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  Pref ace   

 Research in electrochemical science and technology has brought 
tremendous achievements. Beyond the traditional applications in 
the electronics, energy devices, aerospace, and automotive areas, 
developments in electrochemistry are very important for practical 
biomedical applications. In particular, developments related to 
medical devices, implants, sensors, antimicrobially active mate-
rial/materials, drug delivery systems etc., have signifi cantly 
advanced in the past few decades. 

 The aim of this issue of Modern Aspects of Electrochemistry is 
to review the electrochemical aspects of the latest developments of 
various materials and/or methods used in biomedical and pharma-
ceutical applications. I must express my great thanks to Dr. 
Kenneth Howell of Springer for his continuous encouragement in 
collecting and editing these very valuable contributions from dis-
tinguished scientists in the fi eld of electrochemical science and 
technology around the globe. 

 Ingrid Milošev in Chap.   1     analyses recent developments in anti-
microbial coatings on titanium and titanium alloys. Titanium and 
titanium alloys are important biomedical materials since they 
exhibit excellent biocompatibility and very good mechanical prop-
erties. However, adhesion of bacteria and their colonization on 
titanium-based materials cause infl ammatory process leading to 
the destruction of both soft and hard tissue around the implant. 
These problems require preventive measures in order to avoid or at 
least to reduce implant-related infection. For this purpose antimi-
crobial coatings are applied on the surface of titanium-based 

http://dx.doi.org/10.1007/978-3-319-31849-3_1
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implants. Several approaches have been proposed for this target 
and they are reviewed in this chapter. Of course, the electrochemi-
cal aspects are thoroughly discussed. 

 In Chap.   2    , by Avramov-Ivić, Petrović, and Mijin, recent 
advances in electrochemical analysis of pharmaceuticals are dis-
cussed in detail. The application of the most commonly used 
voltammetric techniques combined with different chromato-
graphic, spectrophotometric, and spectroscopic techniques in the 
analysis of the pharmaceuticals is reviewed. Pharmaceutically 
active compounds under consideration belong to chemotherapeu-
tic agents (antibiotics), drugs affecting neurotransmission and 
enzymes as catalytic receptors, drugs affecting the cardiovascular 
system, drugs affecting the immune systems, and some other 
drugs. The new electroanalytical methods for qualitative and quan-
titative determination of standard substances are discussed in cases 
such as fi ve macrolide antibiotics, amphetamines, carbamazepine, 
donepezil, amlodipine, nifedipine, clopidogrel, tamifl u, and oxa-
prozin. Some drugs are analyzed in human biological samples. 

 Chapter   3     by Ceré, Gomez Sanchez, and Ballarre describes 
anodization and sol gel coatings as surface modifi cation to pro-
mote osseointegration in metallic prostheses. Orthopedic devices 
for permanent implants require short-term fi xation and fast bone 
attachment and healing. Also they are required to have excellent 
mechanical properties in load bearing sites and to be corrosion 
resistant. This chapter reviews the surface modifi cations produced 
on orthopedic and dentistry metallic materials by anodization and 
by hybrid coatings by sol gel technique from an electrochemical 
point of view. Both of these processes promote corrosion resis-
tance in physiological fl uids and bioactivity. 

 In Chap.   4     by Mišković-Stanković novel nanostructured mate-
rials synthesized according to original electrochemical proce-
dures are described and discussed. A constant increase in the 
number of microorganisms resistant to existing antibiotics has 
stimulated a revival in the clinical use of silver. Various products 
containing silver ions have been developed and utilized for treat-
ments of infections in burns, open wounds, and chronic ulcers. 
Hydrogels are useful as wound dressings or soft tissue implants. 
Silver nanoparticles embedded in hydrogel matrices are attractive 
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for biomedical applications due to the possibility for the con-
trolled release of Ag(I) ions resulting in antimicrobial activity. 
These gels are hydrophilic, biocompatible, biodegradable, easily 
processed into different shapes, and approved for medical use. 
Two electrochemical methods for material fabrication are 
described: (1) electrochemical synthesis of silver nanoparticles in 
the polymer solution under galvanostatic conditions, followed by 
electrostatic extrusion or freezing-thawing, and (2) electrochemi-
cal reduction of Ag +  ions into silver nanoparticles inside the poly-
mer hydrogel, with the variation of applied voltage and 
implementation time. The nanocomposites produced by the sug-
gested electrochemical methods are suitable for wound dressings, 
soft tissue implants, drug delivery devices, and carriers for cell 
cultivation. Silver alginates, silver- poly ( N -vinyl-2-pyrrolidone), 
and silver-polyvinyl alcohol are examples of such materials dis-
cussed here. According to cytotoxicity, antimicrobial, in vitro 
bioactivity, and bioreactor tests, electrochemically produced 
materials for soft tissue implants are very promising candidates 
for future biomedical applications. 

 Chapter   5     by Mišković-Stanković describes biomaterials for 
hard tissue implants. The development of synthetic materials with 
acceptable mechanical properties and excellent biocompatibility is 
required for hard tissue implants. Hydroxyapatite (HAP) is very 
brittle, and for this reason, great attention has been focused on the 
development of composite coatings. Natural biodegradable poly-
mer lignin (Lig) is considered a promising alternative for a new 
biocomposite coating. Application of graphene as a fi ller mini-
mizes the brittleness of HAP and improves the mechanical proper-
ties of biocomposite coatings. However, bacterial infection of 
bone implants has resulted from rejection. This chapter explores 
the novel nanostructured biomaterials suitable for medical appli-
cations as hard tissue implants (hips, knees, ankle, shoulder, elbow 
joints), drug delivery devices, and  dental restorations, implants, 
and orthodontics, synthesized according to electrochemical proce-
dures. Lignin and graphene- based nanocomposite coatings doped 
with silver and deposited on titanium substrate using electropho-
retic deposition method are explored in this chapter. Electrophoretic 
deposition produces thin fi lms of controlled thickness and surface 
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morphology, by changing the electrochemical conditions. Coatings 
for hard tissue implants produced via electrochemical deposition 
are excellent candidates for future biomedical applications. 

 This new volume of Modern Aspects of Electrochemistry 
brings to scientists, engineers, and students new concepts and 
summarized results related to the application of electrochemical 
processes in the pharmaceutical and biomedical fi elds. I believe 
that the results presented in this issue of Modern Aspects of 
Electrochemistry will have signifi cant infl uence for future practi-
cal applications.  

  Edmonton, AB, Canada     Stojan     S.     Djokić    
   

Preface
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1.1  �Introduction

It was only in the twentieth century that technology enabled the 
isolation of metallic titanium from its minerals [1]. Thus, indus-
trial production of titanium began relatively late, in 1946. Due to 
its low density and high corrosion resistance, titanium became 
indispensable in the aerospace industry. The use of titanium in bio-
medical applications dates from 1965. Commercially pure tita-
nium and its alloy Ti–6Al–4V are the most commonly used 
titanium-based biomaterials, especially in orthopedics. Millions of 
patients are treated with various joint replacements, many patients 
also with other types of prostheses, such as tumor prostheses, 
small joint prostheses, fracture-treatment devices, etc.

Titanium and its alloys do not provoke allergic reactions and 
are considered to be biocompatible. None of these materials is fer-
romagnetic. Commercially pure titanium does not yield sufficient 
hardness for load-bearing applications and is therefore mainly 
used in dental surgery, and in orthopedic surgery for the manufac-
ture of acetabular shells, and in the form of coatings for joint 
replacements. The titanium alloys Ti–6Al–4V and Ti–6Al–7Nb 
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exhibit an α + β structure and higher compression strength com-
pared to titanium, consequently their range of applications in 
orthopedics is broader. Titanium(IV) oxide, TiO

2
, passive film 

forms spontaneously at the alloy surface and due its high stability 
protects the underlying alloy against dissolution. A specific prop-
erty of these materials is their osseointegration ability, which is 
based on the formation of bone cells and mineralized bone matrix 
on the titanium surface. The effect of osseointegration can be 
increased by increasing surface roughness and consequently sur-
face area. This can be achieved by means of various processes 
encouraging bone in-growth and providing enhanced fixation, 
such as surface roughening, a porous coating, using wire as fiber-
metal coatings, employing a beaded surface or plasma-sprayed 
surface, etc. In addition to osseointegration, another property of 
material surface, i.e., the ability to resist of bacteria attack, is 
important. Implant-related infection is a serious complication 
which requires a long-term antibiotic treatment and, very often, 
implant removal. This is related to personal suffering for the 
patient and also high medical costs. Despite relatively low inci-
dence (0.2–2 %) of infections of orthopedic joint replacements, 
this poses a serious problem due to the growing number of 
implanted prosthetic devices worldwide [2]. The use of prophylac-
tic systemic antibiotics has been shown to dramatically reduce the 
incidence of implant-related infection. Further, the local delivery 
of antibiotics in bone cement is already a part of routine practice. 
There are studies directed toward the possibility to apply antibiot-
ics directly or incorporated in the coatings [3] which obviously has 
potential advantages due to local delivery but is probably difficult 
to achieve the optimum between sufficiently long delivery period 
and development of antibiotic resistance [4]. Bacterial coloniza-
tion and biofilm formation on the implant may lead to acute and 
chronic infection of the underlying bone and the adjacent tissue. 
Free-floating planktonic bacteria located in fluids and tissues are 
normally accessible to appropriate systemic antibiotics [4]. 
However, bacteria adherent to implants are often largely embed-
ded in so-called biofilm, i.e., bacteria embedded in a extracellular 
matrix or “slime,” and the surface is then hidden from the most 
host’s immune system and resistant to antibiotics. As prolonged 
use of antibiotics may lead to drug resistance and even compro-

I. Milošev
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mise osseointegration and immune system, alternative strategies 
are being explored in the last decade, as reviewed in several recent 
reviews discussing various approaches either more systematically, 
or one approach in more detail [4–7]. In the present review, a sys-
temic approach is taken to present two different strategies—so 
called passive (aiming to repel the bacteria attack) and active (aim-
ing to sustain or combat the bacteria attack) coatings, as proposed 
by Goodman et al., bringing also more fundamental knowledge on 
each approach [4]. A special emphasis is given to the coatings or 
composite deposited on titanium. Finally, advantages and draw-
backs are commented in the concluding remarks.

1.2  �Passive Coatings: Antiadhesion 
and Bacteria Repellent Coatings

1.2.1  �Cellular and Bacteria Adhesion via Surface 
Nanostructuring or Substrate Composition

Nanotechnology offers new possibilities in the field of substrate–
cell and substrate–bacteria interactions [8]. Cell–substrate interac-
tions are mediated by the proteins adsorbed from biological fluids 
on the substrate. Nanoscale surface pattern can thus affect the 
adhesion of cells which is mediated by integrin receptors which 
cluster together and recruit cytoplasmic proteins to form a local 
contact. Surface pattering at the nanoscale can be performed using 
numerous techniques from photolithography, nanoimprint lithog-
raphy, anodic oxidation, electron beam lithography, electrospin-
ning, chemical pattering, etc.

Increased surface area, nanoroughness, and a higher number of 
particle boundaries led to greater surface energy or wettability of 
nanostructured Ti compared to conventional [8]. Such surface is 
more prone to adsorption of proteins and glycoproteins (e.g., 
vibronectin, fibronectin) which promote bone cell attachment. 
Further, biphasic electrical stimulation enhanced osteoblast func-
tions on nanotubular titanium [9].

Nanorough regions of titanium oxide surfaces with sharp edges 
and spikes could promote the adhesion of osteoblast and lead to 

1  Surface Treatments of Titanium with Antibacterial Agents…
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strong binding affinity on its surface [10]. Osteoblasts cultured on 
nanotube surfaces show higher adhesion, proliferation, alkaline 
phosphatase activity (ALP), and bone matrix deposition. A diameter 
size of 15–20 nm is optimal for increased cell adhesion and prolif-
eration. Integrin clustering in the cell membrane leads to a focal 
adhesion complex with a size of about 10 nm in diameter, thus being 
a perfect fit for nanotubes with diameter of about 15 nm [10].

The fate of the biomaterial was pictured as a race between 
microbial adhesion and biofilm growth in the concept “race for the 
surface” [11]. The equilibrium between osteoblast formation and 
bacteria attachment should be reached when designing new 
approaches to surface modification. The interactions of cells and 
bacteria with surfaces structured at the nanometer scale are 
recently reviewed by Anselme et al. [12]. In addition to different 
structure and functions, osteoblasts and bacteria differ also in their 
size and shape [13]. Osteoblasts are typically several microns in 
diameter and change their shape due to relatively flexible cell 
membrane (Fig. 1.1a). They bind to external surface by means of 
submicron sized focal contacts and focal adhesion. Staphylococci, 
on the other hand, are much smaller, approximately 1 μm in diam-
eter and have a rigid, cross-linked wall (Fig. 1.1b); the binding to 
external surface occurs by both specific and nonspecific mecha-
nisms. Due to these differences, surface topography affects the 
local response of osteoblasts and bacteria. Traditionally, titanium 
surface was roughened to allow easier osseointegration; however, 
it has been reported the response to different types of cells largely 

Fig. 1.1  Examples of osteoblast (left) and bacterial cells Staphylococcus 
aureus (right)

I. Milošev
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differ. Therefore, what is beneficial for osteoblasts may be disad-
vantage due to easier bacteria attachment. Wu et al. performed a 
systematic study aiming to investigate the response of titanium 
alloy (Ti–6Al–4V) surface of varying surface roughness to attach-
ment of S. epidermidis and osteoblasts [13]. Four types of surfaces 
were tested differing in mean roughness (R

a
): polished (R

a
 

0.006 μm), satin (R
a
 0.83 μm), grit blasted (R

a
 11 μm), and plasma 

sprayed (R
a
 33 μm). In addition to the roughness, which describes 

the topographic fluctuations in vertical direction, lateral periodic-
ity should be considered, i.e., two types of roughness are dif-
fered—on the microscopic and micrometer length scale. For 
example, although plasma-sprayed samples had the largest vertical 
fluctuations, they were smooth at the micrometer length. S. epider-
midis colonization was the largest on surfaces that contain rough-
ness at microscopic length scale, i.e., satin and grit-blasted 
surfaces. Bacteria favored micrometer-sized concave features such 
as surface valleys, depressions, pits, and edges (Fig. 1.2) [13].

In contrast, osteoblasts responded most favorably to surfaces 
that are smooth at microscopic length scale and rough at the mac-
roscopic length scale, i.e., polished and plasma sprayed samples, 
which are comparable in size to that of osteoblast cells (tens of 
micrometer). This is reflected in significantly larger ALP activity 
and calcium content [13]. This result implies that traditionally 
used rough surface that allows easy osseointegration can be further 
optimized also to reduce bacteria colonization.

The relationship between the nanostructure of titanium surface 
and bacterial attachment was investigated in order to reveal 
whether the nanotopography can be tailored to reduce bacteria 
adhesion [14]. Among conventional, nanorough (electron-beam 
evaporized), nanotextured (anodized in 0.5 % HF), and nanotubu-
lar (anodized in 1.5 % HF) titanium surfaces, nanorough surface 
was the most effective for inhibiting of bacterial adhesion regard-
less of the bacteria type (S. aureus, S. epidermidis, and P. aerugi-
nosa) (Fig.  1.3) [14]. Interestingly, although increased surface 
energy and fibronectin adsorption increased from nanorough to 
nanotubular surface, nanorough surface exhibited the least bacte-
rial adhesion, presumably due to the effect of surface chemistry. 
Namely, nanotextured and nanotubular surface contained fluorine, 
which increases bacterial adhesion. Another important difference 

1  Surface Treatments of Titanium with Antibacterial Agents…



Fig. 1.2  SEM micrographs of S. epidermidis colonization (24 h) on (a, b) pol-
ished Ti; (c, d) satin Ti; (e, f) grit-blasted Ti; (g, h) plasma-sprayed Ti. Arrows 
indicate positions of bacteria on the lower magnification images. (Reprinted 
from the publication by Wu Y, Zitelli J P, TenHuisen K S, Yu X, Libera M R (2011) 
Differential response of Staphylococci and osteoblasts to varying titanium 
surface roughness. Biomaterials 32:951–960, with permission from Elsevier)



Fig. 1.3  (Upper panel) SEM micrographs of Ti before and after electron 
beam evaporation and anodization: (a) conventional Ti as purchased from the 
vendor; (b) nanorough Ti after electron beam evaporation; (c) nanotextured Ti 
after anodization for 1 min in 0.5 % HF at 20 V; (d) nanotubular Ti after anod-
ization for 10 min in 1.5%HF at 20 V. Scale bars = 200 nm. (Lower panel) 
Decreased S aureus, S. epidermidis, and P. aeruginosa colonies on nanorough 
and conventional Ti compared to nanotubular and nanotextured Ti after 1 h. 
(Reprinted from the publication by Puckett S D, Taylor E, Raimondo T, Webster 
T J (2010) The relationship between the nanostructure of titanium surfaces 
and bacterial attachment. Biomaterials 31:706–713, with permission from 
Elsevier)
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between these nanostructured surfaces is the crystallinity; nano-
textured and nanotubular surfaces contain amorphous TiO

2
, which 

promote bacteria attachment. On the other hand, conventional Ti 
surface contained rutile TiO

2
 and nanorough surface anatase TiO

2
. 

Therefore, especially anatase TiO
2
 is effective in reducing bacteria 

adhesion.
Even UV irradiation can lead to increase in wettability of the 

surface which inhibits bacterial adhesion [4, 15]. Further, the 
size of the nanotubes also affects the bacteria attachment, as 
was shown for nanotubes grown on Ti50Zr alloy [16]. Smaller 
diameter nanotubes (20–30 nm) showed the best antibacterial 
performance compared to the bigger diameter of 50–70 nm, due 
to the smaller active area for bacteria colonization of such 
nanotubes [16].

Nanoscale roughness of hydroxyapatite (HAP) produced by 
electrophoretic deposition on titanium showed significantly 
decreased bacteria density compared to plasma-spray deposited 
HAP (Fig. 1.4) [17]. This was explained by the increased surface 
wettability and greater surface area leading to increased adsorp-
tion of hydrophilic proteins to promote osteoblast density.

In several studies no effect on surface roughness on the adhe-
sion of bacteria was observed [18]. These significant variations in 
results can be explained by difficulty to assure that surface topog-
raphy does not change the surface chemistry, i.e., large variations 
in experimental conditions are difficult to compare.

Beta-type Ti alloys with body-centered cubic system exhibit 
excellent mechanical properties and are interesting for numerous 
orthopedic and dental applications. To improve their cytocompat-
ibility properties, the surface can be optimized not only by nano-
texturing but also by changing the chemical composition of the 
substrate [10]. For example, the addition of Zr [19] or Sn [20] can 
increase antibacterial properties on titanium alloy. Nanotubes and 
nanofeatures on Ti–35Nb and Ti–35Nb–4Sn alloys were created 
by anodization; regardless of the crystalline type (anatase/rutile/
mixture), the addition of Sn strongly decreased the adhesion of S. 
aureus [20]. This was ascribed to the formation of SnO

2
 in the 

titanium oxide layer structure. Also, the addition of Sn changed 
the wettability which may affect the surface properties.

I. Milošev
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1.2.2  �Bacterial Adhesion via Surface Chemistry

Ideally, implant should inhibit nonspecific protein adsorption, bac-
terial adhesion, and at the same time, depending on the final appli-
cation, be selective toward cellular adhesion and spreading for all 
or only selected cell types. Bacterial behavior varies especially as 

Fig. 1.4  (Upper panel) Increased osteoblast density and (Lower panel) sig-
nificantly decreased bacteria density on nanostructured electrophoretic-depos-
ited HAP on titanium compared to Ti control and plasma-spray deposited HAP 
on Ti. (Reprinted from the publication by Mathew D, Bhardwaj G, Wang Qm 
Sun L, Ercan B, Geetha M, Webster T J (2014) Decreased Staphylococcus 
aureus and increased osteoblast density on nanostructured electrophoretic-
deposited hydroxyapatite on titanium without the use of pharmaceutical. Int J 
Nanomed 9:1775–1781, with permission from DOVE Medical Press)

1  Surface Treatments of Titanium with Antibacterial Agents…
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a function of material hydrophobicity and electrostatic charge. In 
general, low-adhesion surfaces are hydrophilic and highly 
hydrated; antifouling surface can also be superhydrophobic. The 
adhesion of bacteria to surfaces is decreased due to the formation 
of an interfacial layer to prevent direct contact of surface and pro-
teins [21]. Most typical antiadhesive surfaces are polymers like 
poly(ethylene oxide) (PEO) and polymetacrylic acid (PMA), 
which are both hydrophilic, and poly(ethylene)glycol (PEG) 
which is protein resistant [4].

The exact nature of the surface required to combat bacteria 
adhesion is dependent on the type of media. Upon implantation, 
a protein film rapidly forms on the biomaterial surface and 
affects the adhesion of bacteria. This protein film can be con-
sidered as the real interface with bacteria. Namely, proteins are 
a major factor in the process of bacteria attachment and biofilm 
formation. Many bacteria bind to extracellular cell adhesion 
properties including fibronectin and fibrinogen. In protein-free 
or low protein solution the inert, noncharged antiadhesive sur-
faces, e.g., polymer brush coatings, self-assembled monolay-
ers, hydrogel coatings, may be sufficient to combat the bacterial 
attack. Polymer brushes are polymers applied to the surface in 
a high density; the higher the surface density of polymer chains, 
the better the antiadhesive properties. Also the chain length of 
polymers is of importance; longer chains are more effective in 
prevention of bacterial adhesion. As they are hydrophilic, water 
is attracted into the brush polymer layer via hydrogen bonding. 
A repellent layer is formed close to the surface. Proteins and 
bacteria encountering the brush surface will be repelled by ste-
ric hindrance due to bound water in the brush and the elasticity 
of the polymer chain [22]. Macromolecular polymer chains are 
in sufficient proximity to the surface so that the unperturbed 
solution dimensions (in a good solvent) of the chains are 
altered. Common applications of polymer brushes include 
interactions of the polymer brushes with liquids, solids, parti-
cles, proteins, cells, etc.

There are many ways in which polymers are attached at the 
surface; they vary from linear to branched, and from homo- to 
block-polymers. They are usually kept to the surface by nonco-
valent interactions, but also via direct covalent coupling to the 

I. Milošev
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reactive groups at the surface, e.g., binding of polymer brush to 
amine group. Much of the early work on polymer brushes 
focused on systems formed by physisorption (Fig. 1.5); that is, 
the selective adsorption of one block of a diblock copolymer to 
a surface. The covalent binding of polymer chains at the inter-
face has attracted interest because of the enhanced stability of 
the tethered polymer layers. Covalently attached (chemisorbed) 
polymer chains can be synthesized by either the “grafting onto” 
or “grafting from” method (Fig. 1.5). “Grafting-to” involves the 
chemical reaction of preformed, functionalized polymers with 
reactive sites to couple with reactive sites on the substrate 
(Fig. 1.5a). “Grafting-from” approach involves in situ polymer-
ization of an initiator functionalized surface with monomer.  
A variety of linkers can be used [22].

At low grafting densities molecules or particles can mix with 
grafted polymer chains, penetrate the brush, and interact with the 
underlying substrate (Fig. 1.5b). In this case, van der Waals inter-
actions may strongly dominate. As the grafting density increases, 
repulsive forces may dominate (e.g., colloidal stabilization, resis-
tance to protein adsorption) and big aggregates are expelled toward 
the brush–air interface (Fig. 1.5b). At a very high grafting density 

Fig. 1.5  Schematic presentation of (a) physisorption, grafting-to and graft-
ing-from principles, and (b) functioning of polymer brush as a function of 
grafting density
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the particles will be expelled from the brush (Fig.  1.5b). This 
example introduces nicely the concept of an optimum grafting 
density. In addition to polymers, other compounds were consid-
ered as antiadhesive agents. Natural products or plant-derived 
extracts, i.e., polyvalent, high-molecular carbohydrates and tan-
nin-like plant-derived compounds, especially polysaccharides 
(e.g., pectin, arabinogalactan, fucans, heparins, xyloglucan) were 
considered [23]. Zeolites are crystalline aluminosilicates with reg-
ular micropores which have important applications in catalysis 
and ion exchange. Superhydrophilic nature of zeolite coating on 
Ti–6Al–4V alloys provided antiadhesive properties and show 
good cytotoxic assay [24].

In protein-rich media, however, further actions are needed and 
the adsorption of proteins can be reduced by electrostatic interac-
tions, which slow down the rate of adsorption by creating high 
potential barrier for interactions. Polyanionic functionalized sur-
faces can exert an electrostatic repulsion effect on similarly 
charged bacterial cells. Generally, Gram-negative bacteria have a 
polyanionic glycocalix.1 Gram-positive bacteria generally have a 
polycationic glycocalix. Comb-like polyelectrolyte like poly(l-
lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG) was often 
used. PEG can be combined by polypyrrole (PPy) which is a con-
ductive polymer and its incorporation in PEG enhances the ion 
mobility in the coating in electrolyte solution [25]. Composite 
PPy-PEG coating on TiAlZr alloy exhibited more dense struc-
ture, was electrochemically more stable, and more effective as 
antibacterial coating regarding E. coli. This was explained by 
small roughness and significant hydrophilic character [25]. 
Similar coatings, containing ethylene glycol and polyethylene 
glycols with different average molecular weight, were prepared 
on TiO

2
 nanotubes [26].

As some of polymer coatings may impair local osteoblast func-
tion, the use of additional bioactive molecules is required to restore 
the impaired cell function. Several surface modifications have been 
employed to prevent nonspecific protein adsorption from biological 
environment upon implantation and to prevent adhesion of bacteria. 

1 Glycocalix—the glycoprotein–polysaccharide covering that surrounds many 
cells.
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These include, for example, integrin-active peptide such as RGD 
(Arg-Gly-Asp), bone-morphogenetic protein (BMP-2), silk sericin 
protein, etc., as discussed in recent reviews [5, 18, 21]. PLL-g-PEG 
has been shown to adsorb from aqueous solution onto negatively 
charged metal oxide surfaces, reducing protein adsorption signifi-
cantly but also that of fibroblast, osteoblast, and epithelial cell adhe-
sion. Further, PLL-g-PEG largely inhibits protein adsorption and the 
adherence of S. aureus to coated titanium; however, a coating func-
tionalized with an RGD-type peptide (PLL-g-PEG/PEG-RGD) 
restores fibroblast and osteoblast attachment, while inhibiting the 
adherence of S. aureus [27]. Therefore, coating surfaces with PLL-
g-PEG/PEG-RGD allow cells such as fibroblasts and osteoblasts to 
attach but not bacteria, resulting in a selective biointeractive pattern 
that may be useful on medical implants. A thick confluent layer of S. 
aureus and S. epidermidis can be seen on the Ti surface, while Strep. 
mutans and P. aeruginosa have adhered less (Fig. 1.6) [28].

PEG coatings on Ti biofunctionalized with anti-CD34 anti-
body stimulated adhesion of endothelial progenitor cells, while 
showing antifouling properties [29]. Polymer brush obtained by 
the immobilization of trichlorosilane coupling agent and meth-
acrylic acid sodium salt on the titanium surface was enriched by 
the attachment of silk sericin [30]. Sericin and fibroin are silk 
macromoleculer proteins showing excellent mechanical proper-
ties and are water soluble glycoproteins. Such covalently immo-
bilized brush, Ti-g-P(MAA)-Silk, significantly reduced the 
adhesion of two bacterial strains (S. aureus and S. epidermidis) on 
titanium (Fig. 1.7) [30]. The silk sericin-immobilized surfaces, at 
the same time, promoted osteoblast cells’ adhesion, proliferation, 
and alkaline phosphatase activity [30].

1.3  �Active Coatings: Peptides, Polysaccharides, 
and Inorganic Agents

In contrast to passive coatings, whose antimicrobial effect is 
based on the antiadhesive and repellant ability, active coatings 
are based on the intrinsically antimicrobial materials which can 
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be used either in the form of bulk coatings, e.g., silver, chitosan, 
or hyaluronic acid, or incorporated in some other coatings and 
then released, e.g., silver, zinc oxide, antimicrobial peptides. 
Among inorganic materials, mainly silver will be discussed; 
however, other materials also exhibit antimicrobial activity like 
zinc oxide, copper, tin, etc. Regardless of whether present as 
bulk or in incorporated form, the antimicrobial effect is based on 
the action produced by released compounds which can proceed 

Fig. 1.6  SEM images of S. aureus (SA, first column), S. epidermidis (SE, 
second column), Strep. mutans (SM, third column), and P. aeruginosa (PA, 
fourth column) on the different surfaces after 4 h of culturing. Each row of 
images signifies a surface chemistry, going down from Ti, PEG, RGD, and 
RDG. A thick cofluent layer of S. aureus and S. epidermidis can be seen on the 
Ti surface, while Strep. mutans and P. aeruginosa have adhered less. Bacterial 
adhesion of all four types was significantly reduced on the PEG-, RDG-, and 
RDG-coated titanium surfaces in comparison with uncoated Ti. (Reprinted 
from the publication by Maddikeri R R, Tosatti S, Schuler M, Chessari S, 
Textor M, Richards R G, Harris L G (2008) Reduced medical infection related 
bacterial strains adhesion on bioactive RGD modified titanium surfaces: A 
first step toward cell selective surfaces J Biomed Mater Res 84A:425–43, with 
permission from John Wiley and Sons)
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through different mechanisms as will be discussed later. In order 
to fulfill several requirements posed upon a biomaterial, it is 
often of interest to combine several properties within one mate-
rial, for example, to add antimicrobial activity to the coatings 
capable of osseointegration, coatings able to resist dissolution, 
or to increase the biocompatibility of antimicrobial coating, etc.

