IntechOpen

Acrylic Polymers
in Healthcare

Edited by Boveddy S.R. Reddy







ACRYLIC POLYMERS IN
HEALTHCARE

Edited by Boreddy S.R. Reddy



Acrylic Polymers in Healthcare
http://dx.doi.org/10.5772/66610
Edited by Boreddy S.R. Reddy

Contributors

Lavinia Cosmina Ardelean, Cristina Maria Bortun, Laura Cristina Rusu, Angela Podariu, Oluwafemi Ayodeji Adebo,
Eugenie Kayitesi, Janet Adebiyi, Sefater Gbashi, Makumba Temba, Adeseye Lasekan, Judith Phoku, Patrick Berka
Njobeh, Angel Serrano-Aroca, Ma. Concepcién Arenas-Arrocena, Laura Susana Acosta-Torres, Liliana Argueta-
Figueroa, René Garcia-Contreras, Omar Martinez, Javier De La Fuente, Berenice Alejandra Camacho-Flores, Pilar
Rodriguez-Torres, GAGANDEEP Kaur, Brijesh Kumar, S.B. Rai, Velichka Andonova, Bozena Tyliszczak, Anna Drabczyk,
Sonia Kudlacik, Asli Erdem Yayaydrik

© The Editor(s) and the Author(s) 2017

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@)ev |

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.

eBook (PDF) Published by IN TECH d.o0.o.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Acrylic Polymers in Healthcare
Edited by Boreddy S.R. Reddy

p.cm.
Print ISBN 978-953-51-3593-7

Online ISBN 978-953-51-3594-4
eBook (PDF) ISBN 978-953-51-4616-2



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

35®®+ 111,000+ 115M+

ailable International authors and editors Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editor

Dr. Boreddy S.R. Reddy is currently settled in Watford,
Hertfordshire, England (UK), after retirement as the
director of the Grade Scientist (G) and the head of the
Industrial Chemistry in the World-Renowned Institute
_ for Science, Research and Leather Technology under
Ih the umbrella of CSIR, Government of India, namely,
Central Leather Research Institute, Chennai, Tamil
Nadu (India), for the last 28 years. He received his BSc degree from the
Hindu College, Machilipatnam, Andhra University (India); MSc degree
from the Sri Venkateswara University Post Graduate Centre, Anantapur
(India); and PhD (1978) and DSc (2005) degrees from the University of
Madras, Chennai (India).
Prof. B.S.R. Reddy’s main areas of research during his 38 years of varied
experience in research and teaching both in the UK and India include
applied synthetic organic chemistry and polymer science/technology,
ring-opening metathesis, synthesis and polymerization of a dictionary
of several functionally activated acrylates, functional microspheres,
polymer drug conjugates, polymer supports, electroactive polymers,
P-F reactions leading to synthetic tanning agents and adhesives, (nano)
composites, organic-inorganic composites and functional polymers. He
has published 250 research papers as author/co-author in leading inter-
national journals of reputation and has 12 patents to his credit including
editing 2 books by contributing some chapters. To be precise, he is one
of the most frequently cited authors in chemical, pharmaceutical and
biological sciences.
Prof. Reddy’s academic achievements were duly recognised by the
leading professional bodies by electing as fellow of the Royal Society of
Chemistry (London) and the Society of Polymer Science (India). Also, he
was elected as fellow of the Andhra Pradesh Akademi of Sciences (India)
and the Tamil Nadu Academy of Sciences (India). The Government of
Tamil Nadu honoured Dr. B.S.R. Reddy by awarding a prestigious Tamil
Nadu Scientist Award (TANSA) in 1997 for his wide-ranging contribu-
tions to science and society.







Contents

Section 1

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Section 2

Chapter 5

Chapter 6

Preface XI

Acrylates in Dentistry 1

Acrylates and Their Alternatives in Dental Applications 3
Lavinia Cosmina Ardelean, Cristina Maria Bortun, Angela Codruta
Podariu and Laura Cristina Rusu

Acrylates in Dental Applications 25
Bozena Tyliszczak, Anna Drabczyk and Sonia Kudfacik-Kramarczyk

New Trends for the Processing of Poly(Methyl Methacrylate)
Biomaterial for Dental Prosthodontics 43

Ma. Concepcidn Arenas-Arrocena, Liliana Argueta-Figueroa, René
Garcia-Contreras, Omar Martinez-Arenas, Berenice Camacho-Flores,
Maria del Pilar Rodriguez-Torres, Javier de la Fuente-Herndndez and
Laura S. Acosta-Torres

Latest Improvements of Acrylic-Based Polymer Properties for
Biomedical Applications 75
Angel Serrano-Aroca

Acrylates in Drug Delivery Systems and Green Emission
of Light 99

Synthetic Polymer-Based Nanoparticles: Intelligent Drug
Delivery Systems 101
Velichka Andonova

Spectroscopic Investigations on Polyvinyl Alcohol Film with
Complex of Terbium lons along with Bismuth Nanoparticles for
Improved Green Emission 127

Gagandeep Kaur, Brijesh Kumar and S.B. Rai



X Contents

Section 3  Acrylate Mitigation in Foods and Water 149

Chapter 7

Chapter 8

Mitigation of Acrylamide in Foods: An African
Perspective 151

Oluwafemi Ayodeji Adebo, Eugenie Kayitesi, Janet Adeyinka
Adebiyi, Sefater Gbashi, Makumba Chewe Temba, Adeseye
Lasekan, Judith Zanele Phoku and Patrick Berka Njobeh

The Use of Acrylic-Based Polymers in Environmental
Remediation Studies 175
Asli Erdem Yayayurik



Preface

Polymer chemistry occupied a central position among the sciences, having a close associa-
tion with physics via the concepts and principles of physical chemistry and with biology
through its application to biological aspects. The chemical technology, especially the branch
of acrylic polymers in polymer chemistry and technology, has contributed fundamentally
towards the development of healthcare in recent times. The development and the applica-
tion of acrylic polymers towards dentistry and drug delivery systems are dependent on the
chemistry to provide explanations necessary for their development.

The combination of polymer composition, chain length, branching, cross-linking and molec-
ular orientation can produce a variety of requisite properties. Towards the needs of various
dental applications and drug delivery systems, these features are manipulated to produce a
balance of optimum properties that approach the ideal performance properties as closely as
is practical. The properties are grouped into four interrelated categories, namely, mechani-
cal, thermal, rheological (flow) and dissolution in a relevant medium. The applied forces
produce stresses within polymers for prosthetics and drug delivery applications that cause
materials to deform (undergo strain) via either elastic or plastic or a combination of elastic
and plastic strain (viscoelastic strain).

The other major contributing factor is cross-linking by using materials having hydro-/lipo-
philic units. In the absence of cross-linking, only relative weak inter-polymer-chain bonds
(van der Waals and hydrogen bonds) are available to hold the polymer chains together in a
solid state. The chain slippage decreases as the chain length increases because the bonds be-
tween chains, together with chain entanglements, resist dislodgement of the individual
chains. At a definite chain length, the resistance provided by the inter-chain bonds and en-
tanglements becomes strong enough to exceed the covalent strength of the C—C bonds along
the backbone chains. At this critical chain length, an applied force can rupture chains rather
than dislodge them and cause one chain to slide past another. The balance between the
strengths of the interaction bonds and the covalent bonds along the backbone chains ex-
plains why the physical and mechanical properties of polymers increase with increased mo-
lecular weight up to a certain point.

This book presents eight chapters organised under three parts vividly by providing a wealth
of new ideas in design, synthesis and a detailed study of new acrylate materials in health-
care applications. Most chapters are introduced with some relevant features. This helps to
focus attention on some of the more important details and provides a framework upon
which learning and understanding can be built. These also help to identify specific points
that researchers frequently attempt to incorporate when conducting an advanced research.
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Part I represents Chapters 1, 2, 3 and 4. Chapter 1 deals with acrylates and their alternatives in
dental applications. Here, three aspects were covered, namely, mechanical properties (frac-
ture behaviour, water absorption and mechanical strength degradation) caused by the expo-
sure to saliva of classical heat-cured acrylic resins, studies concerning biocompatibility (in
vivo and in vitro tests) of acrylic resins and alternative resins and technologies for denture
manufacturing. Chapter 2 describes about the acrylates in dental applications. Here, the role
played by acrylates in dentistry has been highlighted. The composition, functions and types of
teeth have been described. The materials including dentures, adhesives, impression trays and
dental crowns are used widely in dentistry and dental prosthetics in the preparation of which
the key role is played by acrylates have been characterised. Special attention has been drawn
on the possibility of modification of the synthesis of acrylic materials that can lead to the im-
provement of their properties and result in making them more favourable from the point of
view of the patient. Chapter 3 represents some new trends for the processing of poly(methyl
methacrylate) (PMMA) biomaterial used for dental prosthodontics. The main aspects covered
here are the artefacts of synthesis, morphology and the biological properties, namely, cytotox-
icity, mutagenicity, biocompatibility and the anti-microbiological activity of PMMA. Chapter
4 carried out the latest improvements of acrylic-based polymer properties for biomedical ap-
plications. The acrylics have been fabricated as multicomponent polymeric systems in the
form of interpenetrated polymer networks or combined with other advanced materials such
as fibres, nanofibres, graphene and its derivatives and/or many other kinds of nanoparticles
(NPs) to form composite or nanocomposite materials, which are expected to exhibit superior
properties. Besides, in regenerative medicine, acrylic scaffolds are designed with the required
extent, and morphology of pores is characterised by sophisticated techniques.

Part II comprises Chapters 5 and 6. In Chapter 5, synthetic polymer-based nanoparticles as
intelligent drug delivery systems are described. This chapter aims to look at the ‘hot spots’
in the design of synthetic polymer nanoparticles as an intelligent drug delivery system in
terms of biopharmaceutical challenges and in relation to the route of their administration,
namely, the non-invasive—oral, transdermal, transmucosal (nasal, buccal/sublingual, vagi-
nal, rectal and ocular) and inhalation routes—and the invasive parenteral route. Chapter 6
presents spectroscopic investigations of poly(vinyl alcohol) film with complex of terbium
ions along with bismuth nanoparticles for improved green emission. The bismuth nanopar-
ticles (NPs) have been synthesised by the pulsed laser ablation technique at different pH in
different aqueous solutions [viz. water (H), water + sodium hydroxide (HN) and water +
hydrochloric acid (HC)]. The NPs in aqueous solutions have been characterised by TEM and
UV-Vis-NIR absorption techniques. Then, photoluminescence properties of Tb* ions and the
[Tb(Sal);(Phen)] complex were studied using 266 nm and 355 nm as excitation wavelengths
to seek into the influence of Bi NPs on their emissive properties.

Part III deals with Chapters 7 and 8. Chapter 7 investigates mitigation of acrylamide (ACR)
in foods in the context of an African perspective. Acrylamide (ACR) is a possible human
carcinogen, with neurotoxic properties. It is a heat-generated food toxicant particularly
found in carbohydrate-rich foods. However, information on the extent of ACR occurrence in
foods consumed in different parts of Africa is rather too limited. This covers the formation,
occurrence and health impact of ACR in foods. It further summarises previous studies look-
ing at ACR reduction and mitigation strategies, especially those that may be applicable in
the African continent. Chapter 8 presents the use of acrylic-based polymers in environmen-
tal remediation studies. The polymeric adsorbents have received considerable interest for
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heavy metal removal mainly due to important technological and scientific developments
such as easy synthesis at controlled dimensions with variable functional groups, perfect me-
chanical rigidity, tunable surface chemistry, large surface area, pore size distribution, high
uptake values and feasible regeneration under mild conditions. Also, an attempt to present
to the readers the widespread investigations of acrylic-based polymeric adsorbents is made
so that they can get an idea about the various types and forms of polymeric materials used
for the removal of heavy metals from water.

Dr. Boreddy S.R. Reddy

D.Sc., Ph.D., C.Chem., FRSC (London),

Scientist Emeritus and Director Grade Scientist (Formerly),
Hertfordshire,

England, United Kingdom
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Chapter 1

Acrylates and Their Alternatives in Dental Applications

Lavinia Cosmina Ardelean, Cristina Maria Bortun,
Angela Codruta Podariu and Laura Cristina Rusu

Additional information is available at the end of the chapter
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Abstract

Acrylic resins dominated dentures technology for several decades. Due to their many
disadvantages, new classes of resins, which promise better quality, constantly appear.
Mechanical properties of acrylic resins, including fracture behaviour, water absorption
and mechanical strength degradation caused by the exposure to saliva of classical heat-
cured acrylic resins compared to alternative urethane-based light-cured resins, were
carried out. The allergy potential of acrylic resins was evaluated by in vivo and in vitro
tests. New choices of resins, like thermoplastic injected resins, light-cured or milled high-
performance polymers, with better properties compared to acrylics, suitable for dental
applications are being presented.

Keywords: acrylates in dentistry, alternative resins for dental use, thermoplastic resins,
light-cured resins

1. Introduction

In dentistry, non-metallic materials for denture manufacturing have a long tradition [1].
Among the first materials used, wood, ivory and dentin from hippopotamus teeth or
even human teeth may be found. These types of dentures were considered a luxury, due
to their prohibitive price and only rich people could afford them. Charles Goodyear dis-
covered vulcanized rubber in 1839. This was the premise for manufacturing dentures
with rubber base, much more cheaper and accessible to any pocket [2]. Celluloid, which
appeared in 1871, was the first artificial polymer competing with rubber. But, this was
not able to overcome the drawbacks such as dimensional instability, deformability and
problems in processing technology. Resins represented a huge step forward in dentistry
and the first heat-cured acrylic was reported in 1936 [3]. First chemical studies regarding

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN
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diacrylic composite resins-type urethane polymers were also carried out at that time by
Otto Bayer in the IG Farben Laboratories in Leverkusen. Acrylics, in fact poly(methyl
methacrylate) (PMMA) mixed with methyl methacrylate, dominated denture technology
for several decades. There were no competitors in manufacturing denture bases, artifi-
cial teeth, orthodontic appliances, single-tooth or provisional restorations or as veneering
materials (Figure 1).

The toxicity of the residual monomer, the complex wrapping system, difficult processing and
poor resistance are some of the disadvantages of these materials. Many new classes of res-
ins/macromolecular compounds which promise better quality came on to the market such
as diacrylic, styrene, polycarbonate, epiminic, polyurethane, vinyl, polyamide, acetal and
polyglass. Besides classic heat-curing, alternative technologies namely, casting and injection
moulding are nowadays available in manufacturing acrylic resins for dental applications. In
the case of alternative resins, light-curing or microwave polymerization techniques are also
used [4, 5]. Light-curing, as a polymerization method for dental materials, appeared in the
1970s. Initially, ultraviolet light was used. Afterwards, it was replaced by visible radiation
(visible spectrum wavelength/electromagnetic waves), the light source being either a halogen
bulb or xenon stroboscopic lamps [6, 7]. The classification of resins according to DIN EN ISO
1567 is presented in Table 1.

Figure 1. (a) Heat-curing acrylate powder and liquid and (b) mixing the acrylic paste.

Type Class (manufacturing) Group (presentation form)
Type 1 Heat-cured resins (>65°C) Group 1: Bicomponent powder and liquid

Group 2: Monocomponent
Type 2 Self-cured resins (<65°C) Group 1: Bicomponent powder and liquid

Group 2: Bicomponent powder and casting liquid
Type 3 Thermoplastic resins Monocomponent system grains in cartridges
Type 4 Light-cured resins Monocomponent system
Type 5 Microwave-cured resins Bicomponent system

Table 1. The classification of resins according to DIN EN ISO 1567.
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2. Mechanical properties of acrylic resins

2.1. Evaluation of water absorption and mechanical strength degradation caused by the
exposure to saliva of classical heat-cured acrylic resins compared to alternative
urethane-based light-cured resins

It is well known that acrylates for dental use have poor resistance and these degrade in the wet
environment of the mouth. Our studies involve evaluation of water absorption and mechani-
cal strength degradation caused by the exposure to saliva of classical heat-cured acrylic resins
compared to alternative urethane-based light-cured resins, which are also used for dentures
manufacturing. Twenty samples (plates: 2 mm in thickness, 30 mm in length and 5 mm in
width) of Meliodent (Heraeus-Kulzer) heat-curing acrylic resin and twenty samples of two
urethane-based light-curing resins from the same system-Eclipse Resin System: Eclipse Base
Plate and Eclipse Contour Resins (Dentsply-DeguDent) were analyzed, in saliva and dry envi-
ronment. Ten samples were immersed in saliva with low microbial content and neutral pH, at
37°C for 30 days. The other ten samples were kept dry for 30 days. Saliva was collected from
clinically healthy subjects and tested for germs with Vivacare line CRT bacteria 2 in one test
kit. The test results showed level two of four possible contaminations and so the saliva was
considered not severely contaminated. Its pH, determined with an indicator strip, was normal,
with an average value of six, as shown in Figure 2. In order to determine the water percentage
content, the samples were initially weighed and further weighed after 48, 144, 312 and 720 h.

(a) (b)

Figure 2. (a) pH index and (b) quantitative evaluation of Streptococci and Lactobacilli microorganisms.

B =

i

Figure 3. Correlation between specific weight and time for the tested polymers (specific weight = measured weight —
initial weight).
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Meliodent (Heraeus-Kulzer) was proven to have the highest water absorption capacity, fol-
lowed by Eclipse Contour Resin and Eclipse Base Plate (Dentsply-DeguDent) (Figure 3).

The diagram showing correlation between the three types of resins and the percentage
humidity content reveals that the heat-curing resin absorbs more water than the light-curing
resins. The diagram indicates the maximal and minimal values for each material (Figure 4).

Zwick Roell extensometer (Zwick GmbH & Co.) was used to determine the moment of sample
breaking or fracture point and its elongation. TestXpert software was used to standardize the
applications (Figure 5).

s mired
Erigse Confus
Eri s Bars s

Figure 4. The determination of percentage humidity content of polymer.

Figure 5. The determination of tensile mechanical resistance using the Zwick Roel extensometer.

Materials Normal conditions Humid conditions (1 month)

E [MPa] R, [MPa] E [MPa] R [MPa]
Meliodent 1615.60 52.77 1168.50 48.51
Eclipse base 2527.60 94.46 1921.50 66.76
Eclipse contour 1955.00 40.53 1577.00 25.39

Table 2. The mechanical properties of the studied materials kept in dry and in humid conditions for 1 month.
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(a) (b)

Figure 6. (a) Meliodent samples broken after stretching and (b) broken Eclipse samples.

Results showed that the humid samples (kept in saliva) had significant lower values than the
dry samples, realized from the same material. The Young’s elasticity modulus (E) and ultimate
tensile strength (R ) were taken into consideration. The average values after the sample analysis
are shown in Table 2.

There is an evident difference among the tested materials. The heat-curing resin has a lower value
of the elasticity modulus than the urethane-based resins. The values decrease distinctly in humid
environment, especially in the case of Eclipse Base resin. The mechanical strength also shows
decreased values for the humid samples, for all three resins tested in the present work. Generally,
the results indicate a higher decrease of mechanical strength values for urethane-based light-cur-
ing resins (Eclipse) when compared to heat-curing acrylate (Meliodent) resins. The heat-curing
acrylate shows a higher decrease in elasticity than the light-curing resins (Figure 6). The dif-
ferences noticed between humid and dry environmental conditions indicate that there is clear
evident role of the saliva in the biodegradation of the denture base polymers [8].

2.2. Fracture behaviour after elongation of two heat-curing acrylic resins

The same type of samples (plates: 2 mm in thickness, 30 mm in length and 5 mm in width) made
of Meliodent (Heraeus-Kulzer) and Royaldent Plus (Palatinal Kft.) heat-curing acrylic resins
were tested to compare the fracture behaviour after elongation. Both longitudinal and transver-
sal surfaces of the samples, after breaking, were analyzed using the Olympus type SZX7 stereo-
microscope equipped with an image processing system QuickphotoMicro 2.2. soft (Figure 7).

The two acrylic resins have different fracture behaviour. In the case of Meliodent resin, the
elongation before fracture was lower compared to that of Royaldent resin, indicating a ductile
fracture behaviour.

The following data were obtained by testing the two resins using Zwick Roell extensometer
(Zwick GmbH & Co.). Meliodent: Ultimate tensile strength (R _): 54-75 MPa, Young's elastic-
ity modulus (E): 1383-1688 MPa and elongation: 1-3.5%. Royaldent: Ultimate tensile strength
(R ): 69-90 MPa, Young’s elasticity modulus (E): 1282-1937 MPa and elongation: 2-5%.

In the longitudinal section, Meliodent samples do not show elongation. The final fracture being
sudden compared to the Royaldent samples, which had a significant elongation before frac-
ture. In the transversal section, one may remark that dark reinforcement fibres from Meliodent

7
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Figure 7. Stereomicroscope Olympus type SZX7.

(Figure 8a) do not break together with its polymeric matrix, whereas both matrix and fibres
are broken at the same time in the case of Royaldent sample (Figure 8b). The different fracture
behaviour of the two acrylic resins may be explained by the differences between mechanical
characteristics of reinforced fibres and the polymeric matrix. The mechanical characteristics of
fibres are better than those of the matrix in the case of Meliodent samples, whereas Royaldent
samples showed the similar characteristics for fibres and matrix. Therefore, Royaldent sam-
ples show a better behaviour to fracture than Meliodent samples as well as ductile behaviour.

Stereomicroscopic analyses of two acrylic resins showed that the entire sample has a brittle
fracture having a quasi-crystalline aspect in the transversal section.

Figure 8. The stereo microstructural aspect of the samples: (a) Meliodent and (b) Royaldent.
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2.3. Fracture toughness evaluation

Being long-term prosthetic pieces, complete dentures need a warranty regarding their mechani-
cal resistance and lifetime. The fracture toughness, which reflects its resistance to fracture and
represents the energy required for a crack to propagate through a material to its complete
fracture, was evaluated in complete denture technology.

Samples without initial cracks were considered for testing so that the value of the stress inten-
sity factor (K,.) depends only on sample’s dimension and critical load value.

Two different heat-curing acrylics were selected. Meliodent (Heraeus Kulzer) and Royaldent
Plus (Palatinal Kft.), and a light-curing urethane-based resin-Eclipse Resin System (Dentsply-
DeguDent) were taken into consideration. The samples were disk-shaped with a circular
hole in the centre. Five different samples with the following dimensions were taken for the
test:

Sample 1: R =42 mm, R, =4.2mm, R /R =0.1 and h=2mm.
Sample 2: R =45mm, R, =6.75mm; R, /R =0.15and h=2 mm.
Sample 3: R =48 mm, R, =9.6 mm; R, /R  =0.2and h=2mm.
Sample 4: R =50 mm, R, =12.5mm; R, /R  =0.25and h=2mm.
Sample 5: R =53 mm, R, =159 mm; R, /R  =0.3 and h=2mm.
where R =hole radius, R, = disk radius and h = disk thickness.
Five samples were made of each material (Figure 9).

The compression tests were performed with the same static loading machine (Figure 6a),
model Zwick Roell of 5 kN (Zwick GmbH & Co.), connected to a computer (TestXpert specific
soft.). The samples were compressed until breaking (Figure 10).

Each sample was loaded by a pair of point forces, which acted along the diameter. The
distribution of the load across the thickness of the disk was uniform. When the force was
applied, the micro-cracks situated in the proximity of the force line, at the edge of the inner
hole, started to grow, and at a certain value of the force gave rise to a macro-crack. Other

(a) (b) (c)

Figure 9. (a) Meliodent samples, (b) Royaldent samples and (c) Eclipse samples.
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Figure 10. Meliodent sample during compression experiment.

pre-existing cracks within the specimen did not grow. Here, the central hole, playing the
role of the defect, initiated the fracture. As expected, in general the crack developed sym-
metrically, beginning from the inner hole as shown in Figure 11.

The fracture toughness (K.) was calculated, depending only on the sample’s dimensions and
critical value of the load. As the brittle materials have high relative compression values and
low tension values, the failure begins at the point of inner boundary. In general, the frac-
ture direction was perpendicular to the loading direction. The following values for fracture
toughness were obtained: K. = 2.4 MPaVm for Meliodent, K. = 2.65 MPaVm for Royaldent
and K, = 3.35 MPaVm for Eclipse (Figure 12).

(a) (b) (c)

Figure 11. Aspects of the samples after the compression experiment: (a) Meliodent, (b) Royaldent and (c) Eclipse.
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(a) (b) (c)

Figure 12. Force-displacement diagrams resulted after caring out compression test: (a) Meliodent, (b) Royaldent and (c)
Eclipse.

The results obtained for the three tested resins showed no significant differences, Eclipse resin
shows the highest value for fracture toughness [9, 10].

Comparative studies were undertaken with the same materials using different methods, in
order to get comparative results. Single-edge-notched beam (SENB) method and indentation
strength (IS) method were used. In the case of a single-edge-notched beam (SENB) method,
samples were prepared in the form of plates with dimensions of 50 x 50 x 2 mm from which
rectangular beams with dimensions of 4 x 2 x 25 mm (width/thickness/length) were cut.

The bending tests were carried out on a Zwick-Roell 5 kN testing machine (Zwick GmbH &
Co.) (Figure 6a). The two halves of the broken samples were used for the measurement of
the notch depth c. The toughness and the experimental values for Kic, obtained using SENB
method were 2.26 MPavm for Meliodent and 3.18 MPaVm for Eclipse resins.

Indentation strength (IS) method uses a Vickers pyramid to determine the fracture toughness
by analyzing the stress field at a crack tip. The indentations of the samples were made using a
Vickers hardness tester, model HMO 10, in the middle of the tensile surface of the beams at a
load of 98 N, for 15 s, magnitude which prevented radial cracks (Figure 13).

(a) (b)

Figure 13. (a) The Vickers pyramid and (b) the samples.

1
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Material Hardness (H) [MPa] Fracture toughness (K, .) Fracture toughness (K,)
[MPaVm] SENB [MPaVm] IS

Meliodent 29.54 2.26 2.31 (v = 0.05 mm/min)

Eclipse 25.35 3.18 3.26 (v =0.05 mm/min)

Table 3. Measurement results for Meliodent and Eclipse.

The measurements of the fracture toughness (K, .) were found to be 2.31 MPavm for Meliodent
and 3.26 MPaVm for Eclipse resins.

Results obtained by the strength indentation (IS) method are comparable to those obtained by
the SENB method at low loading rates (~0.05 mm/min), as shown in Table 3.

3. Studies concerning biocompatibility of acrylic resins

Acrylates are well known for their potential allergies. To evaluate the allergy potential of
acrylic resins, we used in vivo and in vitro tests. For in vivo testing, we have used the patch test
and the tumour necrosis alpha-factor (TNF) test, which is eloquent for cytotoxic detection and
can detect early signs of allergy and inflammation by measuring endotoxins in patient serum.
Acrylate toxicity is mainly due to the residual monomer. Therefore, we have also carried
out tests to determine the amount of residual monomer present in the resin by the volatile-
component-content method and bromine index methods [11, 12].

3.1. In vivo testing
3.1.1. Patch test

Patch testing involves applying patches dipped in supposedly antigenic substance on a free-
rash segment and off the rash periods and maintaining them in contact with the skin for 48
h. The area for testing is the mid-upper back, anterior sides of forearms and upper external
region of the arms, as shown in Figure 14 [13].

IQ Ultra Chambers Box (Chemotechnique Diagnostics) tests were used, with methyl methac-
rylate as an allergen. All 10 subjects showed tenderness (sensibility) to methyl methacrylate
[14].

3.1.2. TNF alpha test

TNF alpha (tumour necrosis alpha-factor) test which is eloquent for cytotoxicity detection was
used in three cases of mucosal reactions in patients wearing acrylic dentures. The enzyme-
linked immunosorbent assay (ELIZA) method was applied to the patient’s serum [15]. Five
hundred microliters were harvested from each patient (having a duplicate sample) in order to
determine the TNF alpha concentration. Quantikine Human TNF alpha immunoassay which
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Figure 14. Patch test.

allows the quantitatively determination of cytokines on patient serum was used. The substrate
solution was obtained by mixing equal volumes of A and B reagents from the kit, maximum
15 min before usage. The supply solution (the undiluted standard) was prepared by recon-
structing the cytokine standard using calibrator thinner RD6-21. For standard preparation,
500 pL of calibrator thinner RD6-21 was used. After pipetting 500 puL of solution in the first
tube, the mixing concentration was calculated. The solution was well stirred and 500 pL was
transferred into the next tube. The concentration is once again calculated. Standards for differ-
ent concentrations are prepared in the same way (500, 125, 62.5, 31.2, 15.6 pg/mL). The supply
solution was used as high standard (1000 pg/mL) and the calibrating thinner RD6-21 was used
as zero standard (0 pg/mL). Note that 100 pL of thinner RD1-51 was pipetted in each hole of
the plate and 100 pL of each standard was pipetted in the first strip in the following order: 0,
15.6, 31.2, 62.5, 125, 250, 500 and 1000 pg/mL. Starting with the second strip, 100 pL was pipet-
ted. The plate was covered with an adhesive film and incubated for 2 h at room temperature.
After that, the plate was washed automatically four times with 400 uL of washing solution
and placed on an absorbent paper to clean the samples without damage. Note that 200 pL of
cytokine conjugate was added in each hole and the plate was covered with an adhesive film
and incubated for 2 h at room temperature. After the incubation period, the adhesive film was
removed and the plate washed in the same way. Note that 200 uL of substrate solution was
then added to each hole of the plate, the plate was covered again with an adhesive film and
incubated for 30 min at room temperature, in darkness. After incubation time was over, 50 uL
of stopping solution was added in each hole of the plate. When the reaction stops, the colour
turns from blue to yellow. If the colour is green or does not modify uniformly, the plate will
be slightly stirred for complete homogenization. The optical densities are determined 30 min
after the reaction was stopped using an automatic reader at a wavelength of 450 nm, with a
reference filter of 540 or 570 nm (for correction) (Figure 15). In the case of samples that are
read only at 450 nm without correction, the accuracy may be influenced. Results are obtained
depending on the logarithmic calibration curve of each cytokine, build on absorption and
standard concentration (0-1000 pg/mL). The results are shown as optical density units auto-

13
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Figure 15. Results reading for TNF alpha test.

matically converted into pg/mL for each of the sample tested. Determination of TNF-alpha
concentration in the first case revealed slightly increased values of this cytokine (50.48-50.7
pg/mL). In the second case, the values were higher (90.3-90.9 pg/mL) and in the third case the
values were the highest (100.4-107 pg/mL), which indicate certain inflammation. The results
obtained with TNF-alpha test are eloquent for cytotoxic detection of early signs of allergy
and inflammation by measuring the endotoxins from the patient serum. It is always recom-
mended to associate multiple types of clinical tests and these should always be histologically
confirmed [16].

3.2. In vitro testing
3.2.1. Volatile-component content method

Three acrylic resin samples were used, each one being harvested from a different full denture
base. The samples were preconditioned at 80°C for 2 h for removing moist. The weight of the
samples is S1: 0.7863, 52: 0.05638 and S3: 0.8421 g. A Petri box is sterilized at 150°C for 1 h
and then weighed in the analytical scale with high precision. The samples are positioned in
the Petri box and weighed again very accurately. They are kept in the oven for 10 h at 150°C,
and weighed again, very precisely. The weight difference is given by the amount of existing
residual monomer: S1: 0.7864 g, 52: 0.5640 g, S3: 0.8422 g. In all these three cases, no significant
weight loss was noticed. These results conclude that almost no residual monomer was found
in the three full dentures [14].

3.2.2. Bromine index method

In order to verify the above results, we have used the bromine index method which deter-
mines the percentage of monomer in the sample, based on the amount of bromine added to
the double bond (C=C) links. All the three samples were found to be free from the residual
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monomer. We have concluded that in the three PMMA samples, there is no residual monomer
in the acrylic resin samples. But, there is less than a 0.0000 g order which is not detectable.
This shows that a very accurate manufacturing method was adopted in the case of the three
considered full acrylic denture bases [17].

4. Alternative resins and technologies for denture manufacturing

Our experience in denture manufacturing includes a variety of alternative resins and manu-
facturing technologies such as self-curing acrylics manufactured by casting, different thermo-
plastic resins manufactured by injection, light-cured diacrylic and urethane-based resins and
poly(ether ether ketone) (PEEK) high-performance polymers manufactured by milling.

4.1. Self-curing acrylics manufactured by casting

Full-denture casting represents one choice to classic heat-curing acrylic dentures. Self-curing
acrylic resins suitable for casting belong to type 2, group 2 of acrylic resins (Table 1). For
polymerization, temperatures below 65°C are used. The acrylic paste was previously pre-
pared in a texture suitable for casting and then poured in a special flask. The mould is made
up of either reversible hydrocolloid or silicone (Figure 16), compared to the classic plaster
mould used for investing heat-cured acrylic dentures. The casting system has the follow-
ing advantages: the reversible hydrocolloid can be reused and the polymerization time is
shorter. There are wide colour ranges (10 colours) of the acrylics and minimal adjustments are
required. The most common errors when using this technology are consequence of bubbles
forming when pouring the mould. This causes porosity of the mucosal surface and lack of
substance due to the fast setting of the resin. Therefore, great skill is required when pouring
the mould. Porosity may also occur due to improper preparing of the acrylate [4, 18].

5 |

fa

(a) (b)

Figure 16. The mould made up of (a) reversible hydrocolloids and (b) silicone, before pouring the acrylic paste.

4.2. Thermoplastic resins manufactured by injection

Compared to classical self- or heat-curing acrylates, thermoplastic resins have a number of
advantages as follows: a very good long-term performance, maintaining their size and colour
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in time, stability, resistance to deformation, wear and solvents, very good tolerance due to the
absence or reduced quantity of residual monomer, responsible for allergies in a lot of patients,
no porosity which prevents development of microorganisms and deposits [4].

The advantages of the injecting system lie in the fact that the resin is delivered in a cartridge
(Figure 17a) which eliminates dosage errors, guaranteeing long-term stability of the shape,
reduced contraction, as well as mechanical resistance with ageing. The disadvantages are
mainly the consequence of the high cost of the injection device (Figure 17b) and of the materials
to be used.

The processing technology implies the thermal plasticization of the material, in the absence of
any chemical reaction and injection of the plasticized resins into a mould [3].

Advantages of thermoplastic resins include removable partial dentures, preformed clasps,
partial denture frameworks, temporary prosthetic restorations, full dentures, orthodontic
appliances, anti-snoring devices, mouth guards and splints.

Thermoplastic resins include acetal, polycarbonate (polyesters group), acrylates and polyam-
ides (nylons) [19].

Metal-free removable partial dentures made up of thermoplastic materials represent a modern
alternative solution to the classical metal framework dentures. These have the advantages of being
lightweight, flexible and much more comfortable to the patient. These are also biocompatible,
non-irritant, sure, non-toxic, biologically inert, superior aesthetics and also offer quality static and
dynamic stability [5]. The clasps are made up of the same material as the denture base or are
readily-made from the same material. Though the mechanical resistance is most important, the
first choice for manufacturing the framework is an acetal resin. The removable partial dentures
with acetal resin framework are the most laborious to manufacture. The acetal framework was
being manufactured first, followed by the acrylic saddles and artificial teeth (Figure 18).

These types of partial dentures have thin frameworks, with flexible and aesthetic clasps [20].

Thermoplastic polyamide (nylon) is a versatile material, with high flexibility, physical
strength, heat and chemical resistance. The super flexible polyamide is extremely elastic, vir-
tually unbreakable, lightweight and impervious to oral fluids. The medium-low flexibility
polyamide is a half-soft material which offers superior comfort, good aesthetics and could be

(a)

Figure 17. (a) The cartridge of thermoplastic material and (b) the injection unit MG-Newpress (Quattroty).
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Figure 18. Partial denture with acetal framework, clasps and acrylic saddles.

used for removable partial dentures. Super flexible polyamide is especially useful for reten-
tive dental fields, which would normally create problems with the insertion and disinsertion
of the removable partial dentures. The clasps are made up of the same material as the denture
base in the case of super flexible polyamide dentures. In the case of medium-low flexibility
polyamide dentures, ready-made clasps are an option. Metal clasps may also be used [21]
(Figure 19).

Polycarbonate resins are particularly polyester materials. These have good fracture strength
and flexibility, a natural translucency, but the wear resistance is lower than acetal resins and
are not recommended for partial denture frameworks. The finishing is very good, which
makes them suitable for temporary prosthetic restorations.

Thermoplastic acrylate has the highest impact rating of any acrylic, has long-term stability,
its surface structure being dense and smooth. This material was developed for manufactur-
ing complete dentures. It is not elastic, but its flexibility makes it practically unbreakable as
one can bounce such a denture off the floor without cracking the base. The biocompatibility
is very good due to the absence of residual monomer. The denture has very good long-term
stability because water retention is limited.

Figure 19. Removable partial denture made up of superflexible polyamide with metal clasps.

17
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4.3. Light-cured diacrylic and urethane-based resins

Diacrylic composite resins are complex materials. Initially elaborated as aesthetic restorative
materials, these developed a lot. The advantages of prosthetics are as follows: veneering of
metal-polymeric fixed dentures, single-tooth or temporary crowns, inlays, onlays, epith-
eses, repairing damaged porcelain veneers, artificial teeth, base of removable dentures and
repairing removable dentures. Compared to acrylics, these have a lower shrinkage during
poly-merization and have superior physico-mechanical and chemical resistance. Diacrylic
composite resins can be made using self-, heat or light-curing, in some cases several curing
methods being combined. Light-curing diacrylic resins are successfully used in dental labo-
ratories, especially for veneering, having the advantage of prolonged handling time. In addi-
tion, these physico-chemically adheres to the metallic framework, have good colour stability
in time and a special aesthetic effect, in part due to the wide selection of shades available for
veneering. These can be easily repaired after fixing in the oral cavity, if needed [1].

The absence of methyl, ethyl, propyl and butyl groups in urethane-based resin composi-
tion does not generate contact allergies. The light-curing Eclipse Resin System (Dentsply-
DeguDent) allows a rapid manufacturing of full dentures, eliminating some time-consuming
intermediate steps, like investing and heat-curing. The light-curing resins of Eclipse Resin
System contain aliphatic urethane dimethacrylate-urethane oligomers (UDMA) as base
monomers and acrylic copolymers, an inorganic submicronic silica filling, a light-curing initi-
ating system and additives. The system consists of three types of resins, which can be handled
like wax (base plate, set-up and contour resins). The light-curing protocol was made available
by the producer in many variants, which correspond to different technical procedures. The
system is extremely efficient, a complete denture base may be ready in 30 min, after master
model complete setting. The ‘wax-up” is practically made on the denture’s polymerized base
and, after checking it, the rest of the pattern (saddles) was light-cured. Thereafter, the denture
was finished [6] (Figure 20).

