (ESRD) patients [44]. ESRD and other forms of kidney disease
are marked by elevated levels of calcium phosphate in the serum, leading to mineral deposition
and calcification of the arterial wall. This occurs as vascular smooth muscle cells differentiate from
their typical phenotype to osteoblast-like cells that cause bone formation in atypical regions [45].
This risk increases with patients on dialysis, due to the fact that important calcification-inhibitory
molecules, such as Fetuin-A, are stripped from the body [45]. This high level of phosphate also
leads to the activation of the Wnt signaling pathway. When high levels of phosphate accumulate
in smooth muscle cells, f-catenin is upregulated [46]. This leads to an increased expression of
bone-morphogenetic protein 2 (BMP-2) and runt-related transcription factor-2 (Runx2) in smooth
muscle cells, though the two factors are typically only seen in bone cells [47].

Primary hyperparathyroidism (PHPT), often associated with cardiovascular disease, is another
condition potentially linked to calcification. It has been observed that as levels of parathyroid
hormone increase in PHPT patients, there is an associated increase in abdominal aortic calci-
fication [48].

Another form of calcification associated with imbalance of minerals in the body is nephrocal-
cinosis. When calcium intake increases and it begins to build up in the kidneys, it leads to the
deposition of minerals in the renal parenchyma and tubules [49]. These calcified regions are
also formed through an osteopontin deficiency. This calcification in the urinary system can
contribute to renal dysfunction and potentially lead to ESRD [49].

Calcification of both the vascular and urinary system in the body can be driven by various
diseases and conditions, typically due to some sort of mineral or chemical imbalance in the
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serum. Taking this into account, as well as the increased rate of calcification seen in bio-
implants, it is critical for current research to move toward both prevention and treatment
of this phenomenon.

4.1. Mechanism
4.1.1. General mechanisms

Calcification is a pathological process that occurs with an imbalance of several genetic,
chemical, and physical properties. The process can depend on the levels of proteins and
ions present in the serum, like metal ions that bind with hydroxyapatite or proteins that
chaperone free calcium and phosphate particles. It can also be induced by physical damage
to cells and tissue, whether by chemical means or foreign implants in the body. Though
many individual factors are associated with the formation of mineral deposits and calci-
fication in the body, the mechanisms inducing calcification are still being researched and
understood.

Vascular calcification (VC) is a prominent issue affecting both the intimal and medial layers of
the arterial wall. Intimal calcification is usually associated with plaque rupture and thicken-
ing of the endothelium layer in the vessels while medial calcification occurs as smooth muscle
cells differentiate into osteoblast-like cells, which are associated with bone growth. This phe-
notypic switch in the medial layer is often associated with various osteogenic predecessors
[50].

Osteoprotegerin (OPG) is a glycoprotein that works by inhibiting bone resorption, and an
increase in OPG is often associated with an increase in calcification [51]. It participates in the
OPG/RANK/RANKL pathway to act as a decoy receptor binding to RANKL, where RANK is
supposed to bind. This in turn prevents RANK’s intended mechanism of osteoblast differen-
tiation into osteoclasts [51].

BMP-2 is also thought to play an important role in VC, since it is expressed in higher levels in
chronic kidney disease patients, and is a part of the Wnt/p-catenin pathway [52]. Typically, it
is associated with bone and tooth formation, but the high phosphate levels in uremic patients
activate this pathway and causes BMP-2 expression.

Apart from the osteogenic markers and factors associated with calcification is another major
protein, matrix Gla protein (MGP). In its activated form, it antagonizes BMP-2 signaling as
a negative feedback regulator due to its carboxylated glutamate residues [53]. It also acts by
binding to forming hydroxyapatite crystals to prevent deposition and calcification. However,
it must be carboxylated by vitamin-K in order to be active, which may be why vitamin-K defi-
cient kidney disease patients show calcified vessels [54].

In biomaterials, the surface structure of the material can determine the post-implantation
calcification. Materials with a higher porosity have the increased potential for calcification,
because the larger pores allow for more calcium deposition [55].
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4.2. Prevention
4.2.1. Dietary changes

Because most causes of calcification are rooted in a mineral imbalance, dietary modifications or
supplementation are currently being studied for potential use in attenuating the effects of calci-
fication in different regions in the body. Magnesium ions are known to inhibit calcium deposi-
tion, though the mechanism is not clearly understood [56]. When supplied to vascular smooth
muscle cells, the rate of cell damage by apoptosis is significantly decreased as the magnesium
levels increase in the media [57]. Decreasing the rate of apoptosis decreases arterial stiffness and
calcification since apoptosis of smooth muscle cells often leads to the disruption and remodel-
ing of plaque in the arteries [58]. Increased magnesium levels also decrease the expression of
Runx2, inhibiting the differentiation of smooth muscle cells into osteoblast-like cells [57].

In a Framington Heart Study of 2695 participants, a dietary assessment was used to measure
magnesium intake levels and determine whether adding the supplement could prevent or
inhibit calcification. It was found that both coronary artery and abdominal aortic calcification
decreased as magnesium intake increased, with a 22% decrease in coronary artery calcifica-
tion for every 50 mg increase in daily magnesium intake, and significant decrease in abdomi-
nal aortic calcification with magnesium increase [59]. Even though the mechanism is not fully
understood, the metal does correlate with an inhibition of calcification.

MGP is another inhibitor of calcification that prevents the differentiation of vascular smooth
muscle cells into osteoblasts [60]. However, MGP can only inhibit calcification if it is activated via
carboxylation, making it a vitamin K-dependent protein. In patients with chronic kidney disease,
there is a vitamin K deficiency and MGP remains inactivated [54]. For this reason, vitamin K was
investigated as a dietary supplement to activate circulating MGP and inhibit calcification.

In a randomized, controlled trial, male and female patients were given either a control or vita-
min K supplement, and CT scans were used for analysis of calcification levels [61]. Blood sam-
ples were also taken and analyzed with a radioimmunoassay to determine MGP levels in the
serum. While results showed that the supplement reduced the levels of calcification currently
existing, it did not prevent the new formation of calcium deposits. MGP levels also showed no
significant difference between the control and vitamin K group [61]. This shows that vitamin K
could be used as a supplement to slow the progression of existing calcium deposits, though it
has not been proven to prevent the formation of new calcification.

4.2.2. Protein therapy

Several naturally occurring proteins in the body act as inhibitors of calcification. MGP, as
previously mentioned, is a naturally occurring inhibitor of calcification, requiring carbox-
ylation to prevent osteoblastic-differentiation. Fetuin-A, also known as alpha-2-Heremans-
Schmid glycoprotein, is another protein that acts by binding to free calcium and phosphate
particles in the serum and preventing deposition [62]. In dialysis patients, fetuin levels in the
body are significantly lower than in healthy patients, correlating with an increase in vascular
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calcification [63]. Because of this correlation, fetuin has been considered as a potential thera-
peutic protein, as treatment for vascular calcification [4].

Osteopontin (OPN) is a protein associated with bone remodeling and resorption. When
phosphorylated, it can easily bind with calcium ions to prevent calcification [49]. It resists
calcification in a dose-dependent manner when supplemented to smooth muscle cells to
protect their phenotype, and is currently being researched to determine its therapeutic abili-
ties [49].

4.2.3. Drug-coated stents and balloon angioplasty

There are two main classifications of stents: bare metal stents and drug-eluting stents. The
latter has been used to treat calcification and prevent restenosis by incorporating anti-prolif-
eration and anti-inflammatory agents into the material of the stent [64]. However, in regions
of high calcification, it is common for the stent to improperly deploy within the vessel, leading
to further plaque build-up and implant failure [64].

In order to prevent improper placement of the stent and reduce adverse effects, drug-coated
angioplasty balloons are often favorable to stents. Balloon angioplasty is a common treat-
ment for calcification in the arteries, working as an immediate clearing of vessels to allow
blood flow [65]. By modifying this design and using drug-coated balloons, obstructions in
the vessels can be immediately broken up while also delivering various agents to prevent
the return blockage without leaving a permanent implant behind [66]. Paclitaxel-coated
balloons have been used because of the drug’s ability to stop cell division so that when it is
delivered to regions with increased plaque buildup, further growth is inhibited. The drug
is delivered uniformly to the arterial wall with immediate release and incorporation into
the tissue [67].

5. Assessment

5.1. Assessment of biomaterials calcification

Many different techniques are used to investigate and examine the calcification of biomateri-
als. This can be done with either morphologic or chemical techniques. Morphological testing
yields important qualitative information like the detection, characterization, and distribu-
tion sites of calcific deposits as detailed below, but still lacks quantitative information. While
chemical techniques reveal more qualitative data such as identification of elemental composi-
tion and determination of crystalline mineral phases, they require a complete ruination of the
tissue specimen [68]. Furthermore, techniques such as microcomputer tomography (micro
CT) are recent technologies available for both in vitro and in vivo samples that are non-invasive
and non-destructive [68].

Morphological assessment of calcification uses many different techniques, including scanning
electron microscopy (SEM), radiographs (X-rays), light microscopy, transmission electron
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microscopy (TEM), and microcomputer tomography (micro CT) [68, 69]. Calcific deposit dis-
persal can be seen from X-rays, and most calcification is studied using morphological tech-
niques done outside of the body once the implantation is removed. As mentioned previously,
calcific deposit morphology, quantification, and localization can be seen from micro CT. Both
X-ray and CT techniques require gross specimen sample preparation. Light microscopy is
used in conjunction with various staining techniques to identify mineral deposits with either
a calcium or phosphorus-specific stains. Alizarin red is a calcium-specific stain and von Kossa
is a phosphate-specific stain [68]. Hematoxylin/eosin, Mallory’s trichrome and alcian blue
stains are known as histological stains associated with light microscopy, both readily avail-
able and easily applied to tissue [69].

Two types of microscope techniques mentioned previously, SEM and TEM, are electron
microscopes that use a highly focused electron beam contained in a vacuum to passes the
specimen [68]. In one study, SEM was used to analyze bovine pericardium samples in vitro
for calcification using SEM. To prepare the samples for analysis, they were first soaked in a
simulated body fluid containing ionic concentrations similar to natural body plasma fluid,
then placed in a controlled environment. After seven days, samples were rinsed, deionized,
and frozen in liquid nitrogen. Finally, samples had to be lyophilized before SEM analysis
could be performed [70]. Other methods of calcification testing include Fourier transform
infrared spectroscopy, which is used to determine structure coatings and x-ray diffraction of
lyophilized samples using a diffractometer with Cu-Ka radiation [70].