1.3.1  �Antimicrobial Peptides

1.3.1.1  �General Characteristics of Antimicrobial Peptides

In order to avoid antibiotics and introduce the antimicrobial agents 
without the leaching effect, numerous studies were directed toward 
antimicrobial peptides (AMPs) [31–33]. Although their potency 
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against bacteria may be lower than that of conventional low 
molecular weight antibiotic compounds, they have several advan-
tages including fast killing rate, broad range of activity, low toxic-
ity, and minimal development of resistance. AMPs are oligopeptides 
with varying number of amino acids. They were discovered by 
Dubos in 1939 when it was demonstrated that extract of an 
antimicrobial agent from a soil Bacillus strain can protect mice 
from pneumococci infection. AMPs are a part of the first line of 
the innate immune system of all multicellular organisms. They act 
similar as antibiotics but it seems that they have the additional 
ability to affect the inflammatory response of the host immune sys-
tems. AMPs exhibit several important properties including bacte-
ricidal, fungicidal, viricidal, and tumoricidal properties [33]. As 
these properties are attractive for designing new drugs, numerous 
studies were devoted to searching for new AMP compounds. The 
family of AMPs is large and so far, more than 750 natural AMPs 
were isolated from different plants, animals, bacteria, fungi, and 
viruses [32]. Although AMPs are effective toward both Gram-
positive and Gram-negative bacteria, several properties of natural 
AMPs such as possible specific bacterial resistance and so-called 
enhancement effect (promotion to uptake of conventional antibiot-
ics across the outer membrane) were driven to the rationally engi-
neered synthetic AMPs. In addition to natural AMPs, synthetic 
AMPs are also interesting and up to date more than 5000 AMPs 
were synthesized.

AMPs may be soluble or tethered, i.e., covalently attached to 
the surface. Immobilization of peptide indeed results in the limita-
tion of peptide mobility and thus their ability to translocate across 
the membrane [34]. In general, a two-step approach is used to treat 
the surface for attachment of antimicrobial agents: (1) provide the 
functional groups amenable to attachment chemistry, and (2) teth-
ering of active antimicrobial compound by reaction involving 
these functional groups [31]. An intermediate step may be occa-
sionally necessary, i.e., the use of “linkers” or “spacers” between 
the antimicrobial agent and the surface. The first step is usually 
carried out by plasma treatments, plasma deposition, radiation, or 
wet chemistry which produces reactive sites or introduces new 
functionality of the surface. The second step of tethering can be 
performed using a number of methods: covalent attachment, e.g., 
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using alkoxysilane, bioconjugation (tailored matching of reagents 
with appropriate functional groups resulting in a covalent bond, 
e.g., primary amines, thiols, aldehydes, hydroxyl groups, and car-
boxylic acids), and antimicrobial attachment using graft polymer-
ization (“grafting from” or “grafting onto”). A variety of linkers 
can be used [31].

Although the AMPs family comprises chemically and structur-
ally very heterogeneous compounds, there are several characteris-
tics that are common: (1) small size, usually 10–25 amino acids, 
with molecular weights between 1 and 5 kDa; (2) highly cationic 
character; and (3) tendency to adopt amphipathic structure, i.e., 
structure containing separate hydrophilic and hydrophobic 
domains. There are several types of AMPs: anionic, anionic and 
cationic, and cationic; the latter being the most important for anti-
bacterial activity. Due to cationic character with net positive 
charge, AMPs have a tendency to be electrostatically attracted to 
the negatively charged microbial cell membrane. Cationic pep-
tides are rich in proline, arginine, phenylalanine, glycine, and tryp-
tophane. Based on their structure they can be divided into four 
types: β-sheet, α-helix, extended, and loop [33]. The former two 
are more common, the α-helix being the most studied AMP to date 
(e.g., magainin, protegrin, indolicin). In α-helix the angle between 
two consecutive amino acids in the sequence is 100°, the distance 
between two adjacent acids being 0.15 nm.

1.3.1.2  �Mechanism of Antibacterial Activity 
of Antimicrobial Peptides

Bacterial membranes have the outermost leaflet of the bilayer 
heavily occupied by lipids with negatively charged phospholipids 
groups. In contrast, the outer leaflet of the membranes of plants 
and animals is composed of lipids with no net charge (i.e., nega-
tive charge is facing inward, not outward). AMPs target the lipo-
polysaccharide layer of cell membrane (unlike antibiotics which 
target specific cellular activities) [33].

The contact of bacteria with active tethered peptides leads to 
dramatic change in morphology. Surfaces in contact with bacteria 
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P. aeruginosa were characterized by dense distribution of small 
protuberant structures in contrast to control surfaces which had 
smooth appearance (Fig. 1.8) [34]. These observations indicated 
that the tethered peptides can destabilize the bacterial wall.

Although the exact mechanism of AMB action on bacteria 
wall is still under discussion, there are two general steps: posi-
tively charged peptide is electrostatically attracted to negatively 
charged phospholipids groups of the bacterial membrane. Upon 
binding, the AMP adopts amphipathic structure which is 
believed to lead to a lethal increase in the permeability of cell 
membrane [32]. Three models were proposed to explain the 
actions of AMPs (Fig. 1.9) [32, 33, 35]: (1) Barrel-Stave model 
where AMP molecules insert themselves into the membrane per-
pendicularly, (2) carpet model where small areas of the mem-
brane are coated with AMP molecules with hydrophobic sites 
facing inward leaving pores behind the membrane, and (3) toroi-
dal pore model where AMPs insert perpendicularly but are 
always in contact with phospholipid head groups of the mem-
brane. Another important feature is their rapid killing effect, 
e.g., some kill in seconds after the initial contact with the cell 
membrane. In addition to membrane-active AMPs, there are 
some AMPs which can cause killing of bacteria cells without 
causing membrane permeabilization. For example, indolicin 
was shown to bind to DNA with a preferred sequence; others 
can inhibit DNA and protein synthesis [33].

Several physicochemical properties of the AMPs affect their 
activity and target spectrum. Recently, more than 1000 peptides 
were analyzed using artificial network models that can predict 
and rank the relative activities of AMPs [36]. The best peptides 
identified through screening were found to have activities compa-
rable or superior to those of four conventional antibiotics. The 
activity of tethered peptides is dependent on the extent and posi-
tioning of positive charges and hydrophobic residues [34]. When 
designing new AMPs, length of the compound is important, as 
there is a minimum length to form amphipathic structure at the 
surface. The length may also affect its toxicity. Net charge of the 
AMPs may vary from positive to negative; by varying the charge 
its antimicrobial activity can be altered. Cationic residues located 
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proximal to the linker site correlated with increased antimicrobial 
activity [34]. Hydrophobicity is very important: the positioning of 
hydrophobic residues close to the N terminus was critical for the 
activity [34]. Decreasing hydrophobicity can reduce antimicro-
bial activity [33]. Amphipathicity is important for sectioning of 
membrane into hydrophilic and hydrophobic parts. Finally, AMPs 
should be soluble in aqueous media as aggregated molecules can-
not interact with the cell membrane. Modification of AMP may be 

Fig. 1.8  Bacterial membrane damage induced by tethered peptides: SEM of 
P. aeruginosa cells that were in contact with (a) membrane without peptide 
(bottom large picture and small picture to the right), an inactive peptide (small 
picture to the left), and (b) membrane with the active tethered peptide Tet009 
(bottom large picture and small picture to the left right) and the active tethered 
peptide Tet052 (small picture to the left). The bacteria were incubated in con-
tact with membranes for 4 h at 37 °C before fixation and preparation for SEM. 
(Reprinted from the publication by Hilpert K, Elliot M, Jenssen H, Kindrachuk 
J, Fjell C D, Körner J, Winkler D F H, Weaver L L, Henklein P, Ulrich A S, 
Chiang S H Y, Farmer S W, Pante N, Volkmer R, Hancock R E W (2009) 
Screening and characterization of surface-tethered cationic peptides for anti-
microbial activity. Chem Biol 16:58–69, with permission from Elsevier)
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used to improve their function. These modifications commonly 
comprise phosphorylation, addition of d-amino acids, methyla-
tion, amidation, glycosylation, etc. [33].

1.3.1.3  �Examples of Coatings Containing Antimicrobial 
Peptides on Titanium

Several recent examples will be given on AMPs attached to tita-
nium substrate by different methods. Covalently grafted hydro-
philic polymer brushes on titanium were conjugated with 
different AMPs achieving surface concentration as high as 
5.9 μg/cm2 [37]. The polymer brush was primary amine function-
alized copolymer containing N,N-dimethylacrylamide and amino 
propyl methacrylamide hydrochloride prepared by radical 
polymerization. This layer was then immobilized using AMPs 
containing different sequences of amino acids (Tet-20, Tet-213, 
Tet-21, Tet-26, HH2, 1010cys, and MXXX226). All investigated 
AMPs showed excellent antimicrobial activity toward P. aerugi-
nosa, the highest inhibition was noticed for Tet-26, followed by 

Fig. 1.9  Models of the mechanism of action of membrane-active antimicro-
bial peptides (AMPs): (left) carte model, (middle) toroidal pore model; (right) 
Barrel-Stave model. (Reprinted from the publication by Costa F, Carvalho I F, 
Montelaro R C, Gomes P, Martins A C L (2011) Covalent immobilization of 
antimicrobial peptides (AMPs) onto biomaterials surfaces. Acta Biomater 
7:1431–1440, with permission from Elsevier)
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Tet-20 (Fig. 1.10a) [37]. The effect was attributed to the com-
bined effect of polymer structure—the presence of AMPs and 
hydrophobic/hydrophilic character of the coating. A direct cor-
relation was found between the adhesive force and water contact 
angle at the surface, with surfaces that yielded high adhesive 
forces also had the highest water contact angle. This suggests 
that hydrophobic interaction plays a major role in the ability of 
bacteria to form biofilms between AMPs and the surface. Further, 
the change in conformation of soluble AMPs upon interaction 
with bacterial membrane and its subsequent incorporation is one 
of the mechanisms for their antimicrobial activity. The percent-
age of α-helix conformation of soluble Tet-20 changed from 
25 % in PBS to 92 % in the presence of lipid membrane. In con-
trast, the copolymer brush conjugated Tet-20 changed 
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gated with antimicrobial peptides. Biomaterials 32:3899–390910, with per-
mission from Elsevier)
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conformation to a substantially lesser degree indicating that teth-
ered peptides behave quite differently from soluble peptides, pre-
sumably due to sterical restriction by covalent conjugation to the 
polymer brush. It was suggested that the disturbance of electro-
statics induced by the presence of tethered peptides may trigger 
an autolytic and/or cell death mechanism. No toxicity toward 
human cells was observed [37].

Aiming to combine antimicrobial activity with improved bio-
compatibility a mixture of AMPs was used: RGD and HHC-36 
AMP (Fig. 1.11) [38]. The AMPs were biofunctionalized on tita-
nium surface with a silane coupling agent. Both AMPs have com-
parative advantages: HHC-36 exhibits improved antibacterial 
activity and lower immunogenicity, while RGD could specifically 
combine with 11 species of integrin. The antibacterial activity 
increased with the ratio between the two peptides: Ti-50%HHC36-
50%RGD could kill about 77 % of S. aureus and 58 % of E. coli. 
Ti-80%HHC36-20%RGD could kill about 98 % of S. aureus and 
87 % of E. coli and Ti-90%HHC36-10%RGD could kill about 99 % 
of S. aureus and E. coli. However, biocompatibility was also depen-
dent on the HHC36-RGD ratio: with the decrease of HHC-36 and 
the increase of RGD, the biocompatibility of the samples increased. 

Fig. 1.11  The antimicrobial activity (n = 3) and biocompatibility (n = 3) of the 
indicated samples of combinations of RGD and AMP. (Reprinted from the 
publication by Lin W, Junjian C, Chengzhi C, Lin S, Sa L, Li R, Yingjun W 
(2015) Multi-biofunctionalization of a titanium surface with a mixture of pep-
tides to achieve excellent antimicrobial activity and biocompatibility. J Mater 
Chem B 3:30–3311, with permission from Royal Society of Chemistry)
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Therefore, the optimum ratio of Ti-80%HHC36-20%RGD was 
determined due to similar biocompatibility to titanium and excel-
lent antimicrobial activity [38].

Electrostatic interactions of AMP with the negatively charged 
titanium oxide layer are dependent on pH [39]. Tet-124 AMP and 
Tet-124 modified at the C- and N-terminus with the sequence 
glycine-3,4-dihydroxyphenylalanine-glycine (G-DOPA-G) was 
prepared by solid phase synthesis and attached to substrate by 
immersion. At a low pH (4.75), Tet-124 and Tet-124-G-DOPA-G 
form rigid layers resulting from electrostatic interaction of the posi-
tively charged lysine and arginine residues in the peptide sequence 
with negatively charged Ti oxide layer. At a pH level of 6.9, Tet-
124 showed a lower mass adsorption at the surface than Tet-124-G-
DOPA-G which was attributed to the interaction of catechol due to 
the formation of complexes with Ti oxide substrate [39].

The minimal inhibitor concentration of HHC-36 is as low as 
1.4–2.9 μM against Methicillin-resistant S. aureus and 0.7–5.7 μM 
against multidrug resistant P. aeruginosa [36]. It is of interest to 
combine this excellent property with other ability of the coating, 
i.e., with osseointegration. A thin layer (~7 μm) of calcium phos-
phate (CaP) coating was processed by electrolytic deposition onto 
the surface of titanium, as the drug carrier [40]. Then, a broad 
spectrum AMP Tet-213 (also noted as C-terminally modified 
HHC-36) was loaded into CaP coatings. Up to 9 μg/cm2 could be 
loaded using a simple soaking technique. The CaP-Tet-213 had 
antimicrobial activity against both Gram-positive (S. aureus) and 
Gram-negative (P. aeruginosa) bacteria with 106 fold reductions of 
both bacterial strains within 30  min as assessed my measuring 
colony forming units. This was more efficient compared to com-
mercially developed AMPs, i.e., MX226 and hLF1-11 or 
Tobramycin antibiotic. In terms of biocompatibility, no cytotoxic-
ity was observed on osteoblast-like cells [40]. Therefore, the local 
delivery of AMP through implant surfaces could be a potential 
solution for early stage peri-implant infection.

Potential drawback of AMPs is the initial burst within first few 
hours after exposure to bacteria. Release kinetics can be followed 
using UV–Vis spectroscopy by recording absorption peak charac-
teristic for tryptophane (one of the amino acid in HHC-36). In order 
to more closely control the initial burst of HHC-36, phospholipid 
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(POPC, palmitoyl-oleoyl phosphatidyl-choline) film was topped on 
titania nanotubes and CaP coatings impregnated with AMP [41]. 
POPC is found in eukaryotic cell membranes and offers the least 
support for bacteria growth reduction (81 % reduction) and the 
most suitable platform for bone cell attachment. Compared to a 
burst release within first few hours after incubation when attached 
to CaP or TiO

2
 NP only, the attachment of HHC-36 to POPC led to 

a slow and steady release during 100 h.

1.3.2  �Natural Polysaccharide-Based Polymers

1.3.2.1  �Chitosan

General Characteristics of Chitosan

Chitosan (CH), discovered by Rouget in 1858, is a linear polyca-
tionic heterosaccharide consisting of more than 5000 glucosamine 
units. It is obtained from chitin [42–45]. Chitin is inexpensive com-
pound of animal origin; it forms the basis of the main constituent of 
the outer skeleton of insects and crustaceans like shrimp, crabs, and 
lobster. Chitin is chemically similar to cellulose, having one 
hydroxyl group on each monomer substituted with an acetylamine 
group (Fig. 1.12). In its crude form, chitin has low reactivity and 
solubility. Chitosan is obtained by deacetylation of chitin, usually 
through alkaline hydrolysis at 120 °C by one of the N-acetyl groups 
which are bonded to amine radical in the C2 position on the glucan 
ring. Since the process of N-deacetylation is almost never com-
plete, chitosan is referred as partially N-deacetylated derivative of 
chitin. Chitosan is commercially available with >85 % deacetylated 
units, i.e., degree of deacetylation (DA) <15 %. Another parameter 
important for the properties of CH is the molecular weight (MW) 
which is usually classified as low (<50  kDA), medium (50–
150 kDa), and high (>150 kDa). Upon dissolution of CH, a viscous 
solution is formed. The viscosity of commercial CH is from 10 to 
1000 mPa s. Therefore, chitosan is a collective name for a group of 
partially and fully deacetylated chitin [45].
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CH is weak base and is insoluble in water, in alkaline medium, 
and even in organic solvents. Below its pKa (~6.3), it is soluble in 
dilute aqueous solution of inorganic acid such as hydrochloride 
acid and organic acids (acetic, formic, succinic, lactic, and malic 
acid). The solubility in acidic medium is attributed to the conver-
sion of amine groups (–NH

2
) into soluble protonated cationic 

amine groups (–NH
3
+).

Chitosan is inactive in neutral media because of the presence of 
uncharged amino groups and the poor solubility. It possesses three 
functional groups: an amino group of each deacetylated unit, and pri-
mary and secondary hydroxyl groups of each repeat unit (Fig. 1.12). 
These groups can be used for further derivatization to modify its phys-
icochemical properties, i.e., solubility at neutral pH range. 
Derivatization can be, for example, performed by the quaternization 
of the nitrogen atoms of the amino groups, e.g., extensive methylation 
of chitosan in suspension of dimethylsulfate, sodium hydroxide, and 
sodium chloride resulting in N,N,N-trimethylchitosan [44]. In addi-
tion to quaternary salts of CH, other aqueous soluble derivatives such 
as hydroxypropyl and carboxymethyl chitosan exist. Derivatives of, 
e.g., N-propyl-N,N-dimethyl chitosan against E. coli were 20 times 
higher than that of CH [44]. Hydroxypropyl derivative drafted with 
maleic acid shows high antibacterial activity. In the case of alkyl-sub-
stituted derivatives, better performance was attributed to the contribu-
tion of hydrophobic portions of the derivatives.

Due to its favorable properties including biodegradability, bio-
compatibility, antiviral and antimicrobial properties, chelating 
ability and nontoxicity, chitosan is used in numerous applications. 

Fig. 1.12  Structural formula of (left) chitosan and (right) hyaluronic acid
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In food industry, chitosan is used as food preservative against 
common foodborne pathogen like E. coli, Listeria monocytogenes, 
etc. It is applied as food additive or preservative, or as a packaging 
material, both to retard microorganism growth in food and to 
improve the quality and shelf life of food [45]. Edible antimicrobial 
films are prepared from chitosan and other edible food ingredients, 
e.g., essential oils, nisin, starch, etc. In textile industry, CH has found 
numerous applications for cotton fabric to prevent or retard the 
growth of bacteria, also for sportswear made of man-made fibers to 
impart for antiodor and biostatic properties. In medicine, CH is 
commercially available in various wound dressing or hemostatic 
products [45]. CH provides antimicrobial effect on four forms: fiber, 
membrane, sponge, and hydrogel. Another important use of CH is in 
plant industry as a biocontrol tool against plant pathogen. CH offers 
perspective use in dentistry as plaque-reducing agent as well as 
in vitro antibacterial agent against several oral pathogens (S. mutans, 
Porphyromonas gingivalis), as well as in orthopedics to reduce 
infection related to orthopedic implants [43].

Mechanism of Antibacterial Activity of Chitosan

Chitosan is active against virus, fungi, yeast, and bacteria; it is 
more effective against Gram-positive than Gram-negative bacteria 
[46]. It seems that the activity is dependent on the molecular 
weight of CH, with lower chitosan MW having a greater effect on 
reducing the microorganism growth and multiplication [44]. It was 
also reported that it is not possible to pinpoint the relationship 
between MW and activity; however, it seems that MW of 10 kDA 
is required for minimal activity [43]. Chitosans with higher DA are 
more effective than those with a low DA. Activity is higher at 
lower pH.  The addition of metal ions reduces the antibacterial 
effect, probably due to complex formation between CH and metal 
ions. The choice of solvent (inorganic or organic acid) does not 
seem to affect the activity.

Generally, it is assumed that site of antibacterial action is the 
bacterial cell surface. Polycationic nature of CH, with the positively 
charged –NH

3
+ group of glucosamine, interacts with negatively 

charged surface components of fungi and bacteria and causes the 
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cell damage. Hydrolysis of peptidoglycans in the bacteria wall 
leads to leakage of intracellular substances, and, ultimately, impair-
ment of vital bacterial activities and cell death. The nature of sur-
face components involved in this electrostatic interaction is not 
defined in detail. Rafaat et al. suggested that electrostatic interac-
tion occurs with the negatively charged teichoic acid, which is 
found in the peptidoglycan layer of only Gram-positive bacteria 
and are essential polyanionic polymers that contribute to the nega-
tive charge of the surface wall [43]. This mechanism is consistent 
with much lower activity of the CH against Gram-negative bacteria. 
In the latter, the outer membrane contains lipopolysaccharide, 
which provides the bacterium with a hydrophilic surface and con-
tains anionic group (phosphate, carbonate), which contributes to 
the stability through electrostatic interaction with divalent cations. 
The second mechanism assumes that CH is able to pass through the 
bacteria cell wall and reach the plasma membrane, which was 
argued due to the large molecular size of CH to be taken up by the 
cell [43]. Third mechanism is based on the chelating activity of CH 
which contributes to selective binding to essential trace metal and 
thus inhibits the production of toxins and microbial growth. Kong 
et al. pointed out that at environmental pH below the pK

a
 of CH and 

its derivatives, electrostatic interaction between the polycationic 
structure and the predominantly polyanionic components of the 
microorganism’s surface plays a primary role in antibacterial activ-
ity [45]. When environmental pH is above pKa, hydrophobic and 
chelating effects are responsible for antibacterial effects. These two 
latter mechanisms are not pH dependent but at lower pH they are 
overwhelmed by predominant electrostatic effects.

1.3.2.2  �Hyaluronic Acid

General Characteristics of Hyaluronic Acid

Hyluronic acid (HA), a natural polydisaccharide, is periodic struc-
ture of disaccharide N-acetylglucozamine and d-glucuronic acid 
(Fig. 1.12) [47]. It is commonly found in connective, epithelial, 
and neural tissues and is one of the main components of extracel-
lular matrix and cartilage. It affects the cell proliferation and 

1  Surface Treatments of Titanium with Antibacterial Agents…



28

migration and physical properties of synovial fluid since it is 
responsible for resistance to compressive stress. HA is the main 
component of skin, is involved in skin healing, and is commonly 
found in skin care products; it is used in the treatment of pain with 
knee osteoarthrosis [48]. HA gains popularity also as scaffold in 
tissue engineering.

At physiological pH and ionic strength HA can be described as 
stiffened random coil. Rigidity is related to the intramolecular 
hydrogen bonds between glycoside groups and electrostatic repul-
sion between carboxylic groups [49].

Mechanism of Antibacterial Activity of Hyaluronic Acid

Bacteriostatic effects of common biomaterials used in orthopedic 
surgery—collagen type I, hyaluronic acid, hydroxyapatite, and 
polylactic polyglycolic acid (PLGA)—were tested against four 
common pathogens in orthopedics: S. aureus, S. epidermidis, 
β-hemolytic Streptococcus, and P. aeruginosa [50]. HA demon-
strated the largest bacteriostatic effect on these pathogens by 
inhibiting bacteria growth by an average of 76.8 %. HAP and col-
lagen inhibited growth on average 49.7 and 37.5 %, while PLGA 
exhibited small inhibition of only 9.8 %. It was noted that bacterio-
static effect of HA may be due to the saturation of bacterial hyal-
uronate lyase by the excess HA. Hyaluronate lyase is an enzyme 
that catalyses the chemical reaction of cleavage of HA chain. 
Saturation then prevents bacteria from maintaining elevated levels 
of tissue permeability. It was also noted that different strains 
belonging to the same bacterial species are differently affected by 
HA [51]. Titanium coating with sodium hyaluronate significantly 
decreased the density of S. aureus adhering to the surface [52].

1.3.2.3  �Examples of Coatings Containing Natural 
Polysaccharides on Titanium

Layer-by-layer adsorption has been recognized as a versatile yet 
simple technique for the functionalization of a variety of surfaces. 
It involves alternate adsorption of polyanions and polycations via 
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electrostatic interaction on a charged surface. Alternating succes-
sive immersion of the charged surfaces in oppositely charged poly-
electrolyte solution results in a coherent coating, typically ranging 
from tens to hundreds of nanometers [53]. Chua et al. deposited 
polyelectrolyte multilayers on titanium based on alternating hyal-
uronic acid and chitosan layers [54]. Thus, functionalized surface 
was more hydrophilic and smoother compared to pristine titanium 
and caused up to an order of magnitude decrease in adhesion of S. 
aureus. Upon cross-linking of these layers upon which activated 
carboxylic sites of HA react with amine group from CH, the struc-
tural stability of the coating was increased and retains its antibac-
terial properties even after 2-day immersion in phosphate buffer 
saline. The HA/CH functionalized surface was not cytotoxic but 
decreased osteoblast adhesion was noticed on both cross-linked 
and non-cross-linked coatings when using rinsing after incubation 
with osteoblasts. This step has provoked the removal of the nonad-
hered cells. It was suggested that HA may be responsible for 
smaller osteoblast attachment, as CH is known to support this pro-
cess [55]. To overcome this property and promote the osteoblast 
functions, RGD peptide was incorporated in this coating [56]. 
RGD immobilization was performed on cross-linked HA/CH 
polyelectrolyte multilayers (Fig. 1.13) with CH as the outermost 
layer which showed the best antibacterial performance. The immo-
bilized peptide had a profound beneficial influence of osteoblast 
adhesion and proliferation without affecting the antibacterial 
activity of the coating [56].

Complexes of HA and CH were combined with silver phos-
phate Ag

3
PO

4
 nanoparticles (NPs) or silver ions (AgNO

3
) in order 

to increase their effect on S. aureus [57]. The complexes of poly-
mer with silver NPs had higher antibacterial effect than individual 
polymer complexes which did not inhibit bacterial growth at the 
applied concentration. The greatest inhibitory effect had the com-
bination of 9.7 mM CH and 300 μM Ag(I) ions or 300 μM silver 
phosphate NPs. Combination of HA with silver had significantly 
smaller effect [57]. These complexes may have potential to use in 
vascular graft application. Layer-by-layer technique was also used 
to prepare self-assembly of CH/alginate multilayers on titanium 
[58]. Multilayers were functionalized with minocycline, a broad-
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spectrum antibiotic synthesized from natural tetracyclines, in the 
outermost layer. Monolayer coating loaded with antibiotics cannot 
provide long-term antibacterial effect. In contrast, multilayer anti-
biotics-loaded coating on titanium was effective even after 14 days 
against colonization of S. aureus, i.e., during the most important 
period of wound healing or formation of biological seal [58]. This 
is beneficial as overlong release time at lower concentration may 
provoke adverse effect of development of the antibiotic-resistant 
bacteria. Hydrophilic surface of coating compared to pristine tita-
nium also contributed to the reduced bacteria attachment.

Chitosan nanocomposite coatings were prepared on silanized 
titanium substrate using spreading technique [59]. Coatings 

Fig. 1.13  Number of adherent S. aureus cells/cm2 on the Ti substrates coated 
with various chitosan (CH) and hyaluronan (HA) coatings with AMP RGD 
(denoted -S and -TL) after exposure to bacterial suspension (106 cell/mL) in 
PBS for 4 h. (Reprinted from the publication by Chua P-H, Neoh K-G, Kang 
E-T, Wang W (2007) Surface functionalization of titanium with hyaluronic 
acid/chitosan polyelectrolyte multilayers and RGD for promoting osteoblast 
functions and inhibiting bacterial adhesion. Biomaterials 29:1412–1421, with 
permission from Elsevier)
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contained CH and polyvinyl alcohol (PVA)-capped Ag NPs 
obtained by a green method of microwave irradiation of aqueous 
solution of PVA and AgNO

3
. PVA served as a capping agent. 

This nanocomposite exhibited increased mechanical stability 
and bactericidal activity against E. coli and S. aureus. Fourier 
transform infrared spectra indicated the involvement of primary 
amino and amide groups of CH with metal particles. The amine 
(–NH

2
) groups can electrostatically interact and coordinate with 

Ag+ adsorbed over the surface of NPs, avoiding agglomeration 
of reduced Ag. Very smooth surface of the coatings and sustain-
able long release of Ag+ ions conferred to the coating an anti-
bacterial activity.

Layered acrylic particles containing epoxy functional groups 
were prepared via a seeded emulsion polymerization in the pres-
ence of CTAB (cetyltrimethylammonium bromide) as a cationic 
surfactant [60]. When adding chitosan, an efficient dispersion in 
polyacrylic matrix was achieved which acted against S. aureus and 
E. coli, especially when containing 40 wt% of positively charged 
CH. The complexes were nontoxic and have potential to be used as 
a new generation of antibacterial and nontoxic coatings.

HA was used to fabricate multilayer films with PDDA 
(poly(dimethyldiallylammonium chloride)) through electro-
static interaction between positively charged PDDA and nega-
tively charged HA [61]. In multilayer HA/PDDA, Ag NPs were 
embedded by binding Ag+ to negatively charged carboxylic 
group of HA [62]. HA acted as a stabilizing as well as reducing 
agent and reduced Ag+ to Ag NPs under UV irradiation. After 
exposure to HA/PDDA with Ag nanoarrays, the most of E. coli 
cells were dead. In contrast, HA/PDDA surface without embed-
ded Ag particles was stimulating for bacteria growth. The anti-
bacterial activity of Ag NPs reduced using HA or DAPHP 
(diaminopyridinylated heparin) as capping and reducing agents 
was reported [63]. Potent antimicrobial activity was obtained 
when tested against S. aureus, and modest against E. coli. Ag–
HA showed greater antimicrobial activity than silver-DAPHP. In 
contrast, neither HA or DAPHP showed activity against S. 
aureus or E. coli.
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1.3.3  �Inorganic Bioactive Agents

Several metals exhibit antimicrobial properties: silver, copper, 
zinc, tin, platinum, etc. This section is largely devoted to silver 
itself, i.e., not used in the form of coating or incorporated in other 
coating. First, the mechanism of antibacterial activity of silver ions 
and nanoparticles will be presented, followed by the presentation 
of different factors which affect the activity (size, shape, concen-
tration, method of preparation), as well as issues related to cyto-
toxicity of silver. This part will be the basis for the use of silver 
incorporated in hydroxyapatite (HAP) or TiO

2
 coatings which then 

serves as additional functional ability, i.e., antimicrobial property 
of these coatings.