3

(c) ' (d)

Figure 20. (a) Base plate resin before light-curing, (b) teeth mounting using set-up resin, (c) contour resin processed
using the warm air gun and (d) light-curing unit in use.
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4.4. High-performance polymers, manufactured by milling

Poly(ether ether ketone) (PEEK) is a high performance polymer used in dentistry since 2002.
PEEK is a biocompatible thermoplastic material, with superior properties such as mechanical
properties, resistance to wear and fracture and elasticity comparable to bone. PEEK for dental
use may be optimized by adding ceramic 0.3-0.5 um particles. It is resistant to high tem-
perature, good stability, easy to be polished properly, insoluble in water and ideal for allergic
patients. The material (grains) may be injected at 400°C or milled (disks) using a CAD/CAM
system (Figure 21a). It is indicated for crowns and bridges (replacing the metal framework),
abutments and removable partial dentures including precision attachments [22, 23].

A removable partial denture framework made up of Juvora PEEK (Invibio) (including clasps),
using the Exocad CAD and Coritec 450i (imes-icore) CAM, weights only 1.36 g (Figures 21b
and 22a). The saddles are made of acrylate having the entire denture weights only 3.36 g
(Figure 22b).

Figure 21. (a) PEEK milling disk and (b) PEEK framework on a weighting scale.

(a) (b)

Figure 22. (a) PEEK framework and (b) finished denture.
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5. Conclusions

New choices of resins, with better properties compared to acrylics, are now suitable for den-
tal applications. Alternative technologies for processing dental resins, like casting, injection,
light-curing and milling are meant to improve their clinical performances.

Long-term deterioration of resin-based dentures in oral environment is still an unsolved
problem. This can be improved by bringing innovations in the manufacturing technology,
thereby reducing polymer defects and distortions in a warm and humid environment, mate-
rial’s fatigue and ageing. Moreover, we have to consider various possible environmental
aggressions such as acids, alcohol, tobacco and thermal fluctuations, the continuous contact
with water and salivary enzymes, food remnants, fluctuation of the oral balancing system, the
contact with live tissues, bacteria and yeasts. It seems that the enzymes from human saliva are
able to produce the softening of the resin surface, probably by hydrolyzing the small oligo-
mers into monomer phases [8].

Choosing the right material for manufacturing partial or full dentures is very important
because it has direct effect on their quality and lifetime. Because they are brittle, dentures
made up of acrylic resins have a limited life in the mouth. Moreover, following some manu-
facturing procedures, small defects (holes in the polymer structure) may occur. The continu-
ous mastication stress (repeated movements of low amplitude) and the oral environment
have an important role in the degradation of the denture in time [9].

The fracture toughness depends on the type and the nature of the polymer and the rein-
forcement added components. For example, fracture toughness of a monomethacrylate-based
material is lower than that of dimethacrylate-based material. An increase in the fracture
toughness can be achieved by adding reinforcement fibres which prevent or slow down the
crack growth or by adding rubber-like substances, which increase elasticity [9].

Currently, the selection of dental materials is made particularly in terms of manufacturing
technology and aesthetic criteria. These criteria are not sufficient to provide functional, dura-
ble and comfortable dentures. In the case of acrylic resins used in dental prosthetics, in addi-
tion to aesthetic aspect and strength, elasticity and elongation are also important features.
Biomechanical studies of dental resins, implying different technologies, are necessary in order
to discover potential causes of failure. These are not only the consequence of material defects
and solubility, but can also depend on the technological procedures and processing. Most of
the resins distort and fracture at low level of tension dependent on the environmental or load-
ing conditions. In our studies, the values of assessed mechanical properties were lower for the
wet samples than for the dry samples, indicating a clear influence of saliva in the biodegrada-
tion of the material, with direct consequences biomechanical performances and lifetime for
dentures [24, 25].

As far as the allergy potential of acrylic resins is concerned, our results show as follows: in
vivo tests, both patch test and TNF-alpha showed allergic reactions to acrylate. Both in vitro
determinations for residual monomer showed a very small and in fact practically undetect-
able amount in our samples. This led to the conclusion that the manufacturing process was
carried out with maximum thoroughness.



Acrylates and Their Alternatives in Dental Applications 21
http://dx.doi.org/10.5772/intechopen.69010

Resin-based dental materials have a wide range of applications. But, despite the efforts made
to continuously improve their physical, mechanical and aesthetic properties thereby cause
side effects regarding their biocompatibility. These situations may lead to local lesions which
can prove extremely unpleasant for the patient [16].

In our opinion, the best results in denture manufacturing may be achieved by combining sci-
entific principles with creativity, while the optimal choice of the material and technique has
a major importance.
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Abstract

In the presented chapter, the role that is played by acrylates in dentistry has been charac-
terized. In the introduction, subject of oral diseases has been raised as well as an issue of
development of dentistry over the centuries. Furthermore, characteristics of the materi-
als that have been used over the years to receive elements used in the form of prosthetic
devices or dental implants that in the most favourable way from the uset’s point of view
enable the restoration of the missing piece of the dentition have been performed. Next,
composition, functions and types of teeth have been described. In the following sections,
materials (including dentures, adhesives, impression trays and dental crowns) widely
used in dentistry and dental prosthetics in the preparation of which the key role is played
by acrylates have been characterized. The preparation of prostheses was described.
Particular attention has been drawn on the possibility of modification of the synthesis of
acrylic materials that can lead to the improvement of their properties and result in mak-
ing them more favourable from the point of view of the patient. The chapter is crowned
with a brief description of the studies of properties, which are subjected to dental materi-
als before application in the dental office.

Keywords: acrylates, dentistry, dentures, dental fillings, strength tests of teeth

1. Introduction

Tooth decay, which is undoubtedly associated with dental sciences, was the cause of a great
progress and development in that field. It is a disease that causes permanent destruction of
the tissues of the tooth. Therefore, a lot of research was conducted in order to create materials
appropriate for restoration of those losses. Particularly in the last quarter, there was a very
great progress in the field of dental materials science [1-3].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Complications related to the tooth decay can lead to many diseases of pulp and periodontal.
Therefore, scientists are still carrying out research on new materials, therapeutic techniques
and medicines. Currently, on the market of medical supplies, it is possible to distinguish
materials that:

* Eliminate and prevent pathological conditions.
¢ Prevent chemotoxic iatrogenic states.

* Treat disease states.

¢ Stimulate regeneration processes [1-3].

The problem of reconstruction of lost parts of the body as a result of an accident or an illness
accompanies human life since time immemorial. The same problem applies to the dentistry.
Replacement of tooth structure constitutes an extensive section of dentistry and is necessary
from an aesthetic and functional point of view. Some important factors have an impact on the
process of reconstruction as well as on achieving a satisfactory effect. Such factors should be
mentioned as the availability of suitable materials, growth of technology and procedures used
during application and development of fields of science such as chemistry, biology and phys-
ics, without which the progress of dentistry would be impossible. In order to enable a better
understanding of the above-mentioned considerations in Figure 1, dependencies of various
sciences applied in dentistry are presented.

The principles of physics, chemistry and biology are certainly used when comparing the
physical and structural characteristics of restorative materials as well as during their applica-
tion. The knowledge of these principles is very important for every dentist because with their
help, it is possible to understand the basic phenomena such as melting or cooling of alloys or
formation of crystalline structures in tested materials. It is also important to be able to predict

Chemistry,
physics and
biology

Applied
techniques

Figure 1. Schematic relationship between the sciences and the development of dentistry.
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the chemical reactions which can occur during reconstruction of defects by using different
materials or alloys. Of course from the clinical point of view, it is essential that conducted
research was as practical as possible. However, practical clinical dentistry and scientific the-
ory will not demonstrate desirable progress and will not become mutually friendly if these
areas will not be developing in parallel drawing on mutual reports [4-6].

Continuing the discussion on the development of dentistry, an important issue is undoubt-
edly a history of this field of medicine, which began several hundred years before the period
of Christianity. The first actions in the field of dentistry include the receipt of dentures on the
basis of gold by Phoenicians. Subsequently, metals such as tin, copper, silver and lead began
to play an important role in the synthesis of dental materials. In 990 B.C., methods of iron pro-
cessing have been identified. Currently, scientists do not have any information about who and
in what way constructed prehistoric dental restorations prevailed at that period. Certainly we
can say that the role played during that period by goldsmiths and artisans was as important
as that one plays nowadays by dental technicians [4-6].

As for the practice of using dental bridges and crowns, it is likely to be developed in ancient
Rome around 500 B.C. The ability of carrying out such treatments is associated with the fact
that people possessed appropriate skills of soldering and riveting at such a level that con-
ducted operation did not cause bodily injury. It is obvious that craftsmen and other persons
performing such treatments must be characterized by thorough understanding of melting
process and execution of fluxes [4-6].

Further development of civilization apart from dental restorations and application of the
aforementioned dental bridges and crowns attempts in which improperly functioning tooth
was replaced by tooth of another patient or by tooth derived from the animal have been taken.
It was based on immobilization of the tooth in the mouth by means of a wire. It should also be
noted that ancients personally produced the mentioned wire [7].

Period from 1600 to 1840 was considered as the beginning of dental science. Previously, this
field of medicine was perceived as a craft made mostly by craftsmen. In 1746 on a market,
a book of Claude Munton entitled Essay on the dental techniques or dissertation on artificial
teeth appeared and treated with a mechanical aspect of dentistry. In that publication, gold-
based buckles and dental crowns that maintained the artificial teeth in the mouth have been
described. During the following years, a number of texts about dentistry have been written in
which it was mentioned about teeth of ivory, gold pins used for maintaining teeth as well as
about porcelain as a material for the preparation of teeth and platinum that was used for the
synthesis of dental hooks [7, 8].

Work of R.C. Skinner that was written in 1801 is considered as a first textbook about dentistry.
In that time, dentistry began to be perceived as a professional field of science created by den-
tists and surgeons. In subsequent years, the progress and development of other sciences were
accompanied by an invention of the amalgam, which was considered as one of the greatest
and most important discoveries in the field of restorative materials (Figure 2). Furthermore, a
lot of dissertations on the dental subjects have been created, as well as new technologies have
been developed at a satisfactory pace [9].
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Figure 2. Amalgam as a dental filling.

In the second half of the nineteenth century, a large development of the field of plastic was
observed. In 1869, a new material that was called ‘celluloid” was presented. In 1871 that mate-
rial was used as a restoration which was a turning point for the introduction of plastics for
the dental industry. Despite its advantages such as ease of handling or resistance to frac-
ture, new material was also characterized by many disadvantages including an undesirable
colour change and emission of mercury causing drooling and inflammations in the mouth.
Thus, in conjunction with further explorations of new material, next materials that have been
proposed by researchers were phenol-formaldehyde resins [10]. As in the case of celluloid
despite initial delight of dentists in these resins, it became quickly apparent that they do not
meet the basic requirements. Thus in 1935, ICI company unveiled a new material which was
poly(methyl methacrylate) (PMMA) also known as ‘organic glass’ which is associated with its
transparent properties. At first, PMMA was not applied in dentistry due to many technologi-
cal problems. However, in 1937, a new method of synthesis of the mentioned polymer was
developed in which PMMA was obtained in the form of beads and not in the form of plates as
it was previously the case. Then, a special methodology was developed aimed at combining
beads of polymer with monomer in order to obtain an elastic mass. In Figure 3, PMMA in a
form of plates (A) and beads (B) is presented.

Detailed application of this polymer and the other belonging to the group of acrylates will be
presented in subsequent parts of this chapter.
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Figure 3. PMMA in a form of plates (A) and beads (B).

2. Anatomy of the tooth

The name ‘teeth’ refers to the anatomical formations of complex structure occurring in the
oral cavity that play an essential role in the digestive system. Teeth fulfil many functions
including grinding and crushing of food which significantly facilitates its subsequent diges-
tion and intake in the following sections of the digestive tract [11] (Figure 4).

Figure 4. Acrylic teeth.
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In human oral cavities, it is possible to distinguish two types of dentitions: primary and per-
manent one. First of the mentioned occurs in children aged 2-6 and involves incisors, canines
and molars. Primary dentition is with the time replaced by permanent one. This type includes
32 teeth, and in comparison to the previous one, it comprises additionally premolars [11]. The
different types of teeth in dentition were shown in Figure 5.

In the construction of every tooth, three basic elements can be mentioned, i.e. crown, neck
and root. Among tissues that form teeth, enamel, dentin, cementum, and pulp have to be
mentioned. Enamel —the toughest tissue in the human body —in the vast majority (95%) is
made of inorganic compounds. The most innervated and vascularized tissue from the above-
mentioned is a tooth pulp [11, 12].

Inadequate oral hygiene which consequently results in the accumulation of food debris and
in the development of bacterial flora leads to the development of various types of teeth and
periodontal diseases. In some cases, the process of healing of this type of illnesses is com-
plex and lengthy. Therefore, it is necessary to develop this field of medicine whose role is to
deal with functioning but also with treatment of teeth, periodontal, all tissues and any other
elements contained in the oral cavity. The origins of this science should be sought several
thousand years ago. Literature reports indicate that the traces of actions aimed at preventing
tooth decay were discovered in the skull of young man whose remains were found more than
14,000 years ago. Areas of dentistry such as orthodontics and prosthetics also are character-
ized by a long tradition. The hygiene and the aesthetics of oral care were taken in ancient
times. Therefore, high attention has been paid to the development of this field of medicine.
With the passing of years, new elements that had to meet the growing demand on the market
of dental materials have been introduced [11, 12].

Nowadays, it is necessary to use dental materials associated with artificial restorations or with
technologies that in perfect way will enable a reconstruction of the missing piece of the denti-
tion. Such materials are undoubtedly dental bridges, crowns, dentures and dental braces [11, 12].

Incisors

Canine

Premolars

Molars

Figure 5. Kinds of teeth in permanent dentition.
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3. Bonding materials in dentistry (cements and fillings)

The concept of ‘cement’ is associated unambiguously with the construction industry. However,
it should be noted that this term also refers to the materials constituting the binder in den-
tistry. There is a wide diversity of dental cements including zinc-phosphate, glass-ionomer,
compomer or composites (on the basis of resin). Last of the mentioned due to their character-
istics are becoming more and more popular on the market of medical products [13].

Composites based on acrylic resins are materials widely used for dental restorations. These
are becoming increasingly popular displacing from the market of medical products amalgam
fillings. The use of those fillings caused the problem in terms of safety due to the fact that
their main component is toxic mercury. However, it should be noticed that in some ways, they
outweigh the fillings on the basis of acrylate resins. In fact, they were characterized by greater
durability and better resistance to fracture. Therefore, nowadays, researchers are working on
the improvement of the physico-chemical properties of resin based on acrylates [13].

Acrylic materials are included in glass-ionomer cements. This filling is composed of two ele-
ments, i.e. powder and liquid. The liquid is an aqueous solution of copolymers of itaconic and
polyacrylic acids, while powder contains fluoro-calcium-aluminium-silicon glass. Interesting
feature that distinguishes this type of cement from the others on the market of dental prod-
ucts is a very good adhesion to enamel and dentin. Furthermore, glass-ionomer cements are
characterized by an ability of forming a chemical bond with the tissue of the tooth which con-
tributes to the cariostatic action of such filling (protection against tooth decay). Polyacrylates
contained in the liquid react with the compounds forming the powder and consequently
release of various types of ions with a predominance of fluoride anions occurs. As a result
of their reaction with polyacids, formation of a gel matrix occurs which combines chemically
with the dentin. This is a middle layer of a tooth which is composed of fluid-filled tubules,
connective tissues and nerves. The elements included in the dentin are mainly calcium (27%)
and phosphorus (13%) [14].

Combining of glass-ionomer cement (Figure 6) with the tooth is a result of forming a chemical
bond between ions contained in cement and ions of phosphorus and calcium included in the
structure of enamel or dentin. Tooth surface must be previously cleaned that has an impact
on the effectiveness of the formed combination [14].

Glass-ionomer cement is characterized by good resistance to bending. However, these mate-
rials have also some disadvantages including low tensile strength. Undoubtedly, one of the
most favourable features of these fillings is their antibacterial activity which derives from the
presence of fluorine in their structure [15].

Hybrid cements such as glass-ionomer fillings or those one modified with resin are character-
ized by slightly better strength properties. It is worth noting that these materials are chemo or
light cured. Besides liquid and powder, such cements contain in their composition catalysing
system of a micrometric size disposed in the form of capsules. The mentioned system consists
of ascorbic acid and potassium persulfate, whereas liquid comprises an aqueous solution of
polyacrylic acid containing additionally 2-hydroxyethyl methacrylate (HEMA). The connection
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Figure 6. Glass-ionomer cement.

between this kind of filling and a tooth is stronger that a bond that is formed by glass-ionomer
cement [16, 17].

Acrylates play an important role also in the compositions of zinc oxide-polyacrylic cements
(known also as zinc oxide-polycarboxylate cements). The aqueous solution of poly(acrylic
acid) acts as a liquid, while powder is composed of properly processed oxides of magnesium
and zinc. While application of the mentioned filling, poly(zinc acrylate) is synthesized. That
polymer is characterized by gel consistency. Combining this type of cement with the tooth is
accompanied by process of chelating of calcium occurring in dentin by carboxyl groups pres-
ent in the polymer. However, it is worth mentioning that these cements are characterized by
a slightly weak strength properties (such as small bending strength in comparison to other
commercially available cements as well as the relatively large thickness that hinders adjusting
and deposition of filling in the place of application) [16, 17].

Acrylates represent an important group of components of selected cements based on resin.
Particularly key role is played by methyl methacrylate. This compound is almost from the half
of the twentieth century used for the deposition of various types of prostheses. Widely used
are also composite cements that consist of a mixture of methacrylates (or acrylates) with a
glass or with a suitably modified silica. Mentioned restorations belong to the group of materi-
als chemo or light cured. On the market of dental products, a significant role is also played by
composites modified with polyacids, i.e. compomers that also can contain acrylates [16, 17].
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4. Dentures

4.1. Desirable characteristics of poly(methyl methacrylate)

Dental prostheses are defined as an artificial supplement used to complement or to restore
missing teeth. These can be made from a variety of materials including metals, ceramics
or plastics. Initially, market of dental products was predominated by ceramic restorations.
However, with the development of materials science and polymer technology, ceramics has
been supplanted by plastics in this field of medicine [16].

The first dentures based on poly(methyl methacrylate) appeared in the 1930s of the twentieth
century. Nowadays, the vast majority of dentures is based on poly(methyl methacrylate) or
on the mixture of this polymer with copolymers of methyl methacrylate, butyl methacrylate,
or propyl acrylate [17-19].

In dental prosthetics, resins based on acrylates are widely used. What is important, these can
be used in the form of a powder or liquid. Such compositions also consist of dibutyl phthalate,
acetone as well as a variety of stabilizers [19].

Poly(methyl methacrylate) is the most commonly used polymer. It is a result of many desir-
able characteristics of this compound with a particular emphasis on high mechanical strength,
crack and abrasion resistance, acid resistance as well as the ability of easy coverage of this
polymer with selected pigment. Furthermore, economic considerations, ease of application,
aesthetics as well as optical properties or biocompatibility are undoubtedly important fea-
tures speaking in favour of the application of this polymer [13, 17].

Resins based on the above-mentioned polymer show a number of advantages whereby they
constitute the desired raw material for the preparation of dentures. Therefore, such materials
are used to obtain full and removable partial dentures, prostheses for maintaining and micro-
dentures [20].

4.2. Modifications of poly(methyl methacrylate)

Poly(methyl methacrylate) is characterized by some imperfections that should be modi-
fied or improved. One of the mentioned imperfections of these polymers are undoubtedly
mechanical properties. Over 60% of dental prostheses is broken or cracked within the first 3
years of use. The repair process of damaged dental materials is time consuming and costly. It
should be noted, however, that the vast majority of users of such materials are elderly people
for whom subsequent visits in the dentist office constitute a troublesome duty. Hence, the
improvement of the mechanical properties of prostheses running with simultaneous main-
taining of other desirable from the point of view of the patient characteristics becomes a real
challenge for such realms as materials science and dentistry [13, 21].

An important disadvantage of poly(methyl methacrylate) is a tendency of microorganisms to
adhere to its surface which contributes to the microbial growth on the prosthesis made of this
material. One of the results of such phenomena is the occurrence of inflammation in the oral
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cavity. It is also worth noting that dentures based on poly(methyl methacrylate) are character-
ized by a significantly larger resistance to wear in comparison to ceramic restorations. Hence,
many attempts are undertaken in order to improve the resistance which can be achieved, for
example, by increasing the cross-linking degree of the polymer or by change of conditions of
the polymerization process.

It is possible to distinguish three methods that can solve the problem of PMMA imperfections.
These are the

* Replacement of PMMA by other polymers
¢ Chemical modification of PMMA by grafting with other polymers
¢ Introduction to the matrix based on PMMA additives of differ origin [22, 23]

Improvement of the physico-chemical properties of acrylates can also be obtained by copoly-
merization as well as by development of blends or interpenetrating polymer networks based
on poly(methyl methacrylate). An impact on the characteristics of the mentioned acrylic res-
ins has undoubtedly addition of various types of organic or inorganic compounds that takes
place during process of the polymerization [22].

On the basis of the research, it was found that the introduction to the resin based on bisphenol A
glycidyl methacrylate (BIS-GMA) inorganic fillers of micrometric size causes a significant improve-
ment in the strength properties of the material. Moreover, the same effect is reached by addition
of inorganic fillers having a nanosize to the matrix based on poly(methyl methacrylate) [24, 25].

An interesting modification of resins based on PMMA is the addition of titanium dioxide. The
nanoparticles of this inorganic oxide contribute to the antibacterial properties of the resin.
These properties are the result of cytotoxic effects of oxide radicals generated by treating
the titanium compound with UV radiation. Furthermore, it was found that the antibacterial
activity of TiO, is additionally intensified by the presence of metal or metal oxide (e.g. Fe),
and therefore, Acosta-Torres et al. carried out a synthesis of the resin based on poly(methyl
methacrylate) containing nanoparticles of TiO, and Fe,O,. Anehosur et al. came to the same
conclusion. In the research, they have identified the biocidal properties of the acryl polymer
resin modified with titanium dioxide in relation to the selected bacterium, i.e. Staphylococcus
aureus. Numerous studies and observations conducted by these scientists lead to the conclu-
sion that titanium dioxide subjected to an appropriate radiation effects on the inhibition of the
growth and the development of the mentioned strain of bacteria [17, 26, 27].

Next interesting additive that has an impact on mechanical properties of acryl polymer resins
is zirconium oxide. Gad et al. on the basis of their research concluded that introduction of the
mentioned oxide improves significantly flexural strength of described dentures. Better effect
is observed by the introduction into acrylic resin zirconium oxide in the form of nanotubes as
evidenced by the conclusions drawn on the basis of the research of Yu et al. [19, 28].

It has also been proved that the addition of substances such as nitrile rubber or materials of
ceramic origin such as aluminium oxide affects the improvement of properties such as impact
strength, fracture strength or hardness. Such conclusions have been reached by Alhareb et al. [29].
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An interesting addition to the acrylic resins forming of the base of dental prostheses rep-
resents nanoparticles of gold, silver and platinum. These substances give the mentioned
material antifungal properties. This addition is intended to prevent the occurrence of fungal
diseases as well as to improve oral hygiene. Promising effect was observed in the case of the
introduction of nanoparticles in an amount of 2.0 wt.%. Then, the most visible antiadherent
effect was observed in relation to the fungi of the genus Candida albicans [30].

Pan et al. on the basis of their research have been stated that the introduction of hydroxy-
apatite into PMMA-based resins also results in an improvement of mechanical properties of
acrylic dentures made of such composite. Hydroxyapatite is an inorganic compound charac-
terized by the properties that are desired in medical applications, i.e. non-toxicity or biocom-
patibility. Recently, this interesting material constitutes an addition to the polymer matrix
that contributes to the improvement of its mechanical properties [31].

Acrylic materials used in dentistry are commonly reinforced by means of different types of
fibres wherein special attention should be paid on ceramic, carbon and glass fibres. Their
introduction into the material is aimed towards the improvement of the material resistance
to severe stress. Kostoulas et al. [32] in the framework of the research described the effect of
the addition of glass fibres on the properties of acrylic denture. Similar conclusions have been
drawn by Narva [33] based on research undertaken in the framework of the doctoral disserta-
tion concerning strengthening of dental prostheses.

Analysis of the results allows the conclusion that the presence of glass fibres greatly affects the
mechanical properties of the tested prostheses. Significantly greater impact resistance of rein-
forced dental restorations was observed. Furthermore, dentures modified with glass fibers
demonstrated more resistance to cracking. What is essential, it was found that the modifica-
tion using the described fibers has a better impact on the prosthesis than the addition of metal
elements [12, 31-33].

Besides glass fibers, the preferred addition to the dental restorations also provides aramid
fibres. Raszewski [12] proved that the modification of the denture with this kind of fibres con-
tributes to a clear improvement in mechanical strength of the tested material. Braden et al. [34]
in their publication also drew attention to the effect of the addition of the polyethylene fibres
to the prosthesis on its properties. These fibers are characterized by the superior properties in
comparison to the previously described glass fiber. However, due to the difficulty of combin-
ing them with the acrylic resin, it is necessary to use a low-temperature plasma in order to
enable synthesis of this composite [12, 34].

Balos et al. [35] in their research undertook the characteristics of acrylic resins modified with
nanosilica. An analysis of the obtained materials included defining of mechanical properties
such as elasticity or bending strength. The researchers also determined the cytotoxicity of
modified materials. Based on the analysis, it was found that for most of the tested prostheses,
addition of SiO, nanoparticles resulted in an increase of bending strength and in improve-
ment of the modulus of elasticity. It is noteworthy that the amount of added nanosilica is very
important because introduction of too much amount causes that material becomes toxic [35].

35



36 Acrylic Polymers in Healthcare

4.3. Preparation of dentures on the basis of poly(methyl methacrylate)

Poly (methyl methacrylate) constitutes a raw material for the preparation of artificial teeth.
However, this polymer to be able to be used for this purpose should be characterized by
a high molecular weight and a high cross-linking degree. The starting material consists of
PMMA or a copolymer of the mentioned polymer with 1,4-butanediol dimethacrylate or with
ethylene glycol dimethacrylate [12].

Crucial meaning for the quality of the denture has a method of polymerization. It is gener-
ally carried out at elevated temperature. However, for some substrates that have a tendency
towards spontaneous polymerization, process must be carried out at room temperature [12, 36].

Preparation of artificial teeth from the raw material which is PMMA is a multistep process.
Initially, 90% of the mixture is represented by monomers, and the remaining 10% constitutes
a pigment selected depending on the desired colour of the final product. Depending on the
requirements of the final material, it is possible to obtain colourless acrylic mass or mass with the
white or pink colours. White acrylic mass is then used to produce dental crowns, inlays or arti-
ficial teeth, while the pink one is useful in obtaining products such as impression trays [12, 36].

The next step is subjecting the mixture of trituration process by means of ball mills. Such pro-
cess depending on the properties of applied reagents takes 24-48 h. Homogeneous mass after
trituration process is left in a closed container until reaching the material of gum consistency.
Such a mass is then divided into smaller parts which are distributed to the appropriate forms.
The moulds are then assembled and subjected to pressing at elevated temperature. At high
temperature and under elevated pressure, polymerization process takes place, and final prod-
uct is obtained. Next, obtained polymer is gradually cooled and formed into its final form
by cutting off unpolymerized portions. Subsequently, obtained teeth based on PMMA are
affixed to the polymeric plate. An alternative method for the preparation of artificial teeth is
a method using the process of injection into the mould at elevated pressure. Molten polymer
mixed previously with pigment is subjected to this process [12, 36].

Prepared dental prostheses are characterized by a lack of smell, and furthermore, their sizes
can be easily adjusted according to the user [36].

5. Dental adhesives

The primary function of dental adhesives is affixing to the tooth surface or to the elements
included in the oral materials such as dentures or dental bridges used in order to restore or to
reconstruct a tooth [37].

As in the case of dental prostheses based on poly(methyl methacrylate), dental adhesives
made of this polymer are also characterized by slightly poor mechanical properties. From
the user’s perspective, the most important is proper adhesion of glue to the enamel or dentin
(bone tissue from which the core of the tooth is built).

With inadequate adhesion of the adhesive, which results in insufficient adhesion of the
prosthesis, or a dental bridge phenomenon of secondary caries can occur, then treatment is
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considerably less effective. Hence, various attempts aimed at improvement of the properties
of dental adhesives based on PMMA as well as at strengthening the existing bonds between
the adhesive and the prosthesis are taken.

Solhi carried out a number of syntheses, during which the surface of the nanoclays (pristine
sodium montmorillonite) was grafted by poly(methyl methacrylate). Such an obtained sys-
tem was characterized by a clearly better mechanical properties and exhibited higher adhe-
sion to the dentin [37, 38].

6. Dental impression trays

Acrylic materials represent an important component used in the preparation of individual
impression trays. As in the case of above-described cement materials, also materials used for
the preparation of impression trays consist of liquid and powder. The fluid is a mixture of
methyl methacrylate (90% of a liquid), a suitable catalyst and an oil of mineral origin, while
powder consists of inorganic fillers such as talc, chalk or aluminium oxide [11].

The first step in order to obtain an impression element is preparation of plates of a certain
size from a previously prepared mixture of liquid and powder. It is essential to choose a
suitable proportion of the components. Then, the mixture is prepared in a silicone container.
The plate is then introduced into a gypsum mould; elements protruding from the model are
cut off. Next, plate is wiped to a smooth surface, and then prepared material is subjected to
polymerization process [11].

7. Dental crowns

The term ‘prosthetic crown’ refers to the permanent restoration that is used to restore the
proper tooth crown. Furthermore, such materials are also used to improve conditions of
occlusion, to restore teeth using implants as well as for aesthetic purposes.

Among prosthetic crowns, uniform and complex crowns can be distinguished wherein acrylic
materials play a significant role in both of these types. The first of the mentioned is made up
of one type of material, i.e. acrylates, metal or porcelain. Those made of acrylates in dental
prosthetics serve as temporary crowns; however, taking into account the properties of poly-
mer material, which is used predominantly porcelain. The characteristic that causes less and
less interest in acrylic materials is undoubtedly low abrasion resistance [11].

8. Studies on physico-chemical properties of prepared dental materials

An important step in the preparation of dental materials is the development of their composi-
tion and synthetic parameters. However, an equally important step is performing a series of
tests of the obtained materials for characterization of their physico-chemical properties or in
order to evaluate whether reagents selected for the synthesis lead to the formation of elements
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having the desired characteristics. Therefore, it is necessary to carry out durability tests or
spectroscopy. Analysis of the results of these studies is important from the point of view of
both the user and the dentist.

Figure 7 shows examples of probes applied in the strength studies of prepared dental compo-
nents; accurate description of the probes is presented in Table 1.

Figure 7. Examples of probes applied in the strength studies.

Designation Type of probe

Cylinder, stainless steel 6 mm
Needle, stainless steel 1.0 mm
Cone, acrylic glass 40 mm
Sphere, nylon 25.4 mm

Sphere, stainless steel 12.7 mm
Cylinder, acrylic glass 50.8 mm

Blade, acrylic glass 60 mm

T O ™ m g N w »

Cylinder, acrylic glass 25 mm

—

Wire, stainless steel 0.03 mm

Table 1. Set of probes applied for strength tests.
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In Figure 8 examination of synthesized artificial tooth using a spectrophotometer is shown.

Above-presented studies are extremely important from a practical point of view and in terms
of the subsequent application. Physical and chemical properties of dental materials described
in this section have an impact on the comfort of future use and on maintaining of the oral
health of the patient. Therefore, carrying out various types of mechanical studies and analysis
of the attained results in order to determine the final properties of the prepared product is
necessary before implementation.

Figure 8. Spectroscopic analysis of prepared dental materials.
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Abstract

Rehabilitation of masticatory function in patients with absent teeth with removable
dentures is an established form of treating partial or complete dentition in edentulous
patients. The developments in recent decades with dental implants dominate current den-
tal research. However, medical contraindications, a negative attitude toward implants,
or financial limitations on the part of the patients limit their universal applicability, so
the rehabilitation with dental prostheses still makes up a significant portion of everyday
clinical practice. Conversely, removable dentures are used in the critical conditions of
the oral cavity. There are about 500 strains of microorganisms in the mouth, which form
the biofilm in an acidic environment causing several issues, such as denture stomatitis,
deterioration of the periodontal status of the remaining teeth, or carious lesions in the
supporting teeth. Therefore, it is very important to choose a suitable material for the
prosthesis. Poly(methyl methacrylate) (PMMA) is an acrylic resin usually used with a
long tradition for prosthetic purposes. The aim of this chapter is to present the trends
for the processing of PMMA. It includes the chemical synthesis, conventional thermal
processing of this acrylic resin, the new processing technique assisted with ultrasound,
the antibacterial effect on PMMA with nanoparticles, and the cytotoxicity, genotoxicity,
and mutagenesis of this material.

Keywords: thermal polymerization, acrylic resin, biomaterial, polymer, dental
materials, acrylic resin
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1. Introduction

The dynamic development of new multidisciplinary areas has a direct impact over the pos-
sible treatments and the rehabilitation of the dental function. Teeth rehabilitation with remov-
able denture prosthesis is an established form of treating both partial and complete dentition
in edentulous patients [1]. The developments in recent decades with dental implants domi-
nate the current dental research, not only medical contraindications but also a negative atti-
tude toward implants [2] and economic limitation [3] are the major disadvantages for their
universal applicability, so the rehabilitation with dental prostheses still makes up a significant
portion of everyday clinical practice [4].

The PMMA material revolutionized the preparation techniques used so far since Walter
Wright introduced the acrylic resin as the denture base material in 1937 [5]. The acrylic resin
became the preferred material for making denture bases, due to its ability to overcome many
of the deficiencies of the materials used at that time [6].

Conversely, removable dentures are used in critical conditions of the oral cavity. There are
about 500 microorganisms in the mouth, which produce a biofilm in an acidic environment
causing several diseases [7], such as denture stomatitis [8], deterioration of the periodontal
status of the remaining teeth [9], or carious lesions in abutment teeth [10]. Therefore, it is very
important to choose a suitable material for dental prosthesis.

Poly(methyl methacrylate) (PMMA) is an acrylic resin usually used with a long tradition for
prosthetic purposes [11]. It can be classified as chemically or thermally polymerized material
depending on the factors that initiate the reaction. For dental prosthesis, thermally polymer-
ized materials are used and the heat can be generated by hot water bath or microwave energy
[12]. It was suggested that residual monomer concentration is the most important parameter
in the determination of the final properties of the PMMA for dental prosthesis [12, 13]. It was
found that in the chemical structure of PMMA, the alpha methyl groups tend to remain in the
outer layer surface, whereas the methylene groups are in the inner layer of the PMMA sur-
face, which gives an idea of the arrangement of the polymer [13]. In other words, PMMA has
exhibited moderate cytotoxicity in bulk material and polymerized form [14, 15].

The aim of this chapter is to present the trends for the processing of PMMA, including the
chemical synthesis, conventional processing (thermal polymerization), the new technique
of thermal polymerization assisted with ultrasound, the antibacterial effect on PMMA with
nanoparticles, and biocompatibility (cytotoxicity, genotoxicity, and mutagenesis).

2. Poly(methyl methacrylate) (PMMA): synthesis, morphology, and
physical properties

Acrylic acid (C,H,0,) gives rise to the so-called acrylic, where the poly(methyl methacrylate)
(PMMA) is the most important thermoplastic in this group, which is commercially known as
Plexiglas, Lucite, and Perspex [16].
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PMMA is an amorphous polymer formed by the polymerization of MMA monomer car-
ried out using different mechanisms [free radical vinyl polymerization, anionic polym-
erization, group transfer polymerization (GTP), or atom transfer radical polymerization
(ATRP)] [16-20]. The bulk or solution (homogeneous polymerization) and emulsion or
suspension (heterogeneous polymerization) techniques are used to obtain PMMA [18, 20-
22]. Among them, suspension polymerization is a good route to produce PMMA with high
molecular weight (36,100), high yield (83%), and a polydispersity of 2.4 (polydispersity
index: Mw/Mn) [18].

2.1. Suspension polymerization

Hoffman and Delbruch developed suspension polymerization in 1909 for the first time [23].
In this technique, the initiator and the monomer are miscible with each other (Figure 1) and
it involves droplet formation by the initiator/monomer (polymerizing phase) dispersed into
water (oil/water system), where the volume ratio of monomer about 0.5 or less is suggested
[22]. Water works as a heat-transfer agent and a dispersion medium, which improves the
reaction rate and the yield in the polymerizing phase. To prevent settling or creaming, the
suspension polymerization was kept under stirring during polymerization. In this polymer-
ization, the addition of a soluble stabilizer in water [gelatin, clay or clay derivative, cellulose
derivatives, water-soluble polymers such as poly(vinyl alcohol) (PVA) or starch] helps to pre-
vent the breakup of droplets or avoids the droplet from adhering to each other [20-22, 24].
This process could be assisted with low temperature or ultrasonic waves [20, 24-27].

2.1.1. Spherical microparticles: effect of stabilizer agent on size

Suspension polymerization is adequate technically to obtain PMMA spherical microparticles
with controlled sizes ranging from 5 to 1000 um [22]. Alginate stabilizer produces micropar-
ticles from 5 to 80 um (Figure 2a), whereas microparticles below 30 pum are obtained with
gelatin stabilizer (Figure 2b) as previously reported [24-26]. These sizes are within the range
of commercial PMMA (10 to 100 pum) used for prosthodontics (Figure 2c and d). Therefore,
polydisperse particles could influence the surface roughness of PMMA without affecting their
mechanical properties [28].
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Figure 1. Suspension polymerization of MMA monomer. In the first step, the initiator, benzoyl peroxide interacts with
the monomer in water in order to form emulsion oil/water, where the volume of water is twice as that of the monomer.
Soluble water-stabilizer helps to obtain smooth and controlled size spherical microparticles.
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Figure 2. Experimental PMMA microparticles obtained by suspension polymerization with (a) alginate or (b) gelatin
stabilizer agents. Commercial PMMA microparticles: (c) Opticryl®, (d) Lucitone® used for prosthodontics.

2.2. Physical properties

PMMA has different characteristics and properties, such as chemical stability, hardness, stiff-
ness and high transparency, resistance in atmospheric conditions and greater impact resis-
tance than glass, and thermal and acoustic insulation. Table 1 enlists the physical properties
of PMMA [17, 29].