6. Future works

There are many important factors to review when looking at heart valve replacements. Cost
should be considered since valvular heart disease is prominent worldwide, especially in
underdeveloped countries. Post-implantation failure is another factor, largely due to age of
the patient given that children and young adults have a more competent immune system
and experience a higher rate of BHV failure. In some countries lacking adequate ways of
monitoring patients, mortality is an increased risk [9]. Calcification is also a major cause
of deterioration in BHV replacements. The complications associated with calcification of
artificial heart valves can lead to the need for revision surgery in patients. Mechanical valve
replacements potentially require additional surgery due to thrombosis, thromboembolism,
or spontaneous bleeding can occur; additionally, these replacements require lifelong anti-
coagulation therapies [9].

For these reasons, experts are trying to further understand the mechanism of biomaterial
calcification and exploring more biocompatible materials. As mentioned before, there is not
a specific mechanism that leads to VHD, so further understanding of the various processes
involved will improve treatment strategies that include tissue engineering and drug-coated
biomaterials [8]. Some studies have reported that tissue engineering scaffolds have similar
uniaxial mechanical properties but need more investigation with biaxial mechanical proper-
ties that are more related to soft tissue. There are also clinical studies that combined both
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synthetic and natural polymers to construct a scaffold that could be similar to the native
mechanical properties of a heart valve which may improve their biocompatibility [7]. Another
approach to prevent calcification is to modify the surface of the device; for example, heparin
can be used to inhibit tissue calcification [69].

In addition, urinary stents and catheters need more attention to overcome the two main causes
that lead to calcification: infection and encrustation. Currently, studies are focusing on inno-
vating stent designs, biomaterials, and surface coatings [41]. Many studies have attempted
to combine multiple antimicrobial agents into one coating, for example using several anti-
biotics. Another approach that most researchers have recently used is constructing urinary
tissue from organ-specific stromal cells resulting in better biomechanical properties similar
to human than non-specific stromal cells [71]. However, most biomaterials include natural
collagens that are unable to maintain the same physical properties, resulting in graft failure
[43]. Further investigation and clinical studies are needed to introduce the ideal biomaterials
and coating [34].

In conclusion, further development will include better understanding of VHD to improve
our treatment strategies. More trials and clinical studies are needed to create an “ideal” bio-
material for tissue engineering and drug-coated biomaterials. Additional experiments will be
needed to test innovating stent designs, heart valves, and surface coatings to treat implanta-
tion calcification.
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Abstract

Type 1 diabetes is an autoimmune disorder that destroys the insulin producing cells
of the pancreas. The mainstay of treatment is replacement of insulin through injectable
exogenous insulin. Improvements in islet isolation techniques and immunosuppression
regimens have made islet transplants a treatment options for select patients. Islet trans-
plants have improved graft function over the years, however, graft function beyond year
two is rare and notably these patients require immunosuppression to prevent rejection.
Cell encapsulation has been proposed for numerous cell types but it has found increas-
ing enthusiasm for islets. Since islet transplants have experienced a myriad of success
the next step is to improve graft function and avoid systemically toxic immunosuppres-
sive regimens. Cell encapsulation hopes to accomplish this goal. Encapsulation involves
encasing cells in a semipermeable biocompatible hydrogel that allows the passage of
nutrients and oxygen however blocks immune regulators from destroying the cell thus
avoiding systemic drugs. Several advances in encapsulation engineering and cell viabil-
ity promises to make this a revolutionary discovery. In this chapter, we will provide a
review of islet encapsulation as used for the treatment of type 1 diabetes.

Keywords: biomaterial, islet encapsulation, type 1 diabetes, islet transplantation,
immune barrier

1. Introduction

Islet transplantation to treat type 1 diabetes has achieved great improvements, as more recip-
ients are able to achieve insulin independence for longer periods of time. Unfortunately,
the lack of donor organs and immunosuppressive medication regimens continue to impede
further progress in cell replacement therapy. Encapsulation of islets for transplantation
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provides a solution to these problems. Cell encapsulation envelopes cells in a biocompat-
ible matrix that provides a gradient which allows the diffusion of oxygen and nutrients but
prevents large immune molecules from reaching the cell, avoiding host immune response.
Encapsulation has been suggested since the 1930s, but noteworthy achievements have
occurred over the last decade. This chapter aims to provide a review including a historical
background, current research, and future applications of cell encapsulation for the treatment
of type 1 diabetes.

2. History

Over 25 million people in the United States (US) suffer from diabetes with approximately
5% characterized as type 1, and diabetes is ranked as the 7th leading cause of death in the
US [1]. Type 1 diabetes mellitus (TIDM) is an autoimmune disease that causes destruc-
tion of the B-cells of the pancreas, which results in insulin deficiency [2]. Currently, the
mainstay of treatment is short-term glycemic control through injectable exogenous insulin.
However, as islet transplantation has been continually improving, the scientific community
has shifted views of curing TIDM toward cell replacement therapy rather than supportive
care. Islet transplantation was recognized as a promising field in restoring long-term endog-
enous insulin production when in 1999, under the Edmonton Protocol, a total of 21 subjects
out of 36 were able to achieve long-term glycemic control and insulin independence upon
transplantation of islets in the portal vein and the insulin independence prolonged up to
2 years [3]. According to the Collaborative Islet Transplant Registry (CITR), there have been
a total of 677 islet transplant recipients from 1999 to 2010 and the percentage of recipients
that achieve insulin independence for 3 years was 44% between 2007 and 2010 compared to
27% from 1999 to 2002 [4]. Various immunosuppressive regimens have been implemented to
avoid rejection and maintain graft function. However, like other organ transplants, immu-
nosuppressive medications are implicated in adverse effects to the patient as well as toxicity
to the graft [5, 6].

Additionally, the current method for islet transplantation requires invasive, difficult, and
time-consuming surgeries that create stress and risk for both the patients and the islets.
To circumvent these issues, cell encapsulation has been proposed as the next treatment
option for islet transplants with the goal of eliminating immunosuppression. Although
cell encapsulation was tested to treat other diseases such as neurodegenerative diseases
and epilepsy, the greatest achievement using this method has been in the encapsulation of
islets for the treatment of TIDM [7-9]. Insulin independence can successfully be achieved
through the transplantation of isolated islets; to ensure that the islets can remain effec-
tive and functioning, improvements in graft viability, difficulty of procedures, and the
avoidance of systemically toxic drugs can be accomplished through encapsulation [10].
In the following sections, we will discuss the more recent advances in encapsulated islet
technology.
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3. Current research

3.1. Animal and human trials

The first researcher to pioneer transplantation of encapsulated tissue was Biscegeli in 1933.
He placed mouse tumor cells in a polymer matrix which he transplanted into the abdomen
of a guinea pig and was able to maintain the host’s survival without rejection [11]. This idea
was replicated not until 50 years later when Lim and Sun first used encapsulated islets for
transplantation in diabetic animals. They placed 2000-3000 islet equivalent (IEQ) in an algi-
nate hydrogel for intraperitoneal transplantation of diabetic rats to achieve normoglycemia
for up to 3 weeks compared to only 8 days for nonencapsulated islets [12]. Currently, there
are a myriad of achievements in encapsulating islets in small and large animal studies as well
as early phase clinical trials. In syngeneic transplantation (NOD mice) studies by Kobayashi
et al. in 2003, the authors used a 5% agarose microcapsule encasing 1500-2000 islet equiva-
lents (IEQ) per mouse for intraperitoneal implantation as well as omental pouch transplants,
and observed prolonged euglycemia for 100 days compared to 8 days for unencapsulated islet
transplants [13]. The same authors repeated the study in 2006 and observed the same period
of euglycemia in the recipients; however, when they also retrieved the devices after 400 days,
they observed that viable islets were recovered with a small percentage of necrotic cells [14].

In a more recent study of murine models, Nishimura et al. carried out a two-part experiment;
the first experiment involved transplant of encapsulated porcine islets into the intraperitoneal
cavities of streptozotocin-induced diabetic nude mice (n = 4) and observed insulin indepen-
dence in all mice for 2 months. Then, to observe the long-term effects, the second part of
the experiment involved the same procedure but required monitoring up to 6 month, and
all mice had maintained insulin independence for the duration of the experiment although
C-peptide levels were low for both experiments [14]. Encapsulation methods have improved
over time, as shown in studies by Haque et al. in 2017, where non-human primate islets were
encapsulated with polyethylene glycol (PEG) and confirmed functioning when transplanted
into C57BL/6 and BALB/c mice. It was also observed that when compared to the naked islet
transplant, the encapsulated islets had shown no graft rejection for up to 150 days [15].

Less consistent but otherwise noteworthy results were achieved in islet transplants in larger
animal models. Initially, Soon-Shiong performed several encapsulated islet transplants into dia-
betic canine models. According to the publication from 1993, islets of 1500-20,000 IEQ/kg were
encapsulated in alginate-based microcapsules and transplanted into the intraperitoneal cavity;
subjects gained insulin independence for 110 days as well as the presence of C-peptide for an
average of 483 days [16]. In 2010, Dufrane used porcine encapsulated islets (subcutaneous/kid-
ney capsule transplants of alginate-based micro- and macro-encapsulated islets, 30,000 IEQ/kg)
to transplant into cynomolgus primates. The authors observed euglycemia for up to 28 weeks
[17]. In another study using cynomolgus monkeys as recipients by Elliott et al., neonatal pig
islets were isolated (10,000 IEQ/kg) and encapsulated in alginate microcapsules resulting in a
more than 40% reduction in injectable insulin dose compared to pre-implantation [18]. Based
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on several noteworthy achievements in large animal studies, researchers have been granted
approval for stage one and two human clinical trials. Due to the previous success by Soon-
Shiong using a canine model the authors were authorized for the first human clinical trial in
1994. A 38-year-old male, with type 1 diabetes and end stage renal disease postoperative to
kidney transplant and with low dose immunosuppression, became the first recipient of encapsu-
lated islets. The patient initially received 10,000 IEQ/kg of cadaveric islets encapsulated in alginate
microcapsules, followed by a repeat transplant of 5000 IEQ/kg 6 months later. The patient’s insulin
requirements reduced to 1-2 insulin units per day and eventually discontinued all exogenous insu-
lin administration after 9 months [19]. In 2006, Calafiore et al. isolated islets from human cadav-
ers (400,000-600,000 IEQ) and encapsulated them with sodium-alginate beads for intraperitoneal
injection. As a result, the patients experienced improved blood glucose levels and a declined daily
exogenous insulin intake; however, neither patient became insulin independent [20].