1.3.3.1  �Silver

General Characteristics of Silver

Silver has been used as disinfectant since ancient times. In the 
nineteenth and twentieth century, it has been applied as sulfadia-
zine for treatments of burns and wounds and as AgNO

3
 solution as 

disinfectant. After the introduction of antibiotics the use of silver 
rapidly declined. The boom in the renewed interest in silver is 
related to the introduction of nanotechnology and new possibilities 
for bioapplications, especially those related to dental and orthope-
dic applications. Due to the natural antimicrobial property of silver 
it may be presumably used instead or combined with antibiotics. In 
contrast to the latter, it seems that the resistance to Ag cannot be 
developed and in that sense Ag is advantageous to antibiotics, 
toward which humans develop the resistance. Since metal attacks 
a broad range of targets (unlikely antibiotics which are narrow tar-
get) the organisms would have to develop a host of mutations 
simultaneously to protect themselves [64]. Drawback of use of sil-
ver can be argyria, gray-blue discoloration of the skin related to 
excessive exposure to silver noticed in some workers profession-
ally exposed to silver compounds. However, the levels of Ag used 
as antimicrobial agents are relatively low, i.e., below the threshold 
for argyria.
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Mechanism of Inhibition by Silver Ions and Silver 
Nanoparticles

The mechanism of antibacterial activity of silver is complicated 
and proceeds at several levels. Ag NPs show substantially different 
physicochemical properties from those of bulk silver. Primarily, 
their large surface area provides better contact with microorgan-
isms. This results in different toxicity mechanism. Ag NPs also pro-
duce Ag+ ions, so in that sense they act in the same manner as when 
Ag+ ions are used only. Silver has a high affinity to interact with 
thiol group from l-cysteine. As thiol group is responsible for 
enzymes activation, this leads to deposition of proteins inside the 
cell. Ag+ treated cells showed increased propidium iodide (PI)2 
fluorescence relative to untreated cells, indicating destabilization of 
the cellular envelope and increased membrane permeability [65].

Silver reacts also with phosphorus-containing compounds like 
DNA. Silver ions penetrate the bacterial cell wall and enter into 
cells (Fig. 1.14) [65]. Feng et al. detected an electron light region 
on the center of the cell which contains DNA indicating that DNA 
is turned into condensed form and thus lost its ability to replicate 
[66, 67]. These processes lead to damage and even cell death. 
Silver ions are more active under aerobic conditions, i.e., antibac-
terial activity is related to the presence of oxygen [68]. Namely, 
silver ions mediate reactive oxygen species (ROS) generation, 
mainly superoxide radical (O

2
•−). At least half of the log scale anti-

bacterial activity of silver ions can be attributed to ROS-mediated 
activity.

When considering differences in mechanism of silver ions and 
NPs, Ag NPs also produce Ag+ ions, so they act in the same manner 
as when ions are used only [69]. Additionally, NPs get attached to 
the cell membrane, penetrate inside the cell, damage the membrane, 
and lead to disruption of the ion flux system [70]. The oxidative 
damage as well as structural damage of the membrane is smaller 
when using Ag+ ions compared to Ag NPs, i.e., NPs cause more 
damage than Ag+ [69]. In that sense the ability of Ag+ ions is inferior 
to antibacterial ability of Ag NPs. However, Ag NPs do not result in 

2 PI is a membrane-impermeable fluorescent dye that is used to detect perme-
ation of the cell membrane.
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DNA damage [69]. Ag NPs and ions act differently to different 
organisms [71]. The NPs show the highest inhibition to autotrophic 
nitrifying organisms, whereas Ag+ ions are most toxic to heterotro-
phic growth (Fig. 1.15) [71]. Silver NPs strongly inhibited microbial 
growth. At 1 mg/L Ag, the inhibitions on nitrifying bacterial growth 
by Ag NPs and Ag+ ions were 86 ± 3 % and 42 ± 7 %, respectively. At 
4.2 μM Ag, the inhibitions on the growth of E. coli by Ag NPs and 
Ag+ ions were 55 ± 8 % and 100 %, respectively [71].

Silver can be used in combination to conventional antibiotics. 
Gram-negative bacteria have a protective outer membrane that pre-
vents entry of a variety of larger antibiotics, such as glycopeptide van-
comycin [72]. The combination of low doses of Ag+ ions and 
vancomycin resulted in significantly greater bacterial cell death rela-

Fig. 1.14  (a) Left: a considerable presence of silver nanoparticles is found in 
membrane and the inside of an E. coli sample. Right: Elemental mapping 
showing well distributed silver through the sample. (b) A close-up of the inte-
rior and (c) membrane of an E. coli treated sample. (Reprinted from the publi-
cation by Morones J R, Elechiguerra J L, Camacho A, Holt K, Kouri J B, 
Ramírez J T, Yacaman M J (2005) The bactericidal effect of silver nanoparti-
cles. Nanotechnology 16:2346–2353, with permission from IOP Science)
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tive to treatments with Ag+ ions or vancomycin alone. This synergistic 
effect can be used to increase the effectiveness of vancomycin against 
Gram-negative bacteria by Ag+-induced outer membrane permeabil-
ity. Greater bactericidal activities were also obtained in combination 
with other antibiotics, i.e., gentamicin, ampicillin, and ofloxacin.

Size and Shape of Silver Nanoparticles

The toxic activity of NPs is strongly dependent on their size. 
Morones et al. showed that only NPs with diameter between 1 and 
10  nm present direct interaction with bacteria [65]. The advan-
tages of nanoparticles are, in addition to high specific surface area 
and high dispersion of the active component, the presence of spe-
cific energetic surface sites [73]. In the literature different mean 
sizes of NPs were used but all in the active size region: 12 [70, 74], 
11.23 [75], 13.4 [76], 14 [71], 10–15 [77], 5 and 24 [78], and 
39 nm [64]. Shameli et al. produced Ag NPs of different sizes in 
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Fig. 1.15  Nitrification inhibition as a function of the concentrations of silver 
in the form of Ag NPs, Ag+ ions, and AgCl colloids. (Reprinted from the pub-
lication by Choi O, Deng K K, Kim N-J, Ross Jr L, Surampalli R Y, Hu Z 
(2008) The inhibitory effects of silver nanoparticles, silver ions, and silver 
chloride colloids on microbial growth. Water Res 42:3066–3074, with permis-
sion from Elsevier)
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the range from 10.60 to 25.31 nm using sugar as reducing agent 
and polyethylene glycol as a complexation agent [75]. The size 
affected the antibacterial activity to S. aureus and Salmonella 
typhimurium showing higher activity at smaller size.

Shape of the particles also affects their toxic effect. Zeng et al. 
controlled the particle shape using different capping agents keeping 
other conditions identical (seed, precursor concentration, tempera-
ture, reducing agent) [79]. When using citrate, octahedrons were 
obtained; in contrast, capping using poly(vinyl pyrrolidine) resulted 
in the formation of nanocubes and nanobars. Pal et al. studied spe-
cifically the effect of shape on the antibacterial effect of NPs [64]. 
Three particle shapes were produced: truncated, triangular, and 
elongated rod shaped were obtained by a solution-phase method 
from AgNO

3
, ascorbic acid, CTAB, Ag seeds, and NaOH. Spherical 

particles were deposited by reducing aqueous AgNO
3
 with sodium 

citrate at near-boiling temperature. Among three particle shapes the 
triangular particles showed the strongest biocidal activity, i.e., a 
complete inhibition of bacterial growth at the microgram range. At 
107 colony forming units (CFU)/mL E. coli, spherical particles 
reduced growth (50–100 %) at concentrations >12.5 μg, while rod-
shaped particles and Ag+ showed inferior performance. The effect of 
shape on the antibacterial activity was explained in terms of differ-
ent percentage of active facets present in Ag NPs. Ag reactivity is 
favored by high-atom density facets like (111) [65, 73]. Top basal 
plane in truncated triangular particles is (111), while spherical and 
rods have predominantly (100) and small percentage of (111) facets 
[64]. Morones et al. showed that ~98 % of particles have octahedral 
and multiple-twinned icosahedral and decahedral in shape; these 
exhibit the highest activity [65].

In order to understand the mechanism of nanosilver toxicity, 
nanosized Ag spheres (10, 20, and 40 nm), plates (32 nm), and 
wires (65 nm × 20 μm) were investigated in a fish gill epithelial 
cell line and in zebrafish embryos [80]. Ag nanoplates, whose 
shape varied from circular to triangular but always exhibiting 
edges, were considerably more toxic than other particle shapes 
(Fig. 1.16) [80]. Ag nanoplates induced significant cell death even 
at the lowest dose, while the nanospheres induced cytotoxicity at 
the highest dose and Ag nanowires did not. At the same time the 
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Ag nanoplates triggered the highest superoxide production but the 
smallest release of Ag+ ions into solution. Toxicity mechanism 
induced by nanoplates differed from that of nanospheres as it was 
not related to bioavailability and uptake. This was ascribed to a 
high level of crystal defects (stacking faults and point defects) on 
the nanoplate surfaces. In contrast, nanospheres showed multiple 
crystal domains, including the presence of twin planes that form at 
the boundaries between crystal domains. Examination of nano-
plates by transmission electron microscopy (TEM) demonstrated 
that alternating {111} and {200} stacking planes create material 
defects that are enriched for dangling bonds, which could confer 
higher electrocatalytic activity due to local increase in electron 
density [80]. Therefore, the expression of crystal defects should be 
considered as another important mechanism for Ag nanoparticle 
toxicity, in addition to Ag+ ion release.

The particles differed not only in shape but also in size: trian-
gular particles with 40 nm average edge length, rod-shape par-
ticles with 133  nm × 16  nm average dimension, and spherical 

Fig. 1.16  TEM images of Ag nanospheres, nanoplates, and nanotubes and the 
related toxicity (Reprinted from the publication by George S, Lin S, Ji Z, 
Thomas C R, Li L, Mecklenburg M, Meng H, Wang X, Zhang H, Xia T, Hohman 
J N, Lin S, Zink J I, Weiss P S, Nel A E (2012) Surface defects on plate-shaped 
silver nanoparticles contribute to its hazard potential in a fish gill cell line and 
zebrafish embryos. ACS Nano 6:3745–3759, with permission from Americal 
Chemical Society)
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particles with 39  nm diameter [64]. These particles showed 
distinctively different UV spectra due to the surface plasmon 
resonance shift to a longer wavelength with increase in particle 
size [67]. Nanoparticles have a surface plasmon resonance 
absorption in the UV–visible region [81]. The surface plasmon 
band arises from the coherent existence of free electrons in the 
conduction band due to the small particles size. As the change in 
absorbance is a measure of the particle size, shape, and chemical 
environment, the band shift reflects the change in particle size 
and shape. Spherical particles showed UV peak at 420 nm, while 
for rod-shape particles four peaks (384, 420, 485, and shoulder 
at 373 nm) were observed [64]. Triangular particles gave peak at 
418 and 514 nm. George et al. also observed different UV spec-
tra depending on the particle shape: spherical particles showed a 
single plasmonic resonance peak at 390–410  nm, nanoplates 
showed peaks at 330, 410, and 430 nm, confirming their anisot-
ropy [80]. In the majority of literature studies, the spherical par-
ticles were used which show UV peaks between 391 and 437 nm 
[70, 71, 74–76, 78].

Concentration of Bacteria and Concentration of Silver

Inhibition of bacterial growth depends also on the concentration of 
bacteria, as well as concentration of silver [64, 70]. At 105 CFU/
mL E. coli, the efficiency of biocidal action was lower compared 
to 107  CFU/mL indicating that at given concentration of silver, 
inhibition of bacterial growth depends on the initial number of 
cells [64].

At a given concentration of bacteria cell, the inhibition 
depends on the concentration of silver [68–71, 76, 82]. Sondi 
and Salopek-Sondi investigated the effect of concentration of 
Ag NPs in the range between 10 and 100 μg/mL against E. coli 
and found out that at concentration >50–60  μg/mL caused a 
100 % inhibition of growth [70]. A concentration-dependent 
increase in growth inhibition against E. coli was observed for 
silver NPs also in the range between 0 and 1 mg/L [69]. Similar 
effect was observed for S. aureus: at 20  μg/mL Ag NPs no 
growth was observed over 7 days (thus determined minimum 
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bactericidal concentration), while at 50 μg/mL the cell DNA was 
condensed to a tension state indicating that it could have lost its 
replicating ability [82]. Using bacterial reporter strains specifi-
cally responding to superoxide radicals Park et al. presented the 
evidence that the generation of oxidative stress induction is 
dependent on Ag+ concentration [68]. The highest level of induc-
tion was observed at 0.3–0.5  mg/L Ag+, and the induction 
decreased at higher concentrations.

The concentration-dependent inhibition of silver differs for 
different types of bacteria [76]. When tested against Gram-
negative E. coli, Ag NPs effectively inhibited bacterial growth; 
inhibition was progressively stronger with increasing Ag NPs 
concentration from 0.4 to 33 nM [76]. In contrast, the inhibi-
tory effect was mild against Gram-positive S. aureus. The rea-
son for this behavior lies in the difference in membrane 
structure between Gram-positive and Gram-negative bacteria. 
Gram-positive bacteria have a thick, multilayer peptidoglycan 
layer, and Gram-negative bacteria have a thin peptidoglycan 
layer but also an outer membrane layer composed mainly of 
lipopolysaccharides. Compared with Gram-positive bacteria, 
Gram-negative bacteria are more resistant against antibiotics 
because of their impenetrable outer cell wall. Review of bacte-
ria strains against which silver NPs and ions were tested is 
given in Table 1.1.

Methods of Preparation of Silver Nanoparticles

Sharma et al. have recently reviewed the preparation of Ag NPs by 
green synthesis approaches opposed to traditional methods involv-
ing chemical agents which may be associated with environmental 
toxicity [81]. The simplest way of producing the Ag NPs is the 
chemical reduction of silver salt, usually AgNO

3
, accompanied by 

the use of a reducing agent, e.g., ascorbic acid [70], sodium boro-
hydrate (NaBH

4
) [74, 76], NaBH

4
, and polyvinylalcohol as capping 

agent to control the growth [71], citric acid [79], and sodium citrate 
[64]. The reduction of silver ions in aqueous solution generally 
yields colloidal silver with particle size of several nanometers [81]. 
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Table 1.1  Summary of bacterial strains against which Ag NPs and Ag+ ions 
were tested

Reference Bacteria Type

Pal et al. [64] Escherichia coli Gram-negative

Sondi and 
Salopek-Sondi [70]

Escherichia coli Gram-negative

Choi et al. [71] Escherichia coli Gram-negative

Park et al. [68] Escherichia coli Gram-negative

Morones-Ramirez  
et al. [72]

Escherichia coli Gram-negative

Guin et al. [77] Escherichia coli Gram-negative

Li et al. [82] Staphylococcus aureus Gram-positive

Kim et al. [76] Escherichia coli Gram-negative

Staphylococcus aureus Gram-positive

Li et al. [83] Escherichia coli Gram-negative

Staphylococcus aureus Gram-positive

Morones et al. [65] Pseudomonas aeruginosa Gram-negative

Vibrio cholerae Gram-negative

Escherichia coli Gram-negative

Scrub typhus Gram-negative

Shameli et al. [75] Staphylococcus aureus Gram-positive

Salmonela typhimurium Gram-negative

Feng et al. [66] Staphylococcus aureus Gram-positive

Aguilar Mendez  
et al. [78]

Colletotrichum gloeosporioides Phytopathogen

Initial formation of silver atoms is followed by agglomeration into 
oligomeric clusters and eventually colloidal nanoparticles. The 
color of colloidal dispersion varies depending on the stage of 
aggregation from yellow (the particles are smaller and absorb in 
the 380–400  nm) to dark yellow, violet and eventually grayish, 
after which the colloids break down and particles settle out [74]. 
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The choice of reducing agent affects the size distribution which is 
narrow in the case of NaBH

4
 and broader when citrate was used. It 

should be noted that NaBH
4
 is toxic.

For green synthesis three main steps should be environmentally 
benign: choice of solvent medium, choice of reducing agents, and 
substances to assure NP stability. The following methods can be 
summarized [81]:

–– Polysaccharide method uses water and polysaccharide as a cap-
ping agent, e.g., starch, glucose; the latter can also serve as a 
reducing agent.

–– Tollens method involves Tollens reagent and an aldehyde

Ag NH aq RCHO aq Ag s RCOOH aq3 2
( ) ( ) + ( )→ ( )+ ( )+

In a modified Tollens procedure, Ag+ ions are reduced by sac-
charides in the presence of ammonia.

–– Irradiation method does not require the use of reducing agent. 
These methods involve laser, microwave irradiation, or radioly-
sis of aqueous solution of silver salt.

–– Biological method involves the reduction of Ag+ ions by com-
bination of molecules found in enzymes, proteins, amino acids, 
vitamins, etc.

–– Polyoxometalates method uses polyoxymethalate as a reducing 
agent and stabilizing agent.

–– Electrochemical synthesis performs by electroreduction of 
anodically dissolved silver ions in acetonitrile containing tetra-
butylammonium salts.

Cytotoxicity of Silver

Silver has not been identified as a trace metal, and thus seems to 
be nonessentials to humans [84]. As such, exposure to silver is 
unwanted. Orally administered silver has been described to be 
absorbed in the range of 0.4–18 % in mammals with a human 
value of 18 %. Humans can come into contact with silver via 
brazing or soldering, coins, tableware, jewelry, dental fillings, 
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dietary supplements, and different products that contain silver, 
i.e., wound dressings, textile products, bone cement, etc. When 
administrated, it can become deposited in a wide range of 
organs; the most well described depositional effect in the blue-
gray discoloration of the skin called argyria. For the general 
population, the human use of silver has been described to be 
0.4–27 μm/day [84], which corresponds to 0.007–0.5 μg/kg of 
body weight/day. Toxicity of silver is dose dependent. The dose 
level of 0.25  mg/kg of body weight/day was reported as “no-
observed adverse effect-level” and tolerable daily intake of 
2.5 μg/kg of body weight/day [84]. Median lethal dose LD

50
 is 

the drug dose at which 50 % of the treated mice survive. For 
Ag+, LD

50
 was reported between 120 and 240 μM, i.e., low lev-

els are not cytotoxic [72].
Wang et al. emphasized that substantial progress has been made 

in understanding the acute silver toxicity; however, the conse-
quences of chronic low doses (i.e., sublethal doses) of silver have 
not been sufficiently considered [85]. Ag NPs and ions can be 
involved in both lethal and sublethal doses. The direct indication 
of lethal cytotoxicity of nanosilver is cell death through increased 
ROS generation, oxidative stress, and enhanced permeability of 
mitochondrial membrane leading to overt toxic effects. Under sub-
lethal doses, nanosilver can interfere with biomolecules in a more 
subtle manner with minimal ROS production and little impact on 
cell viability but it can disturb the function of crucial proteins and 
induce changes in gene and protein expression levels.

1.3.3.2  �Silver Coatings on Titanium

Silver can be used in various forms: as bulk coating which then 
releases Ag+ ions or as Ag nanoparticles incorporated in other 
coating. Silver is also used in a colloidal form.

Silver-based bulk coatings have been used on various medical 
device including catheters; also for treatments of infection of 
orthopedic prostheses for treatments of osteoarthrosis and tumors 
[86, 87]. Prostheses with silver-based coatings are commercially 
available and are used in clinical practice to treat implant infec-
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tion. The longest on the market are the prostheses by the company 
Waldemar Link (Hamburg, Germany) currently marketed as 
PorAg™. An approximately 1 μm thick surface modification con-
sists of a silver bottom layer and an open porous 100 nm thick top 
layer consisting of Ti/Ag nitride (TiAgN). Other combinations are 
also under study. Approximately 2  μm thick Ti/Ag coatings 
(0.7–9 % Ag) were deposited on Ti by physical vapor deposition 
(PVD) and tested against S. epidermidis and K. pneumonia [88]. 
The adhesion of bacteria was significantly reduced without com-
promising biocompatibility properties on epithelial and osteoblast 
cells. Ag/plasma polymer coating of the stem (Bio-Gate AG, 
Bremen, Germany) was also performed and tested in a canine 
model [89]. Elemental silver particles were sputtered onto the sur-
face of the stem in PVD process and covered by a plasma polymer 
layer using a subsequent chemical vapor deposition (CVD) pro-
cess with hexamethyldisiloxane as precursor. Four of nine PVD-
silver-coated titanium stems underwent stable osseous integration 
after implantation in a canine model [89].

1.3.3.3  �Hydroxyapatite and Silver

General Characteristics of Hydroxyapatite

Titanium alloys are grouped into bioinert materials as well as 
ceramics like alumina, zirconia, etc., and their biocompatibility is 
inferior to that of calcium phosphate (CaP) or hydroxyapatite 
(HAP), which are grouped into bioactive materials [90]. Therefore, 
bioactive surface treatment (bioactive surface modification) is, in 
general, applied to titanium alloys for biomedical applications in 
order to improve their biocompatibility further. In that case, phos-
phate calcium-type ceramics such as CaP, HAP, and tricalcium 
phosphate TCP (α- or β-Ca

3
(PO

4
)

2
) are mainly coated on the sur-

face of titanium alloy. In general, formation of hydroxyapatite is 
finally targeted.

Hydroxyapatite belongs to a family of calcium orthophosphates 
present in bones and teeth, comprising approximately 40–75 % of 
mineral phase, the rest being water (10 %) and collagen. The bone 
mineral is of an idealized formula Ca

10
(PO

4
)

6
(OH)

2
 but is associated 
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with minor groups and elements, e.g., CO
3
2−, HPO

4
2−, Na+, Mg2+ 

and trace elements, e.g., Sr2+, K+, Cl−, and F− [91]. Some of these 
play a vital role in the biochemical reactions associated with bone 
metabolism. A significant variation in concentration of CO

3
2−, Na+, 

Mg2+, K+, and Cl− was observed in human bone specimens; con-
centrations of CO

3
2− and Na+ increase with age, whereas concen-

trations of Mg2+, K+, and Cl− decrease with age [91]. The use of 
calcium orthophosphates in orthopedics and dental medicine is 
based on their similarity with bone and enamel. Biphasic calcium 
phosphates (BCP) (HAP + α-TCP or HAP + β-TCP) are bioresorb-
able materials. The β-TCP and α-TCP are obtained by sintering at 
temperatures above 800 and 1125 °C, respectively.

The bioactive surface treatment processes are, in general, 
divided into dry process and wet process [90]. Dry processes are 
divided into direct HAP forming methods such as plasma spray 
method, ion plating, radiofrequency magnetron sputtering, pulse 
laser deposition, ion beam dynamic mixing, etc., where HAP are 
formed directly on titanium alloy surface. Indirect HAP forming 
methods include, for example, calcium ion implantation where 
calcium ions are implanted into biomedical titanium alloys, and 
calcium ion mixing method where Ca is sputtered on the surface of 
biomedical titanium alloys followed by Ar ion implantation, etc. 
Wet processes are also divided into direct HAP forming methods 
such as, for example, electrochemical treatment, electrophoretic 
deposition, sol–gel methods, and indirect HAP forming methods 
such as, for example, alkali treatment where titanium alloy is 
immersed into NaOH solution and heated followed by immersing 
the alloy into living body liquid [90].

Methods of Preparation of Hydroxyapatite Containing Silver 
and Related Morphology

The main idea behind incorporation of silver into the structure of 
HAP coating is to combine the osseointegration ability of HAP 
with antibacterial ability of Ag in order to increase the functional-
ity of the coating. As there are numerous methods for HAP prepa-
ration, several possible routes for Ag incorporation have been 
explored. The methods are regarded according to the same 
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strategies as for pure HAP, i.e., dry and wet direct and indirect 
methods (Table 1.2).

Needle-like morphology typical for HAP was usually observed 
[92–95], with nanocrystals comparable to that of bone apatite 
(Fig. 1.17) [92]. Silver particles were evenly dispersed within the 
layer structure which was dependent on the method of prepara-
tion. Porous structure with typical needle-like HAP could facili-
tate cell adhesion (Fig. 1.18) [94]. The EDS analysis revealed the 
presence of titanium, phosphorus, calcium, and silver (Fig. 1.18) 
[94]. A layered structure with mostly amorphous layer on top and 
mostly crystalline layer toward to top coating interface was 
obtained by IBAD method [96]. Ag particles sized 10–50  nm 
were evenly distributed throughout the coating thickness. By rf 
magnetron sputtering nanopatterned Ag layer was obtained 
which imparted for hydrophobicity [97]. When using microarc 
oxidation the morphology was dependent on the voltage and Ag 
content [98]. At low voltages a porous microstructure was 
observed with spherical pores well separated and homogeneously 
distributed. The pore size increased with voltage. Above 380 V 
the surface became irregular and rough, instead of pores numer-
ous flakes appeared [98]. Similarly, when using electrochemical 
deposition needle-like crystals were obtained after oxidation at 
−1.3 V; no Ag particles were observed [99]. At −2.0 V the porous 
network of needle-like crystals with white spots of Ag particles 
sparsely dispersed. Particles became more distinct after oxida-
tion at −3.5 and −4.0 V. Uniform sol–gel Ag–HAP composite 
coating composed of spherular HA crystals with an average 
diameter of several micrometer and white spot-like Ag particles 
were formed [102–104].

Microstructure and Phase Composition of Hydroxyapatite 
Containing Silver

X-ray diffraction (XRD) is commonly used to investigate the phase 
composition and microstructure of the deposited coatings. When 
considering dry coatings, typical peaks related to crystalline HAP 
were detected; in some studies Ag peaks were observed [92, 104, 
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105], in other it was not [97, 98]. When Ag-related peaks were 
detected, they were ascribed to the incorporation of Ag into HAP 
lattice structure. Chung et al. observed Ag peak only at 2000 ppm 
[109]. Chen et al. reported [105] that in addition to HAP and Ag 
peaks, peaks related to β-TCP and CaO were detected indicating 
that HAP was decomposed during plasma spraying. The intensity 
of Ag peaks increased with Ag content in the HAP.  In Ag–HAP 
synthesized by microwave processing cell parameters increased 
with increasing Ag content indicating the effect of Ag ions on the 
crystallinity of HAP lattice [92]. The substitution of Ag+ ion (size 
1.28 Å) takes place for Ca2+ ion size (0.99 Å) preferentially in Ca(1) 
site of HAP and this leads to an increase in lattice parameters 

Fig. 1.17  TEM morphology of the HA (a), 0.5AgHA, (b), 2AhHA (c), and 
5AgHA (d) samples. (Reprinted from the publication by Rameshbabu N, 
Sampath Kumar T S S, Prabhakar T G, Sastry V S, Murty K V G K, Rao K P 
(2007) Antibacterial nanosized silver substituted hydroxyapatite: Synthesis 
and characterization. J Biomed Mater Res A 80A:581–591, with permission 
from John Wiley and Sons)
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linearly with the amount of Ag added. After heat treatment crystal-
linity improved and the presence of TPC was noticed for x

Ag
 > 0.5. 

The presence of TCP is beneficial in terms of biocompatibility as it 
provokes more favorable cell proliferation [90].

In some studies, Ag-related peaks were not observed and explained 
by the substitution of Ca2+ by Ag+ which does not lead to apparent 
varieties of crystalline structure and significant differences in lattice 
parameters [97]. When Ag could not be detected by XRD patterns, 
complementary methods were also used, e.g., energy dispersive 
X-ray spectroscopy (EDS) [98, 106] or Raman spectroscopy [106].

Fig. 1.18  Scanning electron microscopy (SEM) image and elemental energy 
dispersion X-ray spectroscopy (EDS) mapping of Ag–HAP coating synthe-
sized via electrochemical deposition on anodized titanium nanotubes. 
(Reprinted from the publication by Yan Y, Zhang X, Huang Y, Ding Q, Pang X 
(2014) Antibacterial and bioactivity of silver substituted hydroxyapatite/TiO2 
nanotube composite coatings on titanium. Appl Surf Sci 314:348–357, with 
permission from Elsevier)
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When considering wet coatings, similar situation is encoun-
tered. In all the coatings, typical XRD peaks related to HAP were 
detected [94, 95, 99–102, 107–109]. The XRD peaks related to Ag 
were detected in the coatings obtained by electrochemical deposi-
tion [95, 99] and sol–gel methods [101, 102]. In other coatings 
prepared by wet methods, silver was not detected by XRD indicat-
ing that the presence of Ag was either too small or did not affect 
the structure of HAP [94, 100, 107, 108]. Sygnatowicz et al. con-
cluded that Ag is present primarily in Ag metal form and it is not 
dissolved in HAP or in phosphate phase [101].

Cytotoxicity and Optimum Silver Concentration 
in Hydroxyapatite Containing Silver

Ranges of silver concentrations used in different methods are 
listed in Table 1.2. When using silver it is important to determine 
the optimum concentration in sense that it minimizes bacterial risk 
without compromising biocompatibility of the coating. This usu-
ally includes the evaluation of cytotoxicity through cell 
proliferation3 and osteoblast cell attachment.4 No cytotoxicity was 

3 There are several possibilities to evaluate cell viability and proliferation:

–– MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolim bro-
mide] is usually used to detect cell viability or proliferation of cells in 
contact with the material surface. MTT reagent reacts directly with mito-
chondrial to form formazan crystals on metabolically active cells.

–– Alamar blue® assay is designed to measure quantitatively the proliferation 
of various human and animal cell lines, bacteria, and fungi. It incorporates 
a fluorometric/colorimetric growth indicator based on detection of meta-
bolic activity. Specifically, the system incorporates an oxidation–reduction 
indicator that both fluoresces and changes color in response to chemical 
reduction of growth medium resulting from cell growth.

–– Double-stranded DNA (dsDNA) test using an ultrasensitive fluorescent 
nucleic acid stain for quantitating dsDNA in solution. Detecting and quan-
titating small amounts of DNA is extremely important in a wide variety of 
biological applications.

–– Lactate dehydrogenase (LDH) activity, which is a marker for tissue 
damage.

4 The activity and attachment of osteoblast cells can be evaluated by:

–– Cell adhesion analyzed under electron microscope after culturing with 
osteoblast cell line.
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noticed using MTT assay for Ag–HAP coatings containing less 
than 5 wt% Ag produced by vacuum plasma spraying on titanium 
[105]. No significant change in cell morphology occurred after 
culturing with murine fibroblast cell line L929. Similarly, Lu et al. 
observed no significant change in morphology when culturing 
osteoblast cells from rats at the surface of electrochemically 
deposited Ag–HAP coatings on titanium [99]. Pure HAP coating 
showed the highest ALP activity compared to Ag-containing coat-
ings but the activity of Ag–HAP coatings continued to increase 
even after 7 days. Feng et al. observed no significant morphologi-
cal changes of murine macrophages and osteoblast cell line after 
48 h exposure of Ag–HAP coating formed by IBAD on Ti–6Al–4V 
substrate [103].