Properties Values

Relative molecular mass 100.12

Elastic modulus 2.4-3.1 GPa
Tensile strength 80 MPa
Flexural strength 140 MPa
Elongation at break 2-5%

Volatility 3.87 kPa at 20°C

Stability Highly inflammable vapor, lower explosive limit 2.1 vol%
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Properties Values
Glass transition temperature (Tg) 100-130°C
Fusion temperature 200°C
Density 1.2 g/em®
Refractive index 1.49
Water absorption 30 mg

Table 1. Properties of poly(methyl methacrylate) [17, 29].

These properties are important for the final application, such as optical device, airplane windows,
lenses, covers, automotive taillight, dental articles, and bioengineering [29]. Also, PMMA is a
material widely used daily in dental practice, such as dental prosthesis for edentulous patients
[24, 26]. For this particular application, PMMA (experimental or commercial acrylic resin) must
be processed by heat, which can be generated by hot water bath or microwave energy [12].

3. Thermal polymerization processing of PMMA

The denture bases made up of acrylic PMMA resin, which is in contact with the oral mucosa
of the patient is a critical aspect for biocompatibility in contact with tissues. The PMMA resin
was chosen due to this important adequate processing technique [14]. Polymerization of
PMMA by water bath and microwaves are the most commonly used processing techniques
for making denture bases [12]. The water bath and microwave polymerization techniques pro-
duce a material with reduced porosity and irregularities on the PMMA surface. Independent
of the processing method, the PMMA surface exhibits some defects (pores, cracks, and irregu-
larities) that are produced at the time of its elaboration [30, 31]. These defects can be excellent
reservoirs for fungi and opportunistic bacteria, besides decreasing the elastic modulus and
flexural strength [12, 13, 32].

Over the years, the water bath processing technique has been the most widely used due to
its ease of handling and cost effectiveness. But, the residual monomer content and poros-
ity have been suggested as the most significant reasons for the reduced flexural strength
[33]. It has been accounted the unfavorable thermal gradient produced during the process-
ing technique. In the water bath processing technique, the benzoyl peroxide (initiator) was
activated by heating the water to a very high temperature, which leads the polymerization
reaction by crosslinking methyl methacrylate moieties. At this point, the methyl methacrylate
particles begin to boil by creating porosities in the denture base resin [34]. As the reaction
progresses, heat is liberated and cannot escape easily as the water surrounding the flasks is
being heated as well. Thus, an unfavorable thermal gradient was created [35].The residual
monomer inside the polymeric mass can negatively influence the physical and mechanical
properties of the materials due to its plasticizing action [36]. On the other hand, during the
microwave polymerization, monomer molecules move in a high-frequency electromagnetic
field [37]. The microwaves cause the methyl methacrylate molecules within the acrylic resin to
orient themselves in the electromagnetic field at a frequency of 2450 MHz [38], and numerous
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polarized molecules are flipped over rapidly and generate heat due to molecular friction [39].
Numerous intermolecular collisions are promoted, causing a rapid internal heating in which
energy was immediately absorbed by the resin regardless of the thermal conductivity of the
materials involved in the processing of the prosthesis [40]. This warming occurs rapidly and
homogeneously and thereby transfer of heat from the water bath to the resin inside the flask
occurs faster in this method [41].

There are several studies to compare the flexural strength and elastic modulus values of PMMA
using water bath and microwave polymerization [13, 35, 36, 41—43]. In most cases, the results of
microwave polymerization did not differ from those obtained with water bath, independent of
the acrylic resins used [41, 43]. However, in some studies, water bath technique showed higher
flexural strength than microwave processing technique [44]. On the contrary, in other stud-
ies, a statistically higher flexural strength was found for microwave-processed denture resins
[45, 46]. Other researchers did not find a significant difference in porosity between micro-
wave polymerization and conventional water bath cycles [39, 47, 48]. In contrast, the other
work reported that heat polymerization technique presents lower mean porosity values than
microwave-polymerization method [31]. Both processing techniques produced PMMA mate-
rial with divergent properties. Therefore, new processing techniques for PMMA are needed
to reduce the amount of residual monomer and porosity and to increase its physical strength.

3.1. Thermal polymerization assisted with ultrasound

The most widely used heat-curable acrylic material to make dental bases and temporary resto-
rations is PMMA. A disadvantage of this acrylic resin is the residual monomer which remains
in the polymer even after its polymerization is finished [49]. Several attempts were made to
find a better strategy in order to prevent the presence of residual monomer. For example,
the effects of temperature, time, initiator concentration, curing environment, water bath or
microwave oven, pressure, and mixing ratio (polymer:monomer) have been investigated [32].

The first effort to employ ultrasound for the acceleration of conventional chemical reactions
[50] by Richards and Loomis was reported in 1927. A lot of interest has been attracted for the
use of ultrasound toward the development of synthetic routes in a variety of areas of chem-
istry, chemical production, and materials science [27, 51]. It is possible to generate chemical
changes in consequence of acoustic cavitation while more powerful ultrasound at a lower
frequency is applied to a system. During cavitation, bubble collapse produces intense local
heating, high pressures, and very short lifetimes. These transient and localized hot spots drive
high energy toward completing chemical reactions faster [52]. Besides, the physical effect of
the medium on the wave was referred to low power or high frequency ultrasound [53].

In previous studies, Charasseangpaisarn and Wiwatwarrapan [49, 54] found that the use of
an ultrasonic treatment at several frequencies reduced the presence of residual monomer in
acrylic resins. For example, heat-polymerized MMA by the immersion in water at 50°C for
10 min at 40 kHz reduced the residual monomer. They have concluded that sonication could
reduce the amount of residual monomer in acrylic resins. According to the authors, the ultra-
sonic treatment could enhance the extraction rate of the residual monomer from the resin and
could cause postpolymerization of the residual monomer.
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3.1.1. Influence of frequency and power of ultrasonic waves on the flexural strength and elastic
modulus

The method of denture processing is directly related to the physical properties of the acrylic
resins. One of those properties is Young’s modulus, also known as elastic modulus. That is
defined as capacity of a body to deform to the application of stress and strain after remov-
ing the body recovers its original shape. It can be assumed that the relationship between the
increased effort and increased deformation is constant [55]. Flexural failure of denture base of
PMMA is considered to be the main form of clinical failure [56]. The dental prostheses are sub-
jected to various conditions such as forces during chewing, drastic changes of temperature and
humidity, and acidic environment in the oral cavity. Therefore, it is important that prosthetic
materials possess an adequate elastic modulus [42]. The elastic modulus can be determined by
indentation techniques. However, the correct use of these techniques requires knowing their
limitations in order to avoid misinterpretation.

Experimental results about the elastic modulus and flexural strength (I5020795-1:2008 Part 1:
Denture base polymers) of commercial acrylic resin (Opticryl®) indicate that the thermo-
polymerization assisted with ultrasound is a good option for the processing of PMMA.
Commercial acrylic resin (Opticryl®) specimens (n = 25) were prepared according to the
technical sheet with a volume ratio of monomer to polymer (1:6). For the processing condi-
tion by ultrasound waves, two frequencies and powers were used at 80°C of water bath for 1
hour: 37 or 80 kHz and 50 or 100%, respectively, in order to obtain four experimental groups
(Table 2). Water bath and microwave technical processing were considered to be the control
groups. The results of the elastic modulus and flexural strengths are given in Figure 3 and
Table 2.

For statistic comparison among the groups, Kruskal-Wallis test and Mann-Whitney U-test
were used for analyzing the data. These tests were used because not all groups had a normal
distribution as shown by the Shapiro-Wilk normality test (see Table 3).

Kruskal-Wallis test showed that there are significant differences among the groups (for elastic
modulus, p = 0.006 and for flexural strength, p = 0.018). Mann-Whitney U test was conducted

Group  Thermopolymerization Frequency (kHz)/ Elastic modulus (MPa) Flexural strength (MPa)
power (%)

1 Ultrasonic 37/50 1710.38 + 429 58.63 +13.8

2 Ultrasonic 37/100 1730.75 + 335.13 58.16 +10.64

3 Ultrasonic 80/50 1488.86 + 80.02 51.05+9.61

4 Ultrasonic 80/100 1828.08 * 363.67 62.14 +12.92

5 Water bath - 1744.40 + 441.85 60.57 +14.91

6 Microwave - 1466.12 + 428.39 54.15+17.13

Specimens processed by water bath and microwaves are considered the control groups.

Table 2. Elastic modulus and flexural strength of specimens processed by ultrasound at 80°C: 37 or 80 kHz and 50 or
100% of power under constant temperature of water (80°C).
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Figure 3. Results of elastic modulus and flexural strength of commercial Opticryl resin polymerized by ultrasound.
Control groups were processed by water bath and microwave energy.

Mechanical properties Frequency (kHz)/ Shapiro-Wilk statistic analysis
power (%)

Statistic value Degrees of freedlom  p-Value
Elastic modulus 37/50 0.940 32 0.076
37/100 0964 38 0.261°
80/50 0.844 26 0.001
80/100 0.922 35 0.017
Water Bath 0.967 19 0.711°
Microwave 0888 21 0.020
Flexural strength 37/50 0.893 32 0.004
37/100 0.962 38 0.225
80/50 0.924 26 0.056’
80/100 0.932 35 0.032
Water bath 0.955 19 0472
Microwave 0.919 21 0.083"

"The data follow a normal distribution if p > 0.05.

Table 3. Results of Shapiro-Wilk normality test.

among groups in all possible combinations to determine the differences among groups. The
results are shown in Table 4.

The specimens processed at 80 kHz and 100% of power (group 4) exhibited the highest values
with an elastic modulus of 1744.40 + 441.85 MPa and a flexural strength of 60.57 + 14.91 MPa.
However, the flexural strength values were not statistically significant compared to those
processed by the water bath and microwave, respectively (Figure 3). But, with regards to
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Comparison among  Elastic modulus Flexural strength
groups Value of the test p-Value Value of the test p-Value
statistic statistic
12 563,000 0.596 535,000 0.389
1-3 321,000 0.137° 269.500 0.022
1-4 439,000 0.129 452,500 0.177
1-5 276,000 0.585 274,000 0.559
1-6 242,000 0.087 287,000 0.373
2-3 322,000 0.019 273,000 0.003
2-4 563,000 0.260 579,000 0.342
2-5 341,000 0.735 310,000 0.388
2-6 255,000 0.023 363,000 0.569
34 227,000 0.001" 213,000 0.001*
3-5 163,000 0.054 153,000 0.031
3-6 262,000 0.814 252,000 0.653
4-5 312,000 0.710 322,000 0.849
4-6 187,000 0.002 284,000 0.158
5-6 130.000 0.60 152,000 0.198

“Statistical significance, p < 0.05.

Table 4. Comparison among groups using Mann-Whitney U-test.

the elastic modulus, a highly significant difference among the specimens of group 4 and the
specimens processed with microwave (group 6) was found. Hence, these results indicate a
better performance of the PMMA processed by ultrasound in 80 kHz and 100% of power in
comparison to that by microwave processing.

In addition, it is further noted that the acrylic resins processed at 80 kHz and 50% of power
(group 3) had significantly lower values compared to the other experimental groups, for both
the elastic modulus and the flexural strength. No statistically significant differences in the
elastic modulus and flexural strength among groups (water bath and microwave) were found.
Therefore, it was concluded that these two methods have similar results. From these results,
it seems that the power is more important than the frequency of ultrasound for better results
in the processing of PMMA.

Spearman correlation test was performed in order to determine if the elastic modulus values
and flexural strength values are correlated. It was found that a weak correlation existed since the
correlation coefficient between the elastic modulus and flexural strength was 0.618 (p < 0.001).
Since the coefficient is a positive value, the increasing elasticity modulus value also increases
the flexural strength.
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In summary, the best conditions for higher values of both elastic modulus and flexural
strength correspond to the specimens processed at 80 kHz and 100% of power (group 4). The
processing of PMMA with water bath or microwave processing generated similar values for
elastic modulus and flexural strength. Ultrasound can be used to process the acrylic resin
(Opticryl®) as an alternative technique for PMMA processing with similar results to those
obtained using water bath or microwave processing (control groups). The correlation coef-
ficient between the elastic modulus and the flexural strength indicates a weak correlation but
statistically significant association between these two variables. The sign of the coefficient is
positive, this means that as the values of the elastic modulus increase, those of the flexural
strength also increase.

4. Biological properties of PMMA

4.1. Antimicrobial activity

As mentioned above, the current techniques for processing base denture produce porosi-
ties, which allow bacterial colonization [30, 31]. One way to approach this issue is the cov-
ering up of the PMMA surface. Since the introduction of nanoparticle-based antimicrobial
agents, these have generated really huge interest. Diverse mechanisms for explaining the
activity of antimicrobial agents have been discussed, such as the release of ions from the
nanoparticle surface, the internalization through cell wall, the production of reactive oxy-
gen species [57], and the destruction of cell wall by the nanometric pillars on the surfaces,
among others [58]. For instance, the wing surfaces of insects such as dragonflies and cicadas
exhibit a texture that is formed by nanopillars, which are very effective against certain type
of pathogenic microorganisms [58, 59]. The possibility of developing surfaces that have
antibacterial effects quickly became the subject of study [60].

The characteristics of the surfaces of certain objects make them excellent places for prolif-
eration of pathogenic microorganisms and thereby prevent the bacterial adhesion. The main
characteristics of polymer surfaces related to microbial adhesion are chemical composition
and topography [61].

Different surface modifications have been suggested to reduce the adhesion of pathogenic
microorganisms. At present, one of the most effective methods is the surface modification
with metallic antibacterial agents such as silver, copper, and zinc oxide at nanometric scale
[62, 63]. It has been demonstrated that the oxidized state on surfaces (through electrochemical
anodization) shows a significant decrease of some bacterial strains present in the oral cavity
and bacteria involved in the process of biofilm formation [64].

Besides, polymeric glycol-based coatings have been proposed in order to immobilize the mole-
cules on the surface of the substrate. Thus, this prevents bacterial adhesion. The modification of
the surface topography generates an unfavorable surface chemistry for the adhesion of certain
microorganisms and therefore the colonization of surfaces [65, 66].
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The arrangement of polymeric coatings with antibacterial agents such as nanoparticles has
been studied. The best alternative is that the nanoparticles have to be contained in the poly-
mer matrix, so that their release acts at the level of biofilm formation [67]. According to the
type of antimicrobial agent and disposition on the surface, it may offer more than one func-
tion eradicating an acute infection and even providing extended periods of suppression of
bacterial proliferation [68, 69]. The action can be differentiated depending upon its mecha-
nism in passive coatings (coatings that prevent bacterial adhesion), contact-killing coatings,
and active coatings with the ability to release the antibacterial agent incorporated [70]. A coat-
ing includes different antimicrobial agents, such as moieties, nanoparticles, and antibiotics for
specific pathogens [66, 71]. Silver nanoparticles as a cover on PMMA decrease the roughness
from 566.7 nm (without nanoparticles) to 104.08 nm (with nanoparticles) (Figure 4). On the
other hand, Ziad et al. found that Nystatin modifies the roughness of PMMA so that this could
influence the antifungal agents on the PMMA surface [66].

These results show that PMMA with antimicrobial agent are potentially useful for their appli-
cation in dentures for the future. Not many studies have been carried out and there is still
scope for further study in this area.

In addition to the antibacterial effect, PMMA-metal oxide nanoparticles have been synthe-
sized with the purpose of improving PMMA'’s flexural strength as well [63]. With this aim,
several works have been carried out by incorporating TiO, nanoparticles and assessing the
dependence of the flexural strength on the TiO, nanoparticle concentration. It was observed
that by increasing the concentration of nanoparticles, the flexural strength of PMMA value
increases. In some cases, better flexural strength value was found in comparison with PMMA
alone [72, 73]. Studies on the improvement of tensile strength concluded that increasing the
TiO, nanoparticle concentration provided better tensile strength up to some concentration
and then the strength decreases [74]. Recently, Totu et al. developed a PMMA-TiO, material
with improved antibacterial activity, for manufacturing 3D-printed dental prosthesis [75].

Other metal oxide nanoparticles that have also been used for their integration to PMMA are the
iron dioxide nanoparticles [25]. These nanoparticles improved the antimicrobial and mechani-
cal properties of the acrylic resins. Nanopigmented particles incorporated into PMMA also
have been shown to be non-cytotoxic (against fibroblast in vitro) and to exhibit good physical

L =
= Ra= 77515 0m
Rms = 95,624 nm

Rl
=+ "Ra= 2115 am
Rms = 2.7 am

Figure 4. Surface roughness of (a) PMMA uncoated and (b) coated with silver nanoparticles by spin coating.
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and mechanical properties as well [24]. In both the cases, specimens exhibited good mechani-
cal and physical properties and were not non-cytotoxic showing similar appearance to com-
mercial acrylic resins.

4.2. Biocompatibility

One of the most important factors that distinguish biomaterials is its ability to exist into or
in contact with tissues of the human body without inducing any collateral effect, where both
biomaterials and tissues coexist, and the biocompatibility may be compromised.

Biocompatibility refers to the ability of a material to perform with an appropriate host response
in a specific situation [76].

The biocompatibility of a material depends on the type of material, where it is placed, and the
function it is expected to perform. Therefore, a biocompatible material elicits an acceptable
tissue response when tested or used in a specific tissue under certain conditions, including
the health status of the patient [77]. It is important to understand the paradigms of biocom-
patibility by the determination of which chemical, biochemical, physiological, physical, or
other mechanisms, under specific conditions, associated with contact between biomaterials
and cells or tissues of the body. The interactions of materials that are in direct contact with the
human body depends on the characteristics of the host such as age, sex, general health and
current disease, physical mobility, lifestyle features, and pharmacological status [78]. Thus,
the major features influenced in the host and generic host response (implanted or in contact
with tissues) of biomaterials are enlisted in Table 5.

On the other hand, PMMA-based acrylic resin has been broadly used as a dental material,
especially in denture base processing due to its favorable working characteristics, processing
ease, accurate fit, stability in the oral environment, and superior aesthetics with inexpensive
equipment. Despite these excellent properties, there is a need for improvement in the biologi-
cal aspects of biocompatibility. This section is oriented to summarize the different methods
of PMMA biocompatibility alone and enriched or modified with different biomaterials in
contact with cells and implantation in animal bodies highlighting the type of cells or animal
test, period of incubation or implantation, method for analysis, and results. The incorporated
studies are recent publications indexed at MEDLINE/PUBMED based on a systematic review.

4.2.1. Test methods

Testing for cytocompatibility depends on the site of use and the duration of exposure.
Biomaterials or other associated products do not have to exhibit the same compatibility as
materials that are placed permanently into the tooth structure, used as implants into bone or
soft tissues, or used in dentures and dental or orthodontic appliances. All the tests are usu-
ally conducted sequentially, with shorter term, in vitro, or less expensive screening testing,
and involve the use of animals. If a material is not showing biocompatibility based on initial
studies, it may be better to eliminate it from consideration for further testing for certain appli-
cations [79]. The biocompatibility concerns and the testing methods have been discussed for
over 40 years. However, new issues and new testing possibilities must be considered for inno-
vating dental materials and evaluate the response of cells to medical materials at the cellular
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Variables that could influence the host response

Characteristics of the generic host response to
biomaterials

Bulk material composition, micro- (or nano)-structure,
morphology

Crystallinity and crystallography
Elastic constants

Water content, hydrophobic-hydrophilic balance

Macro-, micro-, nano-porosity

Surface chemical composition, chemical gradients,
surface molecular mobility

Surface topography and energy

Surface electrical/electronic properties

Corrosion parameters, ion release profile, metal ion
toxicity (for metallic materials)

Degradation profile, degradation product form, and
toxicity (for polymeric materials)

Leachables, additives, catalysts, contaminants, and their
toxicity (for polymeric materials)

Dissolution/degradation profile, degradation product
toxicity (for ceramic materials)

Wear debris release profile

Protein adsorption and sorption characteristics

General cytotoxic effects
Neutrophil activation

Macrophage activation, foreign body giant cell
production, granulation tissue formation

Fibroblast behavior and fibrosis

Microvascular changes

Tissue/organ-specific cell responses (e.g., osteoclasts and
osteoblasts for bone, endothelial proliferation)

Activation of clotting cascade

Platelet adhesion, activation, aggregation

Complete activation

Antibody production, immune cell response

Acute hypersensibility/anaphylaxis

Delayed hypersensitivity
Mutagenic response, genotoxicity
Reproductive toxicity

Tumor formation

Table 5. Biomaterial variables that could influence the host response [80].

and subcellular levels such as cell proliferation or death in contact with materials [80]. These
protocols and methods of interpretation may be used to enhance the information given in the
National and International standards.

4.2.1.1. Cell culture testing

The most common and initial evaluation of a new material is by placing the material or an
extract of the material into a suitable laboratory cell culture and by observing any changes in
the cells over a period of hours to a few days [81]. These tests are performed on primary cell
cultures or established cell lines (commercially available), which allows comparison of test-
ing performed for different materials using nearly identical cloned cells. The use of PMMA
acrylic base denture has been widely investigated in culture cells alone and enriched with
different materials. The enlisted publications in Table 6 was searched at MEDLINE/PUBMED
with the following keywords: “Cytotoxicity AND acrylic resins,” “cytotoxicity AND denture
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base resins,” and “cytotoxicity AND oral prosthesis.” Inclusion criteria were: in vitro studies
published from 2012 to 2017, free full text, and published in English evaluating the PMMA
and its components, considering cytotoxicity activity, type of material tested, kinds of cells
used, period of incubation, assay executed, and results of the biocompatibility. Two reviewers
read the selected studies, and their information was analyzed and discussed. Figure 5 shows
the flow chart of search strategy and the total number of studies included.

4.2.1.2. Mutagenicity testing

A concern for any material used in medicine is that long-term exposure to a mate-
rial can lead to neoplastic changes in cells adjacent to it. Most materials are known to
be acceptable based on a history of use, but changes in formulations and innovation of
new materials are necessary to re-execute testing. Small animal in vivo mutagenicity stud-
ies allow screening of materials in development and reduce the use of research animals.
Mutagenicity studies (also called genotoxicity studies) involve looking for changes in
cells and cellular DNA in the forward or reverse directions. In forward mutation stud-
ies, normal cells are exposed to the test material and the resultant cells or animal tissues
are evaluated for signs of mutation. Just a few studies have been tested for genotox-
icity between PMMA and culture or small number of animal evaluations has been con-
ducted. Table 7 summarizes the investigations performed between mutagenicity and
PMMA. The keywords used for search strategy at MEDLINE/PUBMED were as follows:
“Genotoxicity AND acrylic resin,” “genotoxicity AND polymethylmethacrylate resin,”

Cylolomie ost Mulsganicsty lest
Criskamic AND cutinn base | | Genotesciy AND moryhc resi
1= 15 Garwitmeoty AND pobrma i rylarts ten = 3
Cinbmocity AMD) BCry resns Gerlowoty AND derdura base resas | B
8 Mtageniciy AMD acrylc sesna 35 &
Cytalaxicity AND ars Mhtnyrarity AMD diedn Diss ratees 1 ]
N P =15 =
proamhetias 14 Mutagaricity AND oral prottasi= 15 °
Cytotouicity and denturs Mhutagaracity AND podymathpimatiacnyiats resine | =
pemashenan G0 ‘Mutagenicity Testa*[Mashi) AMD “Acrylic g
Cyia ity AN PRI 115 R |
Total= 1,003 MMagenicily Testa®[Mest]] AMD “Daniure "]
BasesT 1 Tedsin 1,002
{Mutagenscity Tests"[Meshl] AND “Peiymetinyl
Meethacryiaie TWeshjs 1
Totais 164 —
F L ¥ g’
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Figure 5. Search strategy flow chart. Source: Direct.
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Author PMMA modification Culture cells or Assays Culture time Results
animal test

Azharetal. Methyl methacrylate Buccal mucosa Papanicolaou Exposure to No significant

[104] (MMA) detected in ~ scrapes (epithelial ~ staining Buccal MMA time differences in
dental lab technicians cells) Micronucleus of dental lab the incidence

Cytome (BMCyt) technicians of dental lab
assay during their technicians and
professional control group
career

Aratijo etal. Methyl methacrylate Male Wistar rats Stained with 1-5 days MMA was

[105] (MMA) vapor by Giemsa staining genotoxic when
simulating standard (Micronucleus measured
occupational test) after 1 day of
exposure of 8 hours exposure but was
per day not evidently

genotoxic after
5 days

Acosta- PMMA enriched NIH-3T3 mouse MTT 24,72 h Non-cytotoxic

Torres etal.  with Silver embryonic cells BrdU assay material

[98] nanoparticles Comet assay
(AgNPs)

Table 7. Mutagenicity test evaluation of PMMA alone and modified with different materials.

“genotoxicity AND denture base resin,” “mutagenicity AND acrylic resin,” “mutagenicity

"o

AND denture base resin,” “mutagenicity AND oral prosthesis,” and “mutagenicity AND
polymethylmethacrylate resin.” The inclusion criteria were: publications from 2012 to 2017,
free full text. Only a few studies are reported in literature, a further MeSH term search
was executed “(“Mutagenicity Tests”[Mesh]) AND “Acrylic Resins”[Mesh], (“Mutagenicity
Tests”[Mesh]) AND “Denture Bases”[Mesh], and (“Mutagenicity Tests”[Mesh])
AND “Polymethyl Methacrylate”[Mesh]. Figure 1 shows the flow chart of search strategy
and the total number of studies included.

4.2.1.3. Short- or long-term injection or implantation studies

Several different tests may be conducted to provide information on the effects of relatively
short-term exposure to materials or their extracts. These tests include systemic injection,
intracutaneous injection for irritation, and short- and long-term implant studies ranging from
24 hours to as long as 90 days or years [80]. Certain materials have the potential to cause local
inflammation of tissues. A special case of long-term implantation studies involves the lifetime
bioassay performed for investigation of carcinogenicity. These studies are usually performed
in several hundred rats and mice to look for differences in tumor formation as a result of
exposure to the test material [79]. These studies allow screening out of candidate materials
that may not be suitable for further testing. Table 8 shows the results of search strategy at
MEDLINE/PUBMED. The search strategy was previously described in cells tested with the
incisive criteria of animal test. Figure 5 shows the flow chart of search strategy and the total
number of studies included.
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4.2.2. Acrylic resin cytotoxicity

Different methods are used for cytotoxicity, mutagenicity, and short- or long-term implantation
analysis in the literature. Among them, the most common is the MTT test [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium] and a histological evaluation. In the case of MTT, the method
quantifies the mitochondrial succinate dehydrogenase enzyme activity and measures the conver-
sion of water-soluble tetrazolium salt in insoluble blue formazan by spectrophotometry. This test
is an excellent marker of cell survival because it evaluates cellular respiratory activity [100, 107].

The cytotoxicity of PMMA is correlated with the polymerization methods, temperature, the
cycle of polymerization, and acrylic resin storage time can influence the monomer quantity
and the material cytotoxicity [95, 100]. Based on the polymerization method, acrylic resin can
be classified as heat-polymerized, microwave-polymerized, light-polymerized, and autopo-
lymerized MMA. The latter being the most commonly used in dental practice [15]. The auto-
polymerized resin exhibited higher cytotoxicity level than heat-polymerized resin after 1
and 24 h of incubation [100]. The experiment performed of PMMA alone in contact with HGF
showed similar results of dose-dependent cytotoxicity. It is important to use polished acrylic
resins for clinical applications. The unpolished acrylic resin showed cell growth reduction,
and an increase in pro-inflammatory cytokines were caused by the tested material [93, 102].

Postpolymerization heat treatments, such as water bath or microwave irradiation, have been
suggested in order to reduce the quantity of autopolymerized acrylic resin residual mono-
mers. The PMMA that was immersed into water showed a reduction in MMA monomer
elucidation [88, 96].

Several substances such as chitosan [83], PEI (polyethyleneimine) nanoparticles [84], 15% of
N-acetyl cysteine (NAC) [87], calcium phosphate cement (CPC) [90], acrylic resin of different
colors [91], (bone cement) enriched with microencapsulated 2-octyl cyanoacrylate (OCA),
extracts solutions [92], scaffolds fabricated by electrospinning using polycaprolactone (PCL)
[94], core/polyethyleneimine (PEI) shell magnetic nanoparticles [97], silver nanoparticles
(AgNPs) [98], and Paladon 65-HR precoated with biosurfactant were also evaluated for cyto-
toxicity. The authors observed reduction in cytotoxicity and increase in biocompatibility
from non-cytotoxic (cell viability higher than 75%) to slightly cytotoxic (cell viability ranging
from 50 to 75%)

On the other hand, DABCO (DC16, DC16F, DC18, C6DC16) and conjugated monomers
(DC11IMAF and C2DC11MAF) at 1, 2, or 3% [82], base bone cement-Osteopal V modified with
castor oil and linoleic acid [86], 2-hydroxyethyl methacrylate (HEMA) and isobutyl methac-
rylate (IBMA) at 2, 3, and 5% [89], and MUPB (monomer methacryloyloxyundecylpyridinium
bromide) [101] showed cytotoxic effect from moderately cytotoxic (cell viability ranging from
25 to 50%) to severely cytotoxic (cell viability lower than 25%).

Only three studies were reported about the genotoxicity test where the exposure of occupa-
tion time did not show difference from patients without continuous exposure or cell culture
[98, 105]. It is necessary to include genotoxicity assay for further investigations of potential
biomaterials in dental practice.

63



64  Acrylic Polymers in Healthcare

Several studies have been carried out at short- or long- term implantation with PMMA
enriched or coated with different materials as base bone cement-osteopal V modified with
castor oil and linoleic acid in rats [86], coating with titanium dioxide (TiO,) nanoparticles for
hamster oral mucosa irritation and guinea pig skin sensitization and intracutaneous rabbit
implantation [106], enriched with CPC in rats [90], scaffolds of electrospinning using polycap-
rolactone (PCL) implantation in rats [94], no toxic effect or histological findings were observed,
even a regeneration was perceived. By contrast, the use of PMMA-PEI nanoparticles injected
in mice induces significant toxicity by the detection of protein levels in liver tissue.

Acrylic resin cytotoxicity is associated with the presence of residual monomer in the
polymerization process. The monomers change cell morphology and function that can
reduce their viability. Since acrylic resins are widely used in dental practice, an acceptable
biocompatibility is desirable. Considering that the majority of studies reported acrylic resin
toxicity responses, further studies with different assessment methods are necessary for the
development of biocompatible materials.

In summary, there exist different methods to evaluate acrylic resin cytotoxicity, genotoxicity,
and short- or long-term implantation with the MTT method and histological evaluation being
the most common tests. In conclusion, there is no non-cytotoxic acrylic resin evidently avail-
able in the dental market. Regarding the methods of polymerization, the autopolymerized
resin is more cytotoxic and toxic than heat-polymerized resin. The cytotoxic and toxicity effect
is dose dependent and is directly correlated with the residual amount of monomer leachable
and induce the inflammatory reactions of tissues in contact with the acrylic resin. It is sug-
gested that a water or ethanol bath after polymerization of acrylic resin could decrease the
cytotoxic and toxicity activity against oral cells and tissue.

5. Remarks and perspectives

The particle size differences could influence the roughness surface of PMMA without decreas-
ing their mechanical properties. Furthermore, studies should continue to determine that issue
in detail.

Ultrasound can be used to process the acrylic resin (Opticryl®) as an alternative technique
for PMMA processing with similar results to those obtained using water bath or microwave
processing (control groups).

The addition of antifungal agents on PMMA surface or into PMMA, such as moieties, metallic
or metallic oxide nanoparticles, and antibiotics, could be useful for the inhibition of specific
pathogens such as Candida albicans for prosthodontic denture.

Residual monomer leach induces cytotoxic and inflammatory reactions of oral cells and tis-
sues in contact with the acrylic resin. It is suggested that water or ethanol bath after polymer-
ization of acrylic resin could decrease the cytotoxic and toxicity activity against oral cells and
tissues. But ultrasonic waves are a good option for both, for thermopolymerization of PMMA
and at the same time to reduce the residual monomer.
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Chapter 4

Abstract

Acrylic-based polymers have many currently important biomedical applications such
as contact lenses, corneal prosthesis, bone cements, tissue engineering, etc. due to their
excellent biocompatibility and suitable performance in mechanical properties, among
many other applications. Many of these biomaterials have been approved by the US Food
and Drug Administration (FDA) for various applications. However, the potential uses of
these polymeric materials in the biomedical industry could be increased exponentially if
some of their acrylic properties (mechanical strength, electrical and/or thermal properties,
water sorption and diffusion, biological interactions, antibacterial activity, porosity, etc.)
are enhanced. Thus, acrylics have been fabricated as multicomponent polymeric systems
in the form of interpenetrated polymer networks or combined with other advanced mate-
rials such as fibers, nanofibers, graphene and its derivatives and/or many other kinds
of nanoparticles to form composite or nanocomposite materials, which are expected to
exhibit superior properties. Besides, in regenerative medicine, acrylic scaffolds need to be
designed with the required extent and morphology of pores by sophisticated techniques.
Even though the great advances have been achieved so far, much research has to be car-
ried out still in order to find new strategies to improve the above-mentioned properties.

Keywords: biomedical applications, hydrogels, acrylic properties, nanocomposites,
latest improvements

1. Introduction

Acrylics are currently used in many important fields of the biomedical industry such as corneal
prosthesis, intraocular lenses and contact lenses in ophthalmology [1], bone cements for ortho-
pedic applications [2], tissue engineering [3], etc. due to their excellent properties such as bio-
compatibility and suitable mechanical performance, among others [4]. Many of these acrylic
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products for various applications have been approved by the US Food and Drug Administration
(FDA) and are expected to produce massively. However, many of their potential uses required
for many biomedical applications are sometimes hindered by their low mechanical strength,
biological interactions, electrical and/or thermal properties, water sorption and diffusion,
antibacterial activity, porosity, etc. when they are synthesized as scaffolds for tissue engineer-
ing applications. Thus, new advanced acrylic-based materials have been developed and are
currently under intensive research to solve all these problems by means of multicomponent
polymeric systems or by combination with other materials and/or nanomaterials to form com-
posites or nanocomposites with or without interconnected porous morphology.

2. Mechanical properties

The improvement of the mechanical properties of acrylics is one of the hot topics in the field of
bioengineering, and many research groups have been working on this topic for many years.
Acrylics can be reinforced through many kinds of methods and techniques: polymers with
microphase-separated morphologies such as block copolymers, in which hydrophobic and
hydrophilic domains alternate [5], increasing crosslinking density [6], by means of binary
systems composed of two or more mixed polymers as interpenetrating polymer networks
(IPNs) [7], self-reinforced composite materials composed of fibers embedded in a matrix
of the same acrylic polymer [8], by plasma grafting of a hydrophilic acrylic polymer onto a
hydrophobic acrylic substrate [9, 10] and with the sol-gel reaction to produce nanosilica rein-
forcement [11]. However, more recent studies have shown new procedures to improve the
mechanical properties of acrylics with the incorporation of graphene (GN) (2010 Nobel Prize
in Physics) and other carbon nanomaterials such as carbon nanotubes (CNT) [12]. Chemically
modified graphenes (CMGs) such as graphene oxide (GO) [13, 14] or reduced graphene oxide
(rGO) [15], have also been shown to be very good nanofillers to reinforce acrylics and improve
many other properties, especially acrylic hydrogels which, in the swollen state, show very
low mechanical properties.

2.1.IPNs

Acrylic-based interpenetrating polymer networks (IPN) have gained greater attention during
last decades, mainly due to their biomedical applications as reinforced polymer networks.
The use of an IPN, which consists of two separate but interwoven polymer networks, is a
chemical procedure that is often used in polymer science to control, enhance and/or combine
functional properties. These are advanced multicomponent polymeric systems of crosslinked
polymer networks without any covalent bonds between them, where at least one of them is
synthesized and/or crosslinked within the immediate presence of the other. It is important to
differentiate between the six basic multicomponent polymeric structures (Figure 1).

If a crosslinker is present in the polymeric system, fully IPN [17] result, while in the absence of
crosslinking, a network having linear polymers embedded within the first crosslinked network
is formed (semi- or pseudo-IPN) [18, 19]. Acrylic-based IPNs are prepared usually in the form
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Figure 1. Schematic representation of (a) mechanical blends, (b) graft copolymers, (c) block copolymers, (d) AB-crosslinked
copolymer, (e) semi-IPNs and (f) full-IPNs. Modified from Sperling and Mishra [16].

of simultaneous interpenetrating polymer networks (SINs), in which the precursors of both
networks are mixed and the two networks are synthesized at the same time, or in the form of
sequential IPNs, by swelling of a single-polymer network into a solution containing the mix-
ture of monomer, initiator and activator, usually with a crosslinker. Thus, urethane acrylate
resin networks were greatly reinforced by epoxy networks in SINs composed of both resins
[20]. Full IPNs and semi-IPNs of the epoxy resin and poly(ethyl methacrylate) (PEMA) were
also prepared by the sequential mode of synthesis, and these showed a gradual decrease of
modulus and tensile strength properties with consequent increase in elongation at break and
toughness for both types of IPNs with increases in PEMA content [21]. Combinations of dif-
ferent kinds of IPNs have been synthesized using simultaneous photopolymerization, which
gave rise to simultaneous semi-interpenetrating polymer networks (semi-SINs) of epoxy resin-
acrylate polyurethane semi-interpenetrating networks having very high compatibility [22].

Pseudo-SIPNs were prepared by melt blending of poly(methyl methacrylate) (PMMA), and
double-C,-end-capped poly(ethylene oxide) (FPEOF) exhibited a storage modulus of 16
times larger than that of PMMA, which are as good as those of PMMA/carbon nanotube
nanocomposites [19].

Acrylic-based IPN hydrogels are also developed with the aim of enhancing the mechanical
strength and swelling/deswelling response of these acrylic hydrogels [23]. For example, inter-
penetrating polymer network (IPN) hydrogels composed of chitosan and poly(acrylic acid)
(PAA) are synthesized by employing the UV irradiation method and showed that even in
the swollen state, the present chitosan/PAA IPNs possessed good mechanical properties [24].

‘Smart’” hydrogels are able to significantly change their volume/shape in response to small alter-
ations of certain parameters of the environment. These responsive hydrogels have numerous
applications, most of them focussing on biological and therapeutic demands [25, 26] and sensing
applications [27].
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Although IPNs based on hydrogels have been extensively reported, the combination of liquid
crystalline (LC) property-based hydrogels has been rarely explored. In this case, the aniso-
tropic and molecular order of liquid crystals can be combined with the responsive isotropic
properties of hydrogels. Thus, advanced stimuli-responsive materials based on interpenetrat-
ing liquid crystal-hydrogel polymer networks have been recently fabricated consisting of a
cholesteric liquid crystalline network that reflects color and an interwoven poly(acrylic acid)
network that provides a humidity and pH response [28].