Living cell technologies has achieved the best outcomes for encapsulated islet transplants. In
one of their studies, islets derived from pigs in a pathogen-free farm in New Zealand were
encapsulated in alginate microcapsules for intraperitoneal xenotransplantation into human
recipients. Several early phase clinical trials have been performed from this company and
they have shown promising results. One of the most significant achievement has been the
reduction of accidental hypoglycemic events to 40%. Several patients improved daily glucose
levels and reduced exogenous insulin dosing and 2 patients became insulin independent after
4 months [21]. Despite the promising results, the lack of reproducibility threatens enthusiasm
for future advances. For example, a human clinical trial by Tuch et al. involved alginate micro-
capsules for human cadaveric islets and observed the presence of plasma C-peptide levels for
up to 2.5 years, however, there was no improvement in insulin requirements [22]. Likewise,
in a follow-up publication by Elliot et al., one recipient experienced early success with a 30%
reduction in insulin dose, but after 49 weeks, the subject reverted back to the original insu-
lin dose [21]. The most recent study in 2016 by Matsumoto et al. which involved 8 human
subjects, they did not observe statistically significant changes to the reduction of exogenous
insulin doses; however, the group that received higher dose of islets had improved HbAlc
(<7%) for a duration of 600 days, and had significantly reduced the frequency of unaware
hypoglycemic events [23]. The study shows that despite the lack of insulin-secreting capabili-
ties, as compared to exogenous injections which potentially and frequently cause accidental
hypoglycemic events, the encapsulated islets are capable of a more regulated release of insu-
lin. Although there has been a consistent observation of viability and immunoprotection of
encapsulated islets, the efficacy of enabling a subject’s insulin independence in-vivo is still
being researched.

Although the purpose of aforementioned early phase clinical trials is to assure safety and
determine optimal dosing, it is notable that most encapsulated islet recipients do not achieve
perfectly sustainable insulin independence. There is also yet to be a standardized protocol for
the type of biomaterial used and the islet dose to be transplanted. However, based on novel
in-vivo studies, it is evident that the type of biomaterial determines graft survival. King et al.
tested several encapsulation methods for mice recipients using alginate with and without
poly L-lysine (PLL), with high guluronic acid (G) or high mannuronic acid (M) and revealed
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that PLL-free high M microcapsules had better results, with continuous normoglycemia for
8 weeks [24]. Likewise, Lanza et al. observed that capsule integrity and graft function could
be improved by altering the concentration of alginate [25]. More recently, hyaluronic acid
and collagen hydrogels (HA-COL gel), which have been steadily gaining recognition in tis-
sue engineering, have taken a new turn and started emerging as a potential alternative to
alginate for encapsulation material for islets. In 2016, Harrington et al. had proposed that
HA-COL gels’ biological and mechanical properties can be applied to encapsulating methods
of islets as well, and in the study, they observed that the allogeneic transplantation of islets
in HA-COL gels into diabetic rats had reversed diabetes and remained such for 80 weeks,
all while providing immunoprotection for islets and increasing viability [26]. Discussions
regarding the most optimal material for encapsulation of islet are still ongoing, and a definite
consensus is yet to be reached.

3.2. Biomaterials in transplantation

Chang et al. were the first researchers to describe the application of semipermeable mem-
branes for encapsulation. Chang postulated that polymer membrane-encapsulated liver
enzymes and cells can be transplanted to treat a disorder [27]. Several types of encapsula-
tion methods have been developing and currently the most widely employed method is the
alginate-based microencapsulation [24, 28-30].

The capsule vehicles come in variety of structures and sizes, ranging between vascular
shunts, macro-, micro-, and nanoscale devices. The original vascular device was devel-
oped as capillary fibers in culture-coated medium [31]. Maki et al. performed studies with
vascular devices as arteriovenous shunts transplanted in diabetic canines. As a result,
several subjects were able to achieve reduced exogenous insulin requirements [32, 33].
Ultimately, the major difficulty in utilizing the devices was the inability to provide enough
islets to coat the fibers. This device type was able to achieve reduced exogenous insulin
requirements [32, 33].

Devices were constructed in hopes of including more islets by elongating fibers, but com-
plications arose due to clotting and fibrosis. To solve this issue, researches used greater
amounts of islets and multiple devices in order to achieve insulin independence, but this
method was eventually disused due to its high cost and relative inefficiency [34]. However, a
2017 study demonstrated the potential of human recombinant antithrombin (ATryn®), when
co-administered with pancreatic islets, to reduce inflammation and intravascular coagula-
tion in transplant recipients without posing a risk to the islets or test subjects [35]. In general,
macroscale devices are not as commonly used among researchers because their increased
immunogenicity and larger diffusion parameters required for oxygen and nutrients to reach
islet cells lead to poor islet viability, function, and regenerative capacity [36]. However, such
macroscale devices can offer several advantages, including simple implantation and retriev-
ability using minimally invasive techniques [37]. One recent study elaborated on the ability
of alginate sheets to promote vascularization and blood flow to areas of implanted sheets in
mice due to a robust vascular response in the host. In response to increased blood flow and
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consequently more oxygen and nutrients reaching the islets, the islets in the alginate sheets
maintained high viability and function [38]. In a later attempt to improve the diffusion of
nutrients, glucose, and insulin in cells in macroscale devices, a novel macroencapsulation
device was developed in which islets were placed in thin, nondegradable, microwell mem-
branes of the device. The results reveal that the device was effective in maintaining islet
responsiveness and function in cell culture. However, future studies need to be conducted to
test the in-vivo success of such a device [39].

Nanoencapsulation has been used to improve diffusion parameters and better islet insu-
lin response. PEG is one of the most common materials used in nanoencapsulation devices
as it can crosslink under UV or visible light exposure without threatening cell viability.
Nevertheless, the shortcomings of PEG include the lack of biocompatibility with the trans-
plant recipient and inadequate protection of islets from cytokines [40]. However, by using
multi-layer PEGylation and immunosuppressive drug cocktails, islets have demonstrated
increased stability and longer survival time while minimizing the immune response, as indi-
cated by the reduction in human serum albumin, fibronectin, and immunoglobulin G [41].
In a 2017 study, majority of diabetic animals that received a transplant of PEGylated islets
exhibited long-term normoglycemia [42]. Thus, despite its shortcomings, PEG encapsulation
has still yielded positive results in certain studies.

Despite the success of nanoencapsulation, microencapsulation still is the most widespread
method of islet encapsulation due in part to their improved surface area to volume ratio and
mechanical stability. Though biocompatibility issues still exist with microencapsulation, the
spherical shape and spatial characteristics of microcapsules can promote the diffusion of
nutrients while limiting the host immune attacks on transplanted islets [43, 44]. One major
obstacle standing in the way of sustainable and consistent clinical islet transplant is the lack
of an optimal cell encapsulation approach, particularly the ideal transplantation site, encap-
sulation material and encapsulation device. Such standardization, as well as safety and cost
effectiveness, are imperative for future widespread clinical use. Numerous tests have been
conducted regarding various encapsulation materials and methods, each study showcasing
the effectiveness of different encapsulation materials [43].

Both synthetic agents, from poly ethylene oxide to poly vinyl alcohol, and natural occur-
ring hydrogels, like gelatin, chitosan, and alginate, have been utilized in encapsulation engi-
neering and in extracellular matrixes [45-47]. Though poly glycolic and lactic acid polymers
are some of the more popular synthetic agents in medical devices, they still pose the risk
of increased fibrosis and loss of the encased cells. Nevertheless, synthetic biomaterials are
still being frequently used, with PEG being the most widely used synthetic biomaterial for
islet encapsulation, though different encapsulation strategies have varying levels of success.
Such strategies include assembling a thin layered PEG-lipid structure around the surface of
islets and assembling a multilayer film around islets using biotin and streptavidin [48]. It has
been recently demonstrated that the simple PEGylation of islets provided modest immuno-
protection in full MHC mismatched mice [42]. However, when coupled with the systematic
distribution of immunosuppressive drugs, the PEGylated islets could sustain long-term nor-
moglycemia in the mice.
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Due to the complications with islet encapsulation using synthetic materials, alginate encap-
sulation has risen in popularity due to its improved biocompatibility and stability, easy
gelation process, and relatively low cost. Alginate has typically been the most popular
microencapsulation material, due to its widespread availability and ease of production,
although alginate endotoxin content and purity can vary from different manufacturers [44].
The variation in alginate production and purification, in addition to the lack of research
regarding the optimal transplantation site of islets and optimal donor strain and age, cur-
rently stand in the way of consistent success in transplanting alginate encapsulated islets
into humans [49]. In an effort to improve capsule permeability and mechanical strength,
studies have used polycations and anions in the encapsulation process, although it often
results in a greater host biologic response to the transplant. To resolve this issue, one study
discovered that this immune response can be minimized with the addition of another thin
layer of alginate [50]. During the process of gelation, cross linking occurs via covalent, ionic,
or physical bonds, which subsequently establishes the diffusion gradient for the adequate
flow of nutrients and oxygen to the islet cells. Previously, problems with crosslinking arose
in regard to such capsules having smaller pore size with inconsistent permselectivity [50].
However, in a recent study, alginate capsules crosslinked with BaCl, and suspended in chi-
tosan showed similar pore size, function, and viability in vitro when compared to regular
alginate capsules. When islets were encapsulated in the chitosan-coated crosslinked cap-
sules and transplanted into mice and canines, the islets improved in graft survival and
had significantly less fibrosis when compared to regular alginate capsules at 1 year post-
transplantation [51].

When engineering scaffolds for islets, there are multiple considerations that need to be taken
before standardizing a procedure that is both practical and safe for the islets and host. The
capsules need to be non-toxic and reproducible, and their degradation should not negatively
affect the islets or host, but rather following tissue growth.

Earlier experiments regarding capsule construction encountered problems with capsule fibro-
sis and low islet viability and function. For example, extensive capsule fibrosis was a common
occurrence in these early experiments [22, 52]. Subsequent studies were able to eliminate the
presence of fibrosis, but at the expense of abundant necrotic islets due to inadequate oxy-
gen flow to the transplanted islets [53, 54]. However, multiple potential solutions have been
explored since these issues were encountered. As a preliminary solution to high capsule fibro-
sis and lack of oxygen supply for transplanted islets, a group of scientists created a highly-
vascularized bioartificial cavity using polylactide-based scaffolds for islet transplantation and
implanted it under the skin and in the omentum of rats. After 4 weeks, histological analysis
revealed heightened vascularization with minor fibrosis and minimal infiltration of inflam-
matory cells near the implant [55]. In a different experiment aimed to improve the oxygen
flow to transplanted islets, a bioartificial pancreas underscored the potential of HEMOXCell®
as an oxygen carrier for islets in vitro. HEMOXCell® was able to increase cell viability and
decrease hypoxia indicators while restoring insulin secretion back to normal levels [56].