In contrast, Sing et  al. noticed a significantly affected cell 
viability for Ca

10−
xAgx(PO

4
)

6
(OH)

2
 coatings with x > 0.3 (3 % Ag) 

[107]. After 7 days culturing, the MTT assay results were sig-
nificantly decreased compared to pure HAP, irrespective of their 
initial cell adhesion. Rameshbabu et al. investigated cell adhe-
sion test using human osteoblast cell line [92]. Osteoblast cell 
attachment in varying density was noticed on HAP coatings 
containing 0.5, 1, and 1.5 wt% Ag indicating that all the surfaces 
support cell growth. However, osteoblast function was signifi-
cantly greater on coating containing 0.5  wt% Ag with osteo-
blasts well spread and adhered. At higher Ag contents osteoblasts 
were attached but could not spread [92]. Chen et al. evaluated 
cell proliferation by measuring the production of dsDNA on 
Ag-modified sol–gel coatings on titanium [108]. After 15 days 
no significant difference compared to pure HAP was observed. 
However, by the 12th day, a significantly less ALP specific 
activity was observed in Ag–HAP coating containing 1.5 wt% 
Ag but not on that containing 1  wt%. Similar results were 
reported for Ag–HAP sol–gel coatings on porous titanium [102]. 
After 7 days osteoblast cells from rats showed a good adhering 
and spreading with abundant cell filopods forming bridges 
between the pores of the composite coatings. Proliferation and 

–– Osteoblast activity measured by alkaline phosphatase (ALP) activity. ALP 
is a hydrolase enzyme responsible for removing phosphate groups from 
many types of molecules, including nucleotides, proteins, and alkaloids. 
Also, ALP increases if there is active bone formation occurring, as ALP is 
a by-product of osteoblast activity.
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differentiation activity tests on osteoblast show that Ag–HAP 
containing 0.8 wt% Ag is optimal composite because at higher 
Ag contents significantly less osteoblast proliferation rates and 
ALP activity were obtained. Similar results were obtained by 
Feng et  al. [103]. At concentration of silver ions ≤20  ppm 
AgNO

3
 no significant morphological change on Ag–HAP coat-

ings was observed. On the specimens treated with 100  ppm 
AgNO

3
 the cells were seriously damaged; they did not have any 

pseudopodium and lost their round form [103].
The presented results show that there exists a threshold concen-

tration above which the presence of Ag affects the biocompatibil-
ity of the coating. Therefore, an optimum Ag concentration should 
be determined, always combining several methods for biocompat-
ibility determination as the experimental results show that the 
cytotoxic effects are complex and multifactorial.

Silver Release Rate from Hydroxyapatite

Rate of silver release from the coating should be optimized in a 
way to assure the antibacterial effect in a prolonged period of 
time and yet not to cumulatively overcome the threshold for sil-
ver toxicity. The results are difficult to compare as a variety of 
conditions were used differing in medium, time of exposure, Ag 
content in the coating, etc. The release of silver from HAP coat-
ings has been measured by inductively coupled plasma mass 
spectroscopy (ICP-MS) [94, 107] or photometrically [96]. The 
release of silver increased with time but the magnitude of loss 
depended on the silver content. After 3 days the dissolution of 
silver in acetate buffer (pH = 4.2) reached up to 0.006 ppm depend-
ing on the Ag content, respectively, in the Ca

10−
xAgx(PO

4
)

6
(OH)

2
 

coating [107]. Yan et al. reported that in phosphate saline buffer 
the initial Ag release was fast during first 7 days of immersion of 
coatings formed electrochemically on TiO

2
 nanotubes [94]. After 

that it reached a plateau indicating a long-term sustainable 
release. The release at the first day was 0.2 ppm, at the 14th day 
1.52 ppm [94]. Bai et al. measured photometrically the release of 
silver from Ag–HAP coatings on titanium immersed in ultra pure 
water [96]. The release was high in the first 4  h and then 
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gradually decreased over a period of 7 days. The magnitude of 
release increased with increasing Ag content (increasing from 
0.8 ppm for 1 wt% to 1.7 ppm for 6.5 wt% Ag at the seventh day 
of immersion). It was reported that the Ag content should be at 
least 0.1  ppm to assure a bactericidal effect but lower than 
1.6 ppm to avoid cytotoxicity of somatic cells [94].

Effect of Hydroxyapatite Containing Silver on Bacteria

The effect on different Ag–HAP coatings on bacteria is summa-
rized in Table  1.3. Although all coatings showed antibacterial 
effect the experimental conditions are very different and do not 
allow direct comparison between coatings prepared by different 
methods (given in Table 1.2). The effect of differently Ag-doped 
HAP on bacteria is exampled in Fig. 1.19 [106].

1.3.3.4  �Hydroxyapatite and Other Inorganic Agents

Zinc oxide (ZnO) also possesses antimicrobial properties. 
Zn(NO

3
)

2
 was incorporated into HAP structure produced by sol–

gel process from Ca(NO
3
)

2
 and triethyl phosphate and tested 

against S. mutans [109]. Zn-doped HAP powders doped at 
2000  ppm Zn exhibited inhibition zone, similar to Ag-doped 
HAP. Nanoparticles of HAP (nHAP) were doped with Zn using 
wet chemical method and the ion exchange method [110]. The 
nHAP-Zn was found to be nontoxic to osteoprogenitor cells and at 
the same time showed antibacterial activity toward Gram-positive 
and Gram-negative bacterial strains.

Complexes of calcium phosphate and platinum also exhibit 
antibacterial and antitumor activities [98]. HAP was produced by 
microarc oxidation at 250–450 V in an electrolytic solution con-
taining β-glycero-phosphate disodium salt, calcium acetate, and 
hexachloroplatinic acid, H

2
PtCl

6
. No peaks of Pt were detected in 

XRD and EDS spectra of HAP coatings indicating low incorpora-
tion. As Ag-doped HAP, Pt-doped HAP showed no cytotoxicity at 
low concentrations. In contrast to Ag, however, Pt-doped HAP 
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Fig. 1.19  SEM images of S. epidermidis (SE) and P. aeruginosa (PA) bacteria 
on plain titanium and hydroxyapatite, etched titanium and hydroxyapatite 
doped with a low and high weight percentage of silver. (Reprinted from the 
publication by Trujillo N A, Oldinski R A, Ma H, Bryers J D, Williams J D, 
Popat K C (2012) Antibacterial effects of silver-doped hydroxyapatite thin 
films sputter deposited on titanium. Mater Sci Eng 32:2135–2144, with per-
mission from Elsevier)
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showed antibacterial activity similar to that of TiO
2
, and almost 

five times less effective than that of Ag-doped HAP [98].

1.3.3.5  �Titanium Oxide and Silver

General Characteristics of TiO
2
 and Its Photocatalytic Effect

Due to photo-induced hydrophilic and photocatalytic activity is 
TiO

2
 widely researched in the field of air and water remediation, 

self-cleaning and self-sterilizing surfaces and electrolysis of water 
to generate hydrogen. These reactions are photocatalyzed by the 
presence of adsorbed radicals on the TiO

2
 surface [111, 112]. 

When TiO
2
 is exposed to radiation exceeding its band gap (290–

360 nm) electron–hole pairs are formed when an electron is ele-
vated from valence band to the conducting band, leaving behind an 
electron–hole pair (Fig. 1.20):

TiO h CB VB2 + ® +- +n e h

e- ·-+ ®O O2 2

O H HOO2
·- ++ ® ·

Fig. 1.20  Mechanism of photocatalytic activity of TiO
2
 and Ag-doped TiO

2

1  Surface Treatments of Titanium with Antibacterial Agents…
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HOO H H O· + ®+
2 2

H O OH OH
ad2 2 + ® ·( ) +- -e

H O OH H
ad2 + ® ·( ) ++ +h

OH OH
ad

- ++ ® ·( )h

where eCB
−  and hVB

+  are electron and hole pair. Molecular oxygen 
can act as electron scavenger leading to the formation of superox-
ide radicals O

2
. The latter attach to intermediate product in the 

oxidation reaction, forming peroxide or changing to hydrogen per-
oxide and water. This represents the initiation phase of a free-rad-
ical chain promoted by water leading to the formation of hydroxyl 
radicals (•OH). The latter can be also generated via direct oxida-
tion of water and adsorbed hydroxide ion. Hydroxyl radicals were 
detected at the surface of TiO

2
 irradiated by UV.

The slow recombination of carriers TiO
2
 is the basis of its 

strong photocatalytic activity. One of the notable features of TiO
2
 

is the strong oxidation power of positive holes. In the presence of 
water, hydroxyl radicals (•OH) with strong oxidative decomposing 
power are formed when reacting with organic matter. If oxygen is 
present, the intermediate radical in the organic compound and oxy-
gen molecules can undergo chain reaction, consume oxygen, and 
eventually organic matter decompose to CO

2
 and water [113]:

·( ) + ® ·+OH RH R H O
ad 2

R OH ROH
ad ad

· + ·( ) ® ( )

ROH OH RO H O
ad ad

( ) + ·( ) ® ·+ 2

This discovery has led to widespread use of TiO
2
 as a coating for 

glass, making this self-cleaning, and of special benefit for side mirrors 
on automobiles [111]. Namely, water enhances self-cleaning as it pen-
etrates between the organic stain and superhydrophilic TiO

2
 surface.

I. Milošev
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Mechanism of Antibacterial Activity of TiO
2

Antibacterial activity of TiO
2
 is photoactivated, i.e., it requires UV 

light for activation [111–116]. Photo-killing of bacteria by photo-
catalytic action of illuminated TiO

2
 proceeds in three stages: disor-

dering of outer membrane of bacteria cell by reactive species (•OH, 
H

2
O

2
, O

2
), disordering of the inner membrane (cytoplasmic) and 

killing the cell, and decomposition of the dead cell (Fig.  1.21) 
[116]. The effect can be enhanced by combination of TiO

2
 and sil-

ver, another natural antimicrobial agent, or copper. Photoactivated 
TiO

2
 is effective toward other Gram-negative bacteria S. 
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Fig. 1.21  AFM images of E. coli on the TiO
2
 film: (a) no illumination, (b) 

illumination for 1 day, (c) illumination for 6 days. Light intensity was 1 mW/
cm2. (Reprinted from the publication by Sunada K, Watanabe T, Hashimoto K 
(2003) Studies on photokilling of bacteria on TiO2 thin film. J Photochem 
Photobiol Chem 156:227–233, with permission from Elsevier)

1  Surface Treatments of Titanium with Antibacterial Agents…



60

marcescens, etc., and also Gram-positive bacteria like MRSA, 
Enterococcus spp., Pseudomonas augerinosa, etc. [115]. The effect 
is generally smaller in the latter group due to the outer membrane 
barrier.

Both anatase and rutile express the same chemical formula 
(TiO

2
); their crystal structure differs. Both exhibit tetragonal crystal 

structure but with different lattice parameters and densities. Both 
anatase, space group I4/amd, and rutile, space group P4

2
/mnm, 

consist of TiO
6
 octaedra, sharing four edges in anatase and two in 

rutile. The band gap value in rutile is 3.0 eV, in anatase 3.2 eV; 
they both absorb only UV light. However, the rutile type can 
absorb the rays that are slightly closer to the visible light rays. 
Despite that, anatase shows greater photocatalytic activity; this is 
due to the difference in energy structure. In anatase, the conduc-
tion band is closer to negative position than in the rutile; therefore, 
the reducing power is stronger and anatase exhibits overall higher 
photocatalytic activity than rutile [117].

Mechanism of Antibacterial Activity of TiO
2
 Containing Silver

The effect can be enhanced by combination of TiO
2
 and silver, zinc 

oxide, or copper. Higher photoinduced activity may be ascribed to 
the fact that silver (particles) on TiO

2
 surface can facilitate the 

charge separation by attracting photoelectrons, thus more holes are 
available for the oxidation of organics (Fig. 1.20) [118]:

Ag Ag+ ®- ·e -

H O H OH2 + ® +·+ +h

· + ® +OH MO CO H O2 2

where MO is organic matter. Silver may act also as electron–hole 
recombination center rather than an electron trapper:

Ag Ag+ ®- ·e -

I. Milošev
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Ag Ag· ++ ®- h

By incorporating silver, the intrinsic antibacterial ability can be 
added to the TiO

2
, thus providing an antibacterial effect even with-

out light. The Ag loading has an important effect on photocatalytic 
activity of TiO

2
 [119]. Too much Ag may result in photohole trap-

ping effect and the photocatalytic activity declined, e.g., excess Ag 
inhibits effective electron–hole separation or blocks the active 
sites of TiO

2
 [120].

It was suggested that Cu2+ also enhances production of ROS via 
a Fenton type reaction [121]:

Cu Cu2+ − ++ →e

H O Cu HO OH Cu2 2
2+ ® +· ++ - +

Methods of Preparation of TiO
2
 Containing Silver and Related 

Morphology

TiO
2
 can be prepared using a variety of methods which can be 

basically divided into chemical and physical processes. Chemical 
processes comprise wet chemical routes like sol–gel and hydro-
thermal methods, electrochemical processes like anodization and 
electrophoretic deposition, and chemical vapor deposition [113]. 
Physical processes include plasma spraying, physical vapor depo-
sition, ion implantation, magnetron sputtering, etc.

The methods used for the preparation of Ag–TiO
2
 composites can 

be divided in the same manner. Among chemical methods mainly 
Ag–TiO

2
 nanocomposites or layer structure of nanoparticles TiO

2
 

surrounded by Ag nanoparticles was produced. Hydrolysis produced 
TiO

2
 nanorods capped with oleic acid and surrounded by 8–35 nm 

sized Ag particles [122]. Li et al. produced Ag–TiO
2
 composites of 

nanotubes (diameter 10 nm × several hundreds nm length) and Ag 
particles adsorbed onto both outer and inner surface of nanotubes. At 
lower Ag concentration Ag particles less than 5 nm are formed and 
dispersed on nanotube surface, while at higher concentration diame-
ter increased to 40 nm and major part of particles was covered by Ag 
[118]. Surface templating method produced homogeneous mesopo-

1  Surface Treatments of Titanium with Antibacterial Agents…
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rous TiO
2
 layer 200 nm of thickness with Ag particles sized 30 nm 

[123], or granular 20 nm TiO
2
 layers with well dispersed or aggre-

gated Ag particles depending on their concentration [124]. In the 
majority of studies sol–gel routes were used producing various 
shapes and dimensions of TiO

2
 structure decorated with Ag particles 

(Table 1.4): nanostructured thin films consisting of 20–30 nm TiO
2
 

particles “wrapped” by Ag [119], spherical 12–16 nm sized Ag par-
ticles deposited in the TiO

2
 matrix (crystallite size between 2 and 

20 nm) [120, 125], 50 nm sized Ag particles adhered and “wrapped” 
in sol matrix [126], or thin TiO

2
 films with incorporated Ag particles 

Fig. 1.22  TEM analysis of an Ag-decorated TiO
2
 nanotube. (a) TEM image 

taken from an Ag-decorated TiO
2
 nanotube with the diameter of 100 nm. (b, c) 

High magnification views of the selected regions, and (d) the corresponding 
EDS spectrum. The white arrow in (a) indicates the growth direction of the 
TiO

2
 nanotube. (Reprinted from the publication by Lan M Y, Liu C P, Huang H 

H, Lee S W (2013) Both enhanced biocompatibility and antibacterial activity 
in Ag-decorated TiO2 nanotubes. PLOS ONE 8:e75364, with permission from 
PLOS ONE)

1  Surface Treatments of Titanium with Antibacterial Agents…



66

[127], or deposited at the surface [128, 129]. Anodization in fluoride-
containing electrolyte at high voltage results in the formation of TiO

2
 

nanotubes of various diameters: 25–100 nm [130], 30 nm [131], and 
65  nm [132]. Following nanotube formation, Ag particles were 
deposited either by immersion in AgNO

3
 and UV irradiation [131, 

132] or electrodeposition (Fig. 1.22) [130].
Physical methods produced compact, composite, uni-, or multi-

layers. Flame-assisted chemical vapor deposition can produce lay-
ers starting from aqueous solution of inorganic salt with an aerosol 
to produce NPs. It proceeds at atmospheric pressure. Nanostructured 
film rather than a continuous layer was produced from titanium pre-
cursors and silver salt [121, 133]. Electrophoretic deposition has an 
advantage of using complex shape components as substrates and 
creating coating directly from a stable colloidal suspension by appli-
cation of electric field. Santillán et  al. prepared nanocomposites 
from Ag nanoparticles (4 nm) and TiO

2
 (23 nm) in a water–ethanol 

suspension [134]. Ag particles were deposited by nucleophilic reac-
tion on TiO

2
 particles. Plasma spray method produced Ag–TiO

2
 lay-

ers on titanium substrate containing flat and smooth splats and 
spheroidal and partially melted fine particles [135]. Ag particles 
sized 30 nm were distributed homogeneously in the coating. Ag–
TiO

2
 coatings containing different silver content with particles fully 

or partially melted within the TiO
2
 structure [136]. The combination 

of various methods was also used, e.g., porously structured TiO
2
 was 

produced by microarc oxidation and followed by Ag implantation 
[137]. Ag nanoparticles were distributed homogeneously on the sur-
face and inside the pores. Plasma immersion ion implanted silver 
was deposited onto magnetron sputtered TiN film to produce an out-
ermost layer of TiO

2
 and Ag [138].

Microstructure and Composition of TiO
2
 Containing Silver

XRD is commonly used to study the microstructure of Ag–TiO
2
 lay-

ers. In majority of layers prepared by chemical methods which are 
followed by sintering at high temperatures (Table 1.4), XRD pat-
terns show only anatase peak [119, 120, 123–125, 129]. Crystallite 
size differed from 10 nm [123] to 28 nm [119]. No Ag XRD peaks 

I. Milošev
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were detected implying that the presence of Ag did not affect the 
crystallite size. Han et al. reported, however, that the increasing con-
tent of Ag induces the decrease in crystallite size from 20 to 10.8 nm 
[120] although no specific Ag peak was observed. It was noticed 
that Ag+ ions cannot be introduced into TiO

2
 lattice because of the 

difference in size, i.e., Ag+ (126 pm) is much larger than Ti4+ (68 pm). 
Although Ag cannot be detected in Ag–TiO

2
 composites/layers by 

XRD, it can be clearly identified by other methods, i.e., UV–vis and 
X-ray photoelectron spectroscopy (XPS). Silver increases absor-
bance in the range between 200 and 800 nm and shift the absorbance 
of TiO

2
 into visible region (Fig. 1.23) [139]. Ag+ shows the absorp-

tion peak at 270 nm which can be used to monitor the adsorption 
dynamics after reduction [127]. Reduced Ag NPs show peak at 
432  nm [127], 490  nm [123], 435 and 450  nm [139], and 350–
550 nm [132, 144]. XPS method was also often used to confirm the 
presence of metallic Ag NPs [123, 124, 127, 129–131, 135] by the 
appearance of Ag 3d

5/2
 peak centered in the range between 386.0 and 

368.5 eV. In Ag–TiO
2
 layers formed by anodization the peaks related 
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Fig. 1.23  UV–vis absorption spectra of the annealed (a) TiO
2
 and (b) 3 % and 

(c) 7 % Ag-doped TiO
2
 nanoparticles. (Reprinted from the publication by 

Gupta K, Singh R P, Pandey A, Pandey A (2013) Photocatalytic antibacterial 
performance of TiO2 and Ag-doped TiO2 against S. aureus, P. aeruginosa and 
E. coli. Beilstein J Nanotechnol 4:345–351, with permission from Beilstein 
Journal of Nanotechnology)
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to Ag were observed in addition to those of anatase TiO
2
 indicating 

the loading in TiO
2
 layer [131, 132].

Typical anatase peak was observed in the case of Ag-doped 
TiO

2
 obtained by sol–gel, while in the case of pure annealed TiO

2
 

both phases, anatase and rutile, were present [139]. Crystal size 
decreased with Ag doping.

When physical methods were used to prepare the TiO
2
 layers the 

presence of not only anatase but also rutile phase was detected 
[133, 135, 137], as well as the presence of peak related to silver 
[133, 135]. The mixture of rutile and anatase was obtained when 
TiO

2
 layer was grown on top of Ag layer formed by chemical vapor 

deposition when prepared using TiCl
4
 and ethyl acetate [133]. Gao 

et al. observed Ag peak only at high Ag loading [136].

Cytotoxicity and Optimum Silver Concentration of TiO
2
 

Containing Silver

The biological activity of Ag-doped TiO
2
 amorphous nanotubes 

was dependent on tube diameter tested (25, 50, and 100 nm) [130]. 
The smallest diameter of nanotubes the most promoted adhesion 
and proliferation of human fibroblasts. This was attributed to the 
highly irregular topography at the nanoscale. No adverse effect of 
Ag–TiO

2
 produced by rf magnetron sputtering was observed on 

mouse fibroblasts using MTT assay [143] or MG-63 osteoblasts 
using Alamar-blue test for Ag–TiO

2
 plasma-sprayed layer on tita-

nium [135]. However, for TiO
2
 nanotubes with adhered incorpo-

rated Ag nanoparticles formed by anodization some cytotoxicity 
was observed at higher Ag contents [131], as the addition of Ag 
drastically reduced the ALP activity and intracellular total protein. 
Further, the level of lactate dehydrogenase (LDH) activity, which 
is a marker for tissue damage, was increased at the highest Ag 
content [131].

Silver Release Rate from TiO
2

The release of Ag from Ag–TiO
2
 composites or layers was measured 

in different media, i.e., 0.05 M HNO
3
 [123], phosphate saline buffer 

[130, 131, 143], and deionized water [135, 136] using stripping 

I. Milošev
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voltammetry [123], ICP-MS [130, 131, 143], ICP-optical emission 
spectroscopy [135], and atomic absorption spectrophotometry [136]. 
Generally, initial burst of Ag release was observed which then leveled 
off with time but was still detectable after 30 days. The final values of 
Ag release at the end of the test largely differed, e.g., 1.6 × 10−8 mol at 
the 20th day [123], 550 ppb at the 14th day, between 0.1 and 0.2 ppb at 
the 14th day [131], 0.18 μg/mL cm2 at the 30th day [135], and between 
0.5 and 3.5 μg/L cm2 at the 30th day [136]. Silver release increased 
with increasing Ag content [131, 136, 143]. No effect on the TiO

2
 

nanotube diameter (25 or 100  nm) on silver release was observed 
[130].

Effect of Bacteria on TiO
2
 Containing Silver

The effect on different Ag–TiO
2
 coatings on bacteria is summarized 

in Table 1.5. The antibacterial effect was mainly investigated against 
E. coli [123–125, 127, 133, 135, 136] and S. aureus [126, 130, 137, 
139], and only rarely against other bacteria strains [132, 136, 139]. 
The experimental conditions largely differed including type and con-
centration of bacteria and time of exposure, the most important 
parameter being UV irradiation. The purpose of UV irradiation is the 
activation of TiO

2
 which shows antibacterial activity only when irra-

diation by UV light, as explained in section 1.3.3.5.2. The addition of 
silver shifts the absorption to visible region and therefore should 
avoid the need for UV activation. Consequently, in some studies the 
prepared composites/coatings were not UV activated [126–128, 130, 
132, 139]; despite that good antibacterial activity was achieved 
(Table  1.5). For example, nanoporous TiO

2
 layer loaded with Ag 

nanoparticles showed high antimicrobial activity even against Gram-
positive bacteria in the visible light [132]. However, UV activation 
additionally increased the antibacterial effect on Ag-doped TiO

2
. 

Although the mesoporous Ag–TiO
2
 composite film exhibited high 

antibacterial activity even in the dark (9.2 % and 55.2 % for E. coli 
and silver-resistant E. coli, respectively), UV irradiated films show 
0 % survival for both bacteria strains (Fig. 1.24) [123]. UV lamp of 
intensity 5 mW/cm2 LED source for 5 min was used [123]. Similar, 
Ag–TiO

2
 composite films formed by sol–gel synthesis containing the 

highest Ag content showed the highest antibacterial activity against 
E. coli under UV irradiation (~99 %) and in the dark (~82 %) [124]. 

1  Surface Treatments of Titanium with Antibacterial Agents…
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An UVA 0.6 mW/cm2 lamp was used emitting in 350–400 nm with a 
peak at 365 nm. Foster et al. showed that the killing of E. coli using 
Cu–TiO

2
 composite was dependent on the UV light intensity, with 

larger intensity having a stronger effect [121].
In addition to the UV activation, the antibacterial activity was 

shown to be dependent on the temperature of calcination of Ag–
TiO

2
 composite obtained by sol–gel method. While in the absence 

of UV irradiation the bacterial growth was inhibited by 70 % when 
calcinated at 300 °C, no activation was observed after calcination 
at 500 °C. Comparable effect under UV irradiation was 95 % and 
45 %, respectively. Therefore, Ag–TiO

2
 composite calcinated at 

300 °C can be used even without UV irradiation (UVC irradiation 
at 270 nm wavelength was used) [125].

Fig. 1.24  Percentage of survival of E. coli (E
U
, E

d
) and silver-resistant E. coli 

(S
U
, S

d
) on the glass (1), commercial TiO

2
 spin film (2), mesoporous TiO

2
 (3), 

and Ag/TiO
2
 composite film (4) under the conditions of dark (E

d
, S

d
) for 

20 min and UV light (E
U
, S

U
) for 5 min. (Reprinted from the publication by Liu 

Y, Wang X, Yang F, Yang X (2008) Excellent antimicrobial properties of meso-
porous anatase TiO2 and Ag/TiO2 composite films. Microporous Mesoporous 
Mater 114:431–439 with permission from Elsevier)
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1.3.3.6  �Titanium Oxide and Other Inorganic Agents

As for Ag nanoparticles some toxicity was observed (Sect. 1.3.3.1.6.), 
ZnO may be more preferential candidate. The addition of ZnO 
NPs can exert much stronger activity through multiple mechanisms 
such as membrane damage, generation of ROS, and the release of 
Zn2+ [140, 145]. Additionally, Zn2+ can enhance bone formation; 
however, the toxicity may vary so an optimum concentration should 
be selected. The bacterial adhesion was less on nanoleafs (NLs) than 
on nanotubes (NTs) [140]. In the presence of ZnO the bacterial 
adhesion was reduced on NTs, while no significant difference is 
observed for NLs with and without ZnO NPs. At lower concentra-
tion of ZnO (375 μM), NT nanomorphology was far more effective 
than NL (Fig. 1.25). Furthermore, more mammalian cell adhesion 
was observed. These results point out the role of nanotopography in 
controlling cellular fate. In terms of cytotoxicity, it was observed for 
ZnO > 750 μM with higher percentage of apoptotic or dead human 
adipose-derived MSC and human osteosarcoma MG63 cell lines 
[140]. However, preferential ZnO cytotoxicity toward different 
types of cells was observed (e.g., dermal fibroblast and lymphocytic 
cells). ZnO acts on bacteria through membrane damage and Zn2+ 
release; the latter was peaked 24 h after immersion but continued up 
to 7 days [140].

ZnO-decorated TiO
2
 nanotubes were explored for dental applica-

tion where the formation of dental plaque containing S. mutans and 
P. gingivalis induce periodontitis and peri-implantitis [141]. ZnO 
nanoparticles embedded into TiO

2
 nanotubes inhibited the expres-

sion of S. mutans bacterial adhesion genes which are necessary for 
the adherence of bacteria (Fig. 1.26) [141]. At the same time they 
did not inhibit mesenchymal stem cell growth up to 7 days. Slow 
release of Zn2+ in PBS increased steadily during the first 9 days; 
release was dependent on the concentration of ZnO.  Huo et  al. 
observed a decrease in Zn2+ concentration during 9 days in PBS 
[142]. Antibacterial activity against S. aureus was observed, and at 
the same time, the ZnO-decorated NTs significantly enhanced 
osteogenic differentiation due to their optimal nanostructure thus 
inducing better osseointegration. No cytotoxicity was observed.
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Fig. 1.25  (Upper panel) SEM images of titanium nanotubes (TNT) and nanole-
afs (TNL) plates with and without ZnO nanoparticles. The inner and outer tube 
diameter of TNT were 70 ± 5 nm and 100 ± 5 nm, respectively. A homogeneous 
distribution of ZnO nanoparticles with small aggregation in few areas was 
observed. (Lower panel) The colony count of S. aureus adhered onto TNT and 
TNL Ti plates with and without ZnO—24 h. The colony count was significantly 
higher on TNT than TNL(+). Additionally, the colony count was significantly 
higher on TNT Ti slates without ZnO than plates with ZnO. (Reprinted from the 
publication by Elizabeth E, Baranwal G, Krishnan A G, Menon D, Nair M 
(2014) ZnO nanoparticle incorporated nanostructured metallic titanium for 
increased mesenchymal stem cell response and antibacterial activity. 
Nanotechnology 25:115101 (12 pp), with permission from IOP Science)
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Fig. 1.26  Fluorescence images showing the viability of the S. mutans on samples: 
(a) Ti, (b) TNT, (c) TNT-Zn0.005, (d) TNT-Zn0.015, (e) TNT-Zn0.030, and (f) 
TNT-Zn0.075. The live bacteria appear green while the dead ones appear orange. 
(Reprinted from the publication by Liu W, Su P, Chen S, Wang N, Ma Y, Liu Y, Wang 
J, Zhang Z, Li H, Webster T J (2014) Synthesis of TiO2 nanotubes with ZnO 
nanoparticles to achieve antibacterial properties and stem cell compatibility. 
Nanoscale 6:9050–9062, with permission from Royal Society of Chemistry)
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1.4  �Conclusions

The success of orthopedic reconstruction surgery including pros-
thetic implants is largely based on the proper selection of materials 
which have to fulfill many requirements, the most important being 
biocompatibility, stability, wear and chemical stability, and osseo-
integration ability. The latter is mainly responsible for the long-
term, safe functioning of metal implant. Titanium alloy-based 
implants are well known for their osseointegration capability 
based on the formation of bone cells and mineralized bone matrix. 
Gaining another important ability of the material, i.e., resistance to 
bacterial adhesion, would enormously contribute to the well-being 
of numerous patients subjected to implant-related infection. 
Implant-related infection represents one of the most serious com-
plications of the orthopedic reconstruction surgery. It is in great 
interest primarily for the patients, but also for medical community 
and national health fund to keep the infection incidence low. This 
could be achieved either by improvement of prophylaxis as well as 
by the use of the materials able to prevent or slow down the devel-
opment of infection. Keeping in mind the “race for the surface” 
concept as a race between osteoblast formation and bacteria attach-
ment, new materials should be designed to enable the former pro-
cess to prevail.