2.2. Composites

Several kinds of chemical modifications of acrylic hydrogels do not have a significant change
of the overall mechanical strength because the main structural skeletons of these polymers
or copolymers are still weak. On the contrary, the method of fiber reinforcement to produce
composites is different because the added fabrics impart high strength to the networks which
not only just embed inside the membranes but also form the main skeleton of the composites.
A fiber-reinforced polymer is a composite material consisting of a polymer matrix imbedded
with high-strength fibers such as glass, aramid and carbon [29]. In such kind of materials, the
mechanical properties are presumed to be improved and the biocompatible characteristics of
the acrylic polymer should remain the same. Thus, acrylic resin polymers have been reinforced
with glass fibers for dental applications [30], and acrylic hydrogels such as poly(2-hydroxy-
ethyl methacrylate), which is one of the most popular biomaterials, have been manufactured
by adding various kinds of weaved and knitted fabrics and fibers, in order to improve overall
qualities of the poly(2-hydroxethyl methacrylate) (PHEMA)-based artificial skin for advanced
wound dressing usage [31]. However, in the recent decades, natural fibers as an alternative
reinforcement in polymer composites have attracted the attention of many research groups
due to their advantages over conventional glass and carbon fibers [32]. These natural fibers
include flax, hemp, jute, sisal, kenaf, coir, kapok, banana, henequen and many others, which
offer various advantages over man-made glass and carbon fibers such as low-cost, low-den-
sity, comparable specific tensile properties, non-abrasive to the equipment, non-irritation to
the skin, reduced energy consumption, less health risk, renewability, recyclability and bio-
degradability [33]. Thus, ultra-long chitin natural fibers were incorporated into PMMA resin
to prepare PMMA/chitin nanocomposites with improved properties [34]. This achievement
is a significantly environmental move toward the sustainable utilization of marine-river crab
shell wastes for biomedical applications.

2.3. Nanocomposites

Another alternative and very promising way of reinforcing acrylic polymers consists of the
incorporation of nanomaterials such as silica, graphene and its derivatives, nanofibers or
many other nanoparticles. Silica is a biocompatible material and has been reported to possess
bioactive properties [35]. Silica can improve the mechanical properties of acrylics through
nanosilica filling or the well-known sol-gel process, which offers a new approach to the syn-
thesis of nanocomposite materials with domain sizes approaching the molecular level [36].
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Thus, a biphasic matrix of a hybrid (inorganic-organic) nanocomposite materials of poly(2-
hydroxyethyl acrylate) with a silica network obtained by an acid-catalyzed sol-gel process of
tetraethoxysilane (TEOS) showed a very significant improvement of the mechanical proper-
ties of the pure hydrogel [37].

The combination of the reinforcement through interpenetrated polymer networks and nano-
silica filling is another strategy that has also been used in the past. For example, simulta-
neous polyurethane/poly(ethyl methacrylate) interpenetrating polymer network with silica
filler consisting of very fine powders with an approximate diameter of 5 nm also showed an
important improvement of material strength [38].

Graphene (GN) is a two-dimensional (2D) monolayer of sp>-bonded carbon atoms, which has
attracted increasing attention [39] owing to its excellent electrical and thermal conductivities
[40, 41] and great mechanical strength [42]. Besides, graphene promotes adherence of human
osteoblasts and mesenchymal stromal cells [43], which render this nanomaterial also very
promising material in the biomedical field. Thus, it has shown potential applications in nano-
composites such as magnetite-GNs/poly(arylene-ether-nitrile) nanocomposites because their
mechanical properties were significantly enhanced by the incorporation of magnetite-GNs
hybrids [44]. Besides, GN enhances the shape memory of poly(acrylamide-co-acrylic acid)
and self-healing ability when the content of graphene is in the range of 10-30%, even though
this copolymer itself has poor shape memory ability [45]. There are some reports that gra-
phene oxide (GO) nanosheets can also enhance the mechanical strength of polymer substrates
such as poly(acrylamide) (PAM) hydrogels [46]. GO is also a 2D nanomaterial prepared from
natural graphite that can be easily exfoliated into monolayer sheets. GO has many hydro-
philic oxygenated functional groups, including hydroxyl (-OH), epoxy (-C-O-C-), carbonyl
(-C=0) and carboxyl (-COOH), which enable its dispersion in water solution [47]. The diver-
sity of unique properties of GO, including great tensile modulus (1.0 TPa), ultimate strength
(130 GPa) and electrical and thermal properties [48], renders graphene oxide an ideal carbon
nanomaterial for variety of applications toward the development of new advanced materials.
Thus, GO added into PAM hydrogels improved very much the mechanical performance of the
original PAM hydrogels, which generally exhibit pronounced weakness and brittleness [46].
In the same way, the addition of GO nanosheets increased the Young’s modulus and maxi-
mum stress of poly (acrylic acid)/gelatin composite hydrogels significantly as compared with
control (0.0 wt.% GO). The highest Young’s modulus was observed for hydrogel with GO (0.2
wt.%)/PAA (20 wt.%), whereas the highest maximum stress was detected for GO (0.2 wt.%)/
PAA (40 wt.%) specimen. These results suggested that the application of GO nanosheets could
be used to improve mechanical properties of hydrogel materials, which is very beneficial for
tissue engineering applications [14]. The other derivatives of graphene such as chemically
modified graphene (CMG) fillers have been used in nanocomposites of PMMA and were com-
pared with the GO filling. These results showed an elastic modulus of GO/PMMA and RG-O/
PMMA composites improved by 28% by just loading 1 wt.%. Fracture strength increased for
GO/PMMA composites but decreased for RG-O/PMMA composites [49].

Single-wall carbon nanotubes (SWCNTs), multi-wall carbon nanotubes (MWCNTs) as well as
carbon nanofibers (CNFs) are being used for reinforcing polymer matrices such as poly(methyl
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methacrylate) by melt blending. Thus, for example, using an amount of carbon nanofibers of
5 wt.%, the nanocomposites improved over 50% of their axial tensile modulus as compared
to the control PMMA. The PMMA/CNFs nanocomposite fibers also show enhanced thermal
stability, significantly reduced shrinkage and enhanced modulus retention with temperature,
as well as improved compressive strength [50]. The electrical properties and electromechani-
cal responses of acrylic materials such as acrylic elastomers and styrene copolymers can be
improved toward electroactive applications such as artificial muscle and/or micro-electro-
mechanical systems (MEMS) devices [51].

The other novel nanocomposite hydrogels such as those prepared with polyacrylamide
(PAM) as a matrix material reinforced with natural chitosan nanofibers via in situ free-radical
polymerization showed that these nanofibers acted as a multifunctional crosslinker and a
reinforcing agent in the hydrogel system producing a compression strength and a storage
modulus significantly higher than those of pure PAM [52].

Reinforcement can be also performed with plant fiber-based nanofibers by a successful fibril-
lation of wood pulp fibers into nanofiber bundles, which are thin enough to work, as well as
bacterial cellulose in maintaining the transparency of resin [53].

The other nanoparticles such as clay have been employed to reinforce acrylic polymers.
These polymer-clay nanocomposites such as PMMA/clay constitute a class of materials in
which the polymer matrix is reinforced by uniformly dispersed inorganic particles (usu-
ally 10 wt.% or less) having at least one dimension in the nanometre scale and exhibiting
enhanced mechanical and thermal properties when compared to pure polymer or conven-
tional composites [54].

3. Electrical properties

The electrical properties are very important in some biomedical fields because various types
of electrical stimulation can regulate cell physiological activities such as division [55], migra-
tion [56], differentiation and cell death [57]. The electrical stimulation also has been employed
in promoting healing for spinal cord repair and cancer therapy due to its non-invasiveness of
these polymers [58-60]. For these reasons, much emphasis was given in developing these new
acrylic-based materials in biomedical application where the conductivity of the biomaterials
is essential. Recently, nanocarbon materials such as graphene had been considered to be very
effective electrode material with very high conductivity. The graphene has high transmittance
and excellent conductivity [40] as was mentioned earlier. But, its production is still very expen-
sive, and more studies are expected to carry out with its derivative, graphene oxide. However,
in order to develop electrically conductive acrylic-based resins, GO, which has a very low
conductivity due to their oxygen-containing functional groups, must be modified to obtain
reduced graphene oxide (rGO). Thus, for example, following a single-step procedure starting
from a homogeneous water dispersion of GO, it is possible to undergo reduction induced by
the UV radiation during the photopolymerization of an acrylic resin [61]. The transparent
conductive films were also produced by grafting poly(acryl amide)/poly(acrylic acid) on the
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GO surface followed by a reduction to rGO nanosheets by a two-step chemical reduction with
increased conductivity [62]. The inorganic-organic double network (DN) flexible and conduc-
tive hydrogel of rGO and poly(acrylic acid) has also been prepared by a two-step synthe-
sis with a reduction-induced in situ self-assembly [63]. Even more recently, a nacre-inspired
acrylic-based nanocomposite of rGO and PAA has been prepared via a vacuum-assisted fil-
tration self-assembly process (Figure 2). The abundant hydrogen bonding between GO and
PAA results in both high strength and toughness of the bioinspired nanocomposites, which
are 2 and 3.3 times higher than that of pure reduced GO film, respectively. Moreover, this
nanocomposite also displays high electrical conductivity of 108.9 S-cm™, which renders it
very promising material in many biomedical applications such as flexible electrodes, artificial
muscles, etc.

Carbon nanotubes (CNTs), discovered by lijima [65], have also been attracting intensive atten-
tion because of their excellent electrical properties with a superb conductivity, remarkable
mechanical strength and modulus with many potential technological applications [66]. CNTs
offer the possibility of developing ultrasensitive electrochemical biosensors due to unique
electrical properties. Thus, nanofibrous membranes filled with multi-walled carbon nano-
tubes (MWCNT) were electrospun from the mixture of poly(acrylonitrile-co-acrylic acid)
(PANCAA) and MWCNT to develop a glucose biosensor for diabetics [67].

The other nanocomposites of poly(methyl methacrylate) containing various multi-walled car-
bon nanotube (MWCNT) contents have been prepared using melt mixing to achieve high
conductivity levels in the nanocomposites [68].

(-
R

Figure 2. Fabrication process of tGO-PAA nanocomposites: (a) The GO nanosheets/PA A homogeneous solution was filtered
by vacuum-assisted filtration into GO-PA A nanocomposites. Then after HI reduction, the rtGO-PAA nanocomposites were
obtained. (b) A digital photograph of rGO-PAA nanocomposites. (c) and (d) The cross-section surface morphology with
different magnifications of rtGO-PAA nanocomposites. Reprinted with permission from Ref. [64].
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4. Thermal properties

Even though biomaterials do not need to endure temperatures higher than that of the human
body, the improvement of thermal properties can increase its long-term operation. Thus, for
example, the incorporation of polyurethane into polyacrylamide network in the form of an
interpenetrating polymer networks enhanced the thermal properties of these semi-IPNs due
to higher crosslink density imparted by the hard segment content [18]. Though silica can
improve the mechanical properties of acrylic polymers, the differential scanning calorimetry
results of PHEMA/SiO, hybrids are complicated, showing two glass transition temperatures,
and it was shown that the 5iO, content is an important factor in influencing the shift of the
Tg transition [69]. However, polymer nanocomposites with functionalized graphene sheets
(FGNS) showed an unprecedented shift in glass transition temperature of up to 40 and 30°C
in poly(acrylonitrile) with 1 wt.% of FGNS and in poly(methyl methacrylate) with only 0.05
wt.%, respectively [70]. Besides, the thermal stability of magnetite-graphene/poly(arylene-
ether-nitrile) nanocomposites were significantly enhanced by the incorporation of magnetite-
graphene hybrids [44]. The nanocomposites of PMMA with chemically modified graphene
(CMG) and GO fillers made by in situ polymerization showed large shifts in the glass transi-
tion temperature with loadings as low as 0.05 wt.% [49].

Another strategy to improve the thermal properties of acrylic polymers is by nanoparticle
filling. Thus, the thermal performance of well-known acrylic polymers such as PMMA can be
significantly improved by filling of nanometric particles (5, 10 15 and 20%) of titanium oxide
(TiO,) and ferric oxide (Fe,O,) by the solvent casting method [71, 72].

Thermal degradation can also be improved in acrylic-based materials by nanoparticle fill-
ing. For example, the experimental results obtained by thermogravimetric analysis (TGA)
of PMMA with TiO, and Fe,O, showed that these nanoparticles can improve the thermal
stability of PMMA by about 50°C by loading 5 wt.% of fillers [72]. The TGA also showed that
the presence of small amounts of Pd nanoparticles (0.0005-0.005 vol%) in PMMA/Pd nano-
composites significantly improved the thermal stability of PMMA, as shown by a degradation
initiation retarded by 75°C and a gain of 32°C at the maximum decomposition rate [73].

Acrylic hydrogels are hydrophilic polymers and are able to absorb large amounts of water in
their biomedical applications due to contact with cells or tissue in the human body. Therefore,
the thermal analysis of water and its influence on the swollen hydrogel properties becomes
essential. Thus, many studies have been done in this way with acrylic hydrogels such as
PHEMA [74], bulk and plasma-polymerized poly(2-hydroxyethyl acrylate) (PHEA) [75],
Poly(ethyl acrylate) [76], etc.

5. Water sorption and diffusion

Water sorption and diffusion are also very important in biomedicine because these properties
play a very important role in cell survival, especially in tissue engineering applications [3].
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Thus, acrylic hydrogels such as poly(2-hydroxyethyl methacrylate) or poly(2-hydroxyethyl
acrylate), are very important hydrophilic materials as these polymers were able to absorb and
swell retaining large amounts of water within their structure[77-80]. The excellent water sorp-
tion property has made these types of materials very promising in a wide range of biomedical
applications such as controlled drug delivery, tissue engineering, wound healing, etc. [4, 81].
The ability of hydrogels to absorb water arises from hydrophilic functional groups attached to
the polymeric backbone, while their resistance to dissolution arises from crosslinks between
network chains [82]. However, these single-network hydrogels have weak mechanical prop-
erties and slow response at swelling. Therefore, they are in need of reinforcement, as already
mentioned, which can also modify their water sorption properties. For example, the combina-
tion of hydrophilic and hydrophobic functional groups of acrylic polymers as multicompo-
nent polymeric systems is shown in Figure 1.

The reinforcement of acrylics through GO loading can modify the water sorption behavior
of the polymers. Thus, the swelling rates of graphene oxide/poly(acrylic acid-co-acrylamide)
nanocomposite hydrogels increased with increase in the GO loadings to 0.30 wt.% and then
decreased with further increasing GO loadings. It is worth noting that the hydrogel with only
0.10 wt.% GO exhibited significant improvement of swelling capacity in neutral medium and
could also retain relatively higher swelling rates to a certain degree in acidic and basic solu-
tions. Therefore, these GO-based superabsorbent acrylic hydrogels have very potential appli-
cations in many fields such as biomedical engineering and hygienic products [47].

The mechanism of water diffusion [83] can also be altered by the reinforcement of acrylics
through any of the methods shown in Section 1. Thus, poly(acrylic acid)-GO nanocomposite
hydrogels shows non-Fickian anomalous diffusion and the deswelling ratio decreases with
increasing GO content [48].

A new method (ultrasound synthesis) has been developed to prepare superabsorbent poly-
mers of sodium lignosulfonate-grafted poly(acrylic acid-co-acryl amide). This superabsorbent
acrylic-based polymer exhibited also a non-Fickian water diffusion transport and a maximum
water absorbency of 1350 g-g™' [84].

There are many acrylic hydrogels, which exhibit a non-Fickian diffusion behavior such as
poly(2-hydroxyethyl acrylate) [79, 80]. Even though water sorption is not classically Fickian,
it has been observed in a variety of polymers such as PHEMA, that an important water-
swellable biomedical polymer is controlled by Fickian diffusion [85]. Thus, copolymeric
hydrogels based on 2-hydroxyethyl methacrylate (HEMA) and epoxy methacrylate (EMA)
synthesized by bulk polymerizations showed that the swelling process of these polymers also
follows Fickian behavior and the equilibrium water content (EWC) decreased with increase in
EMA content due to its hydrophobicity [86].

It is remarkable that the pH has a big influence in the swelling properties and diffusion mecha-
nism of acrylic-based materials. Thus, the swelling properties of semi-interpenetrating polymer
networks of acrylamide-based polyurethanes decreased in acidic pH, while a reverse trend was
seen in basic pH. However, these semi-IPNs were found to be hydrolytically stable in phosphate
buffer solution, which makes them to be a potential material for biomedical applications [18].
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Polyacrylic acid is a pH-sensitive and biocompatible polymer that is being used in many bio-
medical fields [26]. It has attracted considerable interest because of its therapeutic use, due to
its ability to swell reversibly with changes in pH. Thus, GO functionalized with PAA (GO-PAA)
by in situ atom transfer radical polymerization (ATRP) showed potential use as an intracellular
protein carrier using bovine serum albumin (BSA) as a model protein [87]. This application is
very important because proteins participate in all vital body processes and these perform an
essential function inside cells as enzymes, transduction signals and gene regulation. Another
pH-sensitive terpolymer hydrogel, poly(acryl amide-co-2-acrylamido-2-methyl-1-propanesul-
fonic acid-co-acrylamido glycolic acid), with applications in drug release showed a quasi-Fick-
ian diffusion mechanism with partly chain relaxation controlled diffusion. These hydrogels
demonstrated a sharp change in its water absorbency and molecular weight between cross-
links of the network with a change in pH of the swelling media [88].

The effect of temperature on swelling properties of acrylic hydrogels is also very important
[86], and they can be modified to exhibit fast temperature sensitivity, and improved oscil-
lating swelling-deswelling properties as, for example, in thermosensitive poly(N-isopropyl
acrylamide-co-acrylic acid) hydrogels [89].

6. Antibacterial activity

In biomedicine, bacterial infections can lead to implant failure, which may cause major
economic losses and suffering among patients despite the use of preoperative antibiotic pro-
phylaxis and the aseptic processing of materials. Therefore, novel antibacterial materials are
urgently needed for medical uses [90]. However, acrylics itself do not have antibacterial activ-
ity intrinsically, and therefore some fillers and antibacterial agents need to be incorporated
by physical blending in order to produce an acrylic-based antibacterial material [91]. Thus,
graphene has emerged as a novel green broad-spectrum antibacterial material, with little bac-
terial resistance and tolerable cytotoxic effect on mammalian cells. It exerts its antibacterial
action via physical damages through direct contact of its sharp edges with bacterial mem-
branes and destructive extraction of lipid molecules. The graphene-based nanocomposites
have a wide range of biomedical applications such as wound dressing due to its superior
antibacterial properties and good biocompatibility [92].

In the field of dental materials, since methyl methacrylate was firstly used in tooth restoration in
1937, methacrylate monomers having good biocompatibility and adhesive property have been
extensively used as dental materials [91]. The most commonly used methacrylate monomers in
commercial dental resin-based materials are methyl methacrylate (MMA), 2,2-bis[4-(2-hydroxy-
3-methacryloyloxypropyl)-phenyl]propane (Bis-GMA), 1,6-bis-[2-methacryloyloxyethoxycarbo
nylamino]-2,4,4-trimethylhexane (UDMA) and tri-ethylene glycol dimethacrylate (TEGDMA)
[93]. However, the dental materials produced with these monomers are not of antibacterial
nature, which is very important in this biomedical field. Thus, another strategy to design acrylic
hydrogels with desired antibacterial performance consists of adding silver nanoparticles (Ag
NPs). This modification produced a strong antibacterial activity against Escherichia coli and also
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improved the mechanical properties of acrylic resins for dental applications. Such antibacterial
effects were mainly attributed to the release of silver ions upon immersion of the dental com-
posite in water, which appeared to be fairly nontoxic to humans [94]. Poly(methyl methacrylate)
(PMMA) nanofibers containing silver nanoparticles were synthesized by radical-mediated dis-
persion polymerization and also showed enhanced antimicrobial efficacy compared to that of
silver sulfadiazine and silver nitrate at the same silver concentration [95].

Infections are also frequent and highly undesired occurrences after orthopedic procedures.
Besides, the growing concern caused by the rise in antibiotic resistance progressively decreased
the efficacy of such drugs. Thus, in this area, the integration of silver nanoparticles in the poly-
meric mineralized acrylic-based nanocomposites also provides antibacterial activity against
bacteria [96].

The combination of both previous strategies (graphene and Ag NPs) to design antibacterial
hydrogels with good water-maintaining ability is of particular significance to promote the devel-
opment of wound dressing. Thus, a series of hydrogels were synthesized by crosslinking of Ag/
graphene composites with acrylic acid and N,N'-methylene bisacrylamide at different mass
ratios. In this study, prepared hydrogel with an optimal Ag to graphene mass ratio of 5:1 exhib-
ited much stronger antibacterial abilities than other hydrogels and showed excellent biocompat-
ibility, high swelling ratio and good extensibility at the same time. Besides, in vivo experiments
indicated that this nanocomposite hydrogel could significantly accelerate the healing rate of arti-
ficial wounds in rats, and it helped to successfully reconstruct intact and thickened epidermis
during 15 days of healing of impaired wounds [97]. In the same way, acrylic acid (AA) grafted
onto poly(ethylene terephthalate) (PET) film through gamma ray-induced graft copolymeriza-
tion with silver nanoparticles on the surface showed strong and stable antibacterial activity [98].

7. Porosity in scaffolds for tissue engineering

Tissue engineering holds great promise for regeneration and repair of diseased tissues, making
the development of new porous supports as scaffolds for tissue regeneration a topic of great
interest in biomedical research. Hydrogels have emerged as leading candidates for engineered
tissue scaffolds due to of their biocompatibility and similarities to native extracellular matrix.
However, precise control of hydrogel properties such as high porosity, remains a challenge.
Traditional techniques for creating bulk porosity in polymers have demonstrated success in
hydrogels for tissue engineering. However, some problems related to direct cell encapsula-
tion often occur. Emerging technologies have demonstrated the ability to control porosity and
morphology in hydrogels, creating engineered tissues with structure and function similar to
native tissues [99].

The applications of porous materials are nowadays widespread. The interconnection and
geometry of pores, which depend on the tissue to regenerate, physicochemical properties
and mechanical resistance of the material, play in these biomedical applications a major role.
Thus, there are several methods to produce scaffolds, which include gas foaming [100], sinter-
ing fiber meshes [101], solvent casting [102], polymerization in solution [80, 103], porogen
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technique [104, 105], freeze-drying techniques [106, 107], electrospinning [108], 3D printing
[109], 3D bioplotting of scaffold with cells [110], etc. For example, acrylic scaffolds with inter-
connected spherical pores and controlled hydrophilicity with interconnected porous struc-
ture were synthesized using a template of sintered PMMA microspheres of controlled size.
In these scaffolds, the geometric characteristics (pore size, connectivity and porosity) and the
physicochemical properties of the resulting material can be controlled in an independent way.
Copolymerization of hydrophobic ethyl acrylate and hydrophilic hydroxyethyl methacrylate
comonomers in the free space of the template and subsequent solution of the PMMA micro-
spheres gave rise to the scaffold with the designed pore architecture (see Figure 3) [105].

Another example is the novel preparation of gelatin-PHEMA porous scaffolds by freeze-dry-
ing technique, in which morphology was assessed by SEM and p-CT (Figure 4). Four types of
novel hydrogels using different methacrylamide-modified gelatin/2-hydroxyethyl methacry-
late ratios between 1/0 and 1/2 (w/w) (samples from CO0 to C3) were prepared in this study, and
the results indicated that the HEMA content in the initial polymerization mixtures modulates
the architecture of the porous scaffolds from straightforward, top-to-bottom oriented channels
for hydrogels possessing the lowest HEMA content to a complex and dense internal porosity
of the channels in the case of higher HEMA loaded materials. It is important to notice that the
covalently bound gelatin sequences significantly improve the biocompatibility of PHEMA-
based hydrogels, which is very convenient for tissue engineering purposes.

Superporous acrylic scaffolds can also be prepared by the salt-leaching technique using NaCl
or (NH,),SO, as a porogen [111] or with many other porogenic agents such as ammonium
oxalate crystals [112].

By submitting carbon dioxide (CO,) to supercritical conditions (P = 160-260 bar, T = 60°C)
after certain time and then rapidly depressurize, it is also possible to fabricate porous struc-
tures that are related to the supercritical parameters and to the polymer blend composition
[113]. The use of carbon dioxide (CO,) to create such scaffolds has received some attention in
the past. But, many researchers believe that although CO, processing of polymers can lead
to porous scaffolds, there is limited interconnectivity between the pores. However, highly
porous (greater than 85%) and well-interconnected scaffolds were obtained in a blend of
poly(ethyl methacrylate) and tetrahydrofurfuryl methacrylate (PEMA/THFMA) showing
promise for potential applications in cartilage repair [114].

Probably the most sophisticated techniques to produce scaffolds are electrospinning, 3D
printing and bioprinting. Electrospinning is composed of a high-voltage DC power supply,
an infusion pumps and a syringe with a needle tip usually with a diameter of 0.5 mm, and for
example, biodegradable nanofibrous poly(r-lactic acid) (PLLA) scaffolds have been prepared
by this process for use in tissue regeneration [115]. 3D printing promises to produce com-
plex biomedical devices according to computer design using patient-specific anatomical data.
This 3D printing technique has slowly evolved to create one-of-a-kind devices, implants, scaf-
folds for tissue engineering and drug delivery systems among other important applications.
However, several technological limitations, related to the kind of commercially printable
materials available and other technical printing aspects, must still be overcome. The common
3D printing technologies such as three-dimensional printing, fused deposition modeling,
selective laser sintering, stereolithography and 3D Plotting/Direct-Write/Bioprinting, are still
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Figure 3. SEM micrographs of EA/HEMA copolymer scaffolds (30% HEMA) at different magnifications. Reprinted with
permission from Ref. [105].

under deep research for the progress of each technology in tissue engineering. Bioprinting is
the more advanced 3D printing technology because it consists of printing cells combined with
custom 3D scaffolds for personalized regenerative medicine [109].

Mechanical resistance depends both on the material properties and on the interconnected pore
structure of the scaffold. This problem is more serious in the case of porous acrylic hydro-
gels, which exhibit very poor mechanical properties in their swollen state [80]. Therefore, it is
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Figure 4. Morphology of the gelatin-PHEMA porous scaffolds as obtained through u-CT (panels (a)—(c): (a), top view;
(b), bottom view; (c), side view) and SEM (panel (d)) analyses: panel (I), CO; panel (II), C1; panel (III), C2; panel (IV), C3.
Reprinted with permission from Ref. [107].

usually necessary to enhance the mechanical properties of these porous structures by means
of the methods, shown in Chapter 2, with nanomaterials or other techniques. For example,
the use of a hybrid hydrogel nanocomposite of silica/poly(2-hydroxyethyl acrylate) as scaf-
fold material matrix greatly improves the mechanical properties, and the silica phase of the
scaffold was effectively interconnected and continuous, able to withstand pyrolysis without
losing the pore architecture of the scaffold [37].

Other modifications of acrylics such as those of PHEMA with cholesterol methacrylate
(CHLMA) and laminin have been developed in the presence of ammonium oxalate crystals to
introduce interconnected superpores in the matrix in order to design superporous scaffolds
that promote cell-surface interaction [116]. PHEMA has also been modified with laminin-
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derived Ac-CGGASIKVAVS-OH peptide sequences to construct scaffolds that promote cell
adhesion and neural differentiation. With the same goal, nanofiber scaffolds prepared by elec-
trospinning were treated with oxygen plasma and then simultaneously in situ grafted with
hydrophilic acrylic acid to obtain PLLA-g-PAA with a modified surface, which significantly
improved cell adhesion and proliferation [115].

Recent studies of 3D microenvironment comprising fibronectin-coated PMMA/PC-based
multicomponent polymeric systems promoted differentiation of primary human osteoblasts,
which hereby renders a promising tool for tissue-specific in vitro preconditioning of osteo-
blasts designated for clinically oriented bone augmentation or regeneration. Furthermore,
morphogenesis and fluorescence dye-based live/dead staining revealed homogenous cell
coverage of the microcavities, whereas cells showed high viability up to 14 days, and Azur
II staining proved formation of uniform sized multi-layered aggregates, exhibiting progres-
sive intracellular deposition of extracellular bone matrix constituents comprising fibronectin,
osteocalcin and osteonectin from day 7 onwards [117].

Polysaccharide hydrogels have become increasingly studied as matrices in soft-tissue engi-
neering due to their known cytocompatibility. Thus, for example, crosslinkable dextran
methacrylates and hyaluronan methacrylate hydrogels, which are candidates as matrices for
soft-tissue reconstruction, were synthesized, showing that the in vitro degradation behavior
of these kinds of hydrogels could be controlled by the polysaccharide structure and the
crosslinking density. Furthermore, under in vitro conditions, these materials had no cyto-
toxic effects against fibroblasts, and the use of composite gels improved the adherence of
cells [118].

Even though the great advances have been achieved in scaffold design of acrylic-based mate-
rials, much research has to be conducted still in order to find new ways and methods capable
of providing suitable advanced porous materials for tissue engineering applications.
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Abstract

One of the most promising strategies to improve the bioavailability of active pharma-
ceutical ingredients is based on the association of the drug with colloidal carriers, for
example, polymeric nanoparticles, which are stable in biological environment, protec-
tive for encapsulated substances and able to modulate physicochemical characteristics,
drug release and biological behaviour. The synthetic polymers possess unique properties
due to their chemical structure. Some of them are characterized with mucoadhesiveness;
another can facilitate the penetration through mucous layers; or to be stimuli responsive,
providing controlled drug release at the target organ, tissues or cells; and all of them
are biocompatible and versatile. These are suitable vehicles of nucleic acids, oligonucle-
otides, DNA, peptides and proteins. This chapter aims to look at the ‘hot spots” in the
design of synthetic polymer nanoparticles as an intelligent drug delivery system in terms
of biopharmaceutical challenges and in relation to the route of their administration: the
non-invasive —oral, transdermal, transmucosal (nasal, buccal/sublingual, vaginal, rectal
and ocular) and inhalation routes —and the invasive parenteral route.

Keywords: poly(e-caprolactone), poly(lactide-co-glycolide), Eudragit, carbopol,
poly(vinyl alcohol), acrylates, vinyl polymers, methacrylates, drug delivery, route of
administration

1. Introduction

There is no uniform definition of drug delivery systems (DDSs). Generally, a drug delivery system
consists of one or more drug compounds, the technology which carries out the drug(s) inside
of the body (medical device or dosage form) and the drug-release mechanism [1]. According
to the European Pharmacopoeia (Ph. Eur. 8.0; pg.777), conventional-release (or immediate-
release) dosage forms are preparations showing a release of the active substance(s) which
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is not deliberately modified by a special formulation design and/or manufacturing method.
These forms often suffer from some drawbacks in terms of higher dose of the active pharma-
ceutical ingredients (APIs), lower effectiveness, toxicity and adverse side effects. Modified-
release drug delivery systems (MRDDS) have been developed to overcome the disadvantages
of the conventional-release dosage forms. They could provide increased efficacy of the API
and decreased toxicity/side effects, controlled and/or site-specific delivery, enhanced conve-
nience, lower healthcare cost and better patient compliance.

Roughly, the drug substances suffer from two major problems: solubility and permeability.
These two characteristics are responsible for the drug bioavailability upon oral administration
and are the basis used to classify the APIs into four fundamental classes; a methodology known
as the Biopharmaceutical Classification System (BCS), launched by Amidon and co-workers [2].
One of the most promising strategies to improve their bioavailability is based on the association
of API with colloidal carriers, for example, polymeric nanoparticles (NPs), which are stable in
biological environment, protective for encapsulated substances and able to modulate physi-
cochemical characteristics, drug release and biological behaviour. Particular attention has to
be paid to NPs made by synthetic polymers. These polymers possess unique properties due
to their chemical structure, the type of the functional groups in the molecule, the degree of
polymerization, the method of synthesis etc. [3-9]. For example, acrylates are pharmacologi-
cally inactive and due to their film-forming characteristics, these possess a good compatibility
with mucosal membranes. Some of them are insoluble at physiological pH values and capable
of swelling as opposed to the others, pH-responsive polymers, which are soluble only at pH
6—7. Those of them which are polycationic polymers are characterized by better mucoadhe-
sive properties [10]. Furthermore, these are suitable vehicles of nucleic acids, oligonucleotides,
DNA, peptides and proteins [11]. Aliphatic polyesters, such as poly(e-caprolactone) (PCL),
poly(lactic acid) (PLA) and their co-polymers, are the most exploited polymers because of their
biodegradability, biocompatibility and versatility [12-14].

This chapter aims to look at the ‘hot spots” in the design of synthetic polymer NPs as an intelli-
gent drug delivery system in terms of biopharmaceutical challenges and in relation to the route
of their administration: the non-invasive —oral, transdermal, transmucosal (nasal, buccal/sub-
lingual, vaginal, rectal and ocular) and inhalation routes—and the invasive parenteral route.

2. The challenge: synthetic-based polymeric drug delivery systems and
routes of administration

For the preparation of an optimal therapeutic DDS, the following knowledge is required: (i)
the physiological characteristics of the organ and tissues in which the API will be absorbed,
(ii) the mechanism of absorption and the degree of loss of the API in the biological layers
before absorption, (iii) the influence of the properties of the active substance and the drug
formulation on the process of absorption and (iv) the possibility of enhancing the bio-
availability in the biological tissues and increasing the therapeutic activity of the API, by
using appropriate technological approaches to create a stable, tolerable and effective drug
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formulation. NPs possess an incredible potential to be the most effective DDS. These can (i)
protect the drug from the hazardous environment, (ii) affect its solubility in the biological
medium, (iii) improve its permeability through the biological membranes, (iv) provide a
target drug delivery, (v) permit the administration of a lower dose, (vi) enhance the drug
bioavailability, (vii) reduce the systemic side effects and drug toxicity and (viii) ensure a high
patient compliance.

2.1. Nanoparticle drug delivery systems obtained from synthetic polymers for oral
administration

Oral route of drug administration is preferred by the patients. Therefore, these dosage forms
are always in the researchers’ focus. It is well known that if a drug to be absorbed in the body,
it should have to be in the soluble state. This is particularly true for the oral drug administra-
tion. Let us look at what kind of technological problems can create the APIs from different
classes of BCS.

Class I: The drug substances which are characterized with both high solubility and high per-
meability fall in this class. Usually, they do not have bioavailability problems because they
dissolve fast and quantitatively, and are readily taken up by intestine. A very fast increase
in blood plasma levels is observed for these APIs. But sometimes, from a pharmacokinetic
perspective, slower and longer lasting action would be desirable. Polymer-based nanoparticle
formulations that deliberately retard drug dissolution are an option for driving the kinetics in
the direction of prolonged-release systems.

Class II: Class II APIs represent the largest class of substances in today’s drug delivery pipe-
lines. These drugs easily penetrate the relevant physiological barriers but suffer from poor
solubility in the aqueous body fluids. There are three main technological approaches to over-
come this issue, such as the usage of surfactants, complex formation and nanotechnology. The
application of the last one is being discussed later in this chapter.

Class I1I: These APIs are soluble in the aqueous body fluids, but suffer from low permeability.
Most likely they will be excreted without exercising a physiological effect. The use of selective
penetration enhancers is a mechanism that can increase the permeation of molecules through
the gastrointestinal wall.

Class IV: The drugs falling in this class suffer from both low solubility and low permeability.
However, in such cases, prodrugs with enhanced dissolution and permeability that will be con-
verted into active agents under physiological conditions are certainly a possibility to consider.

In this regard, the usage of nanoparticle-based DDSs can be a very promising approach in two
opposite directions: (i) To modulate drug dissolution (Class I) in order to achieve desired release
kinetics and prolonged release and (ii) to improve the solubility of poorly water-soluble drugs
(Class II) which represent the main group of APIs [15-17]. Synthetic-based polymer NPs may
solve these problems for the oral delivering of proteins and vaccines. These are promising
candidates as drug- and gene-carriers, and could be an elegant approach to cancer-targeted
drug delivery.
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On the other hand, another challenge of the oral delivery is a result of the obstacles presented
by the gastrointestinal tract (GIT) namely, exposure to a wide range of pH environments,
enzymatic degradation and poor permeability across the intestinal epithelium. Polymeric
NPs could be a very promising approach to provide enhanced drug stability to overcome
the mucus barrier (mucus-penetrating biopolymers) or to interact with the intestinal mucus
layer (mucoadhesives) increasing the residence time and contact with the epithelium, and to
ensure target drug delivery. As a result, an increased concentration of released APIs at the site
of absorption could be achieved [18].

The diabetes mellitus is a socially significant disease which affects many people and
will increase to 438 million worldwide by the year 2030, according to the World Health
Organization (WHO) [19, 20]. Insulin therapy is the best choice for the clinical management
of type I diabetes mellitus but its subcutaneous administration leads to a poor patient compli-
ance. Oral route could be preferable but insulin cannot be well absorbed orally because of its
rapid enzymatic degradation in the GIT. Polymer NPs have huge potential for the effective oral
delivery of insulin. According to Alai et al. [20], polymeric NPs and micelles could provide
better drug stability in the harsh GIT environment and enhanced drug transport ability. It
could be ensured by biocompatible polymers with mucoadhesive and absorption-enhancing
properties (e.g. Eudragit L100-55 and Eudragit S100, poly(lactide-co-glycolide) (PLGA), PCL,
alginate, chitosan and dextrane).

Recently, Gutjahr et al. [21] have highlighted the potential application of biodegradable poly-
meric NPs-based vaccine adjuvants for lymph nodes targeting. The authors have presented
the different PLGA, PLA and PCL-based nanoparticulate adjuvants as innovative systems,
capable of co-delivering immunopotentiators and antigens which may (i) enhance the drug
delivery, (ii) increase the persistence into lymph nodes and promote a mature immune
response and (iii) direct the response to a specific antigen and allow the induction of a cyto-
toxic immune response. This approach could be very promising to limit the spread of diseases
caused by HIV, Chlamydia trachomatis and Bacillus anthracis.