Other researchers have gone on to improve capsule engineering by means of co-encapsulation
and stem cells to reduce instances of inflammation and fibrosis while sustaining islet function.
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3.3. Improved capsule engineering: Co-encapsulation

Co-encapsulation methods hope to enhance the viability and function of islets by adding mol-
ecules to the capsules surrounding the cells. The essential purpose of encapsulation is to sup-
press the host animal’s immune response to reduce inflammation and increase the survival
of islets. In a novel study, the co-encapsulation of HMGB1 A box protein, an inflammation
receptor antagonist, with islets provided a protective effect in islet transplants; the results
showed an a 2-fold improvement in the survival rate of such co-encapsulated islets in dia-
betic mice. These islets were similar in bead diameter, viability, and insulin secretion function
to islets encapsulated in only alginate [57]. In another study investigating co-encapsulation
techniques to reduce inflammation, scientists conducted a subcutaneous screening of 16 small
anti-inflammatory drugs to see each drug’s corresponding effect on the formation of fibrotic
cell layers, of which dexamethasone and curcumin showed to be most effective. Subsequently,
pancreatic rat islets were co-encapsulated with curcumin in alginate microcapsules, resulting
in an increase glycemic control and reduced instances of fibrosis in diabetic mice [58]. Clearly,
co-encapsulation can be effective in reducing the recipient’s immune response. However,
researchers have not limited themselves to only co-encapsulation research, as recent develop-
ments in encapsulation cell technology involves the use of stem cells as a source of islets.

3.4. Stem cells

Due to the lack of human cadaveric donors for islet transplants, stem cells provide a promis-
ing alternative for islet transplants. In a study by Vaithilingam, mesenchymal stem cells were
stimulated by a cytokine cocktail of IFN-y and TNF-a and subsequently were co-encapsulated
with islets and transplanted into mice. All of the mice attained normoglycemia, as opposed to
just 9.1% of the mice that received alginate encapsulated islets. In another study, mice receiv-
ing co-encapsulated stimulated MSCs also demonstrated improved viability and function
with significantly less inflammatory cytokines, a significant step forward in the search to opti-
mize encapsulated islet transplants [59]. A minimal immune response was also achieved in
abdominal transplants using MSC islets coated luciferase-GFP, with reduced fibrotic forma-
tion and macrophage infiltration. Furthermore, islet endothelial cells formed chimeric blood
vessel in the surrounding tissue with the transplant recipient’s cells, due to the presence of
MSC [60]. In another study, pancreatic islets were encapsulated using a silk-based platform
including MSCs, resulting in the reduction of Th1 cytokines and improvement in blood glucose
response. However, future experiments need to evaluate the viability of the islets and methods
to strengthen the biocompatibility of silk for transplantation purposes [61]. Most importantly, a
recent study demonstrated that an autologous stem cell transplant was able to accomplish long-
term sustainable insulin independence in humans diagnosed with T1D, a phenomenon that
had not occurred in previous decades [62]. Findings like these demonstrate the vast potential of
stem cells in islet transplants, with more improvements bound to occur in the upcoming years.

4. Conclusion

Recent discoveries in the cell encapsulation of islets have made great strides in the pur-
suit to revolutionize the current treatment for TIDM. These studies have made significant
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advancements to improve islet viability, function, and insulin response to higher blood glucose
levels in transplanted islets. However, multiple obstacles still stand in the way of standardizing
a method to allow widespread clinical use of this technology. Nevertheless, improvements in
islet encapsulation materials and methods, as well as the growing potential of co-encapsulation
and stem cell use for islet transplants provide a promising future in this field of research.
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Abstract

The implant manufacturing process includes texturization to enhance its adhesion and
marking the final products for their identification, long-term quality control and trace-
ability. Marking is carried out after cleaning and prior to sterilization. These marks even-
tually can concentrate stress leading to premature failure. The marked areas are defective
regions that affect the passive film formed on the metallic biomaterials used for implants
favoring the onset of various corrosion types, such as pitting, crevice or fatigue. This
study aims to evaluate the effect of a Yb optical fiber laser marking processes used for
metallic implants on the localized corrosion resistance of the austenitic stainless steel ISO
5832-1. This is one of the most used materials for manufacturing implants. The electro-
chemical behavior of the marked areas obtained by this method was evaluated in a phos-
phate-buffered saline (PBS) solution with pH of 7.4 and the results were compared with
unmarked samples. All tested surfaces were prepared according to the recommendations
for the use in surgery. For localized corrosion resistance evaluation, electrochemical tests
such as monitoring the open circuit potential (OCP), electrochemical impedance spec-
troscopy (EIS) and cyclic potentiodynamic polarization measurements were performed.
The results showed that the laser marks affect the protector characteristics of the bioma-
terial’s passive film. Lower pitting resistance was associated to the laser marked areas.

Keywords: biomaterials, stainless steel, electrochemistry, laser, marking

1. Introduction

The increase in people’s life expectancy and the rising number of accidents with serious injuries
have raised the number of orthopedic surgeries worldwide. In order to help or replace injured

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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body parts, implants or prostheses are used to perform their duties properly. These materials must
have adequate chemical composition and surface condition so they are not rejected by the body.

The material selection for biomedical application should take into consideration its physical,
chemical and mechanical properties. The main properties that must be taken into account are:
strength, elasticity modulus, bending and torsion, fatigue resistance, corrosion resistance and
hardness [1, 2]. The manufacturing process of metallic implantable medical devices is one of
the most important stages of the production of implants, and this can be via casting, forging,
machining, welding or by powder metallurgy. This process also involves cleaning, surface
finish, marking and sterilization, according to the strictest standards of quality control [1-3].

The implants when in contact with human tissue might suffer constant wear and corrosion, and
the corrosion products may cause hypersensitivity, leading to the need for implant replace-
ment surgery. These surgeries lead to increased costs and health risks for patients. Therefore,
research and development of biomaterials with improved surfaces is of great interest [1-3].

Using materials to repair or restore damaged tissues or organs in humans is not new. The first
reports of biomaterial use have 4000 years of existence, describing the use of sutures for repair
of wounds. The reports of use of non-organic materials are from 1550, with the use of gold
thread for sutures [1]. Earliest indications are also around this period, with the medical records
of Hindu, Egyptian and Greek civilizations citing bone transplants from animals to humans.

Nowadays, advances in biomedical engineering and surgery have made possible the recon-
struction of various parts of the human body with biomaterials. According to Williams [2],
biomaterial is any substance or combination of substances, except drugs, naturally occurring
or synthetic, that can be used during any period of time, as part of a system that treat, aug-
ment or replace any tissue, organ or body functions.

Biomaterials have many applications such as orthopedic for the repair or replacement of any
part of the skeletal system. Metallic biomaterials are also used for neural or neuromuscular
stimulation in electronic systems in order to provide electrical stimulation to tissues with cer-
tain degree of deterioration [4, 5]. The development of biomaterials appears to be fundamen-
tally important in the sense that it provides an improved standard of living for the people,
represented by an increase in life expectancy, general health and well-being of the population.

The metallic materials used in implants or prostheses are generally passive materials and
therefore are subject to localized corrosion when in contact with body fluids. According to
Lyman and Villamil [1, 6], the most common types of corrosion observed in metallic implants
are: galvanic, crevice, pitting and selective corrosion.

Pitting corrosion is a localized attack on a surface covered with oxide. A pit is initiated
by adsorption of anion activators, particularly chloride ions. When the pitting potential is
reached, the electric field strength in the thinner parts of the film is so high that chloride ions
can penetrate the film, starting localized dissolution of the oxide film. Thus, once a pit has
formed, it will continue to grow autocatalytic [7-10].

The mechanism of pitting corrosion occurs by nucleation and growth, which creates condi-
tions for its propagation, which are: the chloride ions enrichment in pitting, the generation of
an acidic solution inside the pit, by hydrolysis of metal ions, high conductivity of salt solution,
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the limited supply of oxygen and, outside of the pit, forming a layer of hydrate, with the dilu-
tion of pits solution by diffusion and convection [11-17].

The laser marking technique is commonly used for biomaterials classification or traceability
enabling posterior analysis of the implantable metallic device after its use. The laser engrav-
ing process strongly affects the biomaterials” surface properties, especially those exposed to
the corrosive human body fluids, such as microstructure, composition and roughness [18-25].

Qi et al. [26] studied the effects of laser engravings on stainless steels. They have used a pulsed,
Q-switched Nd: YAG laser and evaluated the influence of pulse frequency, energy and speed on
the final metallic surfaces quality. They compared the depth, width and contrast generated by the
laser process and observed that the pulse frequency was the parameter that most affected surface
oxidation, and consequently, the contrast of the surfaces subjected to this laser beam. Similarly,
Leone et al. [27] verified that the laser pulse frequency was the parameter that most interfered
in the contrast obtained on the digital images of the surfaces submitted to the engravings. They
have used the same type of laser and the same parameters as Qi et al. [26]. The material that
underwent the markings was an AISI 304 stainless steel. They have observed that the roughness
and oxidation of the etched surfaces increased as a result of increasing the pulse frequency.

Bizi-Bandoki et al. [28] studied the changes in roughness and surface tension of the AISI 316 L
stainless steel and the Ti-6Al-4 V alloy. A titanium-sapphire ultra-short pulse laser was used
varying only the number of pulses. The researchers have found that as the number of pulses
increased, the topographic features of both materials were also altered, producing surface
undulations and their changing behavior from hydrophilic to hydrophobic.

2. Experimental procedures

The material used in this study was the austenitic stainless steel, ISO 5832-1, which is largely
used for orthopedic implants. Its chemical composition is shown in Table 1. The tested sur-
faces were marked via pulsed nanosecond ytterbium (Yb) optical fiber laser, at four different
pulse frequencies, as shown in Table 2. For comparison reasons, unmarked surface of this
biomaterial was also evaluated. The marking procedure consisted of recording the number 8
(eight) many times on the surface in order to cover the largest possible area of the samples.