Currently, the coatings based on metal ions (Ag) are used in 
clinical practice. At the same time there are numerous studies 
going on in the academic community which are still away from 
the preclinical or clinical experimental phase. Nevertheless, the 
potential of these studies is enormous and will eventually have 
the important impact also on the clinical guidelines. Different 
strategies were presented herein and each may have potential 
advantages and drawbacks. The chemical stability of passive 
coatings may not be acceptable and their long-term efficacy is 
difficult to achieve [4]. Antimicrobial peptides are relatively 
chemically complicated to produce; they may exhibit reduced 
activity in the form of coating compared to soluble form. 
Further, AMPs exhibit some potential toxicity. Silver as inor-
ganic agent exhibits toxicity at higher doses and this should be 
taken into account, especially in the form of sublethal doses. 
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Therefore, other inorganic agents such as zinc oxide have large 
potential to be used further.

Conditions for antibacterial assay are often nonstandardized 
and consequently, results are difficult to compare among each 
other. This is valid also for the release rate. Therefore, the condi-
tions for studying cytotoxicity and release kinetics should be 
standardized. Further, it should be taken care that the agents used 
to prevent or combat infection do not interfere with other property 
of the material, i.e., not only biocompatibility but also osseointe-
gration, hemocompatibility, etc.
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2.1          Introduction 

 Electrochemistry is rapidly growing area with a number of possible 
applications in the pharmaceutical analysis. Modern electrochemi-
cal methods are selective, sensitive, rapid, and provide easy tech-
niques applicable to analyses in the pharmaceutical fi eld. It is 
evident that the electroanalytical techniques at varying levels of 
sensitivity are required to solve analytical–pharmaceutical prob-
lems. The advantages of electrochemical methods are the simple 
procedures of the sample preparation and in most cases lack of 
interferences from excipients in the pharmaceutical dosage forms. 
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 The electroanalysis of pharmaceutically active compounds is 
actively involved in new research areas of different techniques due 
to the progress in electronics and computer sciences [ 1 ]. Many 
new electroanalytical techniques that have been successfully 
applied for trace measurements of important pharmaceutically 
active compounds due to the high sensitivity and selectivity that 
they provide. 

 This review concerns on recent advances in the application of 
various modern electrochemical techniques to the analysis of phar-
maceuticals and biological samples. It is known that different 
highly sensitive electrochemical techniques are well established in 
the analysis of selected drugs. The application and choice of the 
most preferred electrochemical techniques applied to the analysis 
is closely related on physicochemical properties of the organic 
functional groups that comprise any given drug structure, espe-
cially on redox properties of the pharmaceuticals and biomolecules 
in real samples. 

 Cyclic voltammetry (CV) is often the fi rst experiment per-
formed in an electrochemical study of pharmaceutical compound. 
It is effectively used in the fi elds of organic chemistry, biochemis-
try, and environmental electrochemistry. The effectiveness of CV 
is in capability for rapidly observing the redox behavior over a 
wide potential range and for the initial information about elec-
trode/pharmaceutical compound interface. CV has become a pop-
ular tool for more than 40 years for studying electrochemical 
reaction. CV is the most versatile electroanalytical technique in 
pharmaceutical analysis [ 2 ]. 

 A pulse technique was proposed by Barker and Gardner in 
order to increase the sensitivity of the technique and to lower the 
detection limits for electroactive species. Differential pulse 
voltammetry (DPV) is very useful for the determination of trace 
amounts of electroactive compound in pharmaceuticals and bio-
logical fl uids. There are numerous studies related to the electro-
chemical aspects of antimicrobial drugs. Generally, these are 
focused on the electroanalytical determination of antimicrobial 
drugs of importance in medicine [ 2 ]. The used electroanalytical 
methods were rapid, requiring less than 5 min to perform. It 
showed the possibility of monitoring this drug compound, making 
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the method useful for pharmacokinetic and pharmacodynamic 
purposes. It requires no complex pretreatment of the active prin-
ciple to be determined. Easy applicability and availability of low-
cost instruments are the important advantages of DPV. DPV/DPP 
(Differential Pulse Polarography) is often the method of choice for 
therapeutic dose analysis because of the low limit of detection of 
approximately 10 −8  M. Square wave voltammetry (SWV) is a large 
amplitude differential technique in which a waveform is composed 
of symmetrical square waves. Excellent sensitivity in SWV is 
gained from the fact that net current is large compared to either 
forward or backward current, coupled with effective discrimina-
tion against the charging current. The peak currents obtained are 
about four times higher than the differential pulse response. The 
major advantage of SWV is its speed. The effective scan rate is of 
the order of 500 mVs −1 . As a result, the analysis time is drastically 
reduced. A complete voltammogram can be recorded within a few 
seconds, compared to 2–3 min in differential pulse voltammetry. 
So, the entire voltammogram can be recorded with a single mer-
cury drop. In addition, SWV is also more sensitive than DPV, 
because both forward and reverse currents are measured in the for-
mer, but only the forward currents are measured in the latter. 
Frequencies of 1–100 square-wave cycles per second permit the 
use of extremely fast potential scan rates. The analysis time is 
reduced; a complete voltammogram can be recorded within a few 
seconds, compared to about 3 min time required for DPV [ 2 ]. 

 Electroanalytical techniques, especially modern stripping 
voltammetry, have been used for the sensitive determination of a 
wide range of pharmaceuticals. Such techniques enjoy the advan-
tages that there is no need for derivatization and that these methods 
are less sensitive to matrix effects than other analytical techniques. 

 It is well known that anodic stripping voltammetry (ASV) is the 
most widely used form of stripping analysis. In this case, the met-
als are preconcentrated by electrodeposition onto a small-volume 
mercury electrode (thin mercury fi lm or a hanging mercury drop). 

 Cathodic stripping voltammetry (CSV) is the “mirror image” of 
ASV. It involves anodic deposition of the analyte followed by 
stripping in a negative potential scan (cathodic scan). The method 
is generally applied to organic compounds and anions that are 
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capable of forming insoluble salts with mercury. During the stripping 
step, as the potential attains a value equal to the reduction potential 
of the analyte, it is stripped out in the form of anion. The resulting 
reduction peak current provides the desired quantitative informa-
tion. Other electrodes, like rotating silver disk electrodes, can be 
used for halides. The method has a large number of applications in 
the fi eld of organic and medicinal chemistry [ 2 ]. 

 Higher sensitivity and selectivity compared to other voltammet-
ric techniques are the important features of Adsorptive stripping 
voltammetry (AdSV). The main advantages of the stripping 
voltammetric method are its speed and simplicity. Each voltam-
metric run takes a few seconds. It involves no clean-up procedures, 
and simple dilution of the biological fl uid with suitable solvent 
nearly eliminates most of the published chromatographic and 
spectroscopic methods requiring lengthy and tedious extraction 
procedures, such as liquid–liquid and solid-phase extraction. The 
sensitivity is signifi cantly enhanced by adsorption of the drug on 
the electrode surface and after careful choice of the operating 
 parameters extremely low detection limits can be reached. 
Compared with other techniques the DPAdSV and SWAdSV 
methods are cheap and the measurements are not time consuming, 
leading to results for analytical purposes of certain drugs in phar-
maceutical formulation and biological fl uids [ 2 ]. 

 Modern electrochemical instrumentation, especially voltam-
metric techniques, provides reliable and reproducible data for 
the quantifi cation of analyte. Further, use of modifi ed elec-
trodes proved to have excellent electroanalytical properties, 
such as wide potential windows, low background current, and 
good biocompatibility. 

 The new electrode materials were characterized by broader 
potential window, higher signal-to-noise ratio, mechanical sta-
bility enabling their application in fl owing systems, and resis-
tance toward passivation. The last requirement is especially 
important because electrode fouling is probably the biggest 
obstacle to more frequent applications of electroanalytical meth-
ods in environmental analysis. Last but not least the scientifi c 
word search for nontoxic electrode material friendly toward the 
environment and thus compatible with the concept of so-called 
green analytical chemistry. 
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 It is obvious that mercury is the best electrode material for 
voltammetric determinations based on cathodic reduction [ 3 ]. 
However, because of fears of mercury toxicity (although unsub-
stantiated according to our opinion), there is a tendency to substi-
tute mercury with other nontoxic materials. For that reason, new 
types of metal solid amalgam electrodes (MeSAE) and dental 
amalgam electrodes were introduced. 

 Carbon paste electrodes (CPE) and their utilization in analytical 
electrochemistry of pharmaceuticals are documented in [ 2 ] and 
[ 4 ]. Their use is driven by low cost of the measurements, wide 
working potential window in both positive and negative direction, 
ease of working surface renewal, low background currents, and 
reasonable repeatability. 

 Nearly all sp 2  carbon electrodes are susceptible to strong 
adsorption of polar species mainly due to the presence of polar 
functionalities on the surface. Over the past 15 years, advanced sp 3  
carbon materials, conductive diamond thin fi lms, have been pre-
pared and studied thoroughly [ 4 ]. During this time, it has become 
apparent that these fi lms are in many ways ideal as electrode mate-
rials for electrochemistry and thus can be used for high-sensitivity 
analytical measurements of a wide variety of organic and inor-
ganic species. 

 Solid composite electrodes belong to the group of composite 
electrodes with randomly distributed two or more compounds, 
which exhibit after their mixing solid consistency. They are com-
posed of at least one conductor phase and at least one insulator 
phase, particles of which are mutually mixed. 

 Portability and nontoxicity of Me-SAE make them useful sub-
stitute of mercury electrodes for on spot electroanalytical monitor-
ing of electrochemically reducible substances and their mechanical 
properties make them compatible with measurements in fl owing 
systems. SCE can be useful because of low cost, easy fabrication, 
and easy electrochemical pretreatment. Further attention must be 
paid to electrode pretreatment and to other means minimizing the 
electrode passivation complicating practical environmental appli-
cations of electroanalytical methods [ 4 ]. 

 In recent years, various chemically modifi ed electrodes were 
used in electroanalysis of drugs. Electrode surfaces are modifi ed 
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by coating them with different types of polymers mainly conducting 
polymer, ion exchange, and redox polymers. Often chemical 
groups are attached to these coatings in order to introduce particu-
lar electrochemical effects. 

 They are based on an ion selective membrane that separates the 
sample from the inner electrolyte. The nature of the membrane 
determines the selectivity of the electrode. A membrane is consid-
ered to be any material that separates two solutions. 

 In recent years, nanomaterials have become extremely popular 
theme in electrochemical sensing research due to their electrical 
conductivity, unique structural and catalytic properties, high load-
ing of biocatalysts, good stability, and excellent penetrability. 
Carbon nanotubes (CNTs) are used as electrode materials with 
useful properties for various potential applications. 

 The electrocatalytic properties of the oxides of noble metals in 
the electrooxidation of numerous organic molecules are well 
known. For example, oxidation of malic acid on a gold electrode 
proceeds only in the region where the electrode is covered by gold 
oxide. On a glassy carbon electrode modifi ed by silver, reactiva-
tion of the formaldehyde anodic oxidation is observed in the region 
where the electrode is covered by silver oxide. On the bulk silver 
electrode and on the glassy carbon electrode modifi ed by silver, 
alcohols such as methanol, ethylene glycol, and glycerol are oxi-
dized only in the region where the electrodes are covered by silver 
oxide [ 5 ]. The electrochemical behavior of biological compounds 
such as glucose, hormones, and therapeutic drugs is frequently 
investigated on noble metal electrodes (Au, Pt, Ag).  

2.2     Recent Trends in Development 
of Electrochemical Methods for Analysis 
of Pharmaceutical 

 In the following, the application of various electrochemical meth-
ods for analyzing of pharmaceuticals will be discussed in more 
details. For this review (chapter), the pharmaceuticals are grouped 
to their pharmacological activity, in several groups: antibiotics, 
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cardiovascular, central nervous system, anticancer, anti-infl ammatory, 
and miscellaneous. The papers are presented, as much as possible, 
in their chronological order of their publication. 

2.2.1     Antibiotics 

 The outstanding application of antibiotics in the human and veteri-
nary medicine, for successful treatment of different diseases, and 
in the other fi elds, has made them one of the most important prod-
ucts of pharmaceutical industry from 1942 to these days. 
Antibiotics are among the most frequently prescribed medications 
today, although is evident the growth of microbial resistance. This 
fact is a serious medical problem and affects on successful control 
of diseases caused by resistant strains of bacteria. In this part, the 
several important groups of antibiotics are presented (cephalospo-
rins, macrolides, tetracyclines, quinolones, etc.) with great spec-
trum of activity. 

  Azithromycin  is a 15-cyclic lactone antibiotic (Fig.  2.1 ) and a 
semisynthetic erythromycin derivative. It exhibits some advantages 
over erythromycin, including better oral bioavailability, higher tis-
sue concentrations, and fewer side effects. Azithromycin is active 
against some gram-positive and gram- negative microorganisms and 
functions by binding to the 50S subunit of the bacterial ribosome. 
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  Fig. 2.1    Chemical structure of azithromycin       
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Azithromycin has been used to treat respiratory infections, skin 
and soft tissue infections, and some sexually transmitted diseases.

   The oxidative properties and the assay of azithromycin and 
Hemomycin ®  at a gold electrode using cyclic linear sweep voltam-
metry were examined [ 6 ]. An aqueous solution of NaHCO 

3
  was 

used in one set of experiments, and methanol–aqueous NaHCO 
3
  

mixture was used in the second one. Azithromycin (pure and as a 
content of capsules, Hemomycin ® ) was examined in both sets of 
experiments. 

 It is obvious from the cyclic voltammograms of pure azithro-
mycin and of Hemomycin ®  in 0.05 M NaHCO 

3
  (Fig.  2.2 ) that the 

potential was cycled between −1.2 and 1.0 V vs. SCE in order to 
obtain the electrochemical reaction of antibiotic. In the fi rst stage, 
after the addition of the antibiotic into the electrolyte, the potential 
was cycled between −0.6 and 1.0 V, but this was not suffi cient for 
the electrochemical activation of azithromycin in 0.05 M NaHCO 

3
 . 
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  Fig. 2.2    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and after the addition of 0.235, 0.353, 0.471, and 0.588 mg cm −3  
pure azithromycin dihydrate ( full line ), the lowest concentration is indicated 
by  one arrow , and the highest one with  four arrows , sweep rate: 50 mVs −1 . 
Only the fi rst sweep was recorded (Reproduced with a permission from 
Elsevier) [ 6 ]       
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By extending the negative limit of the potential to −1.2 V vs. SCE, 
in the fi rst (reverse) anodic sweep, the azithromycin was oxidized 
(both pure and Hemomycin ® ) and the observed anodic peak of the 
fi rst cycle was described earlier for azithromycin dihydrate. On 
reaching the potential of −1.2 V vs. SCE, hydrogen evolution at 
the gold electrode occurred. The cyclic voltammograms of the 
pure gold electrode in the supporting electrolyte (Figs.  2.2  and  2.3 ) 
show that the hydrogen evolution was suppressed by azithromycin 
and Hemomycin ®  adsorption. Only the beginning of the electroac-
tivity of azithromycin and Hemomycin ®  was affected by hydrogen 
evolution at a sweep rate of 50 mVs −1 . As will be presented later, 
the electrooxidation of azithromycin and Hemomycin ®  coincides 
with AuO formation but for this effect to occur, it seems that it is 
necessary to commence with azithromycin and Hemomycin ®  
adsorption caused by hydrogen evolution. The suppressed hydro-
gen evolution resulting from the presence of both kinds of antibi-
otic in electrolyte supports this assumption. The purging of H 

2
  into 

the electrolyte had no effect. The experiment with NaHCO 
3
 /
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  Fig. 2.3    Cyclic voltammogram of Au electrode in 0.05 M NaHCO 
3
  ( dashed 

line ) and after the addition of Hemomycin ®  from capsule of 0.235, 0.353, 
0.471, and 0.588 mg cm −3  ( full line ), the lowest concentration is indicated by 
 one arrow , and the highest one with  four arrows , sweep rate: 50 mVs −1 . Only 
the fi rst sweep was recorded (Reproduced with a permission from Elsevier) [ 6 ]       
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Na 
2
 CO 

3
  buffer (pH 8) shows the activation of azithromycin did not 

occur on reaching a value of −1.2 V vs. SCE, because the buffer 
inhibited the production of electroactive hydrogen species. 
Measurements show that the pH value of the electrolyte (0.05 M 
NaHCO 

3
 ) was 8.48 at the beginning of all experiments but after 

2 h it had increased to 8.72. It is interesting that the electrochemi-
cal oxidation of azithromycin and Hemomycin ®  was promoted by 
the electrochemical production of H species and that the anodic 
peak (in both cases) was quite stable during 2 h of cycling without 
a decrease in the peak current. It is quite possible that the solubility 
of azithromycin dihydrate and Hemomycin ®  in 0.05 M NaHCO 

3
  

was improved by the evolution of hydrogen, which was probably 
the main cause for the initialization of azithromycin electrooxida-
tion. A couple of patent applications concerning the improvement 
of the solubility of the azithromycin by ionization of the pure mol-
ecule in order to facilitate the application of this antibiotic in oph-
thalmology can be found in the literature [ 7 ,  8 ].

    The assumption for the electrochemically improved solubility 
of azithromycin in 0.05 M NaHCO 

3
  is supported by the fact that 

the same reaction in an electrolyte containing methanol proceeded 
in the range of potentials from −0.6 to 1.0 V vs. SCE and did not 
require a potential of −1.2 V. This will be discussed later with the 
analysis of the role of CH 

3
 OH:0.05 M NaHCO 

3
  electrolyte in the 

electrooxidation of azithromycin and Hemomycin ® . 
 The quantitative electrochemical determination of azithromy-

cin from capsules was successfully applied for the assay of the 
drug in the tested dosages with, as in the case of azithromycin 
dihydrate, the possibility for the development of the method for 
any dosage which may be needed to be detected, including bio-
logical samples. 

 Another set of experiments was performed with an electrolyte 
containing methanol in order to investigate the infl uence of metha-
nol on oxidation of azithromycin dihydrate and Hemomycin ®  in 
0.05 M NaHCO 

3
  at a gold electrode and to analyze possible differ-

ences in the electrochemical reactivity of the antibiotic in the two 
different electrolytes. The anodic oxidation of azithromycin dihy-
drate in the concentration range of 0.235–0.588 mg cm −3  is pre-
sented in Fig.  2.4 . The consequences for the anodic oxidation of 
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azithromycin dihydrate in the presence of methanol are seen in the 
deformed anodic oxidation peak for each concentration, compared 
to the very well shaped peak in the absence of methanol, which 
appear at the same values of the potential for the same range of 
concentrations (Fig.  2.4 ).

   This work showed that gold electrode can be successfully 
employed for the qualitative and quantitative electrochemical 
determination of azithromycin dihydrate and azithromycin from 
capsule (Hemomycin ® ) via its oxidation in the tested dosages. 
Also, there is a possibility for the application of this method for 
any dosage which is required to be analyzed, including biological 
samples. 

  Erythromycin  is a natural compound metabolized by a strain 
of  Streptomyces erythreus . It has proved invaluable for the treat-
ment of bacterial infections in patients with β-lactam hypersensi-
tivity. If the 6-hydroxy group is methylated,  clarithromycin  is 
obtained, which has an improved pharmacokinetic profile 
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  Fig. 2.4    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and methanol in the ratio 50 %:50 % after the addition of 0.235, 
0.353, 0.471, and 0.588 mg cm −3  of pure azithromycin dihydrate ( full line ), 
lowest concentration is indicated by  one arrow , and the highest one by  four 
arrows , sweep rate: 50 mVs −1 . Only the fi rst sweep was recorded (Reproduced 
with a permission from Elsevier) [ 6 ]       
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compared to the parent molecule (Fig.  2.5 ). Azithromycin and clar-
ithromycin present several clinical advantages over erythromy-
cin, including enhanced spectrum activity, higher tissue 
concentrations, and improved tolerability. Clarithromycin is 
widely used for the eradication of  Helicobacter pylori  that causes 
gastritis and gastric ulcers.

   The qualitative determination of the pure clarithromycin using 
its reactivity at a gold electrode in neutral electrolyte by cyclic 
linear sweep voltammetry was performed [ 9 ]. 

 As in a case of azithromycin, for clarithromycin, our choice 
was 0.05 M NaHCO 

3
  as the supporting electrolyte. The solubility 

of clarithromycin in water is very poor, and it is slightly soluble in 
methanol. The methanol is avoided as the solvent (in a mixture 
with water) because of its activity on the oxides of gold and silver 
electrodes in different electrolytes. 

 In the fi rst stage, after addition of the antibiotic into the electro-
lyte, the potential was cycled between −0.6 and 1.0 V. The electro-
chemical activation of clarithromycin is not observed as was the 
case with azithromycin. It was necessary to reach the negative 
potential value of −1.2 V vs. SCE with the hydrogen evolution 
occurrence at the gold electrode. The electrochemical activation of 
clarithromycin and the hydrogen evolution suppression is obvious 
from Fig.  2.6  and the same effects were already observed with 
azithromycin [ 6 ]. In Fig.  2.6  is also presented that starting from 
−1.2 V vs. SCE in anodic direction, the cyclic voltammogram fi rst 
shows one small, wide, and reproducible anodic peak with a cur-
rent maximum at −0.58 V vs. SCE. The two reproducible anodic 
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  Fig. 2.5    Chemical structures of erythromycin ( left ) and clarithromycin ( right )       
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peaks were also observed at +0.10 V vs. SCE and at +0.33 V vs. 
SCE. In the region of AuO formation, a minor increase of the 
oxide peaks of the gold electrode was observed. The reproducible 
cathodic peak is present in the reverse direction with a current 
maximum at −0.61 V vs. SCE.

   It is shown for clarithromycin that observed peaks are not pro-
portional to the concentration of antibiotic in the range of 0.235–
0.588 mg cm −3 . In this range of concentrations, the four reproducible 
anodic and one cathodic peaks always qualitatively determine 
clarithromycin. In order to investigate the structural changes in 
clarithromycin molecule, electrochemical studies combined with 
the analysis of the bulk electrolyte after the electrochemical reac-
tions by FTIR spectroscopy and HPLC were performed. 

 FTIR spectrum of pure clarithromycin and clarithromycin mixed 
with carbonates, both before the electrochemical experiment, 
served as reference for the further analysis. The observed changes 
in the molecule of clarithromycin were tracked with these data. 
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  Fig. 2.6    Cyclic voltammogram of the Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and with the addition of 0.4 mg cm −3  of pure clarithromycin, 
third sweep ( full line ), sweep rate: 50 mVs −1  (Reproduced with a permission 
from Elsevier) [ 9 ]       
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The potential was held at selected values corresponded to all 
observed current peaks for 4 h. The fi rst sweep after holding the 
potential was recorded by cyclic voltammetry and two samples of 
the electrolyte were analyzed by FTIR and HPLC. The potential 
was held for 4 h at −0.58 V, at +0.10 V, at +0.33 V, and at −0.61 V 
vs. SCE. 

 The signifi cant changes in clarithromycin molecular structure 
were observed when potential was held for 4 h at −0.61 V, at the 
cathodic peak, observed in Fig.  2.6 . The fi rst sweep after 4 h of 
holding the potential is presented in Fig.  2.7a  and shows that, in 
addition to the current increase previously described in Fig.  2.6  
(around 0.70 V vs. SCE) the anodic current rises by the end of the 
anodic scan.

   A current increase at the potentials corresponding to OH −  
adsorption/desorption was observed, not only during the fi rst 
sweep, but also in the three subsequent sweeps at least. The FTIR 
spectrum reveals two obvious changes after potential holding 
(Fig.  2.7b ): the disappearance of the 1730 cm −1  peak correspond-
ing to the carbonyl group vibration of the lactone, and an intense 
reduction of the 1170 cm −1  peak, probably corresponding to the 
C–O vibration in the lactone, which implies changes in the ester 
bond of the lactone. The disappearance of the carbonyl band at 
1690 cm −1  indicates a change in this group also. No absorptions 
were recorded in the 1000–1100 cm −1  range, which could be the 
result of changes in the ether and acetal bonds. 

 The FTIR analysis did not reveal clear changes in the molecule 
after 4 h of holding the potential at +0.10 V vs. SCE and at +0.33 V 
vs. SCE, except a minor reduction of the bands in the 1000–
1100 cm −1  region. 

 HPLC analysis of the bulk electrolyte showed a signifi cant 
decrease in the concentration of clarithromycin after the potential 
was held at selected values for 4 h. The qualitative determination 
of commercial clarithromycin (provided by Hemofarm and tested 
in tablets) at gold electrode, followed by FTIR analysis, is already 
successfully performed. 

 The reactivity of  erythromycin  [ 10 ] (pure) was investigated 
on a gold electrode in neutral electrolyte by cyclic voltammetry. 
The resulting structural changes were observed with HPLC and 
FTIR spectroscopy by analyzing the bulk electrolyte after the 
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  Fig. 2.7    ( a ) Cyclic voltammogram of the fi rst sweep of the Au electrode in the 
presence of 0.4 mg cm −3  pure clarithromycin after the potential had been held for 
4 h at −0.61 V vs. SCE in 0.05 M NaHCO 

3
  ( full line ). The voltammogram of the 

pure gold electrode is presented by the dashed line, sweep rate: 50 mVs −1 . ( b ) 
Infrared spectrum of 0.4 mg cm −3  pure clarithromycin in 0.05 M NaHCO 

3
  solu-

tion after 4 h electroreduction at −0.61 V vs. SCE under the conditions described 
in ( a ) (Reproduced with a permission from Elsevier) [ 9 ]       
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electrochemical reactions. The results were compared with 
those previously obtained for azithromycin and clarithromycin 
under the same experimental conditions. It was found that the 
electrochemical behavior of erythromycin A differs from that of 
azithromycin dihydrate. Comparison with the electrochemical 
activity of basic clarithromycin suggests that the electrochemi-
cal activity of erythromycin is similar but more pronounced than 
that of clarithromycin. 

 HPLC analysis confi rmed these observations and showed that 
during the electrochemical oxidation of erythromycin A, the 
amount of starting macrolide decreased while the amount of start-
ing impurities increased. Also some new products were observed. 
FTIR spectroscopy confi rmed that erythromycin A is more reac-
tive than clarithromycin, although similar changes in their molecu-
lar structures were observed. 

 Under the same experimental conditions, the cyclic voltammo-
gram of erythromycin A exhibits three anodic and one cathodic 
reaction and one apparent anodic activity in the whole range of the 
formation of oxides (Fig.  2.8 ). From Fig.  2.8 , it is clear that eryth-
romycin A causes a suppression of the anodic and cathodic cur-
rents in the region from −0.35 to 0.0 V and a suppression of 
hydrogen evolution on a gold electrode. After the addition of anti-
biotic, pH of the electrolyte was 8.63 and did not change during 
the further electrochemical examination.

   Beckmann rearrangement of erythromycin 9-oxime results in 
ring expansion to a 15-membered intermediate, the subsequent 
reduction, and N-methylation of which produce azithromycin with 
a quite different structure (Fig.  2.1 ). These structural differences 
cause the electrochemical behavior of erythromycin A to differ 
greatly from that of azithromycin dihydrate, which is active only 
in the oxide formation region and this activity is concentration 
dependent in the range 0.235–0.588 mg cm −3 . Comparing the 
voltammogram of basic clarithromycin with that of basic erythro-
mycin A presented in Fig.  2.8 , it is clear that the three anodic peaks 
appear at the same potentials. The cathodic reaction is shifted a 
little to more negative potentials in a case of erythromycin. The 
activity of clarithromycin is apparent only in the beginning of 
the region of oxide formation but that of erythromycin covers the 
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whole region. A suppression of the anodic and cathodic currents in 
the region from −0.35 to 0.0 V is more apparent in a case of eryth-
romycin, as well as a suppression of hydrogen evolution. From the 
decrease of the capacitive currents and the absence of concentra-
tion dependence it was supposed that at the electrode surface exists 
an adsorbed layer of erythromycin/active intermediate species that 
undergoes  transformation. The fouling of the currents after cyclic 
voltammetry is not observed during 4 h of cycling. Most probable 
explanation is that the electrode is cleaned in the region of the 
oxide reduction after each cycle and that erythromycin/active 
intermediates are not strongly adsorbed. The degradation ability of 
erythromycin A in different pH solutions suggested that it would 
be interesting to test its electrochemical behavior in the region of 
its low stability, acid solution: pH 2.17 and in the region of its high 
stability, neutral solution, pH 7.14. The second one is close to the 
pH value of the tested solution (pH 8.55) and is very important for 
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  Fig. 2.8    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and with the addition of 0.40 mg cm −3  erythromycin succinate 
( full line ), sweep rate: 50 mVs −1 . Cathodic and anodic reaction was observed 
in the examined range of concentrations (from 0.235 to 0.588 mg cm −3 ) 
(Reproduced with a permission from Elsevier) [ 10 ]       
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the possible analyses of biological samples with the same or 
similar pH values: human blood, urine, and plasma. Erythromycin 
A in electrolyte at pH 2.12 undergoes immediately to the sponta-
neous degradation and under the experimental conditions pre-
sented in Fig.  2.8 . At pH 7.14, erythromycin A exhibited the same 
electrochemical activity as was observed at pH 8.55. In order to 
compare the activity of the entire tested macrolides, one can sug-
gest continuing with using of 0.05 M NaHCO 

3
  in the further eryth-

romycin A examination. The electrochemical behavior of 
commercial erythromycin, Erythromycin ® , was studied in the con-
centration range 0.235–0.588 mg cm −3 . The obtained data are use-
ful for the manufacturers of erythromycin A in a case that their 
commercial products in capsules and tablets contain the same or 
similar excipients. Due to the presence of excipients, the obtained 
electrochemical activity differed greatly from that of the basic 
erythromycin ethyl succinate. It is clear from Fig.  2.9  that the 
anodic activity at the beginning of the region of the formation of 
oxides is only small. The appearance of an additional cathodic 
peak at −0.25 V and an expanded cathodic activity in the region 
from −0.55 to −1.00 V was observed.

   During the electrochemical oxidations of erythromycin A, the 
amount of starting macrolide decreased while the amount of start-
ing impurities increased and some new products were observed. At 
the end of the electrochemical oxidations of erythromycin A (5 h), 
approximately 70 % of the starting compound was recovered. 
From the obtained results, it is obvious that erythromycin A under-
went oxidative degradation. Probably, the fi rst step in the oxidation 
process is the removal of the electron from one of the nitrogen 
atoms to form an aminium cation radical:

 

N CH3

CH3

R
N CH3

CH3

R
+  1e

_ +.

  

(2.1)

      

where R is a sugar moiety. Formed aminium radical cation is a 
very reactive species and rapidly reacts with the environment to 
form stable products. The formed radical cation can abstract 
hydrogen atom from the water resulting in salt formation (reac-
tion  2.2 ) in an overall one-electron process. Hence, the formed 
cation inhibits further electrochemical oxidation.
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R
N CH3
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+
+  OH
.