Ma et al. [22] have developed a novel delivery approach for tumour antigenic peptides in
order to elicit enhanced immune responses using PLGA-NPs encapsulating tumour antigenic
peptides. They have found that human dendritic cells (DCs) loaded with PLGA-NPs encap-
sulating a peptide cocktail induced a significantly stronger antigen-specific T lymphocytes
response in comparison with those including free peptide. The PLGA-NPs loaded with a 63
times lower peptide dose showed more prominent antigen-specific T lymphocytes response
in vivo than that emulsified in incomplete Freud’s adjuvant.

Biomaterial-based nanoparticulate delivery systems that encapsulate a plasmid DNA repre-
sent a better strategy for DNA vaccine delivery compared to those delivered as naked plasmid
DNA due to their degradation and inefficiency [23]. The PLA-poly(ethylene glycol) (PLA-
PEG) NPs containing a high loading of plasmid DNA in a free form or co-encapsulated with
either poly(vinyl alcohol) (PVA) or poly(vinyl pyrrolidone) (PVP) have been prepared by dif-
ferent techniques [24]. The researchers have found that plasmid DNA can be very efficiently
encapsulated into PLA-PEG NPs and, depending on the processing conditions, these NPs
release plasmid DNA either very rapidly or in a controlled manner. Furthermore, NPs-in-
microsphere oral system (NiMOS) for gene delivery and transfection in specific regions of
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the GIT has been developed and evaluated [25]. Plasmid DNA has been encapsulated in type
B gelatin NPs. NiMOS have been prepared by further protecting the DNA-loaded NPs in a
PCL matrix to form microspheres. The results of biodistribution studies showed that NiMOS
resided in the stomach and small intestine for relatively longer duration. After 5 days of post-
oral administration, the authors have observed transgene expression in the small and large
intestine of rats. Based on these results, NiMOS could be considered as a potential gene deliv-
ery vehicle for therapeutic and vaccination purposes.

Environmentally responsive biomaterials are commonly used to achieve controlled drug
release in the GIT [26, 27]. The pH-responsive polymers (e.g. Eudragit), mucoadhesives (e.g.
carbopol), enzyme-responsive (e.g. guar gum) and pressure-sensitive polymers (e.g. PEG-
ethylcellulose) are frequently incorporated into nanoparticle-loaded microdelivery devices to
improve oral drug delivery [28].

Recently, a class of lipid-like materials termed ‘lipidoids” (synthesized by the Michael addi-
tion of alkyl-amines to alkyl-acrylates) have been shown as potential delivery systems of
siRNA to the liver and immune cells [29]. The authors established that a single 10 nM dose
of siRNA-loaded lipidoid NPs depressed GAPDH mRNA expression for a week and pro-
vided powerful, dose-dependent and stable gene silencing in Caco-2 cells. Moreover, they
found no significant induction of cytotoxicity in cells or changes in intestinal barrier function.
In this regard, the potential of lipidoid NPs for the treatment of intestinal disorders can be
emphasized.

The investigations presented above are just a few examples that strongly suggest the enor-
mous potential of polymeric-based NPs as DDSs for oral administration directing to improve
the bioavailability of APIs.

2.2, State-of-the-art topical and transdermal drug delivery nano-carriers

Skin is the largest organ in the human body and it acts as a permeation barrier, mainly due to
the stratum corneum which is a part of its structure. On the other hand, this large area could be
used as a unique delivery pathway for APIs. They can penetrate (i) into skin strata providing
topical drug delivery and (ii) through subcutaneous tissues and pass into systemic circulation
providing transdermal delivery. It is well known that only APIs characterized by moderate
lipophilicity and molecular weight less than 500 Da are able to permeate the stratum corneum
and penetrate into deeper layers of the skin. Passive and active permeation enhancement
methods have been widely applied to increase the skin penetration. Zhang et al. [30] have pre-
sented in depth the permeation enhancement methods as well as the major challenges for the
treatment of various dermatological diseases. They have put the focus on the penetration of
ultra-small NPs into skin strata, the targeted delivery of the encapsulated APIs to hair follicle
stem cells, and the combination of NPs and microneedle array technologies for special appli-
cations, such as vaccine delivery. Recent literature has demonstrated that NP-based DDSs
for topical application can be very successful due to the chemical and physical protection of
drug used, controlled release, and cell and tissue-specific targeting [11, 31-33]. These systems
combine the advantages of both the nanosized drug carriers and the topical approach, and
are promising for the treatment of various skin diseases providing a high patient compliance.
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A few studies have described the successful application of tyrosine-derived nanospheres
(ThyroSpheres™) as DDSs of lipophilic molecules like paclitaxel and Vitamin D3 [30, 34, 35].
These polymeric nanospheres provide sustained drug release, improve the skin delivery and
enhance the chemical stability of drug used. In another study, Batheja et al. [36] have inves-
tigated a gel formulation (carbopol and hydroxypropyl methylcellulose (HPMC)) containing
tyrosine-derived nanospheres. The authors have found that dispersion of Nile Red-loaded
nanospheres in 1% w/v HPMC gel (i) did not show any short-term cellular toxicity or tissue
irritation, (ii) the deposition of Nile Red via the nanosphere gel in the upper and lower dermis
has been 1.4- and 1.8-fold higher, respectively, than the amount of Nile Red deposited via an
aqueous nanosphere formulation and (iii) Azone (0.2 M) incorporation into nanosphere gel
formulation led to a 1.4-fold additional increase of drug deposition in porcine stratum corneum
and epidermis. In this regard, ThyroSpheres™ dispersed in gels could provide improved top-
ical delivery of lipophilic drugs and agents for personal hygiene.

Pharmacokinetics and anti-inflammatory effect of a novel carbopol 934 gel system contain-
ing ketoprofen-methylcellulose solid NPs have been studied by Nagai et al. [37]. The authors
have established that the penetration rate (Jc) and penetration coefficient through the skin
(Kp) values of the ketoprofen-NP-loaded gel have been significantly higher than those of gel
containing ketoprofen micro-particles as well as apparent absorption rate constant (ka), area
under the curve (AUC) and the amounts of the drug in the skin of rats have also been signifi-
cantly higher than those of rats receiving the ketoprofen micro gel. These findings suggest
that the topical DDS using NPs could lead to an expansion in the therapeutic use of the drug.

Methyl methacrylate copolymers (Eudragit®) have been exploited to develop transdermal
patches, medicated plasters (hereinafter patches), film-forming sprays, microsponges and
NPs intended to be applied on the skin. Cilurzo et al. [38] have reviewed the information
regarding the application of Eudragits in the design and development of these dosage forms
focusing on the impact of formulative variables on the skin drug penetration and the patch
adhesive properties. The authors have reported that a strict connection between the matrix
hydrophilicity and drug penetration probably exists. Moreover, micro- and nano-systems
exploiting the ionizable nature of some Eudragits can offer novel opportunities to develop
pH-sensitive DDSs suitable for triggering its release onto the skin.

Transcutaneous immunization is a promising vaccination strategy for the treatment of
infectious diseases and cancer. Rancar et al. [39] have studied PLA and polystyrene (PS)
particle-based antigen (HIV-1 p24 protein) delivery across partially disrupted skin barrier
(cyanoacrylate skin surface stripping). The authors have established that the polymer particles
targeted HIV-1 p24 protein to the hair follicles and it has been found in skin cells, especially in
Langerhans cells and dermal DCs after diffusion of p24 protein to the epidermis and dermis.
The researchers have concluded that particle-based antigen delivery across partially disrupted
skin barrier is a feasible and effective approach to needle-free transcutaneous vaccination.

Microneedle skin patches represent an attractive technology for non-invasive transcutaneous
delivery of vaccines. These DDSs use the accessibility and proven immune competence of the
skin for enhanced immunity. They mimic several aspects of cutaneous pathogen invasion by
targeting antigen to skin-resident DCs and triggering local inflammatory responses in the
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skin, which are correlated with enhanced immune responses. DeMuth et al. [40] have tested
whether the control over vaccine delivery kinetics can enhance the immunity through further
mimicry of the kinetic profiles presented during natural acute infections. The authors have
prepared microneedles which consist of a silk tip and a poly(acrylic acid) (PAA) base. The skin
application of microneedle patches to deliver a vaccine with improved release kinetics led to
>10-fold increases in antigen-specific T cell and humoral immune responses compared to the
traditional parenteral immunization.

2.3. Synthetic-based nano- and micro-particles intended for transmucosal drug delivery

Transmucosal routes of drug delivery include transport across the nasal, rectal, vaginal, ocular
and oral cavity mucous membranes, and offer distinct advantages over oral administration for
systemic drug delivery. The main advantages of this route include a possible circumvention of
first-pass effect and avoidance of pre-systemic elimination within the GIT.

2.3.1. Intranasal nanoparticle-based drug delivery systems

Different approaches to improve the nasal drug bioavailability have been described in the
scientific literature. The strategies are limited to (i) enhancing the nasal absorption, (ii) modi-
fying the structure of the drug and the physicochemical properties and (iii) increasing the
residence time. Polymeric nano- and micro-particles can reduce the processes of drug deg-
radation by chemical derivatization or covalent bonding and increase the residence time on
the mucous membranes. These DDSs may include in addition enzyme inhibitors, promoters
of absorption and/or mucoadhesive polymers in order to increase stability, membrane per-
meability and retention time in the nasal cavity. The intranasal route is successfully used for
drug delivery of low molecular weight APIs with non-peptide structure, peptides (insulin,
calcitonin and thyroid hormones), vaccines and direct delivery in the central nervous system.

Intranasal delivery seems to be a promising approach for drug delivery across the blood-
brain barrier (BBB) to the brain, providing a significant advantage over currently used strat-
egies without damaging the BBB. Alzheimer’s disease is a socially significant neurological
disorder that results in cognitive and behavioural impairment. It affects many people all over
the world and their number increases rapidly. Fonseca-Santos et al. [41] have presented an
extended review about the significant benefits that intranasal polymer nanoparticle-based
DDSs could ensure in the treatment of this disorder. Polymeric NPs (quinoline-n-butyl cyano-
acrylate-based NPs, rivastigmine-loaded poly(n-butyl cyanoacrylate NPs) coated with poly-
sorbate 80 and polysorbate 80-coated solid lipid NPs have been used for both diagnostic and
treatment of Alzheimer’s disease.

Although the results presented by Zhuang et al. [42] suggest that intranasal delivery of an
anti-inflammatory agent, such as curcumin, and the anti-Stat3 agent, JSI-124, provides a
promising non-invasive approach for the treatment of brain inflammatory-related diseases,
such as malignant gliomas, biosafety considerations have been challenging. Recently, the
researchers have developed a grapefruit-derived nanovector hybrid with polyethylenimine
(pGNV) for effective intranasal delivery of miRNA to the brain [43]. The authors have found
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that the hybrid not only enhanced the capacity to carry RNA but also eliminated the toxicity
of the polyethylenimine. Enhanced targeting has been further achieved by coating pGNVs
with the tumour targeting moiety, folic acid.

The use of polymeric carriers for drug delivery to the brain via the nose-to-brain route holds
great promise, on the basis of pre-clinical research and clinical data. On the other hand, a
strict toxicity assessment of NPs regarding to the morphology and functions of nasal mucosa,
the target drug delivery and the biopharmaceutical characteristics and pharmacokinetics of
NPs is needed before these find a clinical utility [44]. The regulatory agencies recommend the
implementation of ‘Quality by Design’ (QbD) and the process optimization for the product
development to produce a safe and effective intranasal DDS. The characteristics of the NPs,
such as particle size, size distribution, particle shape, surface chemistry and structure are
crucial for nanoparticle uptake by the nasal mucosa and will determine the therapeutic effect
and possible toxicity.

The PLGA has been widely explored for preparation of polymeric NPs and is well reported for
its mucoadhesive properties, improved drug stability and enhanced entrapment efficiencies.
Lorazepam-loaded PLGA-NPs have been formulated using a nanoprecipitation approach
[45]. This DDS showed controlled lorazepam release and potential outcome which have been
optimized using 4-factor, 2-level Box-Behnken design.

Furthermore, stimuli responsive polymers have been widely exploited as nasal DDSs. These
smart polymers possess liquid state at room temperature and in response to the nasal tem-
perature, pH and ions present in mucous, can undergo in situ gelation in the nasal cavity.
These are able not only to enhance the drug retention in the nasal cavity but also to provide
controlled release, ease of administration, enhanced drug permeation and protection of the
drug from mucosal enzymes. Some of the aspects of the stimuli responsive polymers and
their gelling mechanisms have already been discussed [46]. Thermoresponsive polymers (e.g.
poloxamer 407) and combination thereof with mucoadhesive carbomers, chitosan and cellu-
lose derivatives are widely used to improve the drug bioavailability. For example, to improve
the intranasal absorption of plasmid DNA, Park et al. [47] have designed delivery systems
composed of in situ gelling poloxamers and mucoadhesive polycarbophil or polyethylene
oxide (PEO) polymers. The authors have found that at 3 h post-dose, the nasal tissue levels of
plasmid DNA given in poloxamer/polycarbophil and poloxamer/PEO 0.8% have been 10- and
40-fold higher relative to saline. These findings have indicated the safety and effective utiliza-
tion of in situ gelling and mucoadhesive polymers for intranasal plasmid DNA delivery.

In another study, Nakamura et al. [48] have formulated mucoadhesive pH-sensitive budesonide
micro-particles of poly(methacrylic acid) and PEG for nasal delivery. Following nasal adminis-
tration of the budenoside-loaded polymeric micro-particles, the peak plasma concentration has
been reached in about 45 min, and the concentration in plasma remained constant for a mini-
mum of 8 h compared to intravenous drug administration where the plasma concentration
peaked immediately and decreased rapidly over the next 4 h. Thus, intranasally administered
budesonide-polymer DDS possesses enhanced durability of the drug concentration in plasma.
Furthermore, polyvinyl acetal dimethyl aminoacetate pH-sensitive gel has provided controlled
release of chlorpheniramine maleate and tetrahydrozoline hydrochloride incorporated [49].
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All the experimental results presented above disclose the huge potential of the intranasal
route for drug administration especially using polymeric-based nano- and micro-particle
DDSs. The considerations according to their biosafety, the quantity of API administered
nasally that will be transported directly from nose to the target tissues and the mechanism of
this transport should be estimated.

2.3.2. Rectal and vaginal route of drug delivery

Towards the development of vaginal DDSs, the most often used polymers are PCL, PLA,
PLGA, poly(methyl methacrylate), PS etc. They may incorporate low molecular weight APIs
as well as nucleic acids for the prevention of viral infections, responsible for genital herpes,
AIDS and cervical carcinoma. Usually, these polymers possess good mucoadhesiveness and
thereby increasing the residence time, they provide a higher bioavailability. The efforts are
aimed at creating muco-penetrating NPs for vaginal and rectal administration [50]. For exam-
ple, different surface-engineered PCL NPs have been designed to modulate the permeability
and retention of dapivirine (microbicide against HIV/AIDS) in vaginal and rectal mucosa [51].
The results presented demonstrated that PEO-modified PCL NPs are very suitable carriers for
vaginal and rectal delivery of microbicides due to their ability to modify drug permeability
and retention in mucosal tissues.

An even greater challenge is the use of so-called ‘gene silencing’ in the treatment of vaginal infec-
tions and carcinomas. Woodrow et al. [50, 52] have provided significant evidence that siRNA
complexes could be successfully delivered by PLGA-NPs, providing sustained gene silencing in
the female reproductive tract. Later, Steinbach et al. [50, 53] have showed that siRNA delivery
via PLGA-NPs could provide protection against vaginal infection. Furthermore, these results are
further evidence that siRNA-loaded PLGA-NPs may provide vaginal protection from sexually
transmitted infections with improved safety compared to conventional siRNA delivery vehicles.

Nanofibres have various applications, one of which is drug delivery, especially in local che-
motherapy. Recently, drug-loaded ultrafine fibres have been used in local chemotherapy of
cervical cancers. Biodegradable PLA fibre mats loaded with paclitaxel showed strong inhibi-
tion of xenograft Ul4 cervical cancer [54]. In another study, in vivo trials of cisplatin-loaded
PEO/PLA composite electrospun nanofibres demonstrated enhanced anti-tumour efficacy
with better systemic safety than the intravenous injection group [55]. This indicates the ben-
efits of localized delivery over systemic delivery. Ordikhani et al. [56] have summarized some
of the recent research in systemic and localized DDSs and compared the advantages and
disadvantages of these methods in the treatment of cervical cancer.

Yoo et al. [57] have reported the development of pH-responsive NPs prepared from Eudragit®
S-100 that are characterized by low encapsulation efficiency for hydrophilic compounds
(26%) compared to hydrophobic compounds (71%). Burst release occurred at pH 7.4 in the
range expected when semen contacts vaginal mucus because this formulation has been
made of pH-sensitive polymer. The pH-sensitive NPs would be a promising carrier for the
vaginal-specific delivery of various therapeutic drugs including microbicides and peptides or
proteins.
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For inflammatory bowel disease treatment, local delivery of molecules loaded in NPs to the
inflamed colon could be a promising strategy. Mucoadhesive and pH-sensitive ovalbumin
(OVA)-loaded NPs as well as NPs for sustained drug delivery have been obtained from tri-
methylchitosan (TMC), Eudragit® S100 and a polymer mixture (PLGA, PEG-PLGA and
PEG-PCL), respectively, for a target colon delivery to the inflamed tissues [58]. Mannose or
a specific peptide has been grafted on the PEGylated NPs to ensure the target drug deliv-
ery. The TMC NPs had the highest apparent permeability for OVA in the untreated model.
However, in the inflamed model, there was no difference between TMC, PLGA-based and
Eudragit® NPs. Mannose-grafted PLGA-NPs showed the highest accumulation of OVA in
inflamed colon. Based on these results, active targeting of macrophages and DCs may be a
promising approach for targeting the colon in inflammatory bowel disease.

2.3.3. Recent advances in ophthalmic nanoparticulate drug delivery carriers

Prospects for the application of polymeric micro- and nano-carriers as DDSs in ophthalmic
preparations are related to an improved solubility of less soluble drugs, a controlled release,
a targeted transport and an enhanced chemical stability in order to increase efficiency and
reduce side effects, overcoming physiological barriers and delivery of APIs to the posterior
segment of the eye, wherein the penetration is usually hampered [59-67]. An important fea-
ture of ophthalmic DDSs is the ability of retention in the ocular tissues. In this regard, the
characteristics of polymers like mucoadhesivness and option for modelling of their surface
properties are crucial. Synthetic-based polymer NPs obtained by polyacrylates, polymethyl-
metacrylates, polyalkylcyanoacrylates and polyvinyl acetates (PVAc), PCL, PLA, PLGA etc.
meet these basic features and their properties as DDSs can be modified [59-66]. Giannavola
et al. [67] have found that both, uncoated and PEG-coated acyclovir-loaded PLA NPs, char-
acterized with sustained drug release have been well tolerated, but PEG-coated NPs have
shown greater efficacy compared to uncoated NPs. A great number of studies, related to
the preparation of nanoparticulate DDSs that provide a good retention and sustained drug
release, can be found in the scientific literature. There are examples like indomethacin-loaded
PVAc/carbopol NPs, indomethacin-loaded PVAc/chitosan NPs, pilocarpine-loaded chitosan/
carbopol NPs, rapamycin-loaded chitosan/PLA NPs, gatifloxacin/prednisolone-loaded NPs
of Eudragit RS100 and RL100 coated with hyaluronic acid, sparfloxacin- and levofloxacin-
loaded PLGA-NPs, etc. [61, 62, 68-72]. Generally, the authors have concluded that the use
of this kind of polymers leads to increased pre-corneal residence time and improve the drug
penetration across the cornea. As previously mentioned, these nanoparticulate DDSs provide
enhanced drug stability, increased residence time, better bioavailability in ophthalmic tissues,
controlled release and good biotolerability.

In the past few years, a variety of novel stimuli responsive ophthalmic DDSs have been
reported. The combination of NPs and in situ gel has been developed [73, 74]. It is known
as ‘nanoparticle laden in situ gel’. In an extensive review, Kumar et al. have described every
aspect of this novel formulation [75]. The polymeric nanoparticle-loaded in situ gel provides
a sustained and prolonged release. Biodegradable and water-soluble polymers make them
more acceptable and excellent DDSs. These in situ activated gel-forming systems seem to be
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favoured as they can be administered in a drop form and produce considerably less blurred
vision. Owing to its control of drug release, the dosage form is more acceptable by the patients
and thus increases the patient compliance [75].

The bioavailability of ophthalmic drugs can be improved by soft contact lenses-based oph-
thalmic DDSs. For example, the cross-linked NPs based on PCL, 2-hydroxyethyl methacrylate
(HEMA) and poly-ethylene glycol diacrylate (PEG-DA) have been prepared by surfactant-
free mini emulsion polymerization. The lens material has been prepared through photopo-
lymerization of HEMA and N-vinylpyrrolidone (NVP) using PEG-DA as cross-linker. NPs
and hydrogel showed high viability, indicating the absence of cytotoxicity and stimulatory
effect. The drug-release studies revealed that the hydrogel embedded with NPs released the
loteprednol etabonate for a period of 12 days [76].

Many polymeric systems have been used to fabricate ocular inserts to improve ocular bio-
availability and drug retention. The inserts have shown some advantages like reduced dosing
frequency and increased corneal residence time. For example, a cross-linked and Eudragit
RL-100-coated ocular insert of gatifloxacin provides better in vitro drug release and sustained
up to 11 h [77]. Recently, Thakur et al. [78] have prepared bioerodable insert of azithromycin
in order to prolong the release time and improve the ocular availability in ophthalmic infec-
tions. The model comprising of 1.5% HPMC and 3% Eudragit RL100 has been found to be
optimized formulation on the basis of uniformity of thickness and weight, surface pH, folding
endurance, percentage moisture loss, percentage moisture absorption, drug content, in vitro
release, AUC for in vitro and in vivo release which have been higher than pure drug and shelf
life. Furthermore, better ocular tolerability has been found.

GrayBug's controlled release technologies are based on proprietary biodegradable drug-
loaded PLGA-NPs, micro-particles and injectable implants providing extended release of
small to large molecules for intraocular applications to treat neovascular diseases, such as
age-related macular degeneration (AMD), diabetic retinopathy and glaucoma [79].

The Particle Replication in Non-wetting Templates (PRINT) technology offers a unique ability
to reproducibly fabricate particles of virtually any size, shape, chemistry, surface functional-
ity, modulus and porosity. Additionally, PRINT has been shown previously to be broadly
compatible with a wide range of biodegradable polymers (e.g. PLGA) and molecular enti-
ties including small molecules, nucleic acids, enzymes and therapeutic monoclonal antibod-
ies [80]. The unique flexibility of PRINT has been used to develop biodegradable nano- and
micro-particle suspensions and biodegradable implants for extended drug delivery into the
eye. Such products are ENV515 intra-cameral extended-release prostaglandin analogues and
ENV705 extended-release anti-VEGF formulation for AMD therapy. In the ENV705 implant, a
trehalose/bevacizumab mixture is dispersed within a polyglycolic acid matrix allowing drug
release of effective concentrations over 3—6 months [81].

The use of NPs in ophthalmic formulations can solve most of the problems of drug deliv-
ery, mainly related with low bioavailability in the target eye tissues. Mucoadhesive, mucus-
penetrating NPs or nanoparticle-loaded in situ gelling systems may significantly increase the
pre-corneal residence time and ocular penetration, thus improving the drug bioavailability.
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The undeniable advantages that these systems provide, as a sustained drug release, a reduced
administration frequency and a higher patient compliance, give us grounds to believe that in
the next few years, some of them will find their place on the ophthalmic market [82].

2.3.4. Buccal/sublingual route of drug administration

The buccal cavity has a very limited surface area (around 50 cm?) but the easy access to the
site makes it a preferred location for delivering APIs. Buccal route of drug administration is
used for the treatment of local diseases of the oral cavity as well as for achievement of sys-
temic effect by avoiding hepatic first-pass metabolism. The sublingual mucosa is relatively
more permeable than the buccal mucosa due to the presence of a large number of smooth
muscle and immobile mucosa. Therefore, sublingual formulations are designed to release the
APIs quickly. The buccal cavity is more suitable for mucoadhesive DDSs and the API could
be released in a controlled manner. Bioadhesive micro- and NPs offer more advantages com-
pared to conventional buccal tablets due to their high surface area which allows them to make
contact with a larger mucosal surface. The polymers used to prepare these systems must meet
the following requirements, such as rapid attachment to the mucosal surface, maintaining a
strong interaction which prevents any displacement and the bioadhesion performance should
not be impacted by surrounding environmental pH. The various mucoadhesive polymers
used for the development of buccal DDSs include cyanoacrylates, PAA, sodium carboxymeth-
ylcellulose, hyaluronic acid, hydroxypropyl cellulose, polycarbophil, chitosan and gellan [83].

For example, nanofibre-based mucoadhesive films were invented for oromucosal adminis-
tration of drug- and vaccines-loaded nano-carriers [84]. The mucoadhesive film consists of
(i) an electrospun nanofibrous reservoir layer where the NPs can be reversibly adsorbed or
they can be deposited in the pores between the nanofibres, (ii) a mucoadhesive film layer
and (iii) a protective backing layer. After mucosal application, nanofibrous reservoir layers
are intended to provide prolonged release of NPs into the submucosal tissue. To prove this
concept, trans-/intra-mucosal and lymph-node delivery of PLGA-PEG NPs has been demon-
strated in a porcine model. This system can mainly be used for sublingual immunization and
the development of “printed vaccine technology’.

Carvedilol nanosuspension has been loaded into mucoadhesive buccal films containing three
similar layers: mucoadhesive layer, nanosuspension-containing layer and backing membrane
[85]. Carvedilol-loaded nanosuspension has been prepared by a precipitation-ultrasonication
method with PVA. Nanosuspension incorporated drug-gel layer was optimized to contain 3%
HPMC and 50 mg carbopol 934P. The authors have suggested that the increased relative bio-
availability of the obtained formulations was due to the increased surface area of carvedilol
and by-passing the hepatic metabolism.

Sapre and Parikh have formulated polymeric NPs-based mucoadhesive system intended for
oral mucosal delivery of fluoxetine hydrochloride [86]. In this study, the drug has been encap-
sulated into poly(methyl vinyl ether/maleic anhydride) (Gantrez MS-955) mucoadhesive NPs.
This buccal mucoadhesive system comprising a fluoxetin-loaded NPs layer and an ethyl cellu-
lose layer has been characterized by by-pass first-pass effect, with relatively rapid onset, higher
absorption and sustained release effect to increase bioavailability compared to oral absorption.
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In another study, Al-Dhubiab has designed and evaluated zolpidem-loaded PLGA nano-
spheres-impregnated buccal films to prolong the duration of its action [87]. Zolpidem nano-
spheres have been loaded into mucoadhesive films composed of different concentrations
of HPMC K100, Eudragit® RL100 and carbopol 974P. The prepared films showed adequate
mucoadhesive strength and excellent physicomechanical strength. The results of the in vitro
drug-release tests have depicted the potential of the films to provide extended drug release,
while ex vivo studies have justified the potential of the nanospheres to permeate across the
buccal membranes at a controlled rate. Furthermore, in vivo the studies have reinforced find-
ings from the in vitro and ex vivo studies, demonstrating prolonged release and enhanced
bioavailability of zolpidem.

Mucoadhesive drug delivery will play an even more important role in delivering of a large
number of molecules: new drug molecules due to drug discovery and well-known APIs,
which suffer from low solubility, poor bioavailability or chemical instability.

2.4. Nanoparticle-mediated pulmonary drug delivery

The pulmonary route, as a non-invasive method of drug administration for both local and
systemic delivery of APISs, is preferable for APIs acting on pulmonary diseases and disorders.
Additionally, this route offers many advantages, such as high surface area with rapid absorp-
tion due to high vascularization and circumvention of the first-pass effect [88]. The challenges
for the pulmonary drug delivery are related with three main clearance mechanisms namely
(i) pulmonary clearance, (ii) enzymatic degradation and (iii) rapid systemic absorption. As a
result, the inhaled drugs exhibit low bioavailability in the lungs. It is well known that the par-
ticulate-based DDSs could solve the problem with drug bioavailability providing (i) drug pro-
tection from enzymatic degradation, (ii) evade pulmonary clearance, (iii) target drug delivery
to the desired site at the lungs, (iv) controlled drug release, (v) reduce dose frequency, (vi)
maximize the therapeutic efficiency and (vii) minimize side effects [89].

For therapeutic purposes, the most commonly used synthetic polymers include PLA, PLGA
and PCL. These polymers have numerous advantages mentioned above. Furthermore, several
factors, such as aerodynamic diameters, shape and surface properties of these polymer car-
riers can be tailored and optimized to obtain a particulate-based DDS with high therapeutic
efficiency. In an extensive review, El-Sherbiny et al. [89] have presented the factors influenc-
ing pulmonary drug deposition and bioavailability as well as the significance of particulate-
based pulmonary drug delivery.

For example, rifampicin-loaded PLGA microspheres with adequate aerodynamic proper-
ties for lung delivery as aerosols have been recently formulated and studied in vitro [90].
The solvent evaporation method with premix membrane homogenization has been applied,
with class-3 ethyl acetate as organic solvent, to produce narrowly size-distributed rifampicin-
loaded PLGA microspheres for sustained lung delivery as aerosol.

Recently, the development and in vitro characterization of PLGA microspheres loaded with
totarol (an antibacterial natural drug) for the treatment of long-term bacterial infections has
been presented [91]. Moreover, pitavastatin-loaded PLGA-NPs have been designed for the
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treatment of pulmonary artery hypertension [92]. The authors observed delivery of NPs into
alveolar macrophages and small pulmonary arteries for up to 14 days after a single intra-
tracheal administration. The PLGA nanoparticulate-mediated drug delivery has been more
effective than systemic administration of pitavastatin, attenuating the development of pul-
monary artery hypertension. In addition, treatment with pitavastatin-NPs 3 weeks after
monocrotaline injection induced regression of pulmonary artery hypertension and improved
survival rate.

The NPs possess sizes that allow them to be easily inhaled and to reach the deep lung. On
the other hand, according to the same reason, these could be exhaled. The ideal particle sizes
for the pulmonary alveoli administration are between 2 and 5 pm. The Trojan micro-particles
contain drug-loaded NPs. These systems offer a compromise between the range of NPs with
their main advantages and the benefits which provide micro-particles. Anton et al. [93] have
presented the physical principles and experimental procedure involved in the fabrication of
these unique systems and their impact on drug delivery and release kinetics. The authors have
paid particular attention to the biopharmaceutical application of the Trojan micro-particles.
For example, an efficient Trojan delivery of tetrandrine by PVP-block-PCL NPs has shown
enhanced apoptotic induction of lung cancer cells and inhibition of its migration and
invasion [94].

Furthermore, Simultaneously Manufactured Nano-In-Micro (SIMANIM) particles for the pul-
monary delivery of antibodies have been prepared by the spray-drying of a double-emulsion
containing human IgG (as a model antibody), lactose, PLGA and dipalmitoylphosphatidyl-
choline [95]. The continuous release of the model antibody has been observed for 35 days in pH
2.5 release media and released antibody has been shown to be stable and active. ‘SIMANIM’
particles could be beneficial for the delivery of antibodies targeted against inhaled pathogens
or other extracellular antigens, as well as having potential applications in the delivery of a
wide range of other APIs.

Nanoparticulate-mediated pulmonary drug delivery provides many advantages compared
to the conventional-release dosage forms. Although the synthetic polymer carriers used for
pulmonary drug delivery are usually biocompatible and biodegradable, a strict and precise
assessment of the potential toxicity and side effects is necessary to be done due to the high
surface area and vascularization of the lung.

2.5. Advances in novel parenteral drug delivery systems

The parenteral route of administration is the most effective route for the delivery of the APIs
with narrow therapeutic index and poor bioavailability. Major progress has been done in the
field of formulation technologies using innovative polymer-based DDSs so as to provide a
targeted and sustained release of drug in predictable manner and to overcome the problems
associated with conventional parenteral DDSs.

For example, one of the most intriguing strategies to overcome the limitation of classical cyto-
toxic drugs is their formulation into nanopharmaceutical platforms, that is, nano-carriers,
such as liposomes, polymeric NPs and more recently into nanocontainers based on host-guest
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interactions. Furthermore, biodegradable and injectable in situ forming DDSs represent an
attractive alternative to microspheres and implants as parenteral depot systems.

Recently, Bao et al. have evaluated daunorubicin (DNR)-loaded PLGA-poly-I-lysine (PLL)-
PEG-transferrin (Tf) NPs as a DDS providing sustained release at the specific site and reduced
toxicity in normal tissues [96]. The authors have observed a higher drug intra-cellular con-
centration in K562 cells, an enhanced anti-cancer activity and a regulation of the expression
of some proteins. In another study, to increase the encapsulation of DNR and multi-drug
resistance reversal agent tetrandrine (Tet) in the DDS of NPs, Liu et al. [97] have synthesized a
functional copolymer PLGA-PLL-PEG, and then it was loaded with DNR and Tet simultane-
ously (DNR/Tet-PLGA-PLL-PEG-NPs). These NPs have been further modified with transfer-
rin (Tf) due to its specific binding to Tf receptors, which is highly expressed on the surface of
tumour cells. The results showed that the accumulated release of DNR and Tet could be sus-
tained over 1 week. Furthermore, the authors have found that the new DNR-loaded NPs have
been more effective than DNR alone, inhibiting the cell proliferation of K562 and ADR lines in
a dose-dependent manner. The experimental results presented show that PLGA-PLL-PEG-Tf
formulation could be very promising DDS having excellent features for target delivery.

7-Ethyl-10-hydroxy camptothecin (SN38) is a potent topoisomerase inhibitor and a metabolite
of irinotecan with poor solubility which hampered its clinical development. To overcome this
problem, methoxy PEG-2000 (mPEG2K)-SN38 and mPEG2K-PLA1.5K-SN38 conjugates have
been prepared and then dispersed into an aqueous medium to form micelles [98]. The authors
have found that SN38-loaded micelles with PLA induced a significant tumour inhibition after
30 days compared to those without PLA.

Furthermore, recent report has presented the formulation and evaluation of a core-shell type
star polymer with a branched hydrophobic PS core and covalently attached poly(tert-butyl
acrylate) arms, as a DDS for cisplatin [99]. The stars were loaded with cisplatin via ligand
exchange reaction achieving remarkable high drug payload of 45% (w/w). The release profile
of the platinum (II) complexes indicated sustained manner of drug release with no initial
burst effect. In vitro cell viability study, using different human tumour cell lines, proved that
the conjugates exhibited lower cytotoxicity compared to the free agent. Further, the design
strategy has been based on functionalization of the polyacrylate arms by a PEGylated cis-
platin analogue, allowing for detachment of the coating following hydrolysis in biological
environment [100].

It has been noted before that nanoparticulate-based DDSs possess distinct advantages for
brain drug delivery. Penetratin (a cell-penetrating peptide with relatively low content of basic
amino acids) has been functionalized to PEG-PLA NPs to achieve desirable pharmacoki-
netic and biodistribution profiles for brain drug delivery [101]. In vivo pharmacokinetic and
biodistribution studies showed that penetratin-functionalized PEG-PLGA-NPs exhibited a
significantly enhanced brain uptake and reduced accumulation in the non-target tissues com-
pared with low-molecular-weight protamine (a cell-penetrating peptide with high arginine
content)-functionalized NPs. The application of these penetratin-functionalized NPs can be a
promising strategy for brain-targeting drug delivery as well as a basis for the optimization of
brain DDSs via surface charge modulation.
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Recently, Shamma et al. [102] have investigated injectable in situ forming scaffolds loaded
with risedronate (bone resorption inhibitor) and with lornoxicam (anti-inflammatory drug)
for non-surgical treatment of periapical lesions. They have tested two insoluble copolymers,
such as PLGA (ester-terminal) and PLGA-A (acid-terminal). Additionally, sucrose acetate
isobutyrate (SAIB) has also been added as a high viscosity water-insoluble carrier as well as
porogenic agents like hydrolysed collagen. The scaffolds prepared using 30% (w/v) PLGA or
combined PLGA: SAIB (1:1, w/w) with total polymer concentration of 30% (w/v) possessed
the most sustained drug-release profile and their application improved the inflammation and
enhanced the formation of new bony regions. These results confirm the success of the pre-
pared scaffolds as an innovative approach in the treatment of bone defects.

Nagarajan et al. [103] have synthesized two star-shaped PLA polymers with dipyridamole
molecular core as a coating material for making coronary stents. The authors have used r-lac-
tide and pr-lactide for their preparation. The difference in the features of both coating bioma-
terials was explained with the crystallinity of the polymers synthesized as well as with the
fact that the r-form is normally available in humans. The experimental results showed that
the new star-shaped PLA polymers with dipyridamol core were bio- and hemo-compatible,
and possessed enhanced angiogenic properties. This is another proof for the great importance
of the synthetic-based polymer carriers and their application in the pharmaceutical practice.

3. Conclusion and future prospects

The main application of NPs as DDSs and the challenges, regarding to this, lies on the effi-
cient administration of these carriers. Along with all the benefits that these DDSs provide, the
choice of route of administration is essential to their performance. The difficulties are related
to their absorption at the proper organs, tissues and cells.

Unconditionally, the use of NPs as DDSs may solve most of the problems of drug delivery,
mainly related with low bioavailability in the target tissues. Mucoadhesive, mucus-penetrat-
ing NPs or ‘nano-in-micro-particle’ DDSs may significantly increase the retention time on the
mucous surface by enhancing the drug absorption and thereby improving drug bioavailabil-
ity. Nanotechnologies are able to overcome the physiological barriers of the different tissues
regarding the route of administration. Polymeric carriers have a stabilizing role on the drug
included. They protect it from the unfavourable impact of the environment or the biological
fluids. The synthetic-based polymer nano-carriers can assure a controlled release in the target
tissue and minimize the side effects. The advantages that these could provide unconditionally
improve the drug bioavailability, reduce the administration frequency and dose and enhance
the patient compliance. Still not well assessed, the problem with the eventual toxicity and
adverse effects of these drug carriers must draw our attention. Although polymeric particles
may be biodegradable, their degradation rate must be analysed and toxicity profiles must be
assessed in various in vitro, ex vivo and in vivo models. The development and application of
strict safety rules are needed to create an effective and safe drug formulation.