C Si Mn P S Cr Mo Ni Fe

0.023 0.378 2.09 0.026 0.0003 18.32 2.59 14.33 Bal.

Table 1. Chemical composition of the ISO 5832-1 stainless steel (wt.%).

Sample 1 2 3 4

Pulse frequency (kHz) 80 188 296 350

Table 2. Yb-optical fiber laser pulse frequencies.
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NaCl KCl Na,HPO, KH,PO,

8.0 0.2 1.15 0.2

Table 3. Chemical composition (g/L) of phosphate-buffered saline solution (PBS).

The aim was to evaluate the effect of the marks on the corrosion resistance of the implant. The
mark is usually carried out for identification and traceability of the implant.

To evaluate the specimens’ corrosion resistance, electrochemical techniques were employed
such as open circuit potential versus time (OCP), electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization. All electrochemical tests were carried out using Biologic
EC-Lab V10.33 — SP-150 potentiostat-galvanostat equipment. The electrochemical test cells were
composed of a three electrode setup, with the specimen as the working electrode, a Pt counter
electrode (wire with geometric area of 2.0 cm?) and a saturated calomel electrode (SCE) (3 M)
reference electrode. The area of the working electrode exposed to the electrolyte corresponded
to 1 cm? In order to ensure reproducibility, at least four samples for each surface condition were
measured. The electrolyte used was a phosphate-buffered saline (PBS) solution, pH of 7.4, with
chemical composition shown in Table 3. The solution was prepared from high purity chemical
reagents and deionized water. Potentiodynamic polarization tests were carried out at a rate of
0.167 mV/s, at (37 + 1)°C, after monitoring the open circuit potential (OCP) for 12 h.

Surface characterization of the ISO 5832-1 stainless steel either with laser or without laser
engravings was carried out by scanning electron microscopy (SEM).

3. Results and discussion

The corrosion resistance of the ISO 5832-1 stainless steel, greatly used for biomedical applica-
tions, was measured by electrochemical methods. Figure 1 shows the variation of the open
circuit potential as a function of immersion time for the four different types of laser marked
surfaces and the blank (without laser), at 37°C, during a period of 12 h, which was reasonable
time for the stabilization of corrosion potential. The tests were carried out for 10 specimens of
ISO 5832-1 austenitic stainless steel, for each of the following conditions: unmarked and laser
marking, changing the pulse frequencies in four levels. The analysis of Figure 1 allows the
understanding of some phenomena that have been repeated for several specimens depending
on the type of surface evaluated.

The curve presented in black color, referring to the steel without markings, is representative of
the amount of 10 tests performed and presents a more constant open circuit potential for the
period evaluated, which suggests the existence of a more stable passive film on the steel. From
the first 4000 s of immersion, there is an increase in potential, which with the passage of time,
exhibits more uniform behavior until reaching a value of the order of 0.18 V (SCE) in 12 h of test.

Most of the specimens marked by laser beam with parameters 2 and 4 showed a trend of
increasing in potential for nobler and more stable values. Specimen 1 showed a drop in open
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Figure 1. Open circuit potential variation with time of immersion for unmarked and Yb-optical fiber laser marked
surface, in different frequencies, during 12 h of immersion in phosphate buffer solution (PBS).

circuit potential for the first immersion times, around 4000 s. This potential drop can be asso-
ciated with the attack of more active regions of the surface due to the formation of micro-
plates related to defects generated by the laser marking process. The attack of the more active
regions can be considered as a partial “cleaning” of the surface by corrosive attack that is
followed by a more homogeneous surface responsible for the recovery of potential in the final
moments of the immersion. Specimen 3 presented values of more uniform potentials through-
out the open circuit immersion period.

For longer immersion times in this solution, around 25,000 s, all specimens with and without
laser markings, exposed in Figure 1, show uniform behavior of the corrosion potential, indi-
cating the formation of a stable passive film.

The electrochemical impedance spectroscopy (EIS) diagrams for the biomaterials under the
conditions studied, obtained at 37°C in PBS solution, immediately after the potential monitor-
ing corrosion are shown in Figure 2.
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Figure 2. Bode diagram (phase angle) obtained after OCP for austenitic stainless steel ISO 5832-1 in PBS at 37°C.
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Figure 2 presents the Bode (phase angle) diagram for the laser marked specimens and without
marks, with phase angle values between -35° and -80°, in the low-frequency region, which
corresponds to that of passive metals [18, 29-32], and the samples without laser treatment had
the lowest values and the highest values were obtained for the samples marked in condition 4.

The diagram shows two constants. One is in the region of high frequencies, identified with a
slope between 0.01 and 0.1 Hz. The other in the region of low frequencies, characterized by a
slope between 1 and 10 Hz for the surface corresponding to specimen 1 and between 10 and
100 Hz for the other conditions of marked surfaces (specimens 2, 3 and 4) and without laser.
This behavior was observed for stainless steels and associated with the constant at high fre-
quencies at the external-medium oxide interface and the constant at mean frequencies at the
internal metal-oxide interface [29-31].

The Bode diagrams, shown in Figure 3, represent the reproducibility obtained in 10 tests for
each condition and suggest that the change in the laser beam parameters used for the mark-
ings has a small influence on the impedance in the low-frequency region, the lowest values
obtained for the specimens marked in conditions 1 and 4, and the highest for the material
without laser treatment, in this frequency range. This fact evidenced a slight decrease in the
protective capacity of the passive film for the treated specimens.

In Figure 2, the Bode diagrams show a narrow plateau for the laser-labeled specimens
under all conditions evaluated with phase angle values around -70° in the medium fre-
quency range, and a wide plateau with phase angle values close to -80° over a wide fre-
quency range, from averages to low, for specimens without laser treatment, typical of
passive materials [18, 29, 30].

Higher phase angles at low frequencies for unlabeled specimens suggest passive and more
protective films. The drop in the phase angles at the lowest frequencies for the labeled
specimens is an indicative of the deterioration of the passive film properties. In the
laser-etched samples, the peak phase angle occurs at lower frequencies compared to the
untreated specimens, suggesting that the outermost layer of the oxide is less protective
than the others [18, 24].
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Figure 3. Bode diagram (Z-module) obtained after OCP for austenitic stainless steel ISO 5832-1 in PBS at 37°C.
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For the same period of immersion from the open circuit corrosion potential, Nyquist imped-
ance diagrams exhibit capacitive behavior, typical of passive materials, and showed lower-Z
imaginary values for the specimens with laser treatment; when compared to the specimens
without laser beam application. In Figure 4, for the same frequency value, the lower imped-
ances were associated with the laser labeled specimen in condition 3, followed by the marking
conditions with parameters 4, 1 and 2.

The EIS results were supported by the cyclic potentiodynamic polarization curves. The
lower resistance to pitting corrosion was associated with the laser treated specimens; this is
explained by the thermal effect of the process on the homogeneity of the microstructure of this
analyzed biomaterial, which reduces the potential for breaking the passive film.

Figure 5 presents the cyclic polarization curves for specimens with and without laser marks.
This result represents the laser effect on the susceptibility to corrosion of this stainless steel; the
curves presented values of passive film breakdown from about +0.3 V (ECS) to +0.8 V (ECS).

This variability is expected for heterogeneous surfaces such as the specimens with markings
via laser beam, where the conditions of the specimens under conditions 1 and 4 showed higher
resistance to localized corrosion. It is noted that the film breaking potentials, for all laser
marked conditions, are below the specimens without laser marks, that is, polished to 1 um.

The microstructure of the ISO 5832-1 austenitic stainless steel, widely used for biomaterial
application, is presented in Figure 6.

Figure 7 shows that pitting susceptibility is increased in the laser affected areas of the stainless
steel surface.
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Figure 4. Nyquist diagram obtained after OCP for austenitic stainless steel ISO 5832-1 in PBS at 37°C for the specimens.

81



82 Biomaterials - Physics and Chemistry - New Edition

E (v} & [SCE)

1E.08 1E.06 1E-04
I{A.em %

Figure 5. Potentiodynamic polarization curves for unmarked and laser marked ISO 5832-1 stainless steel samples
obtained in phosphate-buffered saline solution (PBS).

Figure 7. SEM image of the ISO 5832-1 stainless steel surface after polarization tests. (A) Region without laser, (B) laser
marked region and (C) laser marked region showing pits associated to the melted areas.
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4. Conclusions

The results of this study showed that susceptibility to pitting corrosion increases due to the
thermal effect of the laser marking process in the surface of the stainless steel comparatively
to the unmarked regions. In addition, the passive films properties are widely changed by the
marking process, with the frequencies used.

The lowest pitting resistance was found for the samples with laser marks. This is explained
by the thermal effect of the laser marking procedure on the stainless steel microstructure
decreasing pitting resistance. The laser marking occurs by melting of the surface in order
to produce the desired marks, besides that a rougher nonhomogenous surface is generated,
which favors the corrosion attack.
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Abstract

Hydroxyapatite stands out between biomaterials due to its properties of osteoconduc-
tion and osteoinduction, being adequate to be used in bone grafts. The high stability
and flexibility of the structure allows for several biomedical applications, for example,
the use as polysaccharide based on the scaffold formulations and the cationic substitu-
tions occurring through the doping of the material using metals, which may enhance
biological characteristics, such as improving the action of combating bacterial infec-
tions in situ. This study was a research of articles and patents, without and with time
restriction (2007-2017), which contain information about hydroxyapatite in the tissue
engineering, biomedical, doped with cerium and its properties of antibacterial activity.
There were also searches of products and companies that commercialize these types of
materials aimed at tissue engineering area. Scopus was used for searched of articles and
were EPO, USPTO, and INPI used for patents, and to search for products and compa-
nies were used search engines. Few papers were found to associate all the keywords,
but the ones found are recent works, thus showing a new area with potential to be
investigated.

Keywords: hydroxyapatite, scaffold, doping, antibacterial activity
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1. Introduction

Tissue bioengineering is the science that involves the applications of engineering and health sci-
ences to assist and accelerate the regeneration of defective and damaged tissues in the human
body. It aims to create and improve new therapies and to develop new biomaterials that can
be used to restore, improve, or prevent worsening of compromised tissue function such as in
situations with the loss of tissue integrity resulting from trauma, developmental deformities
and diseases [1, 2].

In the case of loss or compromise of the bone tissue, several natural or synthetic biomaterials
such as polymers, ceramics, and metals or their composites have been investigated and used
as a substitution alternative in different ways. The main alternative for damaged or lost bone
tissue replacement is the autogenous bone graft. This is the first alternative to be used for the
regeneration of the bone tissue due to its osteogenic properties [3].