  

(2.2)

      

In addition to reaction  2.2 , it is probable that the amine group 
underwent a demethylation reaction, resulting in the correspond-
ing secondary amines. This reaction proceeds via an overall two-
electron transfer step (ECE mechanism) (reactions  2.3 – 2.5 ). The 
rate determining steps in these mechanisms are the removal of 
the α-proton and the formation of an enamine as an intermediate 
(reactions  2.3  and  2.4 ).
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  Fig. 2.9    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and with the addition of 0.40 mg cm −3  Erythromycin ®  ( full line ) 
in a concentration of 0.40 mg cm −3 , sweep rate: 50 mVs −1  (Reproduced with a 
permission from Elsevier) [ 10 ]       
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N H

CH3

R
N CH2

CH3

R

H2O+
+ HCHO
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The electrochemical behavior of erythromycin A differs greatly 
from that of azithromycin dehydrate, which was caused by struc-
tural differences. Comparison of the electrochemical activity of 
basic erythromycin with that of clarithromycin showed that the 
electrochemical activity of erythromycin is more pronounced than 
that of clarithromycin. Taking into account that the 6-hydroxy 
group of erythromycin was methylated to obtain the clarithromy-
cin, it can be assumed that the comparable but more pronounced 
electrochemical activity of erythromycin is caused by the free 
hydroxyl group. 

  Roxithromycin  is a semisynthetic 14-membered-ring macro-
lide antibiotic (Fig.  2.10 ), in which the erythronolide A lactone 
ring has been modifi ed by the replacement of the nine keto 
group with an etheroxime side chain, in order to prevent deacti-
vation in the gastric milieu. The in vitro activity of roxithromy-
cin is well known and is as effective as or more effective than 
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  Fig. 2.10    Structure of the roxithromycin       
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other macrolide antibiotics against a wide range of infections. In 
vivo, roxithromycin has mostly been used to treat respiratory, 
urinary, and soft tissue infections. Gastrointestinal disturbances 
are the most frequent adverse effects but are less frequent than 
with erythromycin. Roxithromycin exhibits increased chemical 
stability and higher concentrations of antibiotic in the serum 
after oral administration compared to erythromycin.

   The oxidative behavior of antibiotic roxithromycin standard 
[ 11 ] was studied at a gold electrode in 0.05 M NaHCO 

3
  using 

cyclic linear sweep voltammetry and differential pulse voltamme-
try. It was found that the value of the oxidative peak of pure rox-
ithromycin at 0.81 V vs. SCE in 0.05 M NaHCO 

3
  at a scan rate of 

50 mVs −1  is a linear function of the concentration in a range 
0.10006–0.654 mg cm −3 . 

 The cyclic voltammogram of the clean electrode is presented 
with dashed line and the tested concentrations of roxithromycin 
standard, continuously added in the same experiment are presented 
in Fig.  2.11  (full lines). Only the fi rst cycle was recorded. Cyclic 
voltammograms show two oxidative reactions with maximum cur-
rent values at 0.5 and 0.8 V vs. SCE. In comparison to the clean 
electrode, the peak of the gold oxides reduction slightly decreases 
in the presence of roxithromycin with the increasing of the amount 
of antibiotic, but it is not a linear function of its concentration. The 
value of the oxidative peaks of pure roxithromycin at 0.81 V vs. 
SCE in 0.05 M NaHCO 

3
  at the scan rate of 50 mVs −1  is linear func-

tion of the concentration in a range of 0.10006–0.654 mg cm −3 .
   Differential pulse voltammetry was employed in order to verify 

the results obtained by cyclic voltammetry. Differential pulse 
voltammograms were recorded at the gold electrode in 0.05 M 
NaHCO 

3
  solution containing different concentrations of roxithro-

mycin. Potential was scanned from 0.6 to 1.0 V at a scan rate of 
2 mVs −1 , pulse amplitude of 25 mV, and pulse time of 0.1 s. All 
voltammograms possess one anodic peak positioned at approxi-
mately 0.75 V, as presented in Fig.  2.12 .

   The deviation of the peak current density from the linear rela-
tionship at higher concentrations could be ascribed to the exhaus-
tion of solution during the experiment. Taking into account that 
each DPV measurement lasted for 13.3 min (eight different 
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concentrations were used) it is most likely that the actual concen-
tration of roxithromycin became signifi cantly lower than the cal-
culated one, i.e., the amount of roxithromycin oxidized during the 
DPV procedure could not be neglected. Hence, it seems reason-
able to assume that the linear range would have been extended to 
higher concentrations if larger scan rates had been used. It was 
already published that macrolide antibiotics like roxithromycin 
which contain a tertiary amino group are detectable. 

 HPLC analysis of Runac tablets confi rmed the data obtained by 
the analysis of the current peak values vs. concentrations concern-
ing the correlation of the obtained chromatographic peak areas 
with the investigated concentrations. For the determination of 
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  Fig. 2.11    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  ( dashed 

line ) and after the addition of roxithromycin (in the concentration range 
0.10006–0.654 mg cm −3  ( full lines , starting from 0.10006, then 0.196, 0.291, 
0.385, 0.476, 0.566, and 0.654 mg cm −3 ), sweep rate: 50 mVs −1 . Only the fi rst 
sweep was recorded (Reproduced with a permission from Elsevier) [ 11 ]       
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roxithromycin in the spiked urine samples, the same values of 
roxithromycin concentrations (pharmacokinetic concentrations in 
the range 2.5–10 μg cm −3 ) were used as in [ 9 ], where a sensitive 
chemiluminescence method was proposed for the determination of 
roxithromycin. Figure  2.13  represents cyclic voltammograms of the 
gold electrode in 0.05 M NaHCO 

3
  and after the addition of urine 

samples spiked with roxithromycin (in the concentration range 
2.5–10 μg cm −3 ). Cyclic voltammograms show that electrochemi-
cal oxidation of roxithromycin is represented by anodic peak 
between 0.60 and 0.90 V (with the current maximum at 0.85 V). 
This oxidative reaction is in direct correlation with the increasing 
of antibiotic concentration. It was found that the value of the oxi-
dative peak of urine sample spiked with roxithromycin (at 0.85 V 
at the scan rate of 50 mVs −1 ) is a linear function of the concentra-
tion in the range 2.5–10 μg cm −3 .

    Anisomycin  is a multifunctional antibiotic isolated from two 
different species of  Streptomyces  (Fig.  2.14 ). It is also an inhibitor 
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  Fig. 2.12    Differential pulse anodic voltammograms obtained at the gold elec-
trode in 0.05 M NaHCO 

3
  ( dashed line ) and in the presence of different concen-

trations of roxithromycin ( full lines ): ( a ) 0.1006, ( b ) 0.196, ( c ) 0.291, ( d ) 
0.385, ( e ) 0.476, ( f ) 0.566, ( g ) 0.654, and ( h ) 0.741 mg cm −3 . Initial potential 
−0.6 V, fi nal potential 1.0 V, scan rate 2 mVs −1 , pulse amplitude 25 mV, pulse 
time 0.1 s (Reproduced with a permission from Elsevier) [ 11 ]       
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  Fig. 2.13    Cyclic voltammogram of an Au electrode in 0.05 M NaHCO 
3
  

( dashed line ) and after the addition of urine samples spiked with roxithromy-
cin (in the concentration range 2.5, 5, 7.5, 10 μg cm −3 ) ( full lines , assigned 
from  a  to  d ), sweep rate: 50 mVs −1 . Only the fi rst sweep was recorded 
(Reproduced with a permission from Elsevier) [ 11 ]       
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of protein synthesis and affects memory by inhibiting the consoli-
dation of new memories and causing amnesia. Anisomycin is an 
immunosuppressant in low doses (<0.1 μM; M = mol dm −3 ) indi-
cating its possible application in treatment of some autoimmune 
diseases and in inhibition of the transplantation rejection. It sup-
presses malignant tumor cell growth and can be used as an antitu-
mor agent. Anisomycin possesses herbicidal activity and selective 
activity against pathogenic protozoa and fungi.

   The electrochemical activity of anisomycin was investigated on 
gold electrode using cyclic voltammetry in 0.05 M NaHCO 

3
  [ 12 ]. 

Square wave voltammetry was applied for quantitative determina-
tion of the drug and in spiked urine samples, followed by high 
performance liquid chromatography–tandem mass spectrometry 
(HPLC–MS/MS). The structural identifi cation of anisomycin and 
its hydrolysis product in 0.05 M NaHCO 

3
  and under the potential 

cycling conditions in the absence and in the presence of biological 
sample (urine) was also performed by HPLC–MS/MS. 

 The CVs (subsequent scans, 1–20) of anisomycin on gold elec-
trode in 0.05 M NaHCO 

3
  alongside the voltammetric response of 

Au electrode in blank solution (dot line) are presented in Fig.  2.15a . 
In the presence of anisomycin, the CV in the fi rst cycle was 
changed so that an apparent current increase occurs in the whole 
region of the oxide formation and reduction. The changes induced 
by continuous cycling are expected to be correlated with the sur-
face oxide formation. During the cycling between fi rst and 20th 
cycles, the voltammograms show a slight decrease of anodic cur-
rents in the area of the oxide formation.

   Figure  2.15b  demonstrates the CVs of anisomycin- containing 
solution at different scan rates ( v ). The current density increases 
with the increased scan rate. In Fig.  2.15c  the relationship between 
peak current and  v  1/2  is displayed showing linearity, indicating that 
the anisomycin oxidation is diffusion-controlled process. 
Furthermore, the peak potential increases with increasing scan 
rate, and a straight line relationship is observed between peak 
potentials and ln of scan rates (Fig.  2.15d ), suggesting that the 
anisomycin oxidation is an irreversible electrode process. 
According to the results presented in Fig.  2.15b , the kinetic param-
eters for the anisomycin oxidation are estimated from Laviron’s 
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theory [ 13 ]. The value of  αn  is calculated from the slope of Ep vs. 
log  v . The number of electrons transferred in the electrooxidation 
of anisomycin was calculated to be 1.1 (approximately equal to 1) 
assuming that the fi rst electron transfer is rate determining so the 
transfer coeffi cient is equal to the symmetry factor which is 0.5. 
The value of ko (heterogeneous electron- transfer rate constant) is 
determined from the intercept of the previous plot if the value of 
Eo is known. The value of Eo is obtained from the intercept of Ep 
vs.  v  curve and the value is 267.2 mV. From this, ko was calculated 
as 0.23 s −1 . The HPLC–MS/MS method, used for confi rmation of 
SWV results, exhibited good linearity in the observed concentra-
tion range in the absence ( R  = 0.999) and in the presence of bio-
logical sample ( R  = 0.978) (Fig.  2.16 ).
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  Fig. 2.15    Cyclic voltammogram of Au electrode using 0.05 M NaHCO 
3
  

( dashed line ) and with 0.037 nM anisomycin, ( a ) 1. and 20. scan, scan rate: 
50 mV s −1 , ( b ) for scan rates: 20, 40, 60, 80, 100, 120, and 140 mV s −1 , ( c ) plot 
of peak current vs.  v  1/2 , ( d ) plot of peak potential shift vs. ln of scan rates 
(Reproduced with a permission from Elsevier) [ 12 ]       
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   CV during 4 h of anisomycin oxidation (Fig.  2.17a ) shows 
the appearance of the new anodic reactions with the increasing 
currents compared to Fig.  2.15a , suggesting simultaneous oxi-
dation of anisomycin and the products of its oxidation. SWV 
(Fig.  2.17b ) confi rms that effect showing the increasing currents 
of the anodic peak.

   During the cycling, samples of electrolyte were collected and 
analyzed by HPLC–MS/MS. It was determined that anisomycin 
hydrolysis occurs, and deacetylanisomycin ( m / z  224) was identi-
fi ed as the hydrolysis product chromatographically separated from 
anisomycin. Figure  2.18  shows SRM chromatograms and MS/MS 
spectra of anisomycin (Fig.  2.18a ) and its hydrolysis product 
(Fig.  2.18b ) in 0.05 M NaHCO 

3
 . Anisomycin hydrolysis under the 

CV conditions (Fig.  2.17a ) is presented in Fig.  2.18c . In the fi rst 
2 h, the amount of anisomycin decreases while the amount of 
hydrolysis product increases. After that, the amounts of both 
anisomycin and the hydrolysis product decrease and by the end of 
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  Fig. 2.16    Square wave voltammograms on Au electrode ( dashed line ) using 
0.05 M NaHCO 

3
  and with anisomycin (0.037, 0.4, 2.23, 5.84, 14.77 nM) in the 

absence of biological sample ( a ) and in the presence of biological sample ( b ). 
Step size 5 mV, pulse size 100 mV, frequency 2 Hz and scan rate 10 mV s −1 , 
accumulation time 200 ms at 0.0 V.  Inset : linear dependency of anodic peak 
currents vs. concentration of anisomycin (Reproduced with a permission from 
Elsevier) [ 12 ]       
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the  experiment (4 h) their presence was neglectable. This confi rms 
that after 2 h the electrooxidation products cause the apparent 
increase of anodic currents in Fig.  2.17 . It was also determined that 
the hydrolysis of anisomycin proceeds in 0.05 M NaHCO 

3
  without 

electrochemical conditions (Fig.  2.18d ). Within the fi rst 30 min, 
only 3 % of anisomycin is hydrolyzed enabling the correct electro-
analytical measurements for at least 30 min. Unlike the electro-
chemical experiment, the amount of hydrolysis product constantly 
increases and in 4 h only 69.5 % of anisomycin is hydrolyzed.

2.2.2        Cardiovascular Drugs 

 Cardiovascular drugs belong also to the most prescribed medica-
tions nowadays since various cardiovascular diseases are predomi-
nant in developed countries worldwide. In this group the most 
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  Fig. 2.17    Cyclic voltammograms ( a ) and square wave voltammograms ( b ) of 
Au electrode in 0.05 M NaHCO 

3
  ( dashed line ) and with 0.037 nM anisomycin, 

after 1, 2, 3, and 4 h of cycling, scan rate 50 mV s −1 . Square wave parameters: 
step size 5 mV, pulse size 100 mV, frequency 2 Hz and scan rate 10 mV s −1 , 
accumulation time 200 ms at 0.0 V (Reproduced with a permission from 
Elsevier) [ 12 ]       

 

M.L.A. Ivić et al.



117

important drugs are antihypertensives, cardiotonics, antiarrhythmics, 
anticoagulants, coronary vasodilators, and hypolipemics. 

  Amlodipine , chemically, 2-[(2-aminoethoxy)methyl]-4-
(2- chlorophenyl)-1,4-dihydro-6-methyl-3,5- pyridinedicarboxylic 
acid, 3-ethyl,5-methylester, besylate (Fig.  2.19 ), is a dihydropyri-
dine calcium channel blocker, which acts only on the L-type chan-
nel to produce their pharmacological effect. Like most of the 

  Fig. 2.18    SRM chromatogram and MS/MS spectrum of: ( a ) anisomycin, A, 
( b ) the hydrolysis product,  P . The degradation rate of  A  ( open circle ) and the 
formation of  P  ( fi lled square ) in the electrochemical experiment ( c ) and in 
0.05 M NaHCO 

3
  ( d ) (Reproduced with a permission from Elsevier) [ 12 ]       
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second-generation dihydropyridine derivatives, it has greater selec-
tivity for the vascular smooth muscle than myocardial tissue and 
therefore their main effect is vasodilatation. Amlodipine is used 
alone or in combination with other medicines for the treatment of 
chronic stable angina, certain types of vasospastic angina, and in the 
management of mild-to-moderate essential hypertension.

   The electrochemical behavior and determination of amlodipine 
besylate was performed on gold electrode in 0.05 M NaHCO 

3
  [ 14 ]. 

 Before voltammetric experiments the electrode surfaces were 
characterized by AFM. AFM studies were conducted to give 
insight into the surface topography of the amlodipine/gold and 
amlodipine/o-MWCNT. 

 Figures  2.20  and  2.21  show typical two-dimensional (2D) and 
three-dimensional (3D) AFM images of amlodipine besylate 
obtained by dropping the water suspension of amlodipine on the 
gold surface.

    The sample of amlodipine besylate/gold is made up of small 
agglomerates which are compact and uniformly cover the entire 
substrate (Fig.  2.20 ), with average diameter of 200 nm (Fig.  2.21 ). 

 Gold electrode modifi ed by oxidized multiwall carbon nano-
tubes was prepared by placing a drop of the water suspension of 
the nanotubes on the gold surface. As shown in Fig.  2.22 , it was 
clearly seen that randomly oriented MWCNT covered the entire 
surface of the substrate homogeneously, with average diameter of 
100 nm (Fig.  2.23a ).
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  Fig. 2.19    Structure of amlodipine besylate       
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    The acid treatment of raw MWCNT, using strong oxidizing 
agent nitric acid, caused severe etching of the graphitic surface of 
the material, leading to tubes with a population of disordered sites 
and shortened nanotubes. Shortened o-MWCNT assembles on the 
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  Fig. 2.20    2D AFM image and height profi le (3 × 3 × 0.3 μm) of amlodipine 
besylate/Au (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 14 ]       
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  Fig. 2.21    3D image (2 × 2 × 0.3 μm) of amlodipine besylate/Au (Reproduced 
with a permission from International Journal of Electrochemical Science) [ 14 ]       
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gold electrode more easily because of their decreased rigidity and 
present oxygen  functionality contributes better adherence to the 
gold electrode surface. 

 However, after adsorbing amlodipine, the diameter of 
o-MWCNT coated by amlodipine besylate became “wide” as 
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  Fig. 2.22    3D AFM images of ( a ) o-MWCNT/Au (2.5 × 2.5 × 0.4 μm) and ( b ) 
amlodipine besylate/o-MWCNT/Au (2.5 × 2.5 × 0.5 μm) (Reproduced with a 
permission from International Journal of Electrochemical Science) [ 14 ]       
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compared with the o-MWCNT with average diameter of 140 nm 
(Fig.  2.23b ). The sample of amlodipine/o-MWCNT was also well 
dispersed, implying that the o-MWCNT would connect well the 
amlodipine on the surface. 

 Figure  2.24  presents the cyclic voltammograms of amlodipine 
besylate standard in 0.05 M NaHCO 

3
  obtained without accumula-

tion. The small agglomerates of amlodipine besylate on gold seen 
by AFM (Fig.  2.20 ) cover the electrode surface and during the fi rst 
cycle stay adsorbed on it causing the signifi cantly lower currents in 
second and consecutive sweeps. In Fig.  2.24  and the following 
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  Fig. 2.23    2D images and height profi les of ( a ) o-MWCNT (3 × 3 × 0.4 μm) 
and ( b ) amlodipine besylate/o-MWCNT/Au (1.5 × 1.5 × 0.2 μm) (Reproduced 
with a permission from International Journal of Electrochemical Science) [ 14 ]       
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fi gures, only the fi rst sweep is presented and the electrode surface 
was prepared for the each presented concentration as is described 
in experimental part.

   The apparent anodic reaction, with wide plateau is observed 
between 0.5 and 0.85 V for all presented concentrations. In the 
inset of Fig.  2.24  is presented the linear dependency of the anodic 
currents vs. concentration in the investigated range (1.50–
3.38 μg cm −3 ), obtained at 0.75 V. 

 Figure  2.25  presents the cyclic voltammograms of Alopres in 
0.05 M NaHCO 

3
  obtained without accumulation. All presented 

excipients, as was previously published, have no electrochemical 
activity under the same experimental conditions and amlodipine 
besylate as a content of Alopres exhibits in their presence also the 
linear dependency of the anodic  current vs. concentration, but for 

  Fig. 2.24    Cyclic voltammogram of gold electrode in 0.05 M NaHCO 
3
  ( dashed 

line ) and in a presence of amlodipine besylate ( full line ) ( a ) 1.5 μg cm −3 , ( b ) 
2.439 μg cm −3 , ( c ) 3.38 μg cm −3 , sweep: 50 mVs −1  (Reproduced with a permis-
sion from International Journal of Electrochemical Science) [ 14 ]       
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the higher values (4.0–11.5 μg cm −3 ) obtained at 0.75 V (as is 
presented in the left corner of Fig.  2.25 ). Comparing Figs.  2.24  
and  2.25  it can be supposed that excipients could cover the elec-
trode surface and in some way prevent the formation of strongly 
adsorbed agglomerates of amlodipine besylate, causing its anodic 
reaction to occur at higher concentrations. For higher concentra-
tions in Fig.  2.25  the shape of voltammograms stabilizes, which 
can be attributed to the reached equilibrium concerning the com-
petitive adsorption between amlodipine besylate and some or all 
present excipients.

   Square wave voltammetry analysis was applied in order to fur-
ther examine the electrochemical determination of amlodipine in 
Alopres tablet on a gold electrode in a pH 11 phosphate buffer 
solution (Fig.  2.26 ). Voltammograms were recorded in the range of 

  Fig. 2.25    Cyclic voltammogram of gold electrode in 0.05 M NaHCO 
3
  

( dashed line ) and in a presence of amlodipine in Alopres tablet ( full line ) ( a ) 
5 μg cm −3 , ( b ) 6.5 μg cm −3 , ( c ) 9 μg cm −3 , ( d ) 12 μg cm −3  sweep: 50 mV s −1  
(Reproduced with a permission from International Journal of Electrochemical 
Science) [ 14 ]       
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potential between +0.1 and +0.9 V for different concentrations of 
amlodipine in Alopres tablet and before each scan a preconcentra-
tion step was performed at the potential of +0.1 V for 220 s in 
order to accumulate amlodipine besylate on the electrode surface.

   In Fig.  2.27  is presented the oxidation of amlodipine in Alopres 
tablet on Au/o-MWCNT in a pH 11 phosphate buffer solution 
(7.94 μg cm −3 ), with accumulation at 0.1 V during 220 s. The 
anodic activity of amlodipine in Alopres tablet is much lower on 
Au/o-MWCNT than on a gold electrode.

  Fig. 2.26    Square-wave anodic stripping voltammograms recorded on a 
polycrystalline gold electrode for (1) 7.94, (2) 9.90 and (3) 11.86 μg cm −3  of 
amlodipine in Alopres tablet in a phosphate buffer solution pH 11 (the  dotted 
line  represents a blank solution). Accumulation time: 220 s at  E  = +0.1 V; 
step size: 2 mV; pulse size: 25 mV; frequency: 50 Hz; scan rate: 100 mVs −1  
(Reproduced with a permission from International Journal of Electrochemical 
Science) [ 14 ]       
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   Figure  2.22  clearly shows that randomly oriented o-MWCNT 
covered the entire surface of the substrate homogeneously, with 
the average diameter of 100 nm (Fig.  2.23a ). The sample of amlo-
dipine besylate/o-MWCNT was also well dispersed, implying that 
the o-MWCNT would connect well the amlodipine on the surface 
and inhibit its oxidation. This explains the better electrocatalytic 
activity of the gold surface which is covered with small agglomer-
ates. Square wave voltammetry analysis was applied and on Au/o-
MWCNT under the same experimental conditions and very low 
anodic activity of amlodipine in Alopres tablet is obtained, as is 
presented for cyclic voltammetry in Fig.  2.27 . In [ 15 ] was pub-
lished signifi cant anodic oxidation of amlodipine besylate on a 
glassy carbon electrode modifi ed by o-MWCNT in physiological 
solution. The results clearly show that glassy carbon electrode 

  Fig. 2.27    Cyclic voltammograms of Au/o-MWCNT in phosphate buffer 
(pH = 11) ( dashed line ) and in a presence of amlodipine in Alopres tablet 
( full line ), with accumulation at 0.1 V after 220 s, 7.94 μg cm −3 , sweep rate; 
50 mV s −1  (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 14 ]       
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modifi ed by o-MWCNT is better catalyst than gold modifi ed by 
o-MWCNT for the oxidation of amlodipine besylate and in phar-
maceutical preparation. 

 The electrochemical behavior of inclusion complexes of  nife-
dipine  (Nif) and  amlodipine  (Aml), a long-acting calcium channel 
blockers dihydropyridine (DHP) class, with β-cyclodextrin (βCD) 
and (2-hydroxypropyl)-β-cyclodextrin (HPβCD) (Fig.  2.28 ), is 
examined using cyclic and square wave voltammetry in 0.05 M 
NaHCO 

3
  and phosphate buffer (pH = 11) on a gold electrode [ 16 ]. 

The voltammograms show a single irreversible anodic wave with 
the current controlled by adsorption. It was found that phosphate 
buffer favors the electrochemical activity of both complexes of Nif 
with the linear dependency of the oxidative currents on their con-
centrations. In phosphate buffer, only HPβCD–Aml complex 
showed linear dependency of the oxidative currents on the concen-
tration. In 0.05 M NaHCO 

3
  as electrolyte only HPβCD–Nif exhib-

ited apparent activity. The initial potential of the anodic reaction as 
well as the value of the potential for anodic currents maximum of 
all the examined complexes in both electrolytes was shifted to the 
positive direction compared to their standards. In addition, the 
value of anodic currents decreased.

    Nifedipine , dimethyl 1,4-dihydro-2,6-dimethyl-4-(2- 
nitrophenyl)pyridine-3,5-dicarboxylate, is a dihydropyridine cal-
cium channel blocker. It is a peripheral and coronary vasodilator, 
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but it has little or no effect on cardiac conduction and negative 
inotropic activity is rarely seen in therapeutic doses. After oral 
administration of nifedipine, arterial dilation increases peripheral 
blood fl ow, but venous tone does not change. Nifedipine is used 
in the management of hypertension, angina pectoris, particularly 
when a vasospastic element is present, as in Prinzmetal’s angina, 
but is not suitable for relief of an acute attack and in the treatment 
of Raynaud’s syndrome. 

 1,4-Dihydropyridine calcium channel antagonist drugs are 
characterized by a high tendency to degradation when exposed to 
light. Oxidative aromatization of dihydropyridine fragment to the 
pyridine moiety is one of the main degradation pathways of amlo-
dipine and related molecules of 1,4-dihydropyridine family (such 
as nifedipine) and occurs both in solution and in solid state and is 
promoted by light. These drugs absorb intensively in the UV-A 
(some derivates also in the visible) and are known to be photola-
bile. When amlodipine and corresponding besylate were irradiated 
in a solution, both in the presence and in the absence of air, it was 
found to give the aromatized pyridine as the main product. Under 
exposition of nifedipine to daylight or to certain wavelengths of 
artifi cial light it is converted to a nitrosophenylpyridine derivative, 
while expose to ultraviolet light leads to formation of nitrophenyl-
pyridine derivative. 

 The inclusion complexes (Fig.  2.29 ) of nifedipine with 
β-cyclodextrin (βCD–Nif) or (2-hydroxypropyl)-β- cyclodextrin 
(HPβCD–Nif) and amlodipine besylate with β-cyclodextrin 
(βCD–Aml) or (2-hydroxypropyl)-β- cyclodextrin (HPβCD–Aml) 
were prepared in solid state by coprecipitation with 1:1 mol ratio 
and characterized by the application of spectroscopic methods 
FTIR,  1 H-NMR, and XRD. Formation of inclusion complexes 
with cyclodextrin alters the physical properties of the included 
components such as solubility, dissolution rate, photosensitivity, 
and stability.

   Cyclic voltammograms of βCD–Nif [ 16 ] are presented in 
Fig.  2.30  in phosphate buffer (pH = 11) showing that in anodic 
direction its electrooxidation begins at 0.25 V with the increasing 
tendency until the current maximum appearing at the beginning of 
the oxide formation on gold electrode. This maximum current 
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value appears in the whole range of the oxide formation with 
slightly increasing from 0.9 to 1.0 V. In cathodic direction the 
presence of βCD–Nif leads to the smaller currents of the oxide 
reduction which is attributed to the reduction of the species oxi-
dized in anodic direction.

   The linear dependency of anodic currents vs. concentration of 
nifedipine in βCD–Nif in a range: 2.24–5.53 μg cm −3  was obtained 
at 0.77 V from the data in Fig.  2.30 . The mentioned linear relation-
ship corresponds to Eq. 1 given in Table  2.1 .

   Square wave voltammetry, as a fast, sensitive technique with 
low detection limit, was used for quantitative determination of 
nifedipine in βCD–Nif on the gold electrode. The square wave 
anodic stripping voltammograms for different concentrations of 
nifedipine in βCD–Nif recorded in phosphate buffer in the poten-
tial range from 0 to 1.0 V at the scan rate of 15 mV s −1  are pre-
sented in Fig.  2.31 . Before each scan, the compound was 
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(Reproduced with a permission from International Journal of Electrochemical 
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accumulated at the electrode surface at 0.1 V during 180 s. Each 
voltammogram is characterized by the well-defi ned peak at 
approximately 0.45 V and it is attributed to the oxidation of 
adsorbed inclusion complex. The current of anodic stripping peak 
exhibits linear dependence on the βCD–Nif concentration. 

 The linear dependency of anodic peak currents vs. concentra-
tion of nifedipine in βCD–Nif in a range: 4.44–8.72 μg cm −3  was 
obtained from the data in Fig.  2.31 . The linear relationship is given 
by Eq. 2 given in Table  2.1 .

  Fig. 2.30    Cyclic voltammogram of gold electrode in phosphate buffer 
(pH = 11) ( dashed line ) and in a presence of βCD–Nif. Nifedipine concentra-
tion: ( a ) 2.24 μg cm −3 , ( b ) 3.35 μg cm −3 , ( c ) 4.44 μg cm −3 , ( d ) 5.53 μg cm −3 , 
sweep: 50 mVs −1 ; nifedipine standard 2.7 μg cm −3  ( dotted line ) (Reproduced 
with a permission from International Journal of Electrochemical Science) [ 16 ]       

 

2 Contribution to the Recent Advances in Electrochemical…



130

        Ta
bl

e 
2.

1  
  T

he
 li

ne
ar

 d
ep

en
de

nc
y 

of
 a

no
di

c 
cu

rr
en

ts
 v

s.
 c

on
ce

nt
ra

tio
n 

of
 n

if
ed

ip
in

e 
an

d 
am

lo
di

pi
ne

 in
 s

tu
di

ed
 c

om
pl

ex
es

   

 N
o.

 
 C

om
pl

ex
 

 B
uf

fe
r 

 M
et

ho
d 

 E
qu

at
io

n,
  j  

(m
A

 c
m

 −
2  )

 =
  f (

 C
 /μ

g 
cm

 −
3  )

 
  R

  

 1 
 βN

 a   
 Ph

 b   
 C

V
 

  j  =
0.