In the future, the main emphasis of investigations will be put on the achievement of a non-
invasive drug administration, aiming targeted and controlled release of API with a minimal
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effective dose. The comprehensive exploration of the problems, associated with the route of
drug administration within its complexity, the tissues under normal and pathological condi-
tions, and the multi-compartment pharmacokinetics, will significantly accelerate the further
progress in this field.
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Abstract

In this chapter, bismuth nanoparticles (NPs) have been synthesized by the pulsed laser
ablation technique at different pH in different aqueous solutions (namely, water (H),
water + sodium hydroxide (HN), and water + hydrochloric acid (HC)). The NPs in aque-
ous solutions have been characterized by transmission electron microscopy (TEM) and
UV-Vis-NIR absorption techniques. The NPs are spherical, core shell, and hollow spheres
in H, HN, and HC, respectively. The vibrational features have been studied using Raman
technique and correlated with solid NPs, hollow NPs, core shell NPs, and NPs complex,
etc. The Bi NPs were subsequently scattered with Tb* ions and their complex with salicylic
acid (Sal) and 1,10-phenanthroline in aqueous solution of polyvinyl alcohol to get thin
polymer films. Then photoluminescence properties of Tb* ions and the (Tb(Sal),(Phen))
complex were studied using 266 nm and 355 nm as excitation wavelengths to seek into the
influence of Bi NPs on their emissive properties. Terbium ions in case of (Tb(Sal),(Phen))
complex together with NPs demonstrate an intense and extended emission spectrum in
the 375-700 nm range for transition arising even from °D, and °D, levels to different ’F,
levels on 266 nm excitation. Alternatively, the luminescence intensity of Tb* ions com-
plexed with Sal and Phen in the thin polymer films is improved appreciably as compared
with Tb* ions in the presence of Bi NPs on excitation with 355 nm.

Keywords: nanoparticles, laser processing, polymers, luminescence, thin films

1. Introduction

Optically active materials doped with lanthanide (RE) ions dispersed in polymer are appro-
priate for use in a diversity of optoelectronic applications such as amplifiers, fibers, and
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waveguides due to their stumpy expenditure and simplicity of processing and lofty perfor-
mance [3, 13]. RE ions offer intense narrow spectral emissions from the long-lived excited-
states arising from partially filled 4f* orbitals [19]. When supplemented with the polymer
host, these favorable radiative properties of RE ions have a tendency to get diminished by
the intrinsic soaring vibrational frequencies of different bonds of polymers. Moreover, RE
ion salts exhibit limited solubility in polymers and tend to aggregate, resulting in enhanced
scattering and luminescence quenching even at low concentrations. Consequently, RE ions
are united with an organic ligand before being dispersed in polymeric hosts to circumvent
this. These organic ligands absorb the incident light energy and transfer it to the RE ion and
can act as antenna ligands as shown in Figure 1.

The encapsulation of the RE ion is done with an appropriate organic ligand that is capa-
ble of transferring the input energy absorbed by the ligand to the RE ion. The triply ion-
ized RE ions can be complexed with diverse types of strongly absorbing chelating ligands,
e.g., B-diketones bipyridines, cryptands, calixarenes, cyclodextrins, and crown ethers [23].
Such complexed systems have large solubility in a lot of common organic solvents, such as
chloroform, benzene, toluene, and are also soluble in several polymer matrices. One such
ligand is salicylic acid (here after Sal), which is naturally prevalent as its glucosides in wil-
low leaves and poplar, and birch. It is commonly recognized as ortho hydroxybenzoic acid
or 2-hydroxybenzoic acid. Major component from the manufacture of salicylic acid is used
in the production of aspirin (acetylsalicylic acid) nowadays. Molecular structure of salicylic
acid is shown in Figure 2. The crystal structure of salicylic acid is monoclinic and has been
resolved by Cochran. The crystal structure of salicylic acid is centro-symmetric carboxylic
acid dimers. The hydroxyl group is hydrogen bonded intra-molecularly to the carbonyl oxy-
gen. This leads to a less flexible molecule and dimer and a reduced intermolecular hydrogen
bonding. The sensitized luminescence of lanthanide ions (especially Tb* ion by salicylic acid
(Sal) has been found to play an important role in the analytical chemistry for the analysis of
trace amount of Sal and its derivatives in biological systems. Kaur et al. [20] have prepared
terbium complexes with salicylic acid and observed enhanced luminescence properties of
terbium ion. RE(III) ions are chelated with ligands that have broad intense absorption bands.
In these systems, intense ion luminescence originates from the intramolecular energy transfer

Light
Harvesting Transfer  Emission

Figure 1. Pictorial representation of antenna effect.
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Figure 2. The structure of salicylic acid.

through the excited state of the ligand to the emitting level of the RE(III) ion. Salicylic acid is
an effective aromatic carboxylic acid, also known as ligand transferring energy to the lantha-
nide ions. The sensitization of Tb(III) luminescence by the salicylic acid and its derivatives
were also used for determination of salicylic acid in biological applications.

Thus, RE coordinated complexes in polymer hosts are used for numerous practical appli-
cations and their luminescence efficiency may be improved by a variety of methods [3, 4,
13, 20, 22]. Besides the sensitization by organic ligands, the fluorescence of the lanthanides
in the complexes can be further enhanced by the use of synergistic agents, which provide
an insulating layer around the lanthanide complex, reducing the probability of radiation-
less energy transfer from the complex to the solvent. In addition, these are usually adopted
to expel adsorbed water from the first coordination sphere and thus enhance luminescence
as water molecules quench the luminescence through radiationless deactivation. Recently,
synergetic ligands have been used to control the supermolecular structure of rare earth com-
plexes and grafted the RE complex in the host matrix to form homogeneous stable functional
materials and different synergetic ligands such as trioctylphosphine oxide (TOPO), theno-
yltrifluoroacetonatone (TTA), tripenylphosphine oxide (TPPO), 1,10-phenanthroline (Phen),
2,2-bipy (Dipy), trioctylphosphine (TOPO), etc. We have used 1,10-phenanthroline (Phen)
for our investigations—10-phenanthroline (Phen) is a heterocyclic organic compound and
a bidentate ligand. It forms a strong complex with most metal ions. The molecular formula
of Phen is C,H,N,, and the chemical structures of some such ligands are shown in Figure 3.
Any effort to improve the efficiency by increasing the RE concentration does not succeed, as
aggregation of ions takes place at higher concentrations and these acts as quenching centers.

Nanoparticles (NPs) are emerging as interesting luminescent nanoscale materials not only for
basic research but also for numerous applications in varied devices such as optical amplifiers,
color displays, solid-state lasers, etc. The NPs affect the luminescence and dynamics of opti-
cally energetic lanthanide ions. Occurrence of enhanced intensity of emission is correlated

Figure 3. The structure of 1,10-phenanthroline ligand.
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by means of energy transfer amid nanoparticles and the active rare earth ions. The second
available option for the augmentation effect is via local energy field of NPs acting on the
lanthanide ions positioned in their propinquity. This effect is prominent in particular when
there is a matching of the surface plasmon resonance wavelength of the NPs and the incident
light beam wavelength or luminescence wavelength [7, 26]. High surface-to-volume ratio and
local phenomena such as absorption or changes in the surface electronic state may contribute
significantly to special properties.

Metallic and semimetallic NPs are striking examples to be explored nowadays. The phe-
nomenon of quantum size effect has a great influence on the physical properties that are
very different from those of the bulk ones. Bismuth is a semimetal with a small energy
overlap between the conduction and the valence bands. The size-induced semimetal to
semiconductor transition and the related quantum confinement effects are potentially use-
ful for optical and electro-optical device applications [2, 10, 16, 36, 37]. It has a high carrier
mobility, a highly anisotropic Fermi surface, and miniature effective mass [2, 24, 46]. Below
the size of 30 nm, the Bi NPs behave as semiconductors [44]. The formations of semimetal
to semiconductor materials are being used in different scientific devices such as in optic
and electro optic devices [39]. Bi NPs exhibit absorption in the UV region [27-29, 43].
The absorption peak shifts toward lower wavelengths in the case of smaller Bi NPs and,
vice versa. The stability of Bi NPs decreases with a decrease in its particle size (due to
enhanced surface to volume ratio). Nevertheless, these demonstrate strong reactive mor-
phology. There are various methods to produce NPs. Among the diverse techniques used
to fabricate NPs, laser ablation synthesis in solution (LASiS) generates pure NPs free from
any type of contamination and thus, is matchless. In this technique, numerous factors,
namely, laser power and wavelength, repetition rate of pulsed laser, spot size of laser
beam, and most importantly the medium (solvent) used, etc., control the fabrication of
NPs. The medium used for the preparation of NPs in LASiS decides the nature and steadi-
ness of the colloidal NPs that can be further altered/improved by means of varying the
pH of the solution. In numerous cases, laser-induced colloidal NPs are extremely reactive
as they may react with the media and/or amidst themselves heading for the formation of
multifarious configurations and varied agglomerated structures at room temperature pro-
vided there exists suitable liquid environment. But one can overcome this agglomeration
by the inclusion of certain smart comparable ionic materials that could errand Coulomb
repulsion [1], or else the NPs can be enclosed through dissimilar polarity layer that should
favor Coulomb repulsion. The tuning of the structure of NPs from core shell to hollow
nano structures is also achievable by pH variation. The researchers ought to use metallic
nanoparticles for tuning the optical properties of the chosen host or activator (here the lan-
thanide ions), and for this intention, the sensitivity of NPs is crucial, which predominantly
depends on the surface or volume plasmon frequency of NPs along with very negligible
involvement of the local field effect. Thus, a deep knowledge and a clear understanding of
the comprehensive mechanism of formation of NPs under diverse pH environments is a
must. Bismuth-induced nanomaterials encompass exhaustive investigations to become the
focal point of further research owing to their new applications (due to its semiconducting
properties).
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The inorganic luminescent rare earth ions and their stable complexes with varied compatible
organic ligands enhance the emission of the RE ions in different media. Further, the incor-
poration of metallic or oxide NPs to the stable RE organic complexes unlocks the prospects
for escalating their photoluminescence emission intensity by several orders of magnitude.
Numerous researches and deep studies on the improvement of optical properties of RE ions
and their complexes in diverse matrices have been approved and are still ongoing [34, 35, 38].
Polyvinyl alcohol (PVA) is a semicrystalline and nontoxic polymer possessing three isomers.
Due to the different isomers, it shows a range of absorption and commensurate emission. The
emissions are not significant from an application point of view and thus need to be enhanced.
The incorporation of NPs comes to rescue and is the one best-suited option. This inclusion
of NPs is achievable for the reason that the PVA molecules have large number of voids in
their chains. Also, the occurrence of Bi NPs in the PVA molecule can transform/enhance the
electronic emission from PVA by means of energy transfer from them and/or their local field
effect. The augmentation is realistic for the reason that there exists the buffet of energy level
of the PVA molecule as well as the Bi NPs absorbs immensely in the UV region. In the present
chapter, differently shaped Bi NPs were prepared by laser ablation in solvents changing the
pH of the solvents and characterized by transmission electron microscopy (TEM), SEM, and
Raman studies. Laser ablation was used for preparation of Bi NPs in water, sodium hydroxide,
and hydrochloric acid. The colloidal solution of as-prepared NPs were separately added to the
Tb* ions and also to (Tb(Sal),(Phen)) complex in the PVA host polymer to attain thin films. The
photoluminescence spectrum of the synthesized polymer films were scrutinized with 266 and
355 nm excitations. The reason for choosing these wavelengths being that the 266 nm excita-
tion wavelength is resonant with the SPR band of Bi NPs, and the 355 radiation for excitation
is off-resonant exciting only the Tb ions. Observed augmentation in the photoluminescence
emission intensity of the activator terbium ion and its complex in the existence of bismuth NPs
entrenched in the PVA host are explained.

2. Materials and experiments

All the ingredients terbium oxide, salicylic acid, and 1,10-phenanthroline used were all pur-
chased from Sigma Aldrich. Tb,O, and Sal were 99.9% pure. 1,10-phenanthroline was 99.5%
pure. Bismuth plate with purity 99.0% was obtained from the same company and used for
ablation and preparation of NPs.

2.1. Laser ablation technique to prepare Bi NPs

Laser ablation technique was used to prepare Bi NPs at different pH in different aqueous
solutions (namely, water (H), water + sodium hydroxide (HN), and water + hydrochloric acid
(HC)). Figure 4 shows the experimental set up used for laser ablation for the production of Bi
nanoparticles.

The irradiation source was the different wavelengths of an Nd:YAG laser with 7 ns pulse
duration. The laser beam was tightly focused with the help of a short focal length (10 cm focal
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Figure 4. Experimental setup of laser ablation for preparation of Bi nanoparticles.

length) convergent lens on the copper plate (thickness: 0.6 mm, size: 18 x 30 mm?) kept in a
beaker with water 2.5 mm deep from the top surface. The liquid was continuously stirred
using a magnetic stirrer. Laser ablation was continued for 45 min. The Bi plate was taken out
of the liquid, and the sample was used for optical measurements and preparation of thin film
samples. The same procedure was repeated for water + sodium hydroxide (HN), and water +
hydrochloric acid.

2.2. Preparation of Tb(Sal),(Phen) complex

0.010 mmol Tb,O, was obtained by dissolving Tb,0O, in hydrochloric acid to obtain TbCl, solu-
tion. 0.015 mmol of salicylic acid and 0.005 mmol 1,10-phenanthroline were independently
dissolved in 2.0 ml ethanol to get its ethanolic solution. Both were added and stirred rigor-
ously for an hour to achieve Tb(Sal),(Phen) complex as explained by Kaur et al. [21].

2.3. Preparation of polymer film with Tb* complex and Bi nanoparticles

Polyvinyl alcohol was dissolved in double distilled water to attain its 0.011 mmol trans-
parent homogeneous solution. From the already-prepared laser ablated Bi nanoparticles
in water, 5 ml of colloidal NPs were mixed separately with ethanolic solution of the as-
prepared Tb(Sal),(Phen) complex. The mixture was homogenized using a magnetic stir-
rer for 2 hours at room temperature and dispensed in aqueous solution of PVA. The
resulting mixture was stirred thoroughly for 4-5 h and later poured in the polypropylene
Petri dish and allowed to dry at its own without any heating agent to obtain the thin
films. Flowchart depicting the steps for the preparation of polymer samples is shown in
Figure 5.
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Figure 5. Flowchart depicting the steps for the preparation of polymer samples.
3. Results and discussions

3.1. Structural analysis using transmission electron microscopy (TEM)

TEM micrograph of Bi NPs in water, i.e.,, H (pH = 7) is shown in Figure 6(a). The particles
with average particle size of 14 nm and spherical in nature are observed. Figure 6(b) shows
the size distribution of the particles as a histogram. The nanoparticles are poly-crystalline as
seen from their selected area electron diffraction (SAED) patterns as shown in Figure 6(c).
Later, we supplemented it with significant amounts of acid and base to water separately to
examine the consequence of pH on the size/dimension, contour/shape, and arrangement of
NPs. At pH 9.7, namely, the medium is basic now, one monitors agglomerated core shell type
NPs that are depicted in Figure 6(d). An enlarged vision of core shell NPs is shown in its inset,
verifying core diameter ~8 nm and shell thickness ~6 nm for the core shell NPs. Figure 6(e)
demonstrates the histogram for its size distribution and the average size of NPs was found to
be 18 nm. The SAED pattern for the same is given in Figure 6(e). Here, the agglomeration of
nanoparticles exists that leads to formation of bigger nanoparticles. This is due to the occur-
rence of the opposite polarity (Na* and OH") on the different NPs.

Spherical nanoparticles are formed when the pH of the sample is 7 (i.e.,, NPs prepared in
pure water). Interestingly, when we add HCl in water and make the pH of the solution to 2.3,
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Figure 6. (a—c) TEM images of Bi NPs, particle size distribution, and SAED pattern in aqueous solution of H. (d—f) TEM
images of Bi NPs, particle size distribution and SAED pattern in aqueous solution of HN. Inset of figure in (d) shows
formation of core shell NPs. (g-i) TEM images of Bi NPs aqueous solution in water + HC with enlarged view of NPs with
core size in the inset, particle size distribution and its SAED pattern (reproduced from Kumar et al. [48]).

the prepared NPs appear as hollow core shell NPs as shown in the TEM micrograph in
Figure 6(f). The average size of the NPs ranges between 15 and 45 nm (see Figure 6(g)). A few
particles are bigger as they have swollen up. The diameter of the hollow core and thickness
of shell is measured to be 20 and 10 nm, respectively, as shown in the inset of Figure 6(g).
Figure 6(h) shows the size distribution of the particles with average size of 21 nm. The SAED
pattern presenting polycrystalline character is revealed in Figure 6(i). All annotations provide
evident confirmation that the shape of NPs depends on the pH of the used medium. The char-
acter of NPs transforms to hollow from core shell if we alter the pH and change it to acidic
from the basic one.

The formation of hollow NPs can be understood on the basis of the Kirkendall effect [25].
The creation of bismuth nano particles initiate as soon as the laser beam is incident on the
metallic plate of bismuth and focused carefully. Now the pH of the medium plays a crucial
role. Spherical Bi NPs are formed in neutral pH. But the case differs for the acidic medium,
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as a few of the formed bismuth NPs react with the medium to produce bismuth oxychloride
(BiOCl) that gets coated on the bismuth core NPs with the passage of time of ablation. It is
noteworthy that the diffusion of bismuth ions is exceedingly rapid when compared to that
of chloride ions. The difference in the diffusion rate generates vacancies in the core of bis-
muth NPs, and when these vacancies are formed in surplus, these join together to form voids.
Because of these analogous reasons and facts, core-shell configuration is commonly observed
to form voids in larger NPs. Even the created voids are not proportional in every case. This
is probably owing to formation of partial hollow nanospheres as observed in CdS/Cd hollow
NPs by researchers [5].

One does not observe the formation of hollow NPs when pH of media changes to basic. The
reason accounted for this is possibly that in this case, bismuth hydroxide forms the shell
and gets deposited on the bismuth core. Here in this case, the diffusivity of hydroxide ion is
greatly better than that of bismuth ion. Consequently, there is a superior possibility of forma-
tion of vacancies in the core to acquire a core-shell type structure. This, moreover, augments
the density of particles in the core and diminishes their amount in the shell.

3.2. Structural study using scanning electron microscopy (SEM)

Bi NPs in aqueous solution of H, HN, and HC, respectively, were added to the polymer films
and their SEM images are shown in Figure 7(a—c). The nanoparticles appear embedded in the
case of water and basic medium, but in acidic media, some of the bismuth NPs reacts with
acid to form flower-like clusters of BiOCl that are quite obvious in Figure 7(c).

3.3. Raman measurement

To understand the formation of Bi NPs and their compounds attributed to different environ-
ments (H, HN, and HC), the Raman spectra of colloidal Bi NPs were measured. Raman spec-
trum of Bi NPs in aqueous solution of water (H), water + NaOH (HN), and water + HCI (HC),

Figure 7. SEM images of Bi NPs in polymer films with H (a), HN (b) and HC (c) respectively (reproduced from Kumar
et al. [48]).
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respectively, in the range 50-400 cm™ are depicted in Figure 8(a)—(c). The spectra demonstrate
numerous active vibrational modes in this frequency range. These bands are customized by
the environment and bestow lucid information about molecules formed in different media.

Figure 8(a) shows the Raman vibrational peaks owing to Bi NPs in water. Two vibrational
bands at 66.48 and 92.51 cm™ are observed that can be attributed to pure Bi NPs in the host
[11, 18, 30, 31]. Both these peaks depend upon the particle size. The former lower frequency
band is assigned to the E, mode and the later corresponds to A mode. Generally, the vibra-
tional frequencies of A, mode of Bi NPs lie between 85 and 95 cm™, and the Raman frequen-
cies of the lower E_ mode lie between 59 and 75 cm™, which get somewhat modified with the
size of the nanoparticles and transfer toward lower frequencies for smaller nanoparticles.

But the case is very different on changing the pH of the medium by adding NaOH (HN).
Figure 8(b) depicts the Raman vibrational peaks of Bi NPs in HN. The peaks for the E, and
A,, modes in the basic medium shift to 65.25 and 92.73 em™ with full width at half maxima
9.86 and 10.51 cm™, respectively. Two other peaks also emerge at 121.82 and 312.56 cm™ in
the spectrum. These Raman bands are assigned to Bi—O stretching vibrations confirming that
the species formed as nanoparticles are due to a-Bi,O, [8, 15]. Similarly, by decreasing the pH
of the medium on the addition of considerable quantity of HCl to make it acidic, namely HC,
the intensity of the Raman bands gets reduced when compared with the bands of Bi NPs in H
and HN (see Figure 8(c)). In this case, an intense peak is seen at 141.24 cm™ along with weak
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Figure 8. (a—c) Raman spectrum of Bi NPs in aqueous solution of water (H), water + NaOH (HN), and water + HCI (HC),
respectively (reproduced from Kumar et al. [48]).
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bands observed at 59.69, 73.27, 92.85, and 105.53 cm™. The weaker Raman bands are assigned
to the E_and A, modes of vibration for Bi in a-Bi,O,. The band observed at 105.53 cm™ may
be attributed to Bi for a-Bi,O, phase [12, 32]. The two peaks observed in HN at 121.82 and
312.56 cm™ disappear here. This shows that the vibrational modes of Bi in a-Bi,O, dominate
over Bi—O vibration in a-Bi,0,. In this case (i.e., HC), two new Raman peaks are observed at
141.24 (stronger) and 59.69 cm™ (weaker) due to BiOCl molecule [45, 47]. The former peak is
attributed to internal stretching of Bi—Cl, and the later weaker one is assigned to its external
stretching [39-41]. A weak band appears at 396 cm™, which is a consequence of the motion of
the oxygen atom and designated as B, band, but it is not optically considerable in this case.
It is necessary to mention that in the laser ablation synthesis in solution, momentous chemi-
cal processes occur after the ablation of the target. Consequently, the intensity of the peaks
is correlated to the concentration of a particular species developed at that instant. Thus, one
may infer that the intense band at 141.24 cm™ due to BiOCI evidently suggests its larger con-
centration. The positions of the Raman peaks for Bi NPs in H, HN, and HC along with their
full width at half maxima (FWHM) and their respective intensity are tabulated in Table 1.

3.4. UV-Vis absorption

Figure 9 shows the absorption spectra of Bi NPs in H, HN, and HC solutions. The absorption
peak for Bi NPs in water emerges at 265 nm. This is accredited to the plasmonic peak frequency
of Bi NPs. In the case of HN, two peaks are observed. The first peak at 233 nm is attributed to
the plasmon frequency of Bi O, and the second peak at 274 nm is associated with that of Bi NPs.
There is a shift in the Bi plasmon peak toward higher wavelength in this case as compared to the
Bi plasmon peak in pure water (265 nm) that supports the agglomeration of Bi NPs. Absorption

Bi NPsin H Raman peak 66.48 9251 — — —
position (cm™)
FWHM (cm™) 7.49 5.78 - - -
Normalized 0.99 0.44 - — —
intensity

BiNPsin HN  Raman peak 65.25 92.73 121.82 312.56 -
position (cm™)
FWHM (cm™) 9.86 10.51 3.71 33.06 —
Normalized 0.98 0.71 0.26 0.17 —
intensity

BiNPsin HC ~ Raman peak 59.69 73.26 92.85 105.53 141.24
position (cm™)
FWHW (cm™) 2.86 4.89 4.04 2.71 9.01
Normalized 0.80 0.74 0.69 0.70 0.98
intensity

Table 1. Raman peaks position, FWHM, and normalized intensity of Bi NPs in water (H), water + NaOH (HN), and
water + HCL (HC).
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Figure 9. UV-Vis-NIR absorption spectrum of Bi NPs in aqueous solution of H, HN, and HC and inset figure shows their
corresponding color (a) (reproduced from Kumar et al. [48]).

spectra for Bi NPs in HC sample show a weird behavior with absorption peaks at 245, 285, and
309 nm that are attributed to Bi,O,, Bi NPs, and BiOCIl. The main plasmon peak is shifted slightly
further toward higher wavelengths. The shifting of the absorption peak to the higher wave-
length region is an indication of increased agglomeration of NPs. Wang et al. [41] have reported
the absorption peak at 267 nm due to semimetal bismuth NPs in PVP solution. Creighton and
Desmond [6] have reported the absorption band around 270-280 nm for bismuth particles of
size ranging in 10 nm. This inconsistency in intensity of the absorption peaks appears as an out-
come of the concentration of the species in solution. The inset to Figure 9 shows the color of the
colloidal solution after ablation. Different colors signify formation of Bi NPs and their conver-

sion to additional forms, namely Bi,O,, BiOCI, or Bi NPs and its core shell structure.

The surface Plasmon resonance is the characteristic of NPs embedded in a dielectric host
and is ascribed to combined oscillations of the electrons responding to the optical excitation
energy. Optical absorption spectrum of Bi NPs prepared in water by laser ablation for 20 min is
shown in Figure 10, which depicts its characteristic surface plasmon resonance peak at 267 nm
together with a diminutive band at 283 nm that may be assigned to ‘S, ,—°P, , of Bi’ transitions
[33]. On ablation of the bismuth target for 40 min, the peak at 267 nm is observed to diminish,
and the intensity of the peak at 283 nm started increasing, which indicates that the Bi** ions
are reduced completely to bismuth NPs [9, 17, 40, 41] Also, it is observed that the NPs get
agglomerated giving bigger-sized NPs on ablation for a longer period and, hence, absorption
at a longer wavelength. Gutierrez and Henglein [14] reported that nanometer-sized bismuth
particles exhibited an absorption at ~253 nm, and according to Creighton and Desmond [6],
the first absorption band of 10 nm bismuth particles should appear around 270-280 nm. Poly-
vinylpyrroldone-stabilized bismuth NPs have been synthesized by Wang et al. [41] with an
absorption peak at 281 nm. Our result fits well with the above two literature values.

The absorption spectrum of (Tb(Sal),(Phen)) complex in PVA with and without laser-ablated
Bi NPs are also shown in Figure 10. The (Tb(Sal),(Phen)) complex in the PVA film shows a
band centered at 315 nm that may be attributed to the S-S, singlet state absorption of sali-
cylic acid. Also, the absorption band due to m—n* transition of PVA exists in this region, so
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Figure 10. Absorption spectra of Bi NPs in water ablated for 20 min, (Tb(Sal),(Phen)) complex in PVA and (Tb(Sal),(Phen))
complex with Bi NPs in PVA (reproduced from Kaur et al. [24]).

there may be an overlapping of the absorption bands of PVA and Sal. The (Tb(Sal),(Phen))
complex with Bi NPs in PVA illustrates an absorption peak for Bi NPs along with the absorp-
tion band of Sal. It is observed that this band of Sal shows a red shift of ~8 nm on addition
of Bi NPs along with the (Tb(Sal),(Phen)) complex in PVA film. The shift can be ascribed to
aggregation of the complex through NPs.

4. Excitation spectra

The photoluminescence excitation spectra of Tb* ions in PVA, Tb* ions with Bi NPs in PVA
and (Tb(Sal),(Phen)) complex with Bi NPs in PVA corresponding to the °D,—F, transition of
Tb* ion monitored at 544 nm were recorded and are shown in Figure 11.
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Figure 11. Excitation spectra of Tb* ions in PVA, Tb* ions with Bi NPs in PVA and the (Tb(Sal),(Phen)) complex with Bi
NPs in PVA corresponding to the °D,—’F, transition of Tb*" ions monitored at 544 nm (reproduced from Kaur et al. [24]).



140  Acrylic Polymers in Healthcare

The excitation spectrum of Tb* ion in PVA sample also shows a few weak bands at 341, 352, 358,
369, 377, and 488 nm wavelengths corresponding to absorption of Tb* ions. When Bi NPs were
added to TbCl,, the excitation intensity of the bands got improved. There also appears a weak
broad plasmonic band for Bi NPs at 285 nm. The excitation spectrum (Tb(Sal),(Phen)) complex
and laser-ablated Bi NPs in PVA depicts an extensive excitation band between 275 and 375 nm
that may be attributed to n—mt* transition of the salicylate ligands. There seems to be appreciable
enhancement in the intensity of the bands corresponding to the Tb* ion emission. This vividly sig-
nifies effectual sensitization of Tb* ions by the ligands pointing to a competent antenna effect [20].

5. Photoluminescence using 266 nm wavelength

The photoluminescence spectra depicts the emission bands of Tb* ions, Tb* ions with Bi NPs
and the (Tb(Sal),(Phen)) complex with Bi NPs in PVA in the range of 375-700 nm on excitation
with the SPR band of NPs using 266 nm radiation and is shown in Figure 12.

The spectra of Tb* ions exhibit characteristic emission peaks at 487, 544, 583, and 618 nm for
Tb* ions emanating from 5D4—>7FI (J = 6, 5, 4, 3) transitions, respectively, and among them,
the °D,—’F, transition (544 nm) is the most intense one. The emission intensity of Tb* bands
was enhanced on incorporating Bi NPs, but the effect is more prominent in the case of the
(Tb(Sal),(Phen)) complex in PVA as in this case, the emission emanating from the °D, level also
appear, which is an additional interesting feature.

The mechanism for augmentation of the emission intensity of the observed transitions may be
elucidated with the help of a partial energy-level diagram showing different routes of excita-
tion of Tb* ions, and the respective emissions are shown in Figure 13. Primarily, the 266 nm
photon excites the °H, level through the “F,.—°H, absorption transition of Tb*" ions. Then the
excited Tb* ions relax nonradiatively down to °D, and °D, levels to yield the emissions from
these level to lower lying levels (7F]; J = 1-6). This excitation radiation, i.e., 266 nm, moreover,
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Figure 12. Photoluminescence spectra of Tb* ions (A), Tb* ions with Bi nanoparticles (B) and the (Tb(Sal),(Phen))
complex with Bi NPs (C) in PVA in the range of 375-700 nm using 266 nm radiation exciting the SPR band of Bi NPs
(reproduced from Kaur et al. [24]).



Spectroscopic Investigations on Polyvinyl Alcohol Film with Complex of Terbium lons along...
http://dx.doi.org/10.5772/intechopen.70274

T
||n;;:‘q:l.“ ;;;:«- 2 :‘:'"l:d
ik ",-_,-,- eavilns o
40 + T _-o-;.-"
] *-. s
35 -
F o T | =
-“] u @i s o ThiSal) Phen E0 =via fitm ||
e f— - :
‘| 1 = ——ET I =x e —
S 254 Si—%prese"
(= T, o
- 20 - [
— | gl = .
=
g 154 w : ;
= 1 7| ¥ =
10+
) L4
el 1 1 i
5 1 : =
0 . r
Sal Th** jion

Figure 13. Partial energy-level diagram showing different routes of excitation of Tb* ions and the respective emissions
exciting the SPR band of Bi NPs and the Sal ligand, respectively, on excitation with 266 and 355 nm radiations for
improved green emission. The inset to the figure depicts Tb* ions, Bi NPs, and (Tb(Sal),(Phen)) complex in PVA host
presenting the plasmonic and the field effect to boost the emission of Tb* ion. SPR refers to surface plasmon resonance,
LFE stands for local field effect, and ET represents energy transfer (reproduced from Kaur et al. [24]).

excites the surface plasmon band of Bi NPs. This engrossed excitation energy from the surface
plasmon band of Bi NPs is transferred to Tb* ions. It further improves the build up of popula-
tion of higher °D, and °D, levels of Tb** ion. This is cause for enhancement in the photolumi-
nescence emission intensity. The great absorption cross-section of the bismuth plasmon band
grounds for an amplified excitation of °D, level of Tb* ion by means of energy transfer from the
excited surface plasmon resonance band of Bi NPs. It is noteworthy to mention that the ligand
Sal does not absorb at 266 nm radiation as no energy level of Sal exists at this energy. It merely
encapsulates the Tb* ion to cut it off from the host vibrations and intensifies the emission from
the complexed Tb* ion, thus resulting in the emergence of emission from the °D, level.

6. Photoluminescence using 355 nm wavelength

The photoluminescence spectra of Tb** ion, Tb* ion with Bi NPs and (Tb(Sal),(Phen)) complex
with Bi NPs in PVA in the range between 375 and 700 nm using 355 nm excitation radiation,
namely, nonresonant excitation is shown in Figure 14. The photoluminescence emission spectra
is similar to the previous one, but the photoluminescence emission intensity for (Tb(Sal),(Phen))
complex with Bi NPs is enhanced to a large extent in the present case. This improvement in the
photoluminescence emission intensity can be understood by the following mechanism.

This nonresonant 355 nm excitation radiation excites equally the Tb* ion in addition to the Sal
ligand to their excited states. It should be mentioned here that the Bi NPs do not absorb this
wavelength. This incident excitation energy is directly absorbed by the °L, level of Tb* ion. It
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Figure 14. Photoluminescence spectra of Tb*" ions (A), Tb®" ions with Bi NPs (B), and (Tb(Sal),(Phen)) complex with
Bi NPs (C) in PVA in the range of 375-700 nm on excitation with 355 nm radiation (reproduced from Kaur et al. [24]).

then relaxes nonradiatively and populates the emitting °D, level. Along with this, the optical
energy absorbed by the Sal ligand is also transferred to the resonating Th* ions populating the
°D, level via intersystem crossing and the consequent energy transfer process that is the reason
for enhancing the emission intensity. Also, the Bi NPs form a local plasmonic field around the
(Tb(Sal),(Phen)) complex, and the high-field gradients of NPs increase the lifetime of the emit-
ting °D, level of Tb* ions [42]. The coupling between the radiative transitions, and the field effect
is the fundamental basis for the enhancement in intensity as shown in the inset of Figure 14.
The increase in the lifetime of the °D, level of Tb* ion is clearly observed in the decay curves for
the °D,—’F, transition of Tb*" ions in the presence and absence of Bi NPs (as seen in Figure 15).
Herein, the point to mention is that different transitions of Tb* ion respond differently to the
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Figure 15. The decay curves for the °D,—F, transition at 544 nm of Tb* ions with and without NPs and the (Tb(Sal),(Phen))
complex with and without Bi NPs in PVA using 355 nm radiation (reproduced from Kaur et al. [24].
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local field gradients of Bi NPs. The reason behind this may be that magnetically allowed dipole
transitions differ in interaction with the surface plasmon field of NPs than the electrically
allowed dipole transitions. Nevertheless, the photoluminescence emission intensity of Tb* ion
on excitation with 355 nm nonresonant radiation is larger to a great extent than that of 266 nm
resonant excitation. It undoubtedly reveals that the transfer of energy to Tb* ions through the
salicylic acid ligand is more proficient as compared with other channels of energy transfer.

7. Time-resolved photoluminescence spectroscopy

Figure 15 represents the decay curves for the °D,—’F, transition monitored at 544 nm of Tb**
ions with and without Bi NPs and the (Tb(Sal),(Phen)) complex with Bi NPs in PVA using
355 nm radiation.

The decay curves were fitted with first-order exponential fits that lead to a larger lifetime of
°D, level of Tb* ions in the presence of NPs. The values obtained for lifetimes are tabulated
in Table 2.

This increase in lifetime is explained due to the local surface fields of Bi NPs as given in the
inset of Figure 13. Thus, photoluminescence properties of polymer-doped RE complexes can
be improved by adding NPs [22]. There is a substantial improvement in the lifetime values
when Bi NPs are added to the TbCl, in PVA and, alternatively, for the (Tb(Sal),(Phen)) com-
plex, there is just a small increase in the lifetime.

Sample Lifetime (us)
Tb* ions in PVA 287
Tb* ions with Bi NPs in PVA 399
(Tb(Sal),(Phen)) in PVA 625
(Tb(Sal),(Phen)) with Bi NPs in PVA 659

Table 2. The values for the lifetime of Tb* ions, Tb* ions with Bi NPs, (Tb(Sal),(Phen)) complex with Bi NPs, and
(Tb(Sal),(Phen)) with Bi NPs in PVA.

8. Conclusion

To recapitulate, bismuth nanoparticles have been prepared by laser ablation technique at in
different aqueous solutions, namely water, water + sodium hydroxide, and water + hydrochlo-
ric acid. TEM micrographs confirm the formation of spherical, core shell, and hollow spheres
in H, HN, and HC, respectively, with variation in size. Further, the Bi NPs were subsequently
scattered with Tb* ions and their complex with salicylic acid (Sal) and 1,10-phenanthroline in
aqueous solution of polyvinyl alcohol to get thin polymer films. Then the photoluminescence
properties of Tb* ions and the (Tb(Sal),(Phen)) complex were studied using 266 and 355 nm
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as excitation wavelengths. The emission efficiency of Tb* ions and their complex is seen to be
enhanced in the presence of Bi NPs on excitation with both the radiations. On 266 nm exci-
tation, a comprehensive photoluminescence emission spectrum of Tb* ions is observed for
Tb(Sal),(Phen) complex with Bi NPs spanning the region between 375 and 700 nm depicting
transitions from °D,/°D, levels to diverse ’F, levels. It is worthy to mention that the lumines-
cence enhancement is better for (Tb(Sal),(Phen)) complex with 355 nm excitation radiation.
The augmentation in intensity is ascribed to the coupling of plasmonic and local field effect of
Bi nanoparticles on Tb* ion that influence the lifetime of radiative level of Tb* ion in addition
to transfer of energy from Sal to Tb* ion.
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Abstract

Acrylamide (ACR) is a possible human carcinogen, with neurotoxic properties. It is a heat-
generated food toxicant particularly found in carbohydrate-rich foods. Its occurrence is
of global concern and constitutes a major challenge to food safety, due to its presence in
several thermally processed foods worldwide. Since its discovery, ACR has been recog-
nized as one of the most widely investigated heat-induced food contaminant, and several
reports on its formation and occurrence since its discovery have been reported. However,
information on the extent of ACR occurrence in foods consumed in different parts of
Africa is rather too limited. This is particularly a concern considering that most carbohy-
drate-based foods, subjected to varying degrees of thermal processing, are consumed as
staple diets almost on daily basis in the continent. As such, African populations may be
exposed to high levels of ACR daily. Thus, this chapter covers the formation, occurrence
and health impact of ACR in foods. It further summarizes previous studies looking at
ACR reduction and mitigation strategies, especially those that may be applicable in the
continent. Adequate sensitization of the populace about the prevention of ACR as a food
contaminant is essential to ensure the safety of heat-processed carbohydrate-rich foods in
the continent.

Keywords: acrylamide, prevention, toxicity, heat-processed foods, Africa

1. Introduction

The prevalence of acrylamide (ACR) in ready-to-eat diets and its toxicological effects currently
on humans is a public concern. The formation of this heat-generated toxic substance in foods,
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principally in carbohydrate-rich foods, was first reported by Tareke et al. [1] and has since been
identified as a global challenge in the food industry. It has been classified as a potential occu-
pational (Group 2A) carcinogen by the International Agency for Research on Cancer (IARC)
and some US government agencies [2]. This is due to the fact that ACR is known to potentially
exhibit carcinogenic effects in experimental animals, albeit its dietary link to human cancer.
Its neurotoxicity in humans is well known from accidental and occupational exposures and
experimental studies in animals which have shown genotoxic, reproductive and carcinogenic
effects [3].