However, grafts have limited the availability due to the need for surgical procedures with
possible local infections, rejection by the transplanted organism, and progressive reabsorp-
tions of the material. As a result, scientific research is developing new biomaterials for its
replacement. Synthetic grafts can be an interesting alternative, due to intrinsic characteristics
such as biocompatibility and chemical similarity with the bone tissues of living beings, allied
with their properties of osteoconduction and osteoinduction [4-8].

Bioceramics is the class of ceramics used for repair and replacement of diseased and dam-
aged parts of musculoskeletal systems. They are the most widely used materials in the class
of traumas such as calcium phosphates, hydroxyapatite (HAp) (Ca,(PO,),(OH),), octacalci-
umphosphate (Ca,H,(PO,)..5H,0), calcium pyrophosphate dihydrate (Ca,P,0,.2H,O), and
p-tricalcium phosphate (Ca,(PO,),) [9]. Calcium phosphates are classified according to a
molar ratio of calcium and phosphorus Ca/P ranging from 0.5 to 2.0. HAp is the most widely
used component in biomedical applications for phosphates and is the main component of
the bone and is known for its excellent cellular and tissue affinity. HAp is widely used in
tissue regeneration and biomedical applications in the form of coatings on metal implants,
bone and nerve tissue graft production, drug release agents, wound protection, cell culture
substrates, enzymatic immobilization, bone prosthesis or graft coatings, due to their excellent
biocompatibility, osteoconduction property, and similarity with the inorganic component of
the natural bone [10-12].

This biomaterial has the ability to establish chemical bonds with the living tissue of the bone
due to its structure and chemical composition that are similar to apatite, which is found in
the human skeleton. In addition, the biocompatibility and bioactivity of HAp can promote
the proliferation of osteoblasts that are new bone-forming tissue. Other studies with these
materials also cover the areas of biology, chemistry, materials engineering, and so on [13-15].

Porous three-dimensional scaffolds based on HAp are the ideal materials mostly used in
modeling, reconstructing, and forming new bone tissues. Scaffolds adapt indirectly to the
tissue and favor tissue differentiation, migration, and proliferation or osteoblastic formation
[16]. However, it is not possible to use the HAp alone as scaffolds due to mechanical defects.



Tuned Hydroxyapatite Materials for Biomedical Applications
http://dx.doi.org/10.5772/intechopen.71622

The combination of biodegradable polymers and bioactive inorganic materials ultimately
improves the mechanical properties, biocompatibility, and cellular affinities of individual
components [17].

Biocomposites based on natural biopolymers are being studied and associated with HAp due
to the biocompatible and biodegradable behavior of some of these natural polymers. This
new generation of biomaterials combines with bioactive properties that resemble the natural
function of bone, triggering tissue regeneration mechanisms in vivo [18, 19]. Biocomposites
HAp-biopolymers that often closely resemble the position and structure of mineralized tis-
sues provide excellent mechanical properties and favorable biological properties, proving to
be an ideal candidate for tissue engineering as well as orthopedic and dental applications [20].

Anionic polysaccharides, such as alginate, hyaluronic acid, silk fibroin, cellulose and natural
gums, and others, such as chitosan, are excellent alternatives for improving the biocompat-
ibility of HAp when it is in association. These biocomposites are potential models for the
mineralization of HAp because its anionic surface can bind the Ca* ions, besides controlling
the nucleation and the growth of the crystal reduce the interfacial energy between the crystal
and the surface. Several materials composed of HAp can be prepared using polysaccharides
in the form of scaffolds for biomedical applications and bone tissue engineering [20, 21].

Many surgical procedures involve the formation of a chemical interface of the biomaterial/
bone type and, consequently, the biological fixation, which the living bone structure pen-
etrates the free space of the biomaterial, causing the permanent fixation of the bone. However,
these procedures may lead to problems of bacterial infections that are difficult to control dur-
ing the postoperative period, and consequently, the excessive use of antibiotics may not pro-
vide sufficient protection, causing the loss of bone material and generating resistant strains of
bacteria, which are difficult to treat [22-24]. The defense mechanisms activated by the immune
system can be reinforced through the introduction of antibacterial agents that have biological
interaction with the biomaterial. One of the alternatives is the substitution capacity of HAp
ions by doping, and these ions have antibacterial properties: silver (Ag"), cupper (Cu*), zinc
(Zn*), selenium (SeO,*), strontium (Sr*), lanthanides (Ce*, Ga*, Sm>), and so on [25-28].

The sites that have the ions that compose Hap (Ca*, PO,*, OH") can be occupied by ions
of similar size and charge. This ability to incorporate ions through the doping is an alter-
native that is based on the fact that the introduction of small amounts of some ions can
cause changes that improve the biological, physical-chemical, mechanical, and antimicrobial
properties of the material [26, 29-33]. Thus, this study aims to present a search for articles
and patent of technological inventions, which include information about hydroxyapatite in
relation to its applications in the field of tissue engineering and doping with cerium ion for
biomedical applications.

This work was conducted with the help of scientific articles and technological innovation pat-
ents and products present in the market. The articles in the SCOPUS database were used, and
the keywords used were as follows: hydroxyapatite, scaffold, polysaccharide, doped, cerium, and
antimicrobial activity. These keywords were combined with each other, and quotation marks
were used for searching compound words.
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Keyword research related to study topics was based on the information contained in the
abstract, keywords, and titles. For the search of patents for technological innovation, the
research was conducted in patent database: European Patent Office (EPO), United States Patent
and Trademark Office (USPTO), and Brazil’s National Institute of Industrial Property (INPI).

Searches for products and companies were done by using search engines (Google, Bing, Yahoo,
Bing, and Ask), and the keywords were as follows: hydroxyapatite, polysaccharides, biopoly-
mers, scaffold, tissue engineering, odontology, osteoporosis, tooth, bone, cell growth, bone graft,
and implants.

Access of both articles and patents was realized in May 2017, using the same fields of research
and the same keywords for the search of articles. In the case of INPI, we used the words
also in Portuguese. The researches of articles and patents were conducted in two ways: with
and without time restriction from 2007 to 2017, and the search for products marketed was in
September 2017 using the information provided in the catalogs and websites of the companies
found in the database.

2. Results and discussion

2.1. Search for articles in the SCOPUS database

The investigation of the number of articles published revealed that the words are being com-
bined, there is a decrease in the number of publications found, and, in some cases, there is
no publication related to these words. The results were obtained using the separate and com-
bined keywords such as hydroxyapatite, scaffolds, polysaccharide, doped, cerium, and antibacterial
activity are shown in Table 1.

In Table 1, comparing the publication time of articles and analyzing the data, with and with-
out time restriction between 2007 and 2017, it was observed that most of the publications are
concentrated in this period. This shows that studies on the material have been increasing over
the last decade. When using the combination of words such as hydroxyapatite and scaffold and
polysaccharide and doped and cerium and antibacterial activity, which are the main keywords for
this work, it is noted that no related article was found in the databases researched. The results
show the specificity because there are no articles dealing with related words or the themes
proposed by this manuscript.

The expression of words such as hydroxyapatite and scaffold and polysaccharide (Table 1) was
found in 74 works between 1960 and 2017 and was found in 66 works between 2007 and 2017.
However, only 46 articles are relatively of experimental scientific research. Thus, only the
number of articles related to the abovementioned keywords (about 85.71%) was published in
the last decade. In other words, this topic has been receiving more attention in the last decade
from the global scientific community.

When combining the keywords such as hydroxyapatite and scaffold and polysaccharide and
doped, two articles were found but only one of these is effectively experimental scientific
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Keywords Publications (1960-2017)  Publications (2007-2017)
Hydroxyapatite 49.983 26.970
Scaffold 98.299 81.265
Polysaccharide 136.782 60.187
Doped 333.539 187.096
Cerium 73.813 47.834
Antibacterial activity 79.671 48.238
Hydroxyapatite and scaffold 5.191 4.463
Hydroxyapatite and scaffold and polysaccharide 74 66
Hydroxyapatite and doped 1.219 1.089
Hydroxyapatite and doped and cerium 24 20
Hydroxyapatite and doped and antibacterial activity 71 70
Hydroxyapatite and scaffold and polysaccharide and 2 2
doped

Hydroxyapatite and scaffold and polysaccharide and 0 0

doped and cerium

Source: Authorship (2017).

Table 1. Number of publications found in the SCOPUS database.

research; the other is a review. The article entitled “Bioactivation of knitted cellulose scaffolds
bystrontium” was published in the year 2008 by Brandt, Muller and Greil, researchers from
the Materials Science Department of the University of Erlangen-Nuremberg, Germany. The
article discusses the use of the properties of strontium (Sr*') in the treatment against osteo-
porosis, its anabolic and nonresorptive activity. The material used was in the scaffold form,
which was prepared using a HAp doped with Sr* plus doped cellulose composition. The
study evaluated the kinetics of Sr** release during static exposure to simulated body fluid to
evaluate the precipitation of carbonated hydroxyapatite under conditions that simulate the
inorganic part of human blood plasma.

The keywords hydroxyapatite and doped and cerium, which form the starting material for the
scaffolds composition, according to the study of the articles found for the combinations
(Tables 1 and 2) important information could be verified as method of synthesis, microor-
ganisms used in antibacterial tests. In most of the articles, the goal is to develop a material
with antibacterial activity and stimulate the formation of new bone tissues from the synthesis
of hydroxyapatite doped with cerium. One of the articles exposes the association of cerium
with strontium-doped hydroxyapatite in order to improve biological properties and antibac-
terial activity. Table 2 shows some of these articles and describes a relationship between the
use of the synthesized materials and their applications, and Table 3 shows their respective
objectives.
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Material

Method of synthesis

Application

Author, year of
publication

Compound of HAp hydrogel based on
xanthan gum

Scaffold based on HAp and gum
Arabic

Scaffold nanofibrous cotton based on
cellulose and nano-HAp

Hydroxyapatite co-substituted with
strontium and cerium

Soaking process
Coprecipitation and
dissolution

Electrospinning

Microwave irradiation

Bone tissue engineering

Bone tissue engineering

Bone tissue engineering

Inhibition of Staphylococcus
aureus, Escherichia coli

Izawa et al., 2014
Hadavi et al.,
2017

Ao et al., 2017

Gopi et al., 2014

Reinforced hydroxyapatite composite ~ Coprecipitation Inhibition of Staphylococcus ~ Morais et al., 2015
with cerium doped glass aureus, Staphylococcus

epidermidis, Pseudomonas

aeruginosa
Hydroxyapatite doped with cerium Coprecipitation Inhibition of Staphylococcus ~ Ciobanu et al.,
(Iv) aureus, Escherichia coli 2016
Hydroxyapatite and Sol-gel Inhibition of Staphylococcus ~ Sanyal et al., 2016

fluorohydroxyapatite co-substituted aureus, Escherichia coli

with zirconia and cerium

Source: Authorship (2017).