12
26

 (
±0

.0
02

5)
 +

 0
.0

09
8 

(±
0.

00
06

) 
 C

  
 0.

99
62

 

 2 
 βN

 
 Ph

 
 SW

V
 

  j  pa
  =

 0
.0

87
6 

(±
0.

00
03

) +
 0

.0
01

9 
(±

0.
00

00
4)

  C
  

 0.
99

98
 

 3 
 H

N
 c   

 Ph
 

 C
V

 
  j  =

 0
.1

45
3 

(±
0.

00
18

) +
 0

.0
25

8 
(±

0.
00

06
) 

 C
  

 0.
99

96
 

 4 
 H

N
 

 Ph
 

 SW
V

 
  j  pa

  =
 0

. 0
72

7 
(±

0.
00

39
) +

 0
.0

06
9 

(±
0.

00
14

) 
 C

  
 0.

98
02

 

 5 
 H

N
 

 SB
C

 d   
 C

V
 

  j  =
 0

.0
78

2 
(±

0.
00

21
) +

 0
.0

33
3 

(±
0.

00
11

) 
 C

  
 0.

99
95

 

 6 
 H

N
 

 SB
C

 
 SW

V
 

  j  pa
  =

 0
.0

70
6 

(±
0.

00
04

) +
 0

.0
02

1 
(±

0.
00

01
) 

 C
  

 0.
99

86
 

 7 
 H

A
 e   

 Ph
 

 C
V

 
  j  =

 0
.0

67
9 

(±
0.

00
30

) +
 0

.0
13

2 
(±

0.
00

04
) 

 C
  

 0.
99

94
 

 8 
 H

A
 

 Ph
 

 SW
V

 
  j  =

 0
.0

35
3 

(±
0.

00
08

) +
 0

.0
00

6 
(±

0.
00

00
6)

  C
  

 0.
98

85
 

  R
ep

ro
du

ce
d 

w
ith

 a
 p

er
m

is
si

on
 f

ro
m

 I
nt

er
na

tio
na

l J
ou

rn
al

 o
f 

E
le

ct
ro

ch
em

ic
al

 S
ci

en
ce

 [
 16

 ] 
  a  βC

D
–N

if
 

  b  P
ho

sp
ha

te
 b

uf
fe

r 
  c  H

Pβ
C

D
–N

if
 

  d  0
.0

5 
M

 N
aH

C
O

 3  
  e  H

Pβ
C

D
–A

m
l  

M.L.A. Ivić et al.



131

   Cyclic voltammograms of HPβCD–Nif presented in Fig.  2.32  
in phosphate buffer (pH = 11) show the same electrochemical 
behavior as was observed for βCD–Nif (Fig.  2.30 ). The linear 
dependency of anodic currents vs. concentration of nifedipine in 
HPβCD–Nif in a range: 1.82–3.60 μg cm −3  was obtained at 0.65 V 
from the data given in Fig.  2.32 . The linear relationship corre-
sponds to Eq. 3 (Table  2.1 ).

   Although, it was showed earlier that the phosphate buffer is 
more suitable for the anodic oxidation of dihydropyridine class 
drugs, so we tested 0.05 M NaHCO 

3
  as electrolyte as well. All 

the examined inclusion complexes exhibited  apparently lower 
electrochemical activity than in phosphate buffer. The lower 
activity but good linearity of the currents vs. concentrations was 

0.0 0.2 0.4 0.6 0.8 1.0
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

j /
 m

A
 c

m
-2

E  / V vs SCE

Au
a
b
c

  Fig. 2.31    Square wave anodic stripping voltammograms at gold electrode in 
phosphate buffer (pH = 11) and in a presence of βCD–Nif. Nifedipine concen-
tration: ( a ) 4.44 μg cm −3 , ( b ) 6.66 μg cm −3 , ( c ) 8.72 μg cm −3 . Accumulation 
time: 220 s at  E  = 0.1 V; step size 2 mV, pulse size 20 mV, frequency 8 Hz, scan 
rate 15 mV s −1  (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 16 ]       
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observed only in the case of the HPβCD–Nif. The linear dependency 
of anodic currents vs. its concentrations appears at 300 mV more 
positive potential than was the case in phosphate buffer 
(Figs.  2.32  and  2.33 ). The linear dependency in a range: 0.91–
2.71 μg cm −3  obtained at 0.95 V from the data in Fig.  2.32  is 
given in Table  2.1  by Eq. 5.

   Square wave voltammetry showed also the lower electrochemi-
cal activity of nifedipine in HPβCD–Nif in 0.05 M NaHCO 

3
  (lower 

anodic currents) (Fig.  2.34 ) than in  phosphate buffer (Fig.  2.35 ). 
Each voltammogram is characterized by the well-defi ned peak at 
approximately 0.6 V which is more than 100 mV shifted to the 

0 0.5 1.0

-0.2

0.2

0.4

0

E/V vs SCE

j/
m

A
cm

-2

b c

a

  Fig. 2.32    Cyclic voltammogram of gold electrode in phosphate buffer 
(pH = 11) ( dashed line ) and in a presence of HPβCD–Nif. Nifedipine concen-
tration: ( a ) 1.82 μg cm −3 , ( b ) 2.71 μg cm −3 , ( c ) 3.60 μg cm −3 , sweep: 50 mV s −1 ; 
nifedipine standard 2.7 μg cm −3  ( dotted line ) (Reproduced with a permission 
from International Journal of Electrochemical Science) [ 16 ]       
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positive potential comparing to phosphate buffer. The linear 
dependency of peak currents vs. concentration of nifedipine in 
HPβCD–Nif in a range: 0.91–2.71 μg cm −3  is presented by Eq. 6 
(Table  2.1 ).

    In the form of inclusion complexes, amlodipine exhibited much 
lower electrochemical activity in both electrolytes compared to 
nifedipine complexes. Only HPβCD–Aml in phosphate buffer 
exhibited one apparent electrochemical activity as is presented in 
Fig.  2.36  and square wave anodic stripping voltammograms are pre-
sented in Fig.  2.37 . Cyclic voltammograms show an increase in 
anodic activity in the whole area of the oxide formation on gold 
electrode with the linear dependency on the concentrations at 0.85 V. 
The linear dependency of peak currents vs. concentration of 
amlodipine in HPβCD–Aml in a range: 3.26–9.58 μg cm −3  is pre-
sented by Eq. 7 (Table  2.1 ).

  Fig. 2.33    Cyclic voltammogram of gold electrode in 0.05 M NaHCO 
3
  

( dashed line ) and in a presence of HPβCD–Nif ( full line ). Nifedipine concen-
tration: ( a ) 0.91 μg cm −3 , ( b ) 1.82 μg cm −3 , ( c ) 2.71 μg cm −3 , sweep: 50 mVs −1 ; 
nifedipine standard 2.7 μg cm −3  ( dotted line ) (Reproduced with a permission 
from International Journal of Electrochemical Science) [ 16 ]       
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    By comparing the chemical structures of amlodipine and 
nifedipine, it is evident that presence of NO 

2
  group with a strong 

hydrophobic effect (coeffi cient hydrophobic substituent, 
 π  = −0.85) signifi cantly decreases the total hydrophobic character-
istics of nifedipine. On the other hand, the presence of Cl group as 
substituent ( π  = +0.36) increases the hydrophobic properties of 
amlodipine. It is important to note that the contribution of the 
hydrophobic effect to drug/CD complex stability is evident and 
signifi cant but varies with the structure of drug species. These 
facts are in good agreements with our experimental data that 
HPβCD–Aml complex is more subjected to electrochemical 
adsorption and accumulation.  

  Fig. 2.34    Square wave anodic stripping voltammograms at gold electrode in 
0.05 M NaHCO 

3
  and in a presence of HPβCD–Nif. Nifedipine concentration: 

( a ) 0.91 μg cm −3 , ( b ) 1.82 μg cm −3 , ( c ) 2.71 μg cm −3 . Accumulation time: 180 s 
at  E  = 0.1 V; step size 2 mV, pulse size 20 mV, frequency 8 Hz, scan rate 
15 mV s −1  (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 16 ]       
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2.2.3     Central Nervous System Drugs 

 In modern civilization it is also evident the great demand for 
different medications related on treatment of various  psychoactive 
states. The drug classes included in this section are depressants 
and stimulants of central nervous system, various local anesthet-
ics, and also adrenergic and cholinergic agents. 

 The anodic behavior of  carbamazepine  (CBZ), an anticonvul-
sant drug (Fig.  2.38 ), has been studied on gold electrode in 
0.1 mol dm −3  phosphate buffer of pH 7.0 by using cyclic voltam-
metry [ 17 ]. It has been found that the value of the oxidative current 
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  Fig. 2.35    Square wave anodic stripping voltammograms at gold electrode in 
phosphate buffer (pH = 11) and in a presence of HPβCD–Nif. Nifedipine con-
centration: ( a ) 1.82 μg cm −3 , ( b ) 2.71 μg cm −3 , ( c ) 3.60 μg cm −3 . Accumulation 
time: 180 s at  E  = 0.1 V; step size 2 mV, pulse size 20 mV, frequency 8 Hz, scan 
rate 15 mVs −1  (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 16 ]       
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of pure CBZ at 0.90 V vs. SCE is a linear function of the concen-
tration in a range from 1.0 × 10 −7  to 1.0 × 10 −4  mol dm −3 . The detec-
tion of CBZ in the concentration of 1.0 × 10 −8  mol dm −3  is among 
the lowest that have been reported for this drug using voltammetric 
techniques. CBZ as a content of tablet Galepsine ®  has been quan-
titatively determined. It has also been demonstrated that the modi-
fi cation of gold electrode with bovine serum albumin (BSA) results 
in a decrease of the oxidative peak current due to the binding of the 
drug to BSA.

   In the presence of the CBZ standard (at the concentration of 
1.0 × 10 −8  mol dm −3 ), the reaction of the oxidation occurs in the 
area of the oxide formation with the apparent anodic activity from 

  Fig. 2.36    Cyclic voltammogram of gold electrode in phosphate buffer 
(pH = 11) ( dashed line ) and in a presence of HPβCD–Aml. Amlodipine con-
centration: ( a ) 3.26 μg cm −3 , ( b ) 6.45 μg cm −3 , ( c ) 9.58 μg cm −3 , sweep: 
50 mV s −1  (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 16 ]       
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0.90 to 1.10 V, as it is presented in Fig.  2.39 . The small lowering 
of the fi rst gold oxide peak at 0.75 V is also apparent only for the 
concentration of 1.0 × 10 −8  mol dm −3 . In the reverse sweep, the 
reaction of the oxide reduction has been decreased in the presence 
of CBZ at 0.44 V, which may be attributed to the reduction of 
products formed in the described anodic reactions, as it is the case 
with macrolide antibiotics [ 6 ,  11 ]. Furthermore, for all of the 
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  Fig. 2.37    Square wave anodic stripping voltammograms at gold electrode in 
phosphate buffer (pH = 11) and in a presence of HPβCD–Aml. Amlodipine 
concentration: ( a ) 9.58 μg cm −3 , ( b ) 11.13 μg cm −3 , ( c ) 12.65 μg cm −3 , ( d ) 
14.17 μg cm −3 . Accumulation time: 180 s at  E  = 0.1 V; step size 2 mV, pulse 
size 20 mV, frequency 8 Hz, scan rate 15 mVs −1  (Reproduced with a permis-
sion from International Journal of Electrochemical Science) [ 16 ]       
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investigated concentrations of CBZ from 1.0 × 10 −7  to 
1.0 × 10 −4  mol dm −3 , in anodic direction, cyclic voltammograms 
exhibited the changed shape compared to the cyclic voltammo-
grams in the presence of 1.0 × 10 −8  mol dm −3  of CBZ, as well as in 
its absence. The increasing anodic current values from 0.30 to 
1.10 V due to the increased CBZ concentrations lead to the forma-
tion of the current shoulder with the maximum value at 0.95 V. The 
fi rst gold oxide peak at 0.75 V completely diminished as shown in 
Fig.  2.39 . Because it has tendency to undergo poisoning after the 
fi rst sweep, gold electrode has been polished between successive 
additions of suitable aliquots of the working solution of CBZ in 
phosphate buffer solution to obtain good reproducible results, 
improved sensitivity, and resolution of voltammetric peaks.
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  Fig. 2.39    The cyclic voltammograms of bare gold electrode ( black line ) and 
in the presence of the carbamazepine (CBZ) standard in the concentration 
from 1.0 × 10 −8  to 1.0 × 10 −4  mol dm −3  (1.0 × 10 −8  mol dm −3   pink line , 
1.0 × 10 −7  mol dm −3   blue line , 1.0 × 10 −6  mol dm −3   green line , 1.0 × 10 −5  mol dm −3  
 orange line , 1.0 × 10 −4  mol dm −3   red line ) in 0.1 mol dm −3  phosphate buffer 
(pH 7.0), sweep rate 50 mVs −1  (only the fi rst sweep is recorded).  Inset : The 
dependency of the value of the oxidative currents of CBZ at 0.90 V on the 
concentration in the range 1.0 × 10 −7 –1.0 × 10 −4  mol dm −3  (Reproduced with a 
permission from Association of Chemical Engineers of Serbia) [ 17 ]       
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   The simple, fast, and cheap voltammetric procedure using 
gold electrode for the CBZ determination can be further devel-
oped as an additional method offering useful combinations with 
HPLC and with already investigated electrodes, such as glassy 
carbon electrode. 

 The abuse of  amphetamine type stimulants  (ATS) is on the rise 
worldwide. According to UNODC data, the number of ATS users 
is larger than the number of heroin and cocaine users combined. 
Amphetamine (A, Fig.  2.40a ) and methamphetamine belong to the 
β-phenyl ethylamine structure sympathomimetic drugs that were 
utilized as psychostimulants, antidepressants, and appetite sup-
pressants. 3,4-Methylenedioxy- N -methylamphetamine (MDMA, 
Fig.  2.40b ) can induce euphoria and diminished anxiety.

   There is an increasing interest in the development of rapid, 
selective, and sensitive methods for the identifi cation and quantifi -
cation of A and MDMA in illegal market samples. This has been 
realized using a variety of methodologies: chromatographic tech-
niques, such as HPLC and gas chromatography, capillary electro-
phoresis, and infrared spectroscopy. Electroanalytical techniques 
have become powerful tools in modern analytical chemistry for the 
determination of amphetamine-type drugs. The electrochemical 
oxidation mechanism of amphetamine-like compounds has not 
been clarifi ed. 

 Cyclic voltammetry of some ATS on gold electrode is at the 
fi rst time performed as is presented in Fig.  2.41  [ 17 ].

   The value of the oxidative current of the amphetamine standard 
at 0.80 V vs. SCE in 0.05 M NaHCO 

3
  at the scan rate of 50 mVs −1  

was a linear function of the concentration in a range of 
110.9–258.9 μM. 

NH2 NHO

O

a b

  Fig. 2.40    Chemical structures of ( a ) amphetamine and ( b ) 3,4- methylenedio
xy-  N -methylamphetamine       
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 The tested concentrations of the MDMA standard, continuously 
added in the same experiment, are presented in Fig.  2.42  (full 
lines). The cyclic voltammograms show an apparent oxidative 
reaction, with a sharp maximum at the end of the examined oxide 
region and maximum current values at 0.80 V. Contrary to amphet-
amine, the oxidation of MDMA began at 0.1 V at the gold elec-
trode surface, 350 mV before oxide formation. This suggests that 
for MDMA, the gold electrode acted as a catalyst and its molecules 
were not strongly adsorbed, as in the case of amphetamine.

   The urine samples spiked with amphetamine tablets (in the con-
centration range 110.9–258.9 μM) were analyzed in a same man-
ner as was presented for A. The determination of A in the spiked 
urine samples was also realized by the standard addition method at 
two different concentration levels (110.9 and 184.9 μM). Four 
determinations were performed at each concentration level 
(Table  2.2 ). The mean recoveries for the two concentrations were 
98.85 % and 97.36 % with relative standard deviations of 0.141 
and 1.226, respectively.

  Fig. 2.41    Cyclic voltammogram of the gold electrode in 0.05 M NaHCO 
3
  

( dashed line ) and in a presence of amphetamine standard ( full line ) ( a ) 110.9, 
( b ) 147.9 μM, ( c ) 184.9, ( d ) 221.9, and ( e ) 258.9 μM. Sweep rate: 50 mVs −1  
(Reproduced with a permission from Serbian Chemical Society) [ 18 ]       
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   The urine samples spiked with MDMA standard were analyzed 
as well and square wave anodic stripping voltammograms of 
spiked urine samples for the set of concentrations of MDMA pre-
sented in Fig.  2.43  are the same as those observed in the absence 
of urine. The voltammogram for the highest tested concentration 
of MDMA, 91.6 μM, in Fig.  2.43  shows that a small shoulder that 
appeared at 0.35 V, attributed to the presence of the urine of healthy 
volunteers, did not disturb the oxidation of MDMA and had no infl u-
ence on the value of the oxidation peak. The peak could be slightly 
shifted to positive potential values (as is presented in Fig.  2.43 ) 
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  Fig. 2.42    Cyclic voltammogram of the gold electrode in 0.05 M NaHCO 
3
  

( dashed line ) and in a presence of MDMA standard ( full line ) ( a ) 38.7, ( b ) 
77.1, ( c ) 153.7, and ( d ) 229.2 μM. Sweep rate: 50 mVs −1  (Reproduced with a 
permission from Serbian Chemical Society) [ 18 ]       

   Table 2.2    Determination of amphetamine in spiked urine samples using the 
CV method   

 Taken concentration 
(μM) 

 Recovery (%)  SD  RSD 

 CV  HPLC  CV  HPLC  CV  HPLC 

 110.9  98.25  99.85  0.138  0.100  0.141  0.110 

 184.9  97.36  99.87  1.201  0.750  1.226  0.805 

  Reproduced with a permission from Serbian Chemical Society [ 18 ]  

 

2 Contribution to the Recent Advances in Electrochemical…



142

but it did not occur with all spiked urine samples and depended on 
the urine content, which is common in clinical praxis. The results 
obtained revealed that SWV could be successfully applied for the 
quantitative determination of MDMA in urine.

   The oxidative ability of  donepezil  (Fig.  2.44 ), a frequently pre-
scribed drug for the treatment of Alzheimer’s disease is reported 
for the fi rst time at a gold electrode [ 19 ]. It was oxidized by cyclic 
voltammetry and determined by square wave voltammetry in 
phosphate buffer electrolyte. Electrochemical degradation of 
donepezil was carried out by long-term potential cycling. The 
identifi cation and characterization of the major product, isolated 
by preparative high performance liquid chromatography, was per-
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  Fig. 2.43    Square wave anodic stripping voltammograms at the gold electrode 
in 0.05 M NaHCO 

3
  in a presence of MDMA standard, ( a ) 30.9, ( b ) 46.4, ( c ) 

76.5, ( d ) 91.6, and ( e ) 91.6 μM spiked with urine. Accumulation time: 220 s at 
 E  = 0.1 V; step size 2 mV, pulse size 25 mV, frequency 8 Hz, and scan rate 
15 mVs −1  (Reproduced with a permission from Serbian Chemical Society) [ 18 ]       
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formed by high resolution mass spectrometry and 1D and 2D 
nuclear magnetic resonance spectroscopy. Donepezil hydroxyl 
derivative was identifi ed as the major electrochemical oxidation 
product from donepezil.

   The donepezil electroactivity is examined by cyclic voltamme-
try as is presented in Fig.  2.45  showing in the fi rst sweep an elec-
trooxidation reaction from 0.9 to 1.25 V with the apparent current 
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  Fig. 2.44    The structures of donepezil ( a ) and the major degradation product ( b )       
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  Fig. 2.45    Cyclic voltammogram of gold electrode ( dashed line ) and in a pres-
ence of donepezil (50 mg/100 cm −3 ) in pH 3 phosphate buffer solution before 
( dotted line ) and after continuous potential cycling ( full line ). Sweep rate 
50 mVs −1  (Reproduced with a permission from John Wiley & Sons) [ 19 ]       
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maximum at 1.15 V and much smaller, second one at 1.4 V. The 
fi rst anodic reaction appears before the oxide formation at gold 
electrode with the current maximum in the area of oxide formation 
suggesting that gold oxide favors the donepezil oxidation. In the 
reverse sweep, the apparent cathodic reaction appears at 0.4 V 
(dotted line). During the long-term potential cycling, the fi rst 
anodic reaction decreases, the new one appears at 1.25 V, with 
high currents maximum at 1.4 V. The overlapping with the second 
anodic reaction cannot be excluded. The cathodic reaction appar-
ently diminishes indicating independency of anodic processes 
(dotted line). Cyclic voltammetry allows the fast breaking of sites 
labile toward the oxidation in a donepezil. The linear dependence 
of the peak currents vs. square roots of sweep rates (25, 50, 100 
and 200) mVs −1  suggests the diffusion control of the reaction. 
Electrochemical studies combined with the analysis of the bulk 
electrolyte after the electrochemical reactions by HPLC were per-
formed. The HPLC method confi rmed the existence of several 
 degradation products. The targeted degradation product under 
study is marked as signifi cant degradation product eluted at reten-
tion time of about 11.187 min. Analytical HPLC chromatograms 
of sample of donepezil bulk drug and sample of donepezil bulk 
drug electrochemically degraded are obtained by using the HPLC 
method and are shown in Fig.  2.46 . To increase the amount of 
unknown degradation product of donepezil in the bulk electro-
lyte, the sample was exposed to 96 h of continuous potential 
cycling in electrochemical cell. A simple reverse phase semi-
preparative chromatographic system was used for isolation of the 
degradation product from bulk electrolyte. In this chromato-
graphic system, the degradation product eluted at about 14.0 min. 
The degradation product fraction was collected and then concen-
trated at room temperature under high vacuum. Purity of the iso-
lated product was tested and found to be 99.0 %, before carrying 
out spectroscopic and spectrometric experiments. For structure 
elucidation of the degradation product high resolution mass 
spectrometry (HRMS) and 1D and 2D NMR experiments were 
used. Acquisition of HRMS data allowed a determination of the 
molecular formula. Using high resolution HPLCESI-TOF/MS, 
the MS spectra of the major degradation product from electro-
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chemical degradation of donepezil drug substance were recorded 
in positive and negative mode. MS spectra show precursor ion 
peak at  m / z  396.2169[M + H] +  in positive mode, and at  m / z  
430.1791 [M + Cl] −  and 440.2079 [M + HCOO] −  in negative 
mode, indicating the molecular formula C 

24
 H 

29
 NO 

4
 . The struc-

ture of donepezil degradation product was determined by 1D and 
2D NMR spectroscopy.

    The  1 H NMR and  13 C NMR spectra of the major degradation 
product are similar to that of donepezil, showing that they have the 
same basic structure. The corresponding structure of the major 
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tion (pH 3) after 14 h of continuous potential cycling in electrochemical cell 
( b ) and pure donepezil ( a ) (Reproduced with a permission from John Wiley & 
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degradation product was characterized as 2-[(1-benzylpiperidin-
4-yl)(hydroxy)methyl]-5,6- dimethoxyindan- 1-one. This com-
pound has been reported as intermediate in various processes for 
the synthesis of donepezil and has been investigated for acetylcho-
line esterase inhibitory activity [ 20 ]. 

 Golcu and Ozkan [ 21 ] suggested that at glassy carbon electrode 
the fi rst main anodic reaction could be attributed to the oxidation 
of the nitrogen atom on the piperidinyl moiety in donepezil. The 
second anodic oxidation step of donepezil was assigned to the 
oxidation of alkoxybenzene. 

 In our study also two anodic reactions were observed. The fi rst 
main reaction with the current maximum at 1.15 V could be 
assigned to the oxidation of the nitrogen atom while the second, 
much smaller anodic reaction (at 1.4 V) could be assigned to the 
oxidation of alkoxybenzene. This is in agreement with the results 
presented in [ 21 ]. It was suggested that oxidation of alkane to alco-
hol at Pt electrode [ 22 ] proceeds to the formation of secondary 
carbonium ion in the presence of an acid. Further, carbonium ion 
reacts with solvent, water, to form an alcohol. We believe that 
under the applied reaction conditions (acid, water) similar reaction 
mechanism proceeds at Au electrode during the oxidation of done-
pezil which leads to the formation of the major oxidation product 
(Fig.  2.44b ). In SWV experiments, deposition times of 120 and 
180 s and deposition potentials 0 and 0.2 V were tested but better 
sensitivity was obtained under conditions presented in Fig.  2.47 . 
SW voltammograms recorded for  increasing amount of donepezil 
(Fig.  2.4a ) showed linear increase of peak currents with concentra-
tion in the range from 29.1 to 65.4 mg cm −3  (Fig.  2.47b ).

    Phenytoin  (5,5-diphenylhydantoin—Fig.  2.48 ), one of the most 
frequently used anticonvulsant and antiarrhythmic drug, was 
examined and determined at bare gold electrode in 0.05 M NaHCO 

3
  

using its anodic activity by cyclic voltammetry and square wave 
voltammetry [ 23 ]. Gold electrode is highly sensitive to the phe-
nytoin concentration (the investigated level of concentrations is 
usually found in human serum of patients treated with phenytoin), 
providing linear relationships for a set of lower concentrations 
(0.5, 0.6, 0.8, 1.0 mmol dm −3 ) and for a set of higher concentra-
tions (10, 20, 30, 40, 50 mmol dm −3 ). The effects of the substituent 
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on the phenyl rings on the electrochemical behavior of two 
derivatives, 5,5-di(4-chlorophenyl) hydantoin and 5,5-di
(4- methylphenyl)hydantoin, were examined by CV. A computa-
tional study in correlation with the experimental voltammetric 
results enabled to propose the oxidation mechanisms: the investi-
gated compounds undergo oxidation involving transfer of 1 e  −  and 
1 proton by irreversible, diffusion- controlled process.

  Fig. 2.47    ( a ) Square wave anodic stripping voltammograms of donepezil in 
concentration range from 29.1 to 65.4 mg cm −3  at gold electrode in pH 3 buffer 
solution (gold electrode:  dashed line , donepezil concentration: ( a ) 
29.1 mg cm −3 , ( b ) 38.5 mg cm −3 , ( c ) 47.6 mg cm −3 , ( d ) 56.6 mg cm −3 , ( e ) 
65.4 mg cm −3 ). Accumulation time: 120 s at  E  = 0.0 V; step size 2 mV, pulse 
size 25 mV, frequency 8 Hz, scan rate 15 mVs −1 . ( b ) The linear dependency of 
anodic peak currents vs. concentration of donepezil (Reproduced with a per-
mission from John Wiley & Sons) [ 19 ]       

NH

N
H

O

O

  Fig. 2.48    Chemical structure of phenytoin       
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   Derivatives of hydantoin (imidazolidine-2,4-dione) are important 
anticonvulsant drugs in the treatment of epilepsy. Depending on the 
substituents attached to the heterocyclic ring, they can also act as 
antibacterial and antifungal agents, free radical scavengers, sero-
tonin and fi brinogen receptor antagonists, antiproliferative agents, 
as well as skeletal  muscle relaxants. Phenytoin (5,5-diphenylhydan-
toin or Dilantin) is a well-known anticonvulsant and antiarrhythmic 
agent in the treatment of grand mal and psychomotor epilepsy, but 
its versatile biological effects still attract considerable attention. 

 Cyclic voltammetry revealed electrochemical activity and 
 concentration dependency of phenytoin in pH 8.4 using 0.05 M 
NaHCO 

3
  solution and thus possibility for its quantitative determi-

nation by square wave voltammetry. In SWV experiments, deposi-
tion times of 120 and 25 s and deposition potentials of 0.1 and 
0.2 V as well as pulse amplitude of 50 mV were tested but better 
results were obtained under conditions presented in Figs.  2.49 , 
 2.50 , and  2.51 .

     SW voltammograms recorded for increasing amount of phe-
nytoin for the set of lower concentrations showed linear increase 
of anodic peak currents to the concentration (insert in Fig.  2.49 ) 
with an excellent correlation coeffi cient ( R  = 0.995). Square wave 
voltammetry also shows that all the lower concentrations of phe-
nytoin start to oxidate at lower potentials than the oxide formation 
on gold electrode begins to develop as was observed with the 
cyclic voltammetry (Fig.  2.49 ). The concentration-dependent 
anodic peak obtained by SWV appears at the very beginning of the 
gold oxide formation. 

 By SWV the linear dependency of the current value of anodic 
peak on the analyte concentration is obtained with the 20 μM dm −3  
phenytoin as the highest one. It could be explained by effect of the 
accumulation time which is long enough to accumulate higher 
amount of the phenytoin molecules at the gold electrode surface 
and at the interface with the electrolyte. When concentrations 
higher than 20 μM dm −3  of phenytoin are tested, the peak height 
observed by SWV increases slowly and it is not concentration 
dependent. 

 To investigate the infl uence of substituent on phenytoin, deriva-
tives with electroaccepting and electron-donating  functional 
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groups in the phenyl rings were synthesized. The synthesized 
derivatives of phenytoin ( 1 ), 5,5-di(4-chlorophenyl) hydantoin ( 2 ) 
and 5,5-di(4-methylphenyl) hydantoin ( 3 ), were investigated by 
cyclic voltammetry and compared with phenytoin (Fig.  2.52 ). The 
chloro derivative exhibits the quite similar voltammetric behavior 
as was observed with phenytoin (Figs.  2.49  and  2.52 ) with the little 
bit lower anodic currents and with the neglectable lowering of the 
currents of gold oxide reduction. The methyl derivative shows two 
anodic waves in the area of the gold oxide formation with the little 
bit higher currents than was observed with phenytoin and with the 
increased currents of gold oxide reduction. Both derivatives exhibit 
the higher currents at 1.1 V than phenytoin.