For over a decade since its discovery, several studies have been published in the literature on
its formation, presence in various food products and toxicity in different parts of the world
[1, 4-6]. In contrast, there is a dearth of information on its incidence and prevalence in Africa.
This is probably why no information regarding limits regulating ACR in foods has not been
established or enforced. Although other regions of the world can be affected by ACR contami-
nation, it could be easily identified that Africa can be the most affected. It can, however, be
difficult to affirm this assertion considering the lack of well-established or insufficient data on
ACR levels in processed foods, degree of human exposure and risk assessment in the conti-
nent. This chapter appraises studies presenting information on the formation of ACR in foods
and toxicity associated with it in other parts of the world. The main strategies for controlling
or preventing its occurrence in the literature are also reviewed herein with a view of their
possible adoption in Africa.

2. Discovery and properties of acrylamide

Acrylamide (IUPAC name —prop-2-enamide) (Figure 1) was accidentally discovered in foods
in April 2002 by a group of researchers in Sweden working on heat processing technology
of carbohydrate-rich foods [1, 7]. It is a white, odourless and crystalline compound with the
chemical formula C;H,NO, molar mass of 71.08 g/mol, melting point of 84.5°C, vapour pres-
sure of 0.007 mmHg at 25°C and boiling point at 136°C [8]. ACR is soluble in chloroform,
ether, ethanol and water and decomposes in the presence of acids, oxidizing agents, bases,
iron and iron salts [9] to form ammonia, carbon dioxide, carbon monoxide and oxides of nitro-
gen [10]. ACR is a heat-induced contaminant naturally formed during industrial processing
and home cooking of many foods daily consumed around the world [8, 11].

ACR is used as a chemical intermediate in the production of polyacrylamides, which are used
as a flocculating agent for sewage/wastewater treatment and other industrial applications

-
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Figure 1. Chemical structure of acrylamide.



Mitigation of Acrylamide in Foods: An African Perspective
http://dx.doi.org/10.5772/intechopen.68982

such as those in the formulation of several cosmetics [12]. Its application as a grouting agent
is also extended to the construction of dam foundations, sewers and tunnels and cosmetics
and in electrophoresis gels [13]. It has also been used in pesticide production, cement formu-
lations, ore processing, sugar manufacturing, food packaging, plastic and paper production
and for the prevention of soil erosion [2]. Sequel to its detection in foods and potential toxic
effects, several studies have been initiated and reported worldwide, some of which will be
highlighted in the succeeding sections of this chapter.

2.1. Formation of acrylamide

ACR is principally formed via Maillard reaction involving asparagine and carbonyl sources
such as reducing sugars [14]. Although asparagine may be converted to ACR by thermally
induced deamination and decarboxylation, carbohydrates are necessary to effect its conver-
sion to ACR (Figure 2) [15]. While several other carbonyl compounds can enhance this reac-
tion, a-hydroxyl carbonyl compounds such as glucose or fructose are more efficient [16]. Claus
et al. [14] indicated that the first step in this reaction is the formation of a Schiff base inter-
mediate as a low-energy alternative in decarboxylating this product intact. The formed Schiff
base intermediate can either hydrolyze to form 3-aminopropionamide, a precursor of ACR,
or further undergo elimination reaction leading to direct formation of ACR [17]. Nevertheless,
the formation of ACR from reducing sugars and asparagine in the Maillard reaction represents
the main formation route [14].

The formation of acrolein and acrylic acid through the dehydration of fats when heated at
high temperature has been proposed as another mechanism of ACR formation [6, 14]. The
studies of Becalski et al. [19] also indicated that ACR can be formed along with ammonia from
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Figure 2. Proposed mechanism for the formation of the acrylamide in heat-treated foods. Adapted from Vleeschouwer
et al. [18].
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the degradation of amino acids. Although based on experiments with ammonium salts, acro-
lein and oils, this mechanism suggested might be inappropriate for ACR formation in foods [20].
Nevertheless, there are a number of factors that impact on the development of ACR in foods.
Such factors are subsequently reviewed.

2.2. Factors affecting formation of acrylamide
2.2.1. Processing conditions

Food processing conditions such as time and temperature are vital factors affecting the for-
mation and levels of ACR in food [21, 22]. However, the manner of heat transfer to foods (for
instance, baking, frying, microwave heating and roasting) does not, however, necessarily impact
the rate of ACR formation [23]. An exponential increase in ACR levels from 265 to 2130 ug/kg
in French fries was observed when temperature increased from 150 to 190°C [21]. In potato
slices with low and high surface-to-volume ratios (SVRs), ACR levels increased with increas-
ing frying temperature and time, reaching maximum levels of 2500 and 18,000 ug/kg, respec-
tively [24]. Studies on the effect of time and temperature on ACR formation in bread revealed
that more ACR was formed in the crust layer and the levels increased with baking tempera-
ture and time [20, 25]. Roasting temperature and time had an impact on ACR formation in
coffee beans [23, 26].

In Africa, traditional food processing operations and techniques are commonly applied but
vary among different ethnic groups, communities and settlements. Heat processing operations
such as frying, roasting and baking are common processes used in preserving and processing
foods for further use. Thus, this presents a significant risk of ACR exposure. Elsewhere, it has
been observed that concentrations of ACR are highly correlated with the degree of crust sur-
face browning of processed foods [20]. These authors asserted that because ACR and brown
colour of foods are formed due to Maillard reaction, it is most likely that ACR is formed in
parallel with browning. Thus, the degree of surface browning (though may not necessarily
indicate amount of ACR) could be used as a visual indicator of ACR formation in foods during
cooking [25].

2.2.2. Substrate composition

The formation of ACR intermediates is usually determined by the amount and form of amino
acids and sugars present [27]. It has thus been postulated that ACR formation and consequent
concentration are relative to amino acid and sugar composition in the substrate [21, 27]. While
these precursors affect ACR formation, the presence of other compounds that compete with
amino acids and reducing sugars in the Maillard reaction are also vital compositional factors
[21]. In potato and cereal products, ACR levels are highly correlated with glucose/fructose and
asparagine concentrations [28]. Varieties in crop cultivar could also affect the reducing sugar
content in the produce [29]. Short-term storage of potatoes at 4°C significantly increased the
potential for ACR formation [30, 31]. Cooling potatoes to temperatures less than 10°C causes
reducing sugars to increase, thereby increasing the potential for ACR formation [21, 30, 31].
Temperature and moisture levels in the food substrate are also other factors that affect ACR
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formation. While temperature has been discussed in the preceding section, Matthaus et al.
[32] reported that a quick reduction of the water content in the outer layers of the product (as
a consequence of high temperatures) favours ACR formation.

2.2.3. Soil properties and fertilization

Both nitrogen and sulphur are important compositions of the soil, and subsequent concentra-
tions and amount have significant effect on the formation of ACR precursors [33-36]. According
to Halford et al. [34], increasing soil sulphur levels and reducing nitrogen levels can effectively
decrease the levels of ACR precursors, such as asparagine [34]. In a study conducted by De
Wilde et al. [33] on the influence of soil enrichment on ACR formation in potatoes, differences
occurred in ACR formation from crops grown on different soils. The effect of nitrogen fertilizer
usage on crops has been reported in the literature to have an impact on asparagine and reduc-
ing sugar concentrations [37]. A decrease in nitrogen fertilizer resulted in a 30-65% increase in
ACR formation [33, 38]. Moderate nitrogen fertilizer with a good provision of potassium may
result in low levels of free asparagine and reducing sugars in tubers [39]. This clearly indicates
that mineral composition due to either fertilizer employed or soil composition may impact on
the presence and concentrations of ACR precursors. Deficiencies in phosphorus, potassium
and magnesium can cause asparagine levels to rise in potato and wheat [34]. An appropri-
ate balance between levels of fertilizer application and minimum requirements of the crop
while taking into account possible environmental impacts and legal fertilizer limits should be
reached to obtain food products less prone to ACR formation [33].

2.3. Occurrence and levels of acrylamide in foods

There have been considerable efforts made since the discovery of ACR in foods by regulatory
agencies such as the US Food and Drug Administration (FDA), the World Health Organization
(WHO) and the European Commission (EC) to gather data on food levels of ACR [40, 41].
However, none of these were reported from the continent of Africa. Prevalent sources of ACR
differ among countries due to differences in the diet, method of preparing foods and the
nature of soil/agricultural practices [42]. Cereal-, tuber- and coffee-related products contrib-
ute mostly to the sources of ACR intake [43]. Since ACR is present in a variety of food prod-
ucts which are consumed on a daily basis, the risks of exposure apply to almost all consumers.
Children may be more vulnerable due to their smaller body mass as compared to adults [44].

Though a summary of reports on the incidence of ACR have been reported in other parts of
the world [40, 41, 43, 44], a search of literature revealed few reports from Africa. The different
studies reported are summarized in Table 1 on ACR incidence levels reaching 12626, 9499,
7310 and 6968 pg/kg in South America, Africa, the Middle East and Europe, respectively. Of
the very few incidences reported so far, only a few reported on African commodities were in
Ghana [45], Kenya [46] and South Sudan (Table 1) [47, 48]. Though majority of these com-
modities were mainly baked and fried, this does not suggest that other heat-intense processed
foods do not lead to ACR. The death of dogs after consuming the burnt part of maize meal is
worth noting [49]. The death of these dogs was ascribed to ACR poisoning by the authors and
should awaken intensive research on this. Further considering the fact that maize meal is a
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Product/produce Region of the world Acrylamide content Reference
Arabica Europe 48-3210 [50]
Baby biscuit Europe 588 [51]
Baby bread —rusks Europe 660 [51]
Baby food Europe 0-130 [41]
Baked gorasa Africa 20 [48]
Baked minnan Africa 17 [48]
Baked hilmur Africa 59 [48]
Baked potato chips Middle East 329-7310 [52]
Biscuit Asia 119 [53]
487 [54]
232 [55]
Europe 4200 [56]
1177 [51]
214 [57]
1514 [58]
South America 3180 [59]
Bread Asia 103 [55]
Middle East 90-802° [60]
Europe 2430 [56]
695 [51]
Bread and rolls Europe 400 [58]
Breakfast cereal Asia 117.3 [53]
Europe 1600 [56]
762 [51]
674 [58]
South America 2288 [59]
Cakes Europe 13-50 [61]
Candy bars Europe 39-61 [61]
Cantonese moon cake Asia 207 [62]
Cereal-based baby foods Europe 353 [56]
11-16 [61]
Cereals Europe 52-1057 [41]
Cereal bar Europe 820 [58]
Chocolate Europe 750 [58]
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Product/produce Region of the world Acrylamide content Reference
Chocolate powder South America 1017 [59]
Chocolate products Asia 96.7 [53]
Coffee Asia 7-19 [63]
100-668 [64]
Europe 1158 [56]
16-503 [65]
3800 [58]
South America 3797 [59]
Coffee beans Europe 172 [66]
48-6968 [50]
Coffee substitute Europe 5400 [58]
Cookies Asia 50-700 [64]
Corn-based chips Middle East 329-6360 [52]
South America 78-441 [59]
Crackers Europe 2666 [51]
South America 194-1271 [59]
Crisp mahua Asia 218 [62]
Fast food Europe 210-2680 [50]
Follow-on formula Europe 32-312 [67]
Follow-on formula (ready to eat) Europe 4-46 [67]
French fries Europe 20-1325 [41]
320 [68]
724¢ [69]
Asia 135 [53]
78-496 [63]
940 [55]
441 [70]
French fries (home made) Europe 2668 [56]
French fries (fast food rest.) 210-2922 [50]
South America 12626-12661 [59]
Fried creole South America 83-209 [59]
Fried chicken rolls Asia 752 [55]
Fried eggplant Africa 338 [47]
325 [48]
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Product/produce Region of the world Acrylamide content Reference
Fried instant noodle Asia 54 [54]
Fried potato Africa 750 [47]
227 [48]
Fried potato chips Middle East 375-7024 [52]
Fried puffs Asia 524 [55]
Fried sweet potato Africa 1043 [45]
Fried taamia Africa 68 [47]
Fries Europe 3300 [58]
Gingerbread Europe 2100 (58]
Home-cooked potato products Europe 2175 [56]
Hot beverages Europe 93-5399 [41]
Infant biscuits Europe 3-516 [67]
Infant cereals in powder Europe 65-296 [67]
Infant cereals (ready to eat) 11-52*
Infant cereal with follow-on formula in powder 17-260
Infant cereal with follow-on formula (ready to eat) 346
Infant powdered formula South America 1821 [59]
Instant cereal-based baby food Europe 19.2-34.7 [61]
Jarred baby foods Europe 162 [56]
2-162 [67]
Juice Europe 267 [41]
Mahua Asia 234 [62]
Moon cake Asia 201 [62]
Non-fried instant noodles Asia 5 [54]
Nuts products Asia 105 [53]
Paicha Asia 214 [62]
Plantain chips Africa 568 [45]
Popcorn Europe 1100 (58]
South America 781 [59]
Potato Europe 131-5360 (78]
Potato-based chips Middle East 375-7310 (52]
Potato chips Asia 1021 (54]
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Product/produce Region of the world Acrylamide content Reference
151 [53]
0.4-14 [63]
330-2300 [64]
723 [70]
233 [71]
Europe 18-1782 [50]
Middle East 90-800° [60]
South America 82-1852 [59]
Potato crisps Africa 4565 [72]
ND-9499 [46]
Asia 244-1688 [73]
Europe 30-2300 [1]
59-2336 [74]
4180 [56]
2311¢ [75]
954¢ [69]
3200 [58]
South America 40-1770 [76]
Powdered baby food Europe 174 [51]
Robusta Europe 160-6968 [50]
Seasoned laver Asia 103 [53]
Soft bread South America 102-594 [59]
Sweet binggan Asia 226 [62]
Taco, tostada and tortilla products Europe 29-794 [41]
Tajadas Europe 240 [77]
Tea products Asia 108 [53]
Toast Asia 530 [71]
Europe 460 [58]
Twisted cruller Asia 209 [71]
Wafer South America 687-2497 [59]
Yougao Asia 212 [62]
Youtiao Asia 248 [62]
*g/L.
PND, not detected.

“Average value.

Table 1. Reported occurrence of acrylamide in foods by regions.
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staple food in Southern African and gets burnt during its preparation, there are indications of
a huge risk of ACR exposure to millions of individuals consuming this product daily.

2.4. Toxicity of acrylamide

The neurotoxicity of ACR in humans is well known from occupational and accidental expo-
sures [79]. Owing to its low molecular weight and polarity, ACR is readily distributed and
incorporated in mammals [80]. After ingestion, ACR is rapidly circulated throughout the
whole body via the bloodstream [81] and can be found in the liver, kidney, thymus, brain,
heart and human breast milk [82]. The conjugation of ACR to glutathione, and its epoxidation
to glycidamide in the liver via cytochrome P450, is one of the major metabolic routes [83]. The
formation of glycidamide is considered to be the critical step for the toxic effects of ACR and
its metabolites. ACR and glycidamide, the latter at a much higher rate, can react with mac-
romolecules such as haemoglobin and enzymes [80]. According to the European Food Safety
Authority, ACR and its metabolite glycidamide have shown evidences of genotoxicity (DNA
damage) and carcinogenicity [44]. Although evidence from studies on human exposure and
possible causes of cancer is currently limited, epidemiological studies designed to target dif-
ferent populations and different organs in relation to cancer risks have been presented, with
absolutely none reported from the African continent [84].

Calleman [85] reported peripheral neuropathy symptoms of highly exposed workers in China.
Characterized by numbness of hands and feet, ataxia and skeletal muscle weakness, ACR has
been shown to be toxic to both the central and peripheral nervous system [86]. ACR induces
nerve terminal degeneration [79] and has deleterious effects on the thalamus, hippocampus
and cerebral cortex [79, 86]. A recent study demonstrated evidence of ACR neurotoxic effects
of fried potato chips on rat postnatal development, causing cerebellar cortical defects and myo-
degeneration of the gastrocnemius muscle during the postnatal development of pups [87]. It has
been postulated that neurotoxicity of ACR might be cumulative as the same neurotoxic effects
can be seen at low and high doses of ACR with the low doses requiring longer exposure [86, 88].

In 1994, ACR was classified by the International Agency for Research on Cancer (IARC) as
Group 2A, indicating that it is probably carcinogen to humans (Group 2A) [89, 90]. This was
based on positive bioassay results in rodents, buttressed by evidence that ACR is transformed
in mammalian tissues to a more reactive genotoxic metabolite (glycidamide) [8]. Evidence
on experimental rodents indicates that ACR causes tumours in the skin, uterus, lungs, brain,
thyroid and mammary gland [91]. The genotoxicity of ACR and glycidamide is also mani-
fested as both clastogenicity and mutagenicity. ACR has proven to be genotoxic in vivo to the
somatic and germ cells as well as to cell cultures [8] and mammalian cells [81]. As indicated by
Rice [91], the oxidation of this contaminant to glycidamide is the prerequisite for genotoxic-
ity of ACR. This is attributed to the higher reactivity of this metabolite (glycidamide) to form
adducts with DNA [83].

For cancer-related effects, the margin of exposures (MOEs) of ACR have been estimated to
range from 50 for high-consuming toddlers to 425 for average adult consumers. These num-
bers indicate concerns for public health [44]. Essentially, since any level of exposure to a
genotoxic substance could possibly cause DNA damage and lead to cancer, no tolerable daily
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intake (TDI) of ACR is set by European scientists [44], not to mention Africa. Nonetheless,
Shipp et al. [13] reported that ACR administered to drinking water of rodents at doses of =5
mg/kg bw/day resulted in significant decreases in the number of live pups. At higher doses,
signs of copulatory behaviour as well as effects on sperm motility and morphology were
observed by these authors. ACR toxicity in male animals includes decrease in sperm number/
abnormal sperm, decrease in fertility rates, degeneration of the epithelial cells of the seminif-
erous tubules and retarded development of pups [92]. These reproductive toxic effects may be
attributed to the interfering effect of ACR on the kinesin motor proteins, resulting in a reduced
sperm motility and subsequent fertilization [92].

3. Prevention and mitigation of acrylamide

Agencies such as the FAO and WHO in collaboration with the academia and food industry
have put forth strategies for reducing levels of ACR in food. In Europe, food manufactur-
ers have collaborated with researchers and the academia through the Confederation of the
Food and Drink Industries of the EU (CIAA) to produce series of strategies called the ‘CIAA
Acrylamide Toolbox’ for decreasing ACR levels in different foods [93]. However, it should be
noted that designing mitigation strategies is quite challenging, considering the fact that pre-
cautions must be taken to avoid compromising the nutritional, chemical, physical and micro-
biological quality and safety of the food. Accordingly, such measures must not result into the
formation of other process contaminants nor detrimentally affect the organoleptic properties
and acceptability of the final product [20, 94].

3.1. Methods that interrupt reactions leading to acrylamide formation

Several approaches have been successful at preventing ACR formation by preventing the key
reactions responsible for generating it. Lowering the pH of foods blocks the nucleophilic addi-
tion of asparagine with a carbonyl compound, preventing the formation of the Schiff base, a
critical intermediate in the formation of ACR [95, 96]. While this approach could be successful in
lowering ACR levels in fried potato products, it may bring about undesirable taste to foods [21].
The use of organic acids and the addition of mono- and divalent cations (Na* or Ca*) to foods
are other approaches of mitigating ACR by preventing the Schiff base formation [95-97]. The
addition of proteins or free amino acids other than asparagine has also been investigated as a
strategy for reducing ACR formation by causing competitive reactions and/or covalently bind-
ing ACR via Michael addition reactions [95, 96]. These additions however had low-to-moderate
success at decreasing ACR levels in both cereal-based and potato foods [98].

3.2. Treatments that reduce acrylamide precursor’s levels

As asparagine and reducing sugars are the major ACR precursors in foods, eliminating either
of these substrates is a viable way to reduce ACR formation [94]. Procedures for achieving this
include rinsing and blanching treatments, using asparaginase, fermentation and controlling
storage conditions [21].
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Rinsing, blanching and soaking treatments have been effective at reducing ACR formation
in potato products [4, 21]. Soaking potato slices in water before frying resulted in over 50%
reduction in ACR [21]. Further experiments by blanching slices in warm or hot water removed
more glucose and asparagine than ordinary water immersion [4]. Changing the design of fry-
ing units to reverse the flow direction of the heated oil may alter the thermal load, which will
reduce ACR levels in finished products [99]. Blanching and soaking treatments reduce ACR
formation by leaching out asparagine and sugars from the surface of the slices [4]. Using aspar-
aginase, an enzyme which hydrolyzes asparagine into aspartic acid and ammonia, has suc-
cessfully reduced ACR levels in potato and bakery products [4, 20]. Asparaginase treatment of
gingerbread dough resulted in a 75% decrease in free asparagine and a 55% reduction in ACR
levels in the baked products [20]. To this effect, two commercial asparaginase preparations
have been developed and are available in the market: Acrylaway® (Novozymes, Denmark) and
PreventAse™ (DSM Food Specialties, Denmark), respectively, synthesized from Aspergillus
oryzae and Aspergillus niger. They are generally recognized as safe (GRAS) ingredients [100].

Likewise, fermentation with yeast has been identified as a way to reduce ACR through the
elimination of free asparagine [28]. A 2 h fermentation of rye and whole wheat dough caused
a 77 and 87% reduction in ACR levels in rye and grain breads, respectively [101]. Yeast fer-
mentation was observed to be more effective than sourdough fermentation in reducing the
asparagine content of the dough [101]. Ingredients and additives may also increase ACR
formation during baking of cereal-based products. In a study by Amrein et al. [20], baking
agent and ammonium bicarbonate reportedly improved ACR formation in bakery products,
possibly by creating more reactive carbonyl compounds. Using an alternative baking agent
(sodium hydrogen carbonate), sucrose rather than honey or inverted sugar syrup can also
reduce ACR content by more than 60% [20].

3.3. Modifying processing/cooking conditions

A reduction in cooking temperatures and times can decrease ACR levels in foods. However,
loss of desirable colour, flavour and texture may occur, since the Maillard reaction which is
responsible for ACR formation also guarantees desirable flavour and colour compounds in
heated food [28]. Conditions that minimize ACR in French fries involve optimizing frying
or baking processes to obtain a surface golden in colour and crispy texture [21]. Blanching,
soaking, parboiling and washing treatments may be adopted, as these can leach the reducing
sugar/asparagine reactants before the subsequent cooking step [102]. Overall, prolonged bak-
ing/frying and excessive browning should be avoided to minimize ACR formation in baked
and fried products. Since a linear relationship exists between ACR formation and baking pro-
cess, there is a need to ensure proper and optimum cooking endpoint to minimize ACR for-
mation. This suggests that the degree of surface browning could be used as a visual indicator
of ACR formation during cooking.

3.4. Agronomic factors

Selective crop propagation is a potential strategy for controlling ACR levels by decreasing
levels of ACR precursors [94]. Since the first occurrence of ACR in foods, several researchers
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have demonstrated the significance of variety and cultivar selection on the formation of ACR
[103]. Amrein et al. [29] found a 50-fold variation in total reducing sugars in the different
potato cultivars the authors studied. Cultivars with low reducing sugars were more suitable
for potato products, cooked or processed at high temperatures [29]. Konings et al. [28] estab-
lished the significant impact of fertilizer application rate on ACR levels mainly due to differ-
ences in crude protein and asparagine and contents. A study by Claus et al. [38] demonstrated
the effect of nitrogen-based fertilizers in causing high amounts of protein and amino acid. This
resulted in increased ACR levels in breads, ranging from 10.6 to 55.6 pg/kg [38]. Producers
should best adopt effective fertilizer application regimes that will subsequently yield suitable
produce for processing, as this influence the levels of reducing sugars [29]. Tubers should be
harvested at full maturity as selection of immature tubers for further processing increases the
chances of ACR occurrence, because they have relatively higher reducing sugars and produce
products with potentially higher ACR levels [104, 105]. Unfortunately, most African subsis-
tence farmers harvest immature tubers to immediately obtain income for their needs. While
this should be discouraged, effective handling, packaging and storage of produce must also be
emphasized. Selection and use of crop varieties that are low in ACR precursors will most defi-
nitely help reduce ACR occurrence. Storage is also another component and practicable way of
mitigating ACR in foods. While storage of potatoes at low temperatures is generally meant to
minimize shrinkage and spoilage, studies have shown that low temperatures tend to increase
sugar levels (an ACR precursor) [106]. Though for a short-term storage, hot temperature is
desirable (this can however lead to sprouting, which can be controlled using suppressants);
for long term, a minimum storage temperature of 6°C is desirable [97].

3.5. Antioxidants and other phytochemicals

According to Kahkeshani et al. [107], the correlation between antioxidants and ACR can be
considered from two different points of view, namely, antioxidants as exogenous additives
and as endogenous secondary metabolites. According to these authors, lack of sufficient stud-
ies and discord in the results available from literature hinders a logical judgement about the
effectiveness of phytochemicals against ACR. While some reports have reported their benefi-
cial effect, some have been shown to facilitate ACR production [107]. While these compounds
can react with asparagine to produce ACR, they could also possibly react with the amide group
of the intermediates in Maillard reaction and block ACR formation [107-110]. The oxidation of
polyphenols to corresponding quinones, which can react with 3-animopropionamide (3-APA),
thus preventing the deamination of 3-APA to ACR, has also been proposed as a mechanism for
ACR reduction by these compounds [111]. Nonetheless, studies demonstrating the effective-
ness of these compounds towards the reduction of ACR have been presented in the literature.
Fernandez et al. [112] recorded a 50% ACR reduction after the addition of a flavonoid spice
mix to potato chips. Zhang and Zhang [108] reported a 76% reduction in ACR after French fries
were dipped into extracts of bamboo leaves with antioxidant properties, while a 59% decrease
in ACR was recorded when fried chicken wings were dipped into same extracts [111]. Further
reports in the literature on this have been adequately reviewed by Kahkeshani et al. [107] and
can be consulted for further reading. Interestingly, Africa is the home to a vast and diverse
number of plants and other botanicals with rich phytochemicals. Extracts of these plants and
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herbs are used for various purposes prominently in traditional medicines. Application of such
extracts would go a long way in the mitigation of ACR occurrence in foods.

3.6. Genetic modification

As defined by Key et al. [113], genetically modified crops/plants are those that have been
genetically altered through the use of recombinant DNA technology. This may be to express
a gene not native to the plants or to modify endogenous ones [113]. This issue has in the
recent years attracted worldwide attention especially regarding its risk to the environment
and human health. While it is widely accepted in many parts of the world, including parts of
America and Asia, it still remains a controversial issue in Europe [35]. Most African continents
follow the latter, as concerns regarding the immediate and long-term effects of genetically
modified crops are major hindrances to adopting this technology. Although different authors,
government agencies and international organizations have backed and supported genetic
modification, there is still a stiff opposition against its acceptance. Inconsistencies in free
sugar, amino acid and asparagine contents in crops of different cultivars (varieties) and geno-
types however suggest that the varying concentration of these parameters is due to genetic
variations [19, 29, 38, 114]. Consequently, fast tracking the natural breeding process through
the use of genetic engineering to develop cultivars (varieties) with lower concentration of
asparagine and reducing sugars should be possible and encouraged [35]. It has been shown
that simultaneous silencing of the genes (StAstl and StAst2) that encode for asparagine syn-
thetase which is the enzyme that catalyse the formation of asparagine in potato, significantly
reduced the levels of asparagine in the transgenic crop [115]. Another study demonstrated
reduction in the concentration of reducing sugars, which also participate in reaction leading
to ACR formation. For instance, since reducing sugar is accumulated during the cold storage
of potato (cold-induced sweetening), silencing of the enzyme acid invertase resulted in potato
with reduced concentration of fructose and glucose as well as low ACR concentration when
processed into French fries [116]. While genetic modification continues to be controversial, the
farmers, the food industry and other vital stakeholders should be proactive in the develop-
ment of crop varieties that would yield lower ACR levels in food.

4. Conclusion and future prospects

This chapter gives an overview of ACR in foods, significant progress in its formation and miti-
gation strategies with a dearth of information in Africa. Its occurrence and exposure in other
parts of the world have been extensively reviewed by other authors with little focus on the
African continent. Starch-based foods and food products constitute a major and basic daily
diet for millions in the developing world, particularly in Africa. Coupled with the myriad of
associated traditional heat processing operations, it is justified to conclude that inhabitants in
this region are exposed to high risk of ACR contamination. This is expected to stimulate inter-
est among scientists working in the field of food safety and quality, for making better efforts
towards investigating the occurrence and exposure of ACR in Africa. With such data lacking,
there is also insufficient information on the impact of lower levels of exposure to ACR content,
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which needs to be established. Concerted efforts must also be directed towards this, using
validated models of predicting dose exposure and mechanism of toxicity relationship to assist
in measuring the public health risk of ACR in foods. Furthermore, adequate enlightenment
and sensitization of the populace by government agencies and the industry about the dangers
and possible ways of reducing this food contaminant must be provided and emphasized.
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Abstract

Heavy metals are not biodegradable and tend to accumulate in living organisms. Many
heavy metal ions are known to be toxic or carcinogenic. Thus, removal of these toxic
heavy metals from water is of crucial importance to protect the human population and
the environment. In recent years, polymeric adsorbents have received considerable
interest for heavy metal removal mainly due to important technological and scientific
developments such as easy synthesis at controlled dimensions with variable functional
groups, perfect mechanical rigidity, tunable surface chemistry, large surface area, pore
size distribution, high uptake values and feasible regeneration under mild conditions.
This chapter has attempted to present to the readers the widespread investigations of
acrylic-based polymeric adsorbents so that the reader can get an idea about the vari-
ous types and forms of polymeric materials used for the removal of heavy metals from
water.

Keywords: acrylics, heavy metal, removal, adsorption, remediation

1. Introduction

Remediation of environmental sources is a very important concern for human beings since
these are essential to sustain life [1]. The presence of heavy metal ions in the environment is
becoming a serious threat to public health and the environment. Heavy metal contamina-
tion exists in aqueous wastes of many industries, such as metal plating, mining operations,
tanneries, chlor-alkali, radiator manufacturing, smelting, alloy industries and storage battery
manufacture [2]. Most of the heavy metals are toxic, and therefore, their removal from envi-
ronmental sources is very important [3]. Several methods can be used for the removal of metal
ions from water including chemical precipitation, ion exchange, filtration, reverse osmosis,
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adsorption and membrane separation [4]. The advantages and the disadvantages of the vari-
ous treatment processes used in heavy metal removal are given in Table 1 [5].

By far, the most widely used method for removing heavy metals from solution is chemical
precipitation. The soluble metal is converted into an insoluble precipitate (i.e. its hydroxide)
by the increase in the pH of the solution. It is relatively simple and inexpensive to operate.
The precipitates can be separated from the water by sedimentation or filtration. The treated
water was then decanted and appropriately discharged or reused. The conventional chemical
precipitation processes include hydroxide precipitation and sulphide precipitation [5].

Ion exchange is another most widely used method for the removal of heavy metals from the
solution [6]. The ion exchanger is a solid capable of exchanging either cations or anions from
the surrounding materials. Commonly used matrices for ion exchange are synthetic organic
ion exchange resins.

Coagulation-flocculation can also be employed to treat water with heavy metals, wherein
the coagulation process destabilises colloidal particles by adding a chemical agent (coagu-
lant) and results in sedimentation [7]. Many coagulants are widely used in the conventional
wastewater treatment processes such as aluminium, ferrous sulphate and ferric chloride,
resulting in the effective removal of wastewater particulates and impurities by charge neu-
tralisation of particles and by enmeshment of the impurities on the formed amorphous metal
hydroxide precipitates. Coagulation is followed by flocculation of the unstable particles in
order to increase their size and form into bulky floccules which can be settled out. Today,
many kinds of flocculants, such as polyaluminium chloride, polyferric sulphate and poly-
acrylamide (PAM), are widely used in the treatment of waste water. However, it is nearly
impracticable to remove heavy metals very well from waste water directly by these current
flocculants.

Flotation is employed to separate solids or dispersed liquids from a liquid phase using bubble
attachment [8]. Adsorptive bubble separation employs foaming to separate the metal impuri-
ties. Ion flotation, precipitate flotation and sorptive flotation are the main flotation process
mechanisms for removal of metal ions from solution. Membrane filtration has received con-
siderable attention for the treatment of inorganic effluent, since it is capable of removing not
only suspended solid and organic compounds but also inorganic contaminants such as heavy
metals.

Electrochemical methods involve the plating out of metal ions on a cathode surface and can
recover metals in the elemental metal state. Electrochemical wastewater technologies involve
relatively large capital investment and the expensive electricity supply. The cost factor pre-
vents the usage of this method to be widely applied industrially [9].

Adsorption is now recognised as an effective and economic method for heavy metal wastewa-
ter treatment. The adsorption process offers flexibility in design and operation and in many
cases will produce high-quality treated effluent. Among these methods, adsorption via the
use of adsorbent is one of the most effective methods since it is rapid, economic, effective and
easy. In addition, the regeneration of the adsorbent with resultant economy of operation may
be possible because adsorption is sometimes reversible [10].
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Method

Advantages

Disadvantages

Chemical precipitation

Ion exchange

Coagulation-flocculation

Flotation

Membrane filtration

Electrochemical treatment

Adsorption

Simple
Inexpensive to operate

Convenient and safe

High removal efficiency

Fast kinetics

High treatment capacity

High regeneration

Bacterial inactivation capability
Good sludge settling

Good dewatering characteristics

Removal of small particles

High selectivity to recover valuable ions
Low retention time

Production of more concentrated sludge
High removal efficiency

Low chemical consumption

Low solid waste consumption

Small space requirement

Possible to be metal selective

Rapid

Less sludge production

Less chemical use

Provide good reduction yields
Moderately metal selective

High capacity

Flexibility in design and operation

Fast kinetics

Wide variety of target pollutant

Needs large amount of chemicals
Excessive sludge production
Sludge disposal cost

High maintenance cost

Slow metal precipitation

Sensitive to the pH of the solution

High initial cost

High maintenance cost
High chemical consumption
High maintenance cost
High operation cost

Increased sludge volume generation

High maintenance cost
High initial capital cost

High operation cost

Process complexity
Limited use

High maintenance cost
High initial capital cost

High operation cost

High initial capital cost
High energy requirement

Requires filtration for flocs

Performance depends on type of
adsorbent

Chemical derivatization to improve
sorption capacity

Table 1. Comparison of treatment processes used for heavy metal removal.
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In recent years, polymeric adsorbents have received considerable interest for heavy metal
removal mainly due to important properties such as easy synthesis at controlled dimensions
with variable functional groups, perfect mechanical rigidity, tunable surface chemistry, large
surface area, pore size distribution, high uptake values and feasible regeneration under mild
conditions. These novel properties allow the polymeric adsorbent to be applied for use in
drug delivery systems, optics and water treatment. These can also be incorporated with other
particles making them extremely versatile [11].

2. Acrylic-based polymers

Acrylic monomers have been widely utilised for the preparation of polymeric materials that
can be used as sorbents in environmental remediation studies due to their valuable charac-
teristics such as water repellence, transparency and good film-forming ability. These have
become more widely used in the last decades because they are also environmentally friendly,
they offer easier clean-up, and, last but not least, their properties and application performance
characteristics have been improved [12]. This section will explain the practical applications of
polymeric adsorbents which are synthesised from their acrylic monomers for the removal of
heavy metal ions in water.

2.1. Poly(acrylic acid) (PAAc)

Acrylic acid (AA), an important monomer of synthetic resins, is a versatile compound used
in polymer synthesis. It has been widely used to fabricate a variety of functional materials,
such as water-absorbent polymers, adhesives and textile-treatment agents and so on [13].
Radiation-induced graft polymerisation can be used to modify the polymers to introduce
valuable properties to the synthesised materials. The technique is very advantageous over the
conventional methods. For example, the chemical and photochemical grafting methods are
simple and can be done without employing any additives or catalyst at any temperature [14].

Benamer et al. [15] have modified chitosan beads by a graft copolymerisation reaction of chi-
tosan with AA by gamma radiation, and the removal of Cd and Pb ions from aqueous solu-
tions was examined using the novel adsorbent. Raw chitosan beads were first modified by
cross-linking with glutaraldehyde, and the radiation-induced grafting of AA onto the chito-
san beads was performed using *°Co gamma-source. The grafting rate of 81% was obtained at
a dose rate of 20.64 Gy min™. The FTIR was used for the structural characterisation of the sor-
bent, and their swelling measurements were performed at different pH values. The adsorp-
tion experiments were carried out both with modified and unmodified chitosan beads for
Cd(II) and Pb(II) ions, and it was found that the grafting of new groups increased the number
of adsorption sites in chitosan, leading to the increase in adsorption capacity. The optimum
pH for Cd(Il) and Pb(Il) uptake was between 4 and 7 using the synthesised adsorbent. The
experimental kinetic data were found to have a better fit with pseudo-second-order reaction,
and Langmuir isotherm model was found to be more suitable to represent the experimental
equilibrium.
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Gonzélez-Gomez et al. [16] have synthesised two new comb-type hydrogels using two mono-
mers such as AA and 4-vinyl pyridine (4VP) by gamma radiation. The synthesised adsorbents
were as follows: (a) Comb-type hydrogels of an AA network followed by grafting of 4VP
(net-PAA)-g-4VP and comb-type hydrogels of an AA network grafted onto polypropylene
(PP) followed by grafting of 4VP [net-(PP-g-AA)-g-4VP]. The Co gamma source was used to
synthesise the comb-type systems. The AA in synthesised comb-type hydrogels was capable
of removing metals because the ions primarily interact with the carboxyl groups. Moreover,
the amino groups in 4VP increased the stability constant and complexation bond strength
between the metals and functional groups. The retention of Cu(II) and Zn(Il) ions was evalu-
ated by the new adsorbent, and a high adsorption capacity was found through the target
ions. The quantification of the metal ions was performed with a colorimetric method using
ultraviolet visible (UV-Vis) spectrophotometry. The net-(PP-g-AA)-g-4VP system exhibited
better efficiency with Zn(Il) ions (up to 90%), whereas the (net-PAA)-g-4VP system exhibited
good efficiency for retaining both ions, with approximately 85-90% retention. The equilib-
rium adsorption capacities of Zn(Il) ion were found to be 1086 and 480 mg g™ for net-(PP-g-
AA)-g-4VP and (net-PAA)-g-4VP, respectively, which were higher than some results reported
in literature. Moreover, adsorption/desorption studies indicated that the regeneration of the
adsorbent was possible by altering the pH of the solutions. Freundlich model was the best
model to describe the adsorption process, indicating heterogeneous adsorption. In addition,
the kinetic results agreed with pseudo-second-order reaction indicating that the retention
process occurred by chemisorption.