Table 2. Materials synthesized in the articles and their applications.

It is possible to note that some of these works shown in Table 3 employ studies of the cerium-
doped hydroxyapatite as well as the combination thereof with other metals such as strontium
and zirconia and assess their ability to inhibit bacterial. This doping is possible due to the
chemical structure of HAp that can accommodate a variety of cationic and anionic substitu-
ents. Figure 1 shows the projection of the unit cell (hexagonal) of the hydroxyapatite when
projected down the c-axis and shows an OH group in the center of the structure and the posi-
tion of the two types of calcium cations: calcium 1 (Ca(1)) and calcium 2 (Ca(2)) for a better
understanding of how substitution of HAp ions occurs. Ca(1) atoms are located at the ends of
a hexagonal unit cell, while Ca(2) atoms are in a more internal position around the OH group.
The phosphate group (P) is the largest ion that constructs the unit cells [15].

The research in the article databases revealed that most of them develop materials for future
applications of these in the field of tissue engineering, but there is still a lack of applications
of these materials aimed at the field of tissue and biomedical engineering. In other words,
the studied materials have the characteristics of inhibition of bacterial growth, but the search
showed the nonuse of these biomaterials organized in the form of scaffolds and associated
with some polysaccharides.

The four reported articles (Table 3) showed the main objective of doping of HAp and the
improvement of its bacteriological growth inhibition properties. Majority of these articles,
which aim for this purpose, present the methodologies used for the synthesis and charac-
terization of the materials, and the biological assays are used to investigate the antibacterial
properties of these materials. However, they do not elucidate how the mechanism of action of
these materials with bacteria works.
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Title Author Objectives

Mineralization of hydroxyapatite upon a Izawa et al., 2014 Production of a hydrogel that will

unique xanthan gum hydrogel by an serve as an organic template for

alternate soaking process biomimetic calcium mineralization in
bone tissue.

Novel calcified gum Arabic porous Hadavi et al., 2017 Study of the proportionate effects of

nanocomposite scaffold for bone tissue
regeneration

Fabrication and characterization of
electrospun cellulose/nanohydroxyapatite
nanofibers for bone tissue engineering

Strontium, cerium co-substituted
hydroxyapatite nanoparticles: synthesis,
characterization, antibacterial activity
toward prokaryotic strains and in vitro
studies

Novel cerium-doped glass-reinforced
hydroxyapatite with antibacterial and
osteoconductive properties for bone
tissue regeneration

New cerium(IV)-substituted hydroxyapatite
nanoparticles: preparation and characterization

Structural and antibacterial activity of
hydroxyapatite and fluorohydroxyapatite
co-substituted with zirconium-cerium ions

Ao etal.,, 2017

Gopi et al., 2014.

Morais et al., 2015.

Ciobanu et al., 2016.

Sanyal et al., 2016.

polysaccharide/n-HAp scaffold on the
mechanism of in vitro ossification

Development of an efficient
process for the manufacture of a
nanocomposite based on cellulose/
nano-HAp/cotton through the
electrospinning process.

Synthesis of hydroxyapatite doped
with strontium and cerium to
improve biomedical applications and
study the antibacterial activity against
Escherichia coli, Staphylococcus aureus,
showing the influence of Sr** and Ce*
concentration on size, morphology,
purity, crystallinity, antibacterial
activity and bone bonding ability.

Development of a composite of
hydroxyapatite reinforced with
cerium-doped glass, and to study
its physicochemical, biological, and
biomechanical properties.

Preparation of cerio (IV)-doped
hydroxyapatite powders nano by a
coprecipitation method. Influence of
the effects of calcium replacement
by cerium on morphology, purity,
crystallinity, crystallite size, and
antibacterial capacity.

The effects of co-substitution

of calcium by zirconium (Zr)

and cerium (Ce) ions on the
structure of hydroxyapatite and
fluorohydroxyapatite on crystal size,
morphology, crystallinity, thermal
studies, and antibacterial activity
against S. aureus and E. coli.

Source: Authorship (2017).

Table 3. Titles and objectives of the articles cited in Table 2.

One of the causes that leads to failure of conventional implants is the infection caused by
bacteria; therefore, the articles aim to improve the biological properties of hydroxyapatite
through doping with cerium. Due to this factor, ion has properties that stimulate the for-
mation of new bone tissue and acts as an antibacterial agent. Bacteria, the main cause of

infections, are classified as Gram-positive or Gram-negative depending on the difference in
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Figure 1. Projection of the unit cell of hydroxyapatite. Source: Authorship (2017).

cell wall architecture. The Gram-positive cell wall consists of a thick layer of peptidoglycan,
while the Gram-negative cell wall shows more complex membrane structure and composi-
tion. Gram-negative has the finest peptidoglycan layer and the outer surface of the cell has a
membrane composed of proteins, lipopolysaccharides, and phospholipids called the outer
membrane. The space between the peptidoglycan and the outer membrane is known as the
periplasmic space; this space presents in some points enzymes and proteins and performs
several physiological functions. Figure 2 shows the comparison between the compositions
of the cell walls of Gram-positive and Gram-negative [34].

Figure 2 shows that the surface of Gram-positive bacteria is mainly covered by neutral and
acidic polysaccharides, a large number of different proteins, theichoic acids, whereas the
outer membrane of Gram-negative has an irregular distribution of lipids on the external and
internal surface, which the outer face contains all lipopolysaccharides, while the inside face
contains most of the phospholipids [35]. Gram-positive bacteria are mostly studied bacte-
ria in the articles, especially Staphylococcus aureus. S. aureus is an exceptionally well-adapted
pathogen that can survive under different conditions, without particular nutritional or envi-
ronmental requirements.

Over the years, infections caused by S. aureus have increased as one of the leading causes of
bacterial infections in humans worldwide. In the last few decades, treatment of these infec-
tions has become more difficult, mainly because S. aureus develops mechanisms of resistance
to the antibiotics used in the treatments [36, 37]. While for the Gram-negative, the most tested
was E. coli, which, despite the reduced number in the cause of this type of infection, is a rel-
evant group in clinical practice, presenting a difficulty in its treatment [38].

Gopi et al. [39] produced nanoparticles of pure hydroxyapatite (n-HAp), hydroxyapatite
doped with strontium (Ca/Sr.-HA), hydroxyapatite co-substituted with strontium and cerium
(Ca/Sr./Ce-HA) in different concentrations of cerium (0.05, 0.075, and 0.1 mol/L) by using the
microwave irradiation method. All the synthesized materials were investigated by Fourier
Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), field emission scanning
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Figure 2. Comparison of cell wall of Gram-positive and Gram-negative bacteria. Source: Authorship (2017).

electron microscopy (SEM-FEG), energy X-ray dispersive analysis (EDX), high resolution
transmission electron microscopy (HRTEM), and thermogravimetric analysis (TGA). The anti-
bacterial activity of the nanoparticles was evaluated against two prokaryotic strains, E. coli
and S. aureus, by using the disc diffusion method. The results showed that the Ca/Sr./Ce-HAp
sample with the 0.1 mol/L concentration of cerium presented higher antibacterial activity in
relation to the two strains tested when compared to HA and Ca/Sr./HAp results. According to
Gopi et al. [39], Ce* was important in increasing the antibacterial activity of the synthesized
nanoparticle. In order to evaluate the bioactivity of the samples, they tested using simulated
body fluid (SBF) for several days and observed that Sr* and Ce* ions contributed to the for-
mation of apatite. It can be inferred that the synthesized Ca/Sr./Ce-HA nanoparticle can be a
promising biomaterial for biomedical applications. In the work of Morais et al. [40], a com-
posite of hydroxyapatite reinforced with cerium-doped glass (GR-HAp-Ce) was developed.
The phases formed in the synthesized material were identified using SEM techniques coupled
with energy dispersed secondary (SEM-EDS) and X-ray diffraction (XRD). In addition to the
hydroxyapatite phase, the material presented the 3-TCP phases, and the authors concluded
that the presence of cerium in the GR-HAp-Ce composite provided an effective antibacterial
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effect against bacteria S. aureus and S. epidermidis, but this effect was not observed for the
bacterium P. aeruginosa. In addition to investigating the antibacterial activity, the osteocon-
ductive properties of the material were also evaluated, which was performed using human
osteoblastic cells and showed that the addition of cerium did not affect the cellular viability of
the material and that it showed good osteoconductive capacity.

Ciobanu et al. [41] synthesized nanoparticles of pure hydroxyapatite and cerium-doped
hydroxyapatite (HAp-Ce) in different concentrations in the range of 1-25% (with a 5% varia-
tion) using the coprecipitation method and studied their antibacterial property. The effects of
the replacement of cerium to calcium on the morphology, purity, crystallinity, crystallite size,
and antibacterial capacity of cerium HA-substituted powders were investigated using scanning
electron microscopy (SEM) coupled with X-ray analysis (XRD), X-ray excited photoelectron
spectroscopy (XPS), infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) surface
area analysis confirming the formation of hydroxyapatite and the presence of Ce* and Ce* ions
inits crystal lattice. The doped materials obtained better results of bacterial inhibition indicating
that the presence of the ion contributed to the inhibition of bacteria; however, the nanopowders
of HAp-Ce were more effective against the E. coli bacterium than against S. aureus.

Sanyal and Raja [42] studied the effect of the co-substitution of zirconium (Zr) and cerium (Ce)
on the structure of hydroxyapatite (HAp) and fluorohydroxyapatite (FHA) gel. The samples
were confirmed by the FTIR and XRD spectra; in addition, it was observed that with the increase
of the concentration of the Zr* and Ce* ions, the formation of the HA phase was maintained.
Co-substituted materials showed better results of antibacterial activity than pure hydroxyapatite.
Materials with higher cerium concentration showed better bacterial inhibition against E. coli and
S. aureus bacteria. All the articles studied describe that the presence of cerium ion in the structure
of hydroxyapatite improved the antibacterial activity and also gave the material an improvement
in bioactivity and may contribute to the formation of new bone tissues.