Radiation-induced graft copolymerisation of AA, styrene (Sty) on poly(N-vinyl-2-pyrrolidon)
(PVP), was realised by El-Mohdy et al. [17] to remove Co(Il), Cu(Il) and Fe(IlI) metal ions
from aqueous solutions. In order to prepare the hydrogels, AA and Sty were mixed together
with different monomer feed ratios (AAc:Sty) at room temperature. The PVP (50 wt%) was
mixed with these compositions and then irradiated with “Co gamma rays at a dose rate of
6.13 kGy/h. The obtained hydrogel was washed with ethanol/water mixture to remove unre-
acted monomer components and then dried in vacuum oven at 40°C. The sulfonation (Sf) (to
introduce sulfonic group onto the styrene benzene ring) and alkaline treatment (to convert
—COOH group of AA into -COO) were applied in order to functionalise the hydrogels. The
success of characterisation of the newly synthesised materials was confirmed using FTIR,
UV, thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD) methods. The adsorption experiments of Co(II), Cu(Il) and Fe(IIl) ions from
aqueous solutions using the hydrogels were studied in terms of pH, temperature, initial metal
concentration, contact time and polymer structure. The metal ion uptake efficiency of PVP/
(AA-co-Sty) hydrogel was found to be in the following order: hydrogel treated with NaOH/
Sf > hydrogel treated with NaOH > hydrogel treated with Sf > untreated hydrogel. The high-
est metal ion uptake was observed for Fe(IIl), and the lowest was observed for Cu(II). It was
concluded that the hydrogels could be used as a potential adsorbent for the removal of target
ions in environmental studies.

The poly(acrylic acid) (PAA), a polymer containing polar carboxylic functional groups in lin-
ear CH,-CH, chain, has a great ability to form complexes with metal ions. It is pH sensitive
and belongs to the class of commercial polymers produced on a large scale. It is widely used
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in various industries, such as agriculture, medicine, etc., as pharmaceutical carriers, antifoul-
ing agents, flocculants and super absorbents [18].

Sezgin and Balkaya [19] have investigated the adsorption of Cu(Il), Ni(Il), Zn(Il) and total
Cr [Cr(IlI) and Cr(VI)] ions using polyacrylic acid hydrogel. The adsorbent was synthesised
by free radical participation polymerisation of acrylic acid monomer in the presence of 1
mol% monomer cross-linker [N,N-methylenebisacrylamide (NMBA)], 1 mol% monomer ini-
tiator [potassium persulphate (K,S5,0,)] and an equal weight of accelerator [potassium bisul-
phite (KHSO,)] under nitrogen atmosphere. The polymeric hydrogel was characterised by
FTIR. The surface characteristics of the hydrogel were evaluated using a scanning electron
microscopy/energy dispersive X-Ray (SEM/EDX) analysis. The effects of adsorbent amount,
contact time and shaking speed were studied using a real wastewater sample. Among the
kinetic models investigated, pseudo-second-order model was found to describe the adsorp-
tion process since the correlation coefficients of the model are high, and the calculated q,
(amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium) was in good agree-
ment with the experimental ones. Moreover, a multiple diffusion model was determined to
be effective in adsorption. Freundlich model was found to represent the adsorption data.
Thermodynamic experiments have pointed out a spontaneous and exothermic behaviour. A
comparison for the removal of the metal ions was performed for industrial wastewater (IWW)
and synthetic wastewater (SWW) samples, and a higher adsorption capacity was found for
SWW. According to the results presented in the manuscript, AA hydrogel was found to be as
an effective material in order to remove target metal ions from wastewater samples.

The PAA hydrogel beads were also examined as a potential adsorbent for the removal of
Pb(Il)ion from waste water [20]. The batch-type adsorption was applied, and the effect of
pH contact time and temperature was studied. The optimum pH value was found to be 6.3,
and the adsorption of Pb(Il) increased with increase in temperature and time. The maximum
capacity was reached in 24 hours with 113.43 mg g value. The adsorption kinetic data were
described by the pseudo-first-order kinetic model, and the adsorption isotherm agreed well
with the Langmuir model. Moreover, the adsorption process was stated to be spontaneous
and endothermic.

Although PAA has a strong ability to form complexes with metal ions, the high water solubil-
ity of this polymer hinders its application to remove the metal ions from the aqueous solutions.
To overcome these limitations, the polymer was modified with several functional groups or
combined with various materials such as clay, chitosan, carbon nanotubes, etc. [21, 22].

A polyacrylic acid—organobentonite nanocomposite (PAA-Bent) was synthesised by the inter-
calation of cetyl trimethylammonium (CTA) surfactant and polyacrylic acid into the benton-
ite interlayer spaces. The XRD patterns and FTIR evidences of the novel adsorbent confirmed
the success of the synthesis [23]. The newly synthesised material was applied for the removal
of Pb(Il) ions, and a removal efficiency of 99.6% was achieved by the nanocomposite with a
30-minute contact time for 7.5 g L™ solid-to-liquid ratio and an initial metal concentration of
400 mg L at 25°C. The maximum adsorption capacity of the adsorbent was 93 mg g™ which
was approximately twice as much as that of untreated Bent (52 mg g™). It was stated that the
superior capacity and affinity of PAA-Bent nanocomposite towards Pb(II) were probably due to
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the complex formation between the polymer carboxyl groups and Pb(II) ions. The kinetics and
thermodynamics of Pb(II) adsorption onto bentonite and PAAc-Bent adsorbent were also inves-
tigated by the same research group in another study [24]. Batch-type adsorption experiments
were conducted at different times, Pb(I) concentrations and temperatures. A fast adsorption
(299.4% adsorption in 30 min) was observed at low lead concentration due to high complex-
ation affinity between metal ions and reactive functional groups on the surface of PAA-Bent. At
higher lead concentrations, more Pb(II) ions were left unabsorbed in solution due to the satura-
tion of binding sites so that the equilibrium time for Pb(II) adsorption by the PAA-Bent nano-
composite increased from ~30 to ~60 min. When the effect of temperature was examined, the
adsorption of lead ions increased with increasing temperature both for Bent and PAA-Bent. The
equilibrium studies showed that Pb(II) adsorption data on PAA-Bent followed the Langmuir
model. The endothermic and spontaneous adsorption of Pb(II) ions for both Bent and PAA-
Bent adsorbents was evaluated using thermodynamic studies. The adsorption kinetics of Pb
onto PAA-Bent fitted better with the pseudo-second-order and pseudo-first-order kinetic mod-
els better than the Elovich and intraparticle diffusion models suggesting that chemi-adsorption
controls the adsorption process. These results have indicated that PAA-Bent nanocomposite
could be efficiently used as an adsorbent in lead removal studies from waste water.

Shirsath et al. [25] have prepared PAA hydrogel composite by incorporating kaoline (K) clay
using ultrasound-induced polymerisation and conventional process. The utility of the syn-
thesised hydrogels has been investigated for the removal of brilliant green (BG) dye. The
PAA-K hydrogel was synthesised using AA (monomer), ammonium persulphate (initiator)
and sodium dodecyl sulphate (surfactant). The morphology of PAA-K hydrogel was evalu-
ated using FTIR and transmission electron microscope (TEM). The particle size of kaolin clay
was measured from the TEM images and found to be in the range of 20-50 nm. The hydro-
gels were prepared using ultrasound-induced polymerisation and conventional process. The
effect of different parameters (pH, temperature, initial dye concentration, quantity of hydrogel
and clay content) on the extent of adsorption was examined in batch mode for the hydrogels
that were prepared both by using ultrasound-induced polymerisation and conventional pro-
cess. The concentration of BG dye was measured using UV-Vis spectrophotometer at 624 nm.
Better results were obtained for the hydrogel prepared by ultrasound-assisted polymerisa-
tion process. The removal of BG dye was found to increase with an increase in pH (till the
optimum value of 7), temperature, adsorbent and adsorbate concentrations as well as the
kaolin clay content in the hydrogel. It has been observed that the maximum BG dye removal
by PAA-K hydrogel was achieved for the initial dye concentration of 30 mg L™ at a tempera-
ture of 35°C and pH 7. The pseudo-second-order kinetic model was found to fit the kinetic
data. Both Freundlich and Langmuir adsorption isotherm models explained the experimental
results satisfactorily. Moreover, the adsorption was spontaneous and endothermic in nature.

The removal of Co(II) from the aqueous solutions was investigated using PAA-grafted mul-
tiwall carbon nanotubes (MWCNTs) by Chen et al. [26]. Plasma techniques were applied to
graft PAA onto the surface of MWCNTs to improve their dispersion property and adsorption
capacity in the aqueous solutions. The characterisation of both raw MWCNT and MWCNT-
g-PAA was performed using techniques such as FTIR, TGA, Raman spectroscopy, SEM and
TEM. The microstructures of the raw MWCNTs and MWCNT-g-PA Ac were observed by SEM
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and TEM. An entangled and curled framework was noticed for both of the adsorbents with
almost no differences in their surface. A more compact stacking morphology was observed for
MWCNT-g-PAA due to the interactions of carboxylic acid groups on the surface of MWCNTs.
A very thin layer of grafted PAA was coated on partial external walls of MWCNTs and was
investigated with TEM images. The results of FTIR spectra of raw MWCNTs and MWCNT-g-
PAA were compared, and MWCNT-g-PAA exhibited a relatively stronger broad peak around
3400 cm™ due to the O-H stretching vibration, which suggests the existence of hydroxyl, the
functional group from PAA and chemisorbed water. Moreover, peaks at 3430 cm™ (—OH),
1680 cm™ (C=0), 700 cm™ (—CH,—) and 1080 and 1200 cm™ (C—O) suggest that PAA was
successfully grafted on the surface of raw MWCNTs by the plasma-induced grafting method.
The TGA curves have indicated that the carbon impurity (such as amorphous carbon) in
MWCNTs used was negligible, and the weight percentage of grafted PAA on the surface of
MWCNTs was estimated to be 4.4%. The adsorption capacity of both adsorbents towards
Co(Il) ions was investigated, and the adsorption parameters (shaking time, pH, ionic strength
and temperature) were optimised. A pH-dependent and rapid adsorption was observed. The
main adsorption mechanism for Co(II) adsorbed onto MWCNT-g-PAA was stated to be due
to the complexation of Co(Il) with carboxyl groups on the surface of MWCNT-g-PAA. The
spontaneous and endothermic adsorption process was well described by the pseudo-second-
order model. As a result, PAA was successfully grafted on the surface of raw MWCNTs and
obviously enhanced its adsorption capacity for Co(II) which enables MWCNT-g-PAA as a
promising adsorbent in water purification studies.

The effect of contact time, pH, foreign ions and PAA on oxidised MWCNT for the adsorp-
tion of Ni(Il) was studied by Yang et al. [27]. The adsorbent characterisation was confirmed
using FTIR. A rapid equilibration was achieved within 2 hours, and the experimental data
were found to fit well by the pseudo-second-order model. The adsorption of Ni(Il) on oxi-
dised MWCNTs increased with increasing pH. A positive effect of PAA on Ni(II) adsorption
was found at pH < 8, whereas a negative effect was observed at pH > 8. The effect of addi-
tion sequences of PAA/Ni(Il) on the adsorption of Ni(Il) to PAA-MWCNT hybrids was also
studied. The results indicated that the adsorption of Ni(Il) was influenced by the addition
sequences obviously. The Ni(Il) adsorption on oxidised MWCNTs was dependent on foreign
ions at low pH values and independent of foreign ions at high pH values. The adsorption of
Ni(II) on oxidised MWCNTs was stated to complicate and was attributed to surface complex-
ation and ion exchange. The synthesised materials were found to be suitable adsorbents for
the solidification and preconcentration of Ni(II) from aqueous solutions.

2.2. Polyacrylamide (PAM)

Polyacrylamide (PAM) is a water-soluble polymer, containing large number of amide groups
as side groups, can be grafted onto various matrices and be used in environmental remedia-
tion studies as adsorbent [28].

Liu and Guo [29] have synthesised PAM-grafted attapulgite (ATP) nanofibrils by the surface-
initiated atom transfer radical polymerisation of acrylamide from the modified surfaces of
the fibrillar clays. The elemental analysis, FTIR, TGA and TEM were used to characterise
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the synthesised adsorbent. The percentage of grafting (PG%) was calculated from the results
of the elemental analysis, and polymerisation time has been found to increase PG%. The
adsorption capacity of both bare ATP and PAM-ATP was evaluated both for mercury and
dyes (methylene blue and methyl orange). It was evaluated that surface graft polymerisation
of acrylamide enhanced the adsorption capacity towards mercury and methylene blue but
not methyl orange.

Kasgoz et al. [30] have modified PAM hydrogels by Mannich reaction using different amine
compounds, namely, diethylenetriamine (DETA), ethylenediamine (EDA) and triethylenetet-
ramine (TETA), and sulfomethylation reaction. The FTIR was used to characterise the adsor-
bents. Moreover, basic group content (BGC) and hydroxymethyl group content (HMG) and
the equilibrium degree of swelling (EDS) were evaluated. These results indicated that the
amine value (AV) of the adsorbents increased with time, temperature and amine amount. The
adsorbents synthesised were used for the removal of Cu(II), Cd(II) and Pb(II) ions in competi-
tive or non-competitive conditions, and the effect of pH and adsorption rate was investigated.
It was observed that the removal capacities of the adsorbents changed mainly according to
their AV, BGC and EDS. Moreover, the Mannich products were selective towards Cu(II) ion,
and the sulfomethylation products were highly selective to Pb(Il) ions. Furthermore, regen-
eration studies were performed to demonstrate the practical use of the adsorbents.

The hydroxamic acid-modified polyacrylamide/Fe,O, adsorbent (M-PAM-HA) was synthe-
sised by Zhao et al. by microemulsion polymerisation with acrylamide determined [31]. Its
structure was characterised by various methods (XRD, FTIR, TGA, SEM, EDS, zeta poten-
tial), and its swelling and iron-leaching properties were also determined. Batch-type adsorp-
tion experiments were applied in order to investigate the removal efficiency of the adsorbent
towards Cd(II), Pb(II), Co(Il) and Ni(II) ions. The adsorption kinetic experiments revealed that
the results are best correlated with the pseudo-second-order model indicating that the rate-
controlling step was chemisorption. Moreover, the equilibrium data have shown that Sips iso-
therm model best fitted with the experimental results rather than Freundlich and Langmuir
isotherm models. The adsorption mechanism was elucidated both with FTIR and theoretical
calculations, and it was proposed that the carbonyl and hydroxyl groups formed stable five-
membered ring chelates with divalent metal ions. Moreover, 0.1 M Na,EDTA was found to
regenerate the adsorbent efficiently which shows that the novel adsorbent has great potential
in wastewater treatments.

In a study by Yavuz et al. [32], polyacrylamide was grafted onto cross-linked poly(4-vinyl pyr-
idine) (P4-VP-g-PAm) and used only for the purpose of mercury removal from water samples
at mg L' concentration levels. Yayayiiriik et al. [33] have used the same adsorbent, for the first
time, for the selective preconcentration of Hg(Il) prior to cold-vapour atomic-fluorescence
measurements, and separate determinations of Hg(Il) and MeHg(I) at the trace level were
performed at a ng L™ level. In addition, adsorption isotherms were studied, and the affinity of
the adsorbent to several metal ions, such as Pb(Il), Zn(II), Cu(Il), Cd(II) and Fe(III), was inves-
tigated. The developed method was also applied to the determination of Hg(II) and MeHg(I)
in sea water and estuarine water. The high uptake capacity of the adsorbent allowed the quan-
titative retention of Hg(II) in water samples, which is very important in Hg-polluted matrices.
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2.3. Poly(glycidyl methacrylate) (PGMA)

The use of poly(glycidyl methacrylate) (GMA) has become very attractive as an adsorbent in
environmental remediation studies during the last years because of its high tensile strength,
porous structure and resistance to acid and alkaline media. Moreover, GMA can be readily
modified by chemical reaction and grafting. The GMA functional group can be easily trans-
formed into urea, pyrazole, amines, iminodiacetic, pyridine groups, etc. due to the epoxy
group in GMA molecule [34].

Nastasovic et al. [35] have synthesised macroporous cross-linked poly(glycidyl methacrylate-
co-ethylene glycol dimethacrylate) and poly(GMA-co-EGDMA) with different porosities by
suspension copolymerisation and functionalised with ethylene diamine and diethylene tri-
amine. These have elucidated the kinetics of the adsorbents towards hexavalent chromium
[Cr(VI)] under both competitive and non-competitive conditions. The competitive kinetics
was studied with several multicomponent solutions. A very fast Cr(VI) uptake was observed
in non-competitive conditions due to the amino groups present at the adsorbent’s surface.
It was found that the adsorption of Cr(VI) was much slower from their binary solutions
than from single-component solution. This situation was pronounced due to competition
of the metals for the active sites of the adsorbents. The pseudo-second-order model was
determined to best fit with adsorption data meaning that adsorption depends both on the
properties of the metal and the adsorbent. Nastasovic et al. [36] have also functionalised mac-
roporous poly(glycidyl methacrylate-co-ethylene glycol dimethacrylate) (PGME) by reacting
the pendant epoxy groups with diethylene triamine (PGME-10/12-DETA) and investigated
the adsorption mechanism of the adsorbent towards Cu(ll), Cd(Il) and Pb(II) ions in aque-
ous solution. The FTIR, X-ray photoelectron spectroscopy (XPS), SEM-EDX and atomic force
microscopy (AFM) were used to elucidate the adsorption mechanism before and after inter-
action of PGME-10/12-DETA with the target ions. The XPS and FTIR analyses suggest that
complexation through the formation of metal-O and metal-N bonds with the -OH, -NH and
-NH, groups as the possible mechanism of Cu(Il), Cd(II) and Pb(II) adsorption on sample
PGME-10/12-DETA. The AFM images indicate that the metal adsorption induces change in
the size and morphology of the amino-functionalised PGME. The time required to reach 50%
of the total adsorption capacity was 5 min for all the investigated metal ions. Already after
30 min, PGME-10/12-DETA attained approximately 90%, and after 180 min, 95% of metal
ions with maximal capacity was adsorbed. The pseudo-first-order, pseudo-second-order and
surface reaction-based kinetic models were fitted to the experimental data, and the pseudo-
second-order model was found to describe adsorption kinetics for all metal ions.

A magnetic glycidyl methacrylate resin was synthesised by Elwakeel et al. [37] for the removal
of Hg(Il) in industrial waste water. The adsorbent was synthesised by coating a magnetite
core with glycidyl methacrylate-based polymer. Further, it was grafted with diethylene tri-
amine (DETA). The characterisation methods (SEM, SEM-EDX, FTIR, BET and TEM) used
indicated the successful synthesis of the polymer. The absence of coercivity and remanence in
vibrating sample magnetometry (VSM) analysis confirmed that the material has super para-
magnetic properties. The effects of pH, counter ions, adsorbent amount and the tempera-
ture were investigated. Moreover, reaction kinetics and adsorption isotherms were studied.
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The maximum adsorption capacity was obtained at a pH of ~4. The adsorption kinetics and
isotherms were best fitted with the pseudo-second-order model and Langmuir equation,
respectively. Thermodynamic studies indicated that adsorption of Hg(Il) by the adsorbent is
exothermic and spontaneous with increased randomness. The desorption from the adsorbent
was realised with KI or Kl-thiourea mixture, and at least four cycles of adsorption/desorp-
tion were obtained with the proposed adsorbent. Two industrial effluents were used for the
removal of Hg(II), and satisfactory results were obtained.

In a recent work by Senkal and Bicak, glycidyl methacrylate (GMA)-methyl methacrylate
(MMA)-divinylbenzene (DVB) terpolymer having diethylenetriamine tetra acetic acid (DTTA)
as a functional group was synthesised and used for the efficient removal of Ca(II) and Mg(II)
ions from water [38]. The cross-linked terpolymer beads were prepared by suspension polymer-
isation of GMA (0.4 mol), MMA (0.5 mol) and DVB (0.1 mol) mixture and have been modified
through epoxy functional groups in two steps: (i) by treating with excess of diethylene triamine
(DETA) and (ii) by subsequent reaction with potassium chloroacetate. The resulting polymer
possesses DTTA functional groups (with a degree of functionalisation, DF: 1.70 mmol g).
The polymeric adsorbent was separated into different particular sizes within the range of
125-250 um by steel sieves prior to use. This novel adsorbent was also used for the removal
of Hg(II) and Cu(Il) ions in aqueous solution. In order to clarify the adsorption process with
the novel adsorbent, the effect of pH, contact time and adsorbent amount was elucidated. The
adsorption process was then investigated in terms of Langmuir and Freundlich isotherms to
characterise the uptake of target ions by the adsorbent. In addition, the affinity of the adsorbent
to several metal ions was investigated. The developed method was also applied to the determi-
nation of Hg(II) and Cu(Il) in water samples. According to the obtained results, the polymeric
adsorbent was proposed as a promising adsorbent for the removal of target ions in contami-
nated water [39, 40].

2.4. Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) is an important member in the family of poly(acrylic
ester(s)). It was found to have widespread use due to its desirable properties such as good
solvent resistance, excellent optical transparency, low cost and good flexibility [41].

Al-Muhtaseb et al. [42] have evaluated the adsorption potential of PMMA to remove phenol
from water. The PMMA was polymerised using atom transfer radical polymerisation (ATRP)
technique. The percentage conversion of the methyl methacrylate monomer was determined
by weighing the dried polymer. Both 'H and **C nuclear magnetic resonance (NMR) spectra
of the adsorbent were recorded. Moreover, FTIR spectra of the adsorbent were taken before
and after adsorption with phenol to check the functional groups of the materials. Batch-
type adsorption was applied at various temperatures (25-55°C), initial phenol concentra-
tions (10-90 mg L™) and contact times (15 min to 4.5 hours). Phenol adsorption was found to
increase with increase in contact time and initial phenol concentration. The data were best
correlated with the pseudo-second-order kinetic model. From the intraparticle diffusion and
Boyd models, the adsorption of phenol on PMMA was shown to be governed by film dif-
fusion. Both Freundlich and Redlich-Peterson isotherm models were found to describe the
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adsorption data. Thermodynamic parameters indicated that the adsorption process is exo-
thermic and spontaneous in nature and higher ambient temperature results in more favour-
able adsorption [42].

Although PMMA is non-toxic, easy to obtain, cheap and being insoluble in water, its brittle
texture and low thermal and mechanical stability are the disadvantages of this material. To
overcome these drawbacks, several chemicals such as mesoporous silica or carbon were added
to the polymer matrix that will result in an increase both in thermal and mechanical behaviour
and its physical performance. Salisu et al. [43] have synthesised a novel adsorbent, sodium
alginate-graft-poly(methyl methacrylate) (Alg-g-PMMA) in the form of calcium cross-linked
beads and utilised for the removal of Pb(Il) in aqueous solution. The beads were formed using
a simple encapsulation method that enables the ionic interactions between glutaronate blocks
of the graft copolymer and calcium ions. The FTIR, SEM and particle size analyser were used
to characterise the adsorbents. The beads owing a spherical shape, rough surface and porosity
having a mean size of ~1.2 mm were obtained. The adsorption process was found to depend
on the initial pH and Pb(II) concentration. The optimum pH for the adsorption of the metal
ions was found to be 4.0. The Langmuir model was found to describe the adsorption data with
a maximum adsorption capacity of 526 mg g™. Moreover, the adsorption followed a pseudo-
second-order kinetic model. HNO, (0.1 M) was used in the regeneration studies. The results
showed that the material proved to be excellent in the removal of the Pb(Il) ions after nine
cycles with no significant loss of adsorption capacity.

The oxidative-free radical-graft copolymerisation reaction was applied in order to synthesise
a novel adsorbent, poly(methyl methacrylate)-grafted alginate/Fe,O, nanocomposite for the
removal of Pb(Il) ions in aqueous solution [44]. The FTIR, XRD, SEM, TEM, TGA and DSC were
employed to characterise the adsorbent. The adsorption feasibility of the adsorbent towards
Pb(II) and Cu(Il) ions was investigated in terms of pH, contact time, initial metal concentra-
tion and adsorbent dose. The adsorption of Pb(II) and Cu(Il) was found to be pH dependent,
and a pH 5 was found to be optimum for both of the metal ions. An increase was observed in
the adsorption capacity of the adsorbent as the metal concentrations increase. This was due
to the electrostatic interactions between metal ions and adsorbent, which involves active sites
of progressively lower affinity for the heavy metal ions up to the saturation point. Moreover,
the amount of metal ions was adsorbed rapidly at the initial stages of the adsorption process
due to the availability of binding sites of the adsorbent, but as time went by, the adsorption
slowed down before reaching equilibrium at about 180 min. The adsorption capacity of the
adsorbent was increased with increasing the temperature indicating an endothermic nature
of the adsorbent. The pseudo-first-order and pseudo-second-order Elovich and Weber-Morris
intraparticle diffusion models were investigated to elucidate the adsorption kinetics, and the
data were best described with the pseudo-second-order kinetic model. The experimental data
were also investigated using Langmuir, Freundlich, Sips and Temkin models, and the data
were best followed by the Freundlich model. The desorption of Pb(Il) and Cu(II) was carried
out by using 0.1 M HCl solution. The comparison of the adsorbent was done with some stud-
ies in literature, and it was found that the adsorbent exhibited a very good adsorption capac-
ity towards Pb(II) and Cu(II). Therefore, the present adsorbent can be utilised for successful
removal of these metal ions from industrial wastewater samples.
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The poly(ethylene imine) (PEI)-immobilised PMMA microspheres were synthesised by Duru
et al. [45] by suspension polymerisation and subsequent modifications. The SEM and elemen-
tal analysis were performed to characterise the adsorbent. The free amine content of the PEI-
immobilised PMMA microspheres was determined by potentiometric titration. The extent of
removal of copper, cadmium and lead ions was evaluated with different initial amounts of
metal ions (50-600 mg L™) and at several pH values (3.0-7.0). The adsorption of heavy metal
ions on the unmodified PMMA microspheres was very low. But, PEl-immobilised PMMA
microspheres exhibited a higher adsorption capacity due to the presence of the metal-che-
lating ligand PEI on the surface of the adsorbent. The adsorption capacities increased with
increasing pH, and an optimum pH value of 5.5 for Cu(Il) and Pb(II) and 6.0 for Cd(Il) was
evaluated. The affinity order of adsorption was Cd(II) > Cu(II) > Pb(Il). The experimental data
were found to be consistent with the Langmuir model.

2.5. Poly(n-butyl acrylate) (PBA)

Poly(n-butyl acrylate) can also be used in adsorption studies since its homopolymer had a low
glass transition temperature and hydrophobic characteristics. These two important properties
make it to be tailored to several materials (e.g. chitosan and zeolite), and thereby, the mechan-
ical properties and water resistance properties will be improved in the final product [46].

Kumar et al. [47] have applied a novel microwave-assisted method for the preparation of
n-butyl acrylate-grafted chitosan and used it as an adsorbent in Cr(VI) removal studies. Three
minutes of irradiation time was applied to prepare the adsorbent. The analysis of chromium
was performed spectrophotometrically at 540 nm by complexation of Cr(VI) with diphenyl-
carbazide. The surface characterisations of the adsorbent and the mechanism of the adsorp-
tion process were achieved using techniques, namely, FTIR, XRD and SEM/EDS. Moreover,
XPS spectra of the n-butyl acrylate-grafted chitosan before and after adsorption with Cr(VI)
were assessed. It was evaluated that the adsorption mechanism involved the electrostatic
interaction between hydrochromate anion and the amino hydroxyl groups of the adsorbent.
An effective adsorption was achieved at a pH of 3.5 with 25 mL of 20 mg L™ Cr(VI) solution.
The Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, Elovich and Redlich isotherms
were studied in detail. A Langmuir adsorption capacity of 17.15 mg g™ was attained, and
the negative entropy change obtained in the study was due to the decrease in randomness at
adsorbent-solution interface. The pseudo-second-order kinetics and spontaneous exothermic
adsorption process were evaluated in the study. The quantitative desorption of chromium
was achieved with ammonium hydroxide. Finally, n-butyl acrylate-grafted chitosan was pro-
posed as a promising adsorbent in chromium removal in real samples.

The Cr(VI) removal was also studied using chitosan-g-poly(butyl acrylate)/silica gel (Cs-g-
PBA/SG) nanocomposite in aqueous solution. The modification of chitosan was achieved by
graft copolymerisation with butyl acrylate, and glutaraldehyde cross-linked silica gel/chito-
san-g-poly(butyl acrylate) nanocomposite was synthesised by sol-gel method. The particle
size of the prepared Cs-g-PBA/SG nanocomposite was found to be 615.1 nm. The BET-specific
surface area and average pore radius were determined by BET experiment and found to be
95.9044 m? g and 1.7787 nm, respectively. The FTIR spectrum of bare Cs-g-PBA copolymer
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and Cs-g-PBA/SG nanocomposite before and after chromium adsorption was studied to anal-
yse the reaction routes of the modification and adsorption process. The surface morphology
of the Cs-g-PBA/SG nanocomposites obtained with SEM indicated that the nanocomposite
was composed of particles of different shapes and sizes. The surface characterisation meth-
ods appeared to indicate that chromium ions were adsorbed via binding to the abundant
-OH, -NH and C=0 sites available in the composite prepared using sol-gel process which
offered the possibility to tailor silica porosity and modulate the diffusion properties of the
composites. Batch-type experiments were also conducted to investigate the effect of contact
tine, adsorbent dose and pH, and the optimum values were found to be 120 min, 4 g and 7.0,
respectively. The Langmuir model agreed well with the experimental data with a maximum
adsorption capacity of 55.71 mg g™'. Moreover, the kinetic data followed pseudo-second-order
model. The authors have concluded that Cs-g-PBA/SG nanocomposite is an excellent adsor-
bent for Cr(VI) removal from waste water [48].

Nithya and Sudha have also synthesised chitosan-g-poly(butyl acrylate)/bentonite nanocom-
posite and used for the removal of Cr(VI) and Pb(II) ions from tannery industrial waste water.
The samples collected were also analysed for total hardness, turbidity, total solids, total dis-
solved solids, total suspended solids, chemical oxygen demand, biochemical oxygen demand,
salinity and electrical conductivity. Batch-type adsorption experiments were conducted, and
the influence of different experimental parameters on adsorption, such as pH (2-8), contact
time (1-6 hours) and adsorbent amount (1-6 g), was evaluated. The maximum removal per-
centage (97.81%) of Cr(VI) in the tannery industrial waste water was found at an optimum
adsorbent dosage of 5 g, contact time of 4 hours and pH of 3. Therefore, chitosan-g-poly(butyl
acrylate)/bentonite nanocomposite was proposed as a promising adsorbent for target ions
removal [49].

2.6. Poly(2-hydroxyethyl methacrylate) (PHEMA)

2-Hydroxyethyl methacrylate (HEMA) is an important functional monomer which is widely
used in the manufacture of soft contact lenses. Although PHEMA homopolymer was hydro-
philic and has a high degree of hydration, it is not water soluble [50]. Poly(2-hydroxyethyl
methacrylate) (PHEMA) is a biocompatible polymer, which is sensitive to pH and tempera-
ture and swells in water to form hydrogel. It has been used in dentistry, ophthalmic, scaffold,
drug delivery and neutral tissue engineering [51].

Kharismadewi et al. [51] have synthesised graphene oxide-poly(2-hydroxyethyl methacry-
late) composite (GO-PHEMA) by dispersion polymerisation in supercritical CO, and used for
the removal of methylene blue (MB) in aqueous solutions. For this purpose, graphite was oxi-
dised to GO using the modified Hummer’s method to have the functional groups of epoxides,
hydroxyls and carboxylic acids. The epoxide and hydroxyl groups were located on the GO
surface, whereas carboxylic acid was located near the edges. From the -OH group, modifica-
tion occurred, where silane coupling agent, 3-(trimethoxysilyl)propyl methacrylate (MPTMS),
reacted to produce the vinyl groups as the tail of GO. After modification with MPTMS,
GO-MPTMS was polymerised with HEMA monomer by dispersion polymerisation in super-
critical CO, using 2,2"-azobisisobutyronitrile as the initiator. The GO-PHEMA composite as
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an adsorbent formed a gel in an aqueous solution that provides benefit in the separation of
adsorbent. The FTIR, TGA, SEM and XPS were used to confirm the existence of the grafted
polymer onto the GO. The composite exhibited an improved thermal loss temperature and a
decelerated decomposition rate than GO and GO-MPTMS. The adsorption behaviour of the
adsorbent was investigated for the removal of MB from the aqueous solution as a function of
the adsorbent concentration, contact time, pH and initial dye concentration. It was evaluated
that 99.8% of MB was removed by the adsorbent under the optimum conditions (adsorbent
dosage of 15 mg at pH 7, a contact time of 45 min and an initial dye concentration of 10 mg L
at 25°C). The stability investigation showed that the composite still can remove 81.9% of MB
from the solution after six cycles. The adsorption isotherm parameters were fitted well with
the Freundlich adsorption isotherm owing a R? value of 0.975 and the maximum predicted
adsorption capacities of 39.41 mg g™ at 25°C. The adsorption kinetic studies showed that the
adsorption behaviour followed a pseudo-second-order model. Furthermore, the thermody-
namic studies showed that the adsorption process of MB onto the adsorbent was spontaneous
and endothermic in nature with the highest adsorption efficiency observed at 45°C.

Denizli et al. [52] have synthesised poly(hydroxyethyl methacrylate-N-methacryloyl-(L)-glu-
tamic acid) [poly(HEMA-MAGA)] beads by suspension polymerisation for the removal of
lead ions. Copolymer MAGA acted as the metal-complexing ligand and polymerised with
HEMA. Therefore, the need for the leakage of metal complexing ligand was not necessary.
The adsorbent was characterised with FTIR and "H NMR. The surface area of the poly(HEMA-
MAGA) beads was measured by the BET method. The water uptake ratio, elemental analysis
and surface morphology of the beads were also evaluated. Batch-type adsorption was used
for the removal of Pb(II) ions, and the effect of pH (2.0-7.0) and initial ion concentration (10-
500 mg L™) were determined. Sixty minutes was found to be enough to reach equilibrium. The
adsorption of Pb(II) ions increased with increasing pH and reached to a plateau value at a pH
of 5.0. It was evaluated that incorporation of MAGA into the polymer structure increased the
lead adsorption capacity, ca. tenfold. The adsorption capacities of the poly(HEMA-MAGA)
beads for Cd(Il), Pb(Il) and Hg(II) from synthetic waste water were determined, and the affin-
ity order of adsorption was found as Cd(II) > Pb(II) > Hg(II). The consecutive adsorption and
elution cycles indicated the feasibility of repeated use meaning that the newly synthesised
beads have a great potential for industrial heavy metal removal applications.

2.7. Polyacrylonitrile (PAN)

Polymers based on acrylonitrile (AN) are easy to prepare and present a reactive pendant
cyano group, which can be modified by introducing new functional groups by nucleophilic
addition and cycloaddition reactions. In general, AN polymers and copolymers for adsor-
bent are synthesised through suspension polymerisation to give spherical beads which can be
readily handled. The porous-chelating resins can adsorb metal ions more efficiently because
the existence of pores would provide convenient diffusion channels for metal ions into the
interior of the resins when they are used in adsorption of metal ions in aqueous solution [53].

Godjevargova et al. [54] have synthesised five types of adsorbents from polyacrylonitrile
(PAN) by varying its concentration and the composition of the coagulation bath, aiming to
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achieve different porous structures in the modified adsorbents. The SEM analysis was applied
to identify the porous structure of the adsorbents, and specific area, pore volume and pore
radius were determined using a porosimeter. The sodium hydroxide and hydroxylamine
were used to modify the adsorbents in order to introduce amidoxime and carboxylic groups
into the adsorbent. The ability of the modified adsorbents through Cu(Il), Ni(II), Zn(II) and
Pb(II) ions was determined, and the highest adsorption with respect to all metal ions was
achieved at pH values of 3—4. In addition, a rapid (20 min) metal uptake took place in all cases
studied. The order of metal uptake for all types of PAN adsorbents was determined as Cu(II)
> Ni(I) > Zn(II) > Pb(Il). The EDTA was found to desorb the metal ions from the adsorbents.
As aresult, it was found that the synthesised adsorbents have good adsorption characteristics
and are good candidates for the removal of Cu(II), Ni(Il), Zn(Il) and Pb (II) ions from aqueous
solution.

Amine-containing resins based on PAN were synthesised through chemical modifications of
PAN with diethylene triamine (DETA) by Kiani et al. [55]. The modified PAN resins (PAN-
DETAS50 and PAN-DETA150) were used as adsorbent for the removal of Hg(II), Fe(III), Pb(II),
Ag(l) and Zn(II) from aqueous solution. The FTIR, SEM and TGA were used to study the
surface morphology of the adsorbents. Moreover, the amine content of the resins was deter-
mined by titration. The TGA and FTIR spectroscopy study on metal-resin complexes showed
the presence of metal ions in PAN-DETA complexes. The SEM micrographs clarified that
there are no drastic differences in morphology of resins when compared with unmodified
PAN (except PAN-DETA-Zn). The adsorption behaviour of the resins studied for all metal
ions confirmed that they have acceptable adsorption capacities. In addition, the adsorption of
metal ions was examined under different pH conditions, and it was seen that adsorption was
increased with increasing pH values [55].

3. Conclusions

The rise in industrial, medical, technological and domestic activities has led to huge increases
in the levels of heavy metals which have serious impacts on both human health and environ-
ment. Therefore, the demand for reducing the effects of potential pollutants has increased
throughout the world by improving existing techniques and introducing novel adsorbent
materials. The preparation of such materials which can remove toxic heavy metals from aque-
ous media is still a continuing objective of environmental remediation efforts, particularly
where there is a need to enhance the adsorption capacity and metal ion specificity. Recently,
researchers have focused on polymeric adsorbents for separation and purification purposes
due to their valuable advantages such as relatively easy regeneration, perfect mechanical
rigidity, vast surface area, adjustable surface chemistry, simple processing and possibility to
shape them into most suitable form (e.g. sheets, beads and membranes). This chapter high-
lighted the practical applications of acrylic-based polymers for the removal of heavy metals
ions in water. In summary, it was clearly seen that there is still a need to develop new adsor-
bents for the removal of heavy metals to introduce simple, rapid and quantitative methods
that can be applied in environmental remediation studies.
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