2.2. Search in the main patents databases

The results of the researches at European Patent Office (EPO), USPTO, and National Institute
of Industrial Property (INPI) patents using the separate and combined keywords: hydroxyapa-
tite, scaffolds, polysaccharide, doped, cerium and antibacterial activity are shown in Table 4.

Using the search keywords in English and Portuguese, it was possible to find patent deposits
in the main patent databases. According to the data shown in Table 5, INPI found 74 patents
deposited with the word hydroxyapatite and 10 patents when the word scaffold was used.
For the combination of hydroxyapatite and scaffold, the result of a patent filed with the INPI
under number 0905514-2 has been reported. The patent PI 0905514-2 provides a process for
the scaffolding of a composite hydrogel biomaterial (CNHAP) based on chitosan (CN) and
hydroxyapatite (HA), with potential for application in the medical-dental area, demonstrating
the biocompatibility characteristics evidenced by classical in vitro assays. These characteristics
are associated to the combination of physical-chemical and biological properties of the mate-
rials that compose it. CNHAP was obtained in the form of hydrogel with good mechanical
characteristics, easy handling and modeling, high porosity, leading as promising as a bone
filling material. The production of the CNHAP composite hydrogel scaffold was performed
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Keywords EPO USPTO INPI
Hydroxyapatite 6.616 579 74
Scaffold >10.000 1870 10
Polysaccharide >10.000 3311 5
Doped >10.000 24,312 22
Cerium >10.000 2800 60
Antibacterial activity >10.000 1071 55
Hydroxyapatite and scaffold 192 10 1
Hydroxyapatite and scaffold and polysaccharide 2 0 0
Hydroxyapatite and doped 101 4 0
Hydroxyapatite and doped and cerium 1 0 0
Hydroxyapatite and doped and antibacterial activity 2 0 0
Hydroxyapatite and scaffold and polysaccharide and doped 0 0 0
Source: Authorship (2017).
Table 4. Number of patents found in EPO, USPTO, and INPI databases.
Title Classification Country Abstract
Polyether ether ketone/nanohydroxyapatite A61L27/42; China Preparation of a biomaterial
dental implant and manufacturing method A611L27/12; for dental implant applications
thereof A61L27/18; based on polyether ether
A611L.27/54 ketone/nano-HAp doped
with Ag”and Zn* presenting
antibacterial properties.
Method for preparing antibacterial diamond- ~ A61L27/30; China Method for the preparation of
like carbon/hydroxyapatite gradient A611L27/32; a carbon/HAp base composite
multielement nanocoating A61127/54; having antibacterial properties
C23C14/06; to be used as coating materials
C23C14/35 in the biomedical areas.
Porous polysaccharide scaffold comprising A611.27/12; France Method for the preparation
nanohydroxyapatite and use for bone A611.27/20; of a scaffold composed
formation A61L27/56 of polysaccharide and
hydroxyapatite used as support
for tissue mineralization.
Continuous gradient composite scaffold and A61L27/26; China Scaffold composed of
preparation method thereof A61L27/46 magnetic nanoparticles of

hydroxyapatite/iron with high
cellular biocompatibility and
high mechanical resistance
after the addition of the natural
polysaccharide.

Source: Authorship (2017).

Table 5. Characteristics of patents found in the EPO.
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by an in situ mineralization procedure of the polymeric hydrogel of CN, by HA. This in situ
mineralization method promoted mechanical and bioactivity characteristics to the CNHAP,
which is suitable for the medical-dental application.

In addition to biocompatibility, tissue fillers should be able to promote cell adhesion, pro-
liferation, and differentiation, essential requirements for tissue bioengineering, which have
been increasingly explored within clinical practice. For the keywords such as hydroxyapatite
and scaffolds and polysaccharide and doped and cerium and antibacterial activity, no deposited
patents were found. Evaluating the results found, it can be understood that the results show
the lack of patent filing implying that this area of research is promising.

In patent searches in the EPO database (Table 5), two patent records were found using the
expression: hydroxyapatite and doped and antibacterial activity. Using the expression hydroxy-
apatite and scaffold and polysaccharide, also in the EPO, two patent records were found. Table 6
shows the information about these patents found.

It is important to note that the polysaccharides cited in the patents (Table 6) were defined as a
molecule composed of two or more molecules of monosaccharide units. Patents report the use of
chitosan, hyaluronic acid, chondroitin sulfate, alginate, chitin, dextran, and other natural poly-
saccharides, which are the ideal extracellular matrix materials for the composition of scaffolds
applied in the areas of tissue and biomedical engineering.

Company Trademarks Characteristics ~ Applicability Country
JHS Biomateriais HAP-91 Powder Bone graft Brazil
JHS Biomateriais COL.HAP-91 Scaffold Bone graft Brazil
Bionnovation® HAP -Bionnovation®  Powder Bone graft Brazil
Baumer GenPhos HA TCP Powder Bone graft Brazil
Oral science Remix® Toothpaste Dental Products France
Clarion Pharmaceutical MCHC Tablets or Osteoporosis treatment India
Co. capsules
SofSera SHAp Powder Enxerto dsseo Japan
SANGI CO. LTD. Medical Toothpaste Dental Products Japan
nano-hydroxyapatite
Sewon Cellontech Co., OssFill Gel Bone graft Korea
Ltd.
GranuLab GranuMas® Granules Bone graft Malaysia
Fluidinova nanoMIX® Powder Biomedical/Cosmetic Portugal
Berkeley Advanced BABI-HAP-G2 Granules Bone graft/Orthopedic USA
Biomaterials Inc. Surgery
Berkeley Advanced BABI-HAP-N100 Powder Composites, for DNA and USA
Biomaterials Inc. protein purification, or as a

reference material.

Source: Authorship (2017).

Table 6. Hydroxyapatite-based biomaterials available on the market.
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The data showed that there is a small amount of number of patents related to tissue engineering;
in other words, inventions associated with HAp with polysaccharides for the composition of
scaffolds, which is the main theme of this work. In particular, there is a deficiency of biomateri-
als with antibacterial activity properties associated with HAp, polysaccharides, and scaffolds
composition for bone tissue regeneration applications. Some of problems of implant may cause
to the recipient organism have been addressed throughout this work, for instance, infectious
problems originating from bacteria.

For better consistency to the results obtained, the product present in the market based on
tuned hydroxyapatite and polysaccharide was examined. The research by companies special-
ized in the development and commercialization of hydroxyapatite-based biomaterials with
applications in tissue engineering was conducted through search engines.

The searched keywords showed information about companies, products, and formulations.
For example, the Brazilian company JHS Biomateriais develops a composite named HAP-
91 constituted of porous hydroxyapatite, crystalline, biocompatible, pure, and widely tested
as bone graft material and with excellent biocompatibility in living organisms. Besides, it is
hydrophilic, and the powder can be used directly as a bone graft or it can be added to the
patient’s own blood drops.

Another biomaterial developed by JHS Biomateriais is COL.HAP-91. The COL.HAP-91 is a
collagen-hydroxyapatite composite spongy (25% collagen and 75% HAP-91), with the hemo-
static properties of natural collagen fiber network purified, biocompatible, easy to handle,
absorbable, and osteoinductive. Both products are registered with the Ministry of Health
from Brazil and have a protected trademark at INPL. Its average market price for these materi-
als ranges from € 22.04 to 23.60 per 1000 g.

The Brazilian company Bionnovation®, in its product catalog, sells hydroxyapatite bone graft
for applications in orthopedic, maxillofacial, and dental surgeries. The hydroxyapatite is
synthesized from calcium hydroxide and phosphoric acid, and the product has radiopaque
particles of varied sizes that support in the development of bone cells and assists the osteo-
conduction of bone-forming cells.

The US Company Berkeley Advanced Biomaterials Inc. develops hydroxyapatite, tricalcium
phosphate, and other calcium-based products. The company’s business focuses on applications
in orthopedic surgeries and bone graft. The European company Fluidinova synthesizes nanohy-
droxyapatite and markets through the nanoMIX® product. The biomaterial company supplies
companies that manufacture medical devices, cosmetics, toothpastes, and other applications.

No material was found available for commercialization when the research was carried out
with the words hydroxyapatite, tissue engineering, polysaccharides, and scaffold, even with
the two patents deposited in the EPO (Table 4). However, when it uses the keywords such as
scaffold and tissue engineering, companies and products from several countries were found,
for example, Atex Technologies Inc. (China), Electrospinning Company (England), Bio-Scaffold
International Pte Ltd. (Singapore), GeSiM (Germany), Matricel (Germany), Silkbiomaterial
(Italy), ExCel Matrix Biological Devices (P) Ltd. (USA), and Nanofiber solutions (USA).
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Table 6 shows some materials available on the market, that is, hydroxyapatite-based materials,
used in the field of tissue engineering. Also present in the table are the data referring to compa-
nies, headquarters, characteristics, application and trademarks of some products on the market.

3. Conclusion

Analyzing the results, it can verify the use of hydroxyapatite in the areas of tissue engineer-
ing and bone regeneration. Many papers and technological innovation patents were found by
searching only the keywords such as hydroxyapatite and scaffold. However, the combinations
of the keywords mentioned in the experimental session showed that the number of articles and
technology innovation patents was reduced. Synthesis of scaffolds is associated with natural
polysaccharides or biopolymers due to their high biocompatibility, but the number of articles
and patents decreases when it uses the hydroxyapatite and polysaccharides in the scaffold com-
position. Cerium-doped hydroxyapatite and its association with polysaccharides and biopoly-
mers is an area that is still poorly studied and quite promising. This conclusion is supported by
the small number of publications and patents. Therefore, the data presented for patent depos-
its and published articles show that there are no papers that contain the chosen and all com-
bined keywords. For the use of these types of biomaterials with antibacterial properties, the
research studies showed that the bacteria Escherichia coli and Staphylococcus aureus were the most
investigated. This is explained considering that the bacteria are more accessible for research; in
addition, Staphylococcus aureus is one of the most common agents present in bone infections.
In the search for products, corporate brands, and companies in the areas of tissue engineering
and bone regeneration, biomaterials that were found in the market used a hydroxyapatite in
biomedical applications, bone graft, and composition of cosmetics. As for the association of
hydroxyapatite and polysaccharides, no materials were found on the market when using the
keywords such as hydroxyapatite, tissue engineering, polysaccharides, and scaffold.
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