  Fig. 2.49    CVs of 20 mmol dm −3  of phenytoin on gold electrode using 0.05 M 
NaHCO 

3
  for scan rates: 20, 40, 60, 80,100, 120, and 140 mVs −1 . Insets: plots 

of current vs.  v  1/2  ( a ) and peak potential shift vs. ln of scan rates ( b ) (Reproduced 
with a permission from Elsevier) [ 23 ]       
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   To compare the energy differences between systems involved 
into the oxidation mechanism, DFT M06-2X calculations with 
6-311++G(d,p) basis set are carried out. To keep systems on the 
same level, the energy of H 

2
 O molecule was added to the energy of 

hydantoin molecule (G) and corresponding radical cation (R + ) and 
the energy of H 

3
 O +  ion was added to the energy of radical and 

anionic species. 
 From the M06-2X results can be seen that the formation of radi-

cal in position N1 (RN1) is thermodynamically favored instead of 
the formation of radical in position N3 (RN3). The differences of 
the energy for formation of RN1 and RN3 radicals are 13.1 and 

  Fig. 2.50    Square wave anodic stripping voltammograms of phenytoin (5, 10, 
15, 20) μM dm −3  obtained with the Au electrode ( dashed line ) at pH 8.4 using 
0.05 M NaHCO 

3
 . Accumulation time: 0.2 s at  E  = 0.0 V; step size 5 mV, pulse 

size 25 mV, frequency 10 Hz, scan rate 50 mVs −1 .  Insert : The linear depen-
dency of anodic peak currents vs. concentration of phenytoin (Reproduced 
with a permission from Elsevier) [ 23 ]       
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13.0 kcal mol −1  in vacuum and water for phenytoin. The mecha-
nism of electrolytic oxidation can be divided in two steps: electro-
chemical abstraction of electron and abstraction of proton. The 
order of these steps can kinetically favor formation of the corre-
sponding radical. The fi rst route which consisted of abstraction of 
electron followed by abstraction of proton, from main molecule 
(G) via intermediate radical cation (R + ) leads to thermodynami-
cally more stable radical RN1. 

 From the other side, second route considers the abstraction of 
proton in the fi rst step and formation of anion on N1 (AN1) or N3 
(AN3) as intermediates. The formation of AN3 is thermodynami-
cally favored. Differences of the energy for formation of AN1 and 

  Fig. 2.51    Square wave anodic stripping voltammograms of phenytoin (5, 10, 
15, 20 mmol dm −3 ) obtained with the Au electrode using 0.05 M NaHCO 

3
 . 

Accumulation time: 0.2 s at  E  = 0.0 V; step size 5 mV, pulse size 25 mV, fre-
quency 10 Hz, scan rate 50 mVs −1 . Inset: the linear dependency of anodic peak 
currents vs. concentration of phenytoin (Reproduced with a permission from 
Elsevier) [ 23 ]       
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AN3 from phenytoin are −4.6 and −7.3 kcal mol −1  in vacuum and 
water and correspond with acidity of N1–H and N3–H bonds of 
hydantoins. Second step, electrochemical abstraction of electron 
needs 82.3 and 126.4 kcal mol −1  energy for formation of radical 
RN1 and 82.3 or 126.4 kcal mol −1  energy for formation of radical 
RN3 in vacuum and water for phenytoin. 

 The energy for abstraction of electron is dependent on the 
mechanistic path involved in. As both the paths are feasible, the 
ratio of the paths is in direct correlation to concentration of hydan-
toin and its anionic forms. The second mechanistic path slightly 
favors formation of RN3 radical. 

 These fi ndings are in good correlation with experimental fi nd-
ings which show that voltammetric response depends on pH of 
solution of hydantoins. Voltammetric response of solution on 

  Fig. 2.52    CVs (fi rst scan) of 20 mmol dm −3  phenytoin and its derivatives on 
gold electrode using 0.05 M NaHCO 

3
 , scan rate: 50 mVs −1  (Reproduced with 

a permission from Elsevier) [ 23 ].       
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lower pH is on the bigger values and increase of pH leads to 
decrease of value of voltammetric response. 

 The energies of the frontier molecular orbital, HOMO and 
LUMO, are important parameters of the molecular electronic 
structure, because both are taking part in the chemical reaction. 
The molecule that has the lower HOMO energy has the weakest 
donating electron ability; otherwise, a higher HOMO energy 
implies that the molecule is a good electron donor. Energy of 
HOMO is a useful diagnostic criterion for oxidation. It has been 
reported that negative value of HOMO energy (equal to ionization 
potential) is directly proportional to oxidation potential. As well 
the energy difference between LUMO and HOMO orbital energies 
determines the chemical reactivity. 

 The HOMO orbital of all investigated molecules is  π -like orbital 
and they are mainly localized on the phenyl groups and just partly 
distributed over the hydantoin ring. The HOMO and LUMO orbit-
als of investigated hydantoins are shown pictorially in Fig.  2.53 .

   An examination of HOMO energy values, from B3LYP/6- 
311++G(d.p) calculations, listed in Table  2.3  refl ects that the 
hydantoin oxidation follows the same order as obtained from 
voltammetric results. Modulation of HOMO energy with changing 
functional group suggests that incorporation of substituent on phe-
nyl rings can affect the oxidation potential.

   The comparatively easier oxidation of 5,5′-(4,4′-dimethyl- 
diphenyl) hydantoin is evident from its lower negative HOMO 
energy (−6.75 eV) than phenytoin (−7.06 eV) due to the electron-
donating effect of methyl groups. 

 Energy of HOMO in 5,5′-(4,4′-dichloro-diphenyl) hydantoin 
( 3 ) is under the infl uence of two opposing effects (positive meso-
meric and negative inductive) resulting in slightly higher nega-
tive value in vacuum (−7.11 eV) and lower in water (−7.02 eV) 
than phenytoin ( 1 ). This can be explained by the infl uence of 
solvation sphere of water which lower inductive effect as a result 
of electrostatic interaction with Cl groups of hydantoin  3 . As the 
COSMO model does not include electronic contribution for the 
creation of the hydrogen bonds, the overall effect is considerably 
smaller then expected. Nevertheless, predicted effect of electron- 
donating ability of Cl group in water has the same direction as 
the experimental results and supports the experimental fi ndings. 
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 The spin density distribution is an important quantum property 
of the radical species. SD maps can show the delocalization of the 
electron spin which determines stability of radicals and indicates 
its reactive sites. It can be seen from Fig.  2.54  that the SD of radi-
cal cation is delocalized over both phenyl group indicating on that 
way big infl uence of substituent to its stability. Energy difference 
of R +  from UM06-2X/6- 311++G(d,p) calculation for  1 ,  2  and  3  is 
around 10 and 7 kcal/mol for vacuum and water. On the other side, 
the SD of radical RN1 and RN2 is mostly distributed between cor-
responding nitrogen atom and atoms of nearby carbonyl groups. 
Stability of RN1 and RN2 shows very small infl uence of substituent 

  Fig. 2.53    The HOMO and LUMO molecular orbitals, their energies, and 
energy gaps for investigated hydantoins (Reproduced with a permission from 
Elsevier) [ 23 ]       
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for correspondent radical, less than 0.7 kcal mol −1 , in all cases. As 
the SD maps for RN1 and RN2 show lot of similarity with HOMO 
orbital plots for AN1 and AN3 anions, the same conclusion can be 
derived for the electrochemical abstraction of electron from cor-
responding anions (second route in mechanism of electrolytic oxi-
dation) especially for water as solvent. Energy difference for 
abstraction of electron from corresponding anion in water for  1 ,  2,  
and  3  is less than 2.5 kcal mol −1 .

   The proposed mechanism for the oxidation of hydantoin deriva-
tives is given at the following scheme (Fig.  2.55 ).

  Fig. 2.54    Distribution maps of spin density (squared) for radical species for 
studied hydantoins (R + —radical cation; RN1—radical in position N1; RN3—
radical in position N3) (Reproduced with a permission from Elsevier) [ 23 ]       
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   Many requests for the determination of the anticonvulsant 
drugs arise as a result of problems in the therapy of neurological 
disorders. Phenobarbital has a narrow therapeutic range, so its 
concentration needs to be monitored in order to adjust the dose to 
the optimal level for effective therapeutic control but with mini-
mal side effects such as neurological toxicity [ 24 ]. The drug is 
frequently used in combination with paracetamol since its pres-
ence reduces the recurrence risk of simple febrile seizures [ 25 ]. 
DPV has been successfully applied for the determination of phe-
nobarbital and paracetamol in pharmaceuticals [ 26 ]. Raoof et al. 
[ 27 ] have prepared a modifi ed electrode by incorporation of mul-
tiwalled carbon nanotube and Pt-nanoparticles into a paste matrix. 
The DPV response of a drug mixture reveals two well-distin-
guished oxidation peaks, corresponding to the oxidation of phe-
nobarbital and paracetamol, which allow their individual 
determination.  

2.2.4     Anticancer Drugs 

 The chemotherapy of cancer and neoplastic disease has become 
very important in recent years. Most antineoplastic drugs are 
highly toxic to the patient and must be administered with extreme 
cautions. In this section, are noted several representative drugs 
with different structures and signifi cant antitumor activity. 

  Idarubicin  is an antracycline drug (Fig.  2.56 ) which exerts 
signifi cant antitumor activity. The effect of surface  modifi cations 
on the electrochemical behavior of the anticancer drug idarubi-
cin was studied at multiwalled carbon nanotubes modifi ed 
glassy carbon and edge plane pyrolytic graphite electrodes. The 
surface morphology of the modifi ed electrodes was character-
ized by scanning electron microscopy [ 28 ]. The modifi ed elec-
trodes were constructed for the determination of idarubicin 
using adsorptive stripping differential pulse voltammetry. The 
experimental parameters such as supporting electrolyte, pH, 
accumulation time and potential, and amount of carbon nano-
tubes for the sensitive assay of idarubicin were studied as details. 
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The results revealed that the modifi ed electrodes showed an 
obvious electrocatalytic activity toward the oxidation of idarubi-
cin by a remarkable enhancement in the current response com-
pared with bare electrodes.

   Under the optimized conditions, idarubicin gave a linear 
response in the range 9.36 × 10 −8  to 1.87 × 10 −6  M for modifi ed 
glassy carbon and 9.36 × 10 −8  to 9.36 × 10 −7  M for modifi ed edge 
plane pyrolytic graphite electrodes. The detection limits were 
found as 1.87 × 10 −8  and 3.75 × 10 −8  M based on modifi ed glassy 
carbon and edge plane pyrolytic graphite electrodes, respectively. 
Interfering species such as ascorbic acid, dopamine, and aspirin 
showed no interference with the selective determination of idaru-
bicin. The analyzing method was fully validated and successfully 
applied for the determination of idarubicin in its pharmaceutical 
dosage form. The possible oxidation mechanism of idarubicin was 
also discussed. The results revealed that the modifi ed electrodes 
showed an obvious electrocatalytic activity toward the oxidation 
of idarubicin by a remarkable enhancement in the current response 
compared with bare electrodes. 

 Anthracyclines were originally isolated from a pigment produc-
ing  Streptomyces  and are among the most widely used anticancer 
agents. Idarubicin (IDA) is an anthracycline, which exerts antitu-
mor activity in several solid tumors and hematological malignan-
cies. Because the molecule is more lipophilic than the other 
anthracyclines it can be administered orally. IDA (Fig.  2.57 ), a 
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  Fig. 2.56    Molecular structure of idarubicin       
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synthetic analog of daunorubicin, acts by intercalating between 
DNA base pairs and inhibiting topoisomerase II. Additionally, it 
induces free oxygen radicals leading to destruction of DNA and 
cell membrane.

   Idarubicin contains anthracycline and phenol moieties to 
exclude the possibility of the oxidation part of IDA. Moreover, 
IDA contains highly electroactive hydroxyl groups on the benzene 
rings. In general, the oxidation of phenol in a solution at high pH 
values will generate the phenoxy radical giving an additional oxi-
dation and reduction process similar to anthracyclines such as epi-
rubicin, doxorubicin, and daunorubicin. Therefore, voltammetric 
techniques are most suitable for investigating the redox properties 
of drug active compounds. This can give insight into the metabolic 
fate or in vivo redox process of pharmaceutical activity. The inter-
est in developing electrochemical sensing devices for use in clini-
cal assays is growing rapidly. Electrochemical sensors based on 
nanomaterial can cope for real samples, which did not have a com-
plex composition and time-consuming preparation steps. The 
adsorptive stripping differential pulse voltammetric (AdSDPV) 
technique has been reemergent among electroanalytical techniques 
through the use of carbon nanotube- modifi ed electrodes where a 
thin porous layer of nanotubes is in electrical contact with a suit-
able electrode. 

  Tamoxifen , [Z]-2-[4-(1,2-diphenyl-1-butenyl)-phenoxy]- N , N -
dimethylethylamine (Tam), a nonsteroidal antiestrogen, has been 
the most important hormonal agent for treatment of breast cancer 
for more than two decades, and recently has been approved as a 
long-term chemopreventive agent for breast cancer in healthy 
women at high risk for developing breast cancer (Fig.  2.58 ). Tam 
undergoes chemical transformation to its phase I metabolites 
in vivo, resulting in a series of modifi ed species, predominately 
through methylation or hydroxylation of the benzene rings on the 
tamoxifen structure, to structures such as 4-hydroxytamoxifen.

   The electrochemical investigation of Tam at the glassy carbon 
electrode and ruthenium oxide (RuO 

2
 ) doped on Ebonex electrode 

in phosphate buffered solution has been studied, based on the 
adsorption behavior of Tam at the glassy carbon electrode surface 
[ 29 ]. The cyclic voltammetric behavior shows well-defi ned 
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irreversible anodic peak at 1.12 V, so to the cyclization reaction to 
form the corresponding phenanthrene derivative. A fully validated, 
simple, sensitive, selective, fast, and low-cost differential pulse 
and square wave adsorptive anodic stripping voltammetric meth-
ods were developed for determination of Tam in bulk form, and in 
spiked human urine and serum. The described methods could be 
recommended for use in trace analysis, quality control, and clini-
cal laboratories. The phase I metabolite TamOH was shown to be 
signifi cantly separated from Tamoxifen, being oxidized at a lower 
potential, but its lower adsorptive character and interfering species 
at its stripping potential limits our ability to validate a method for 
its determination. 

 The electrooxidative behavior of tamoxifen and 
4- hydroxytamoxifen (TamOH) was investigated by cyclic, 
differential-pulse adsorptive anodic stripping (DPAdAS) and 
square-wave adsorptive anodic stripping (SWAdAS) voltammet-
ric techniques. [ 29 ] The anodic oxidation peak of tamoxifen was 
attributed to the cyclization reaction to form the corresponding 
phenanthrene derivative and the mechanism of oxidation was 
postulated on the basis of controlled potential electrolysis and 
isolation of the oxidative product. Oxidative stripping analysis 
was successfully applied to the determination of tamoxifen in a 
bulk pharmaceutical formulation, and sensitivity in human urine 
and serum was validated. The achieved limits of detection (LOD) 
of bulk tamoxifen were 1.8 × 10 −6  and 2.4 × 10 −6  mol dm −3  for 
DPAdAS and SWAdAS, respectively. The LOD values for tamox-

O
N
H

  Fig. 2.58    Chemical structure of tamoxifen       
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ifen in human urine and serum sample analysis were 4.75 × 10 −7  
and 2.63 × 10 −7  and 1.98 × 10 −7  and 3.28 × 10 −7  mol dm −3  for 
DPAdAS and SWAdAS, respectively. 4-hydroxytamoxifen is 
oxidized at more positive potentials than Tamoxifen, separated 
from the Tamoxifen stripping peak, and its adsorption to the 
glassy carbon electrode is less pronounced. This affects the abil-
ity to determine this important phase I metabolite in serum and 
urine samples.  

2.2.5     Anti-infl ammatory Drugs 

 Anti-infl ammatory, especially nonsteroidal drugs continue to be of 
the more widely used groups of therapeutic drugs. The medicinal 
drugs covered in this section represent a major market in both pre-
scription and nonprescription drugs. 

 As the very fi rst electrochemical investigation of  oxaprozin , 
nonsteroidal anti-infl ammatory drug, using cyclic voltammetry on 
gold electrode in 0.05 mol dm −3  NaHCO 

3
 , the synthesized drug, its 

analytical standard, and its content in Duraprox ®  tablets were char-
acterized with one oxidation reaction and the three reduction reac-
tions [ 30 ]. All they exhibited the linear concentration dependency 
of anodic  currents at 0.83 V for the analytical standard and 0.85 V 
for Duraprox ®  tablets in the range of concentrations 8.44–
32.78 × 10 −6  mol dm −3 . The strong adsorption of bovine serum 
albumin (BSA) on gold electrode in 0.1 mol dm −3  phosphate buffer 
solution (pH 7.4) is shown and concentration dependency of 
anodic currents of oxaprozin standard on BSA/Au is studied. 
Following the Langmuir adsorption thermodynamic equation, the 
binding constants of oxaprozin on BSA/Au electrode was calcu-
lated with the results 1.23 × 10 5  dm 3  mol −1 . 

 Oxaprozin, 3-(4,5-diphenyl-1,3-oxazol-2-yl)propanoic acid 
(Fig.  2.59 ), is one of the leading nonsteroidal anti- infl ammatory 
drugs (NSAIDs) in the US market, which is used in the treatment 
of a number of infl ammatory musculoskeletal diseases, including 
rheumatoid arthritis, osteoarthritis, ankylosing spondylitis, tendi-
nitis, and bursitis. It exhibits several advantages over other NSAIDs 
(e.g., aspirin, diclofenac, ibuprofen) including a low incidence of 
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gastrointestinal side effects, a long half-life with long duration of 
action, and good patient compliance with a once-daily oral regi-
men. Several  chromatographic methods have been presented in the 
literature for the determination of oxaprozin and its impurities in 
the bulk drug as well as in biological fl uids.

   As is presented in Fig.  2.60a , the cyclic voltammogram shows 
that on gold electrode in the presence of oxaprozin standard, the 
apparent reaction of the oxidation occurred in the area of the 
oxide formation with big anodic current plateau between +0.6 and 
+0.9 V. In the reverse sweep, the reaction of the oxide reduction 
was decreased in the presence of oxaprozin which can be attrib-
uted to the reduction of products formed in described anodic reac-
tion. In the cathodic direction in reverse sweep, the two additional 
reduction reactions occurred: the fi rst with the cathodic peak at 
−0.2 V and second one, with cathodic peak at −0.55 V. By cyclic 

  Fig. 2.59    Interaction of oxaprozin with serum albumin. The 3D structure was 
obtained using Pymol vs. 0.99 and data obtained from Protein Data Bank 
(PDB). PDB code of serum albumin: 2BXM (Reproduced with a permission 
from International Journal of Electrochemical Science) [ 30 ]       
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voltammetry on gold electrode, the synthesized oxaprozin as well 
as its analytical standard was characterized with one oxidation 
reaction and the three reduction reactions. The synthesized oxa-
prozin and analytical standard exhibited the identical electro-
chemical behavior and the concentration dependency of anodic 
currents at 0.83 V in the range of concentrations 8.44–
32.78 × 10 −6  mol dm −3 . This linearity is presented in the left corner 
of Fig.  2.60a . In Fig.  2.60b  is shown the voltammetric character-
ization of the content of oxaprozin tablets (Duraprox ® ). Cyclic 
voltammograms of oxaprozin standard and as a content of 
Duraprox ®  tablets show an identical electrochemical activity of 
examined drugs and clearly indicate that the present excipients in 
tablets have no any infl uence on oxaprozin activity. Excipients 
were examined separately and did not exhibit any electrochemical 
activity under the experimental conditions presented in Fig.  2.2b  
and in [ 6 ,  11 ]. The concentration dependency of anodic currents 
of content of oxaprozin tablets (Duraprox ® ) at 0.85 V in the range 
of concentrations 8.44–32.78 × 10 −6  mol dm −3  is linear. This lin-
earity is shown in the left corner of Fig.  2.60b .
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  Fig. 2.60    The cyclic voltammograms on bare gold electrode ( dashed line ) 
as well as in the presence of oxaprozin standard ( a ) and oxaprozin tablets 
(Duraprox ® ) ( b ) ( full lines ) in the range of concentrations:  a  = 8.44 mol dm −3 ; 
 b  = 16.71 mol dm −3 ;  c  = 24.83 mol dm −3 ;  d  = 32.78 mol dm −3  in 0.05 mol dm −3  
NaHCO 

3
 , sweep rate 50 mVs −1  (only the fi rst sweep is recorded) 

(Reproduced with a permission from International Journal of 
Electrochemical Science) [ 30 ]       
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   In Fig.  2.61  is presented the cyclic voltammogram of bare gold 
electrode (dotted line) and modifi ed with BSA (dashed line) as 
well as in the presence of different concentrations of oxaprozin 
standard (full lines) in 0.1 mol dm −3  phosphate  buffer solution 
(pH 7.4). It is clear that gold modifi ed by BSA exhibited two times 
lower currents in the whole region of the applied potential which 
shows the strong adsorption of BSA on gold. As is shown in 
Fig.  2.61 , the oxidative peak current increased gradually with the 
concentrations 8.44–24.83 mol dm −3  and then reached its satura-
tion value at the concentration of oxaprozin more than 
32.78 × 10 −6  mol dm −3 , which indicated that the binding of oxapro-
zin with BSA had reached its equilibrium.
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  Fig. 2.61    The cyclic voltammogram of bare gold electrode ( d ) ( dotted line ) 
nd modifi ed with BSA ( dashed line ) as well as in the presence of oxaprozin 
standard (full lines) in the range of concentrations:  a  = 8.44 mol dm −3 ; 
 b  = 16.71 mol dm −3 ;  c  = 24.83 mol dm −3 ;  d  = 32.78 mol dm −3  in 0.1 mol dm −3  
phosphate buffer solution (pH 7.4), sweep rate 50 mVs −1  (only the fi rst sweep 
is recorded) (Reproduced with a permission from International Journal of 
Electrochemical Science) [ 30 ]       
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   A gold electrode was also used in the voltammetric determina-
tion of  oseltamivir phosphate  (Fig.  2.62 ) standard in 0.05 M 
NaHCO 

3
  [ 31 ]. Oseltamivir phosphate as a standard and as a com-

ponent of Tamifl u ®  capsule exhibited the identical cyclic voltam-
mogram. The peaks originating from excipients in the capsule did 
not appear under the applied electrochemical conditions. An elec-
trochemical method for the qualitative determination of oseltami-
vir phosphate in Tamifl u ®  capsules by cyclic voltammetry was 
developed. The presence of oseltamivir phosphate as standard and 
as a content of Tamifl u ®  capsule in electrolyte as well as their con-
centrations was simultaneously checked by HPLC. The lack of the 
current/concentration dependency was established. The non-pre-
treated glassy carbon electrode cannot be used for the determina-
tion of oseltamivir phosphate under identical experimental 
conditions presented for the gold electrode.

   It is known that antivirals are valuable supplementation to vac-
cines for the control and prevention of infl uenza and are likely to 
be active against a new pandemic variant. Oseltamivir phosphate is 
the best known orally active neuraminidase inhibitor antiviral drug 
that slows the spread of infl uenza virus between cells in the body 
by stopping the virus from chemically cutting ties with its host cell 
median time to symptom alleviation is reduced by 0.5–1 days. The 
neuraminidase inhibitors are effective against both infl uenza A and 
B and are considered less toxic and less likely to promote develop-
ment of drug-resistant infl uenza than adamantanes. 

H3N

O

O

O

O

N
H

_

+

H2PO4

  Fig. 2.62    Structural formula of oseltamivir phosphate       
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 In our study of electrochemical behavior of oseltamivir phos-
phate and development of the appropriate method, a solution of 
oseltamivir phosphate standard was prepared and used in the 
cyclic voltammetry measurements. In the fi rst part of the work, 
the gold electrode was used. The cyclic voltammogram of the 
clean gold electrode of oseltamivir phosphate (0.025 mg cm −3 ) is 
presented in Fig.  2.63 . Simultaneous HPLC analysis of the bulk 
of electrolyte confi rmed that 0.025 mg cm −3  oseltamivir phos-
phate is presented in the electrolyte. Starting from −1.2 V one can 
observe an apparent reversible oxidative/reductive reaction 
between −0.5 and −0.7 V. In the anodic direction, the anodic cur-
rent increases from 0.4 V and reaches the maximum starting from 
the area of the oxides formation. In the entire region of oxides 
formation at the gold electrode, the oxidative activity of oseltami-
vir phosphate is obvious. The lowering of the oxides reduction 
currents can also be noticed from the cyclic voltammogram. 
Starting from −0.8 V the exact same reactions were observed as it 
was obtained starting from −1.2 V, and as it is presented in 
Fig.  2.3 . The potential was cycled continuously for 2 h and the 
cyclic voltammogram was quite stable in both cases. Holding the 
potential for 10 min at the peak potentials and in the area of oxide 
formation did not affect the voltammogram even in the fi rst 
sweep. The cyclic voltammogram of oseltamivir phosphate at the 
gold electrode in 0.05 M NaHCO 

3
  (Figs.  2.63  and  2.64 ) is quite 

reproducible. With the addition of the next two aliquots of stock 
solution of oseltamivir phosphate containing 2.5 mg cm −3 , the lin-
earity of the current–concentration dependency was not observed, 
and even the voltammogram remained the same. With the simul-
taneous HPLC analysis of the bulk of electrolyte, the presence of 
the added concentrations was confi rmed.

    The simple and fast voltammetric method for the qualitative 
determination of oseltamivir phosphate was developed and 
applied for the qualitative determination of oseltamivir phosphate 
in Tamifl u ®  capsules. Starting from −1.2 V as well as from −0.8 V, 
an apparent reversible oxidative/reductive reaction between −0.5 
and −0.7 V occurs. In the anodic direction, the anodic current 
increases from 0.4 V and reaches a maximum starting from the 
area of the oxides formation. In the entire region of the oxides 
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formation at the gold electrode, this maximum oxidative current 
of oseltamivir phosphate remains unchanged. The lowering of the 
oxides reduction currents is also noticed. The identical cyclic 
voltammograms of oseltamivir phosphate standard and of 
Tamifl u ®  capsule content showed that oseltamivir phosphate is 
qualitatively determined in Tamifl u ®  capsule content at the gold 
electrode in 0.05 M NaHCO 

3
 . The glassy carbon electrode cannot 

be used as working electrode and did not exhibit any affi nity to 
the oxidative/reductive reactions of oseltamivir phosphate start-
ing from −1.2 V as well as from −0.8 V.  

2.2.6     Miscellaneous Drugs 

 In this part, selected miscellaneous drugs with different pharmaco-
logical action are presented. 

  Clopidogrel  methyl (+)-( S )- α -( o -chlorophenyl)-6,7- dihydro-
thieno-[3,2- c ]pyridine-5(4 H )-acetate (Fig.  2.65 ), is an antiplatelet 
agent widely used in the prevention of ischemic stroke, myocardial 
infarction, and stroke. It inhibits platelet aggregation by selectively 
preventing the binding of  adenosine diphosphate (ADP) to its 
platelet receptor. This drug reduces thrombotic events in a wide 
range of patients (e.g., recent myocardial infarction, established 
peripheral arterial disease, and acute coronary syndrome). 
Clopidogrel is an inactive prodrug, and a biotransformation by the 
liver is necessary to induce expression of its antiaggregating activ-
ity. It is rapidly absorbed and undergoes extensive metabolism 
after oral administration and its plasma concentration goes down 
considerably rapidly.

S

N

Cl
OCH3O

  Fig. 2.65    Structure of clopidogrel       
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   The determination of clopidogrel, an antiplatelet agent, was 
performed at a gold electrode in pH 3.7 acetate buffer using cyclic 
voltammetry and square wave voltammetry [ 32 ]. Each voltammo-
gram was characterized by the well-defi ned peak at approximately 
1.0 V. The current of anodic stripping peak exhibited a linear 
dependence on the clopidogrel  concentration in the range from 
317.89 to 935.16 μg cm −3 . The obtained linearity was applied to 
determine clopidogrel in the tablet form of the pharmaceutical 
preparation (Plavix ® ). The results were compared to the UV spec-
trophotometric and HPLC methods. 

 The electrochemical behavior of the pure standard of clopido-
grel on gold electrode was fi rst studied by cyclic voltammetry in 
pH 3.7 acetate buffer. As is presented in Fig.  2.66 , clopidogrel 
exhibited an apparent oxidative ability in this electrolyte on a gold 
electrode. The cyclic voltammogram shows the beginning of 
anodic activity of clopidogrel in double layer region from 0.2 to 
0.6 V. An apparent anodic current maximum appears at 1.0 V 
before oxide formation on the gold electrode and second one at 
1.17 V in the area of oxide formation. The rapid increase of anodic 
current on gold oxide at 1.30 V in the presence of clopidogrel was 
observed as well as its shift by 0.1 V to a more negative potential, 
compared to a clean gold electrode (dashed line in Fig.  2.66 ).

   The application of square wave voltammetry for the quantita-
tive determination of clopidogrel on the gold electrode is presented 
in Fig.  2.67 . The SW voltammograms for different concentrations 
of clopidogrel were recorded in pH 3.7 acetate buffer in the poten-
tial range from 0 to 1.5 V at a scan rate of 15 mVs −1 . Before each 
scan, the compound was accumulated at the electrode surface at 
0 V for 180 s. Under these conditions, the oxidation of clopidogrel 
proceeded before oxide formation on Au and reached maximum 
currents at the onset potential of Au oxide formation. Each voltam-
mogram was characterized by a well-defi ned peak at approxi-
mately 1.0 V. The currents of anodic stripping peak exhibited a 
linear dependence on the clopidogrel concentration, as shown in 
the inset of Fig.  2.67 .

   The voltammetric behavior of clopidogrel as the content of 
commercial tablets Plavix ®  was also in a fi rst stage investigated by 
cyclic voltammetry. Its voltammetric behavior even in the pres-
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ence of the excipients present in Plavix ®  showed the same anodic 
activity as the standard substance, presented in Fig.  2.66 , with a 
negligible reduction in the values of the current maximums. 

 Similarly as for clopidogrel, the oxidation of Plavix ®  at a gold 
electrode using square wave voltammetry proceeded at potentials 
before the formation of oxide on the Au. The square wave voltam-
mogram was characterized by a well- defi ned peak at approxi-
mately 1.0 V. 

 The obtained linear relationship between current and concen-
tration of clopidogrel in acetate buffer (pH 3.7) by SW voltammetry 
within the concentration range 0.317–0.935 mg cm −3  (Table  2.4 ) 
was used for the determination of clopidogrel in tablet form 
(Plavix ® ) and the results were compared with those obtained by 
the UV and HPLC  methods. The validation of the SW procedure 
was carried out by evaluation of the limit of detection ( LOD ), limit 

  Fig. 2.66    Cyclic voltammogram of an Au electrode in pH 3.7 acetate buffer, 
 dashed line , and after the addition of clopidogrel (concentration 32.0 μg cm −3 ), 
 full line ; sweep rate: 50 mVs −1 . Only the fi rst sweep is presented (Reproduced 
with a permission from Serbian Chemical Society) [ 32 ]       
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of quantifi cation ( LOQ ), and recovery. The  LOD  and  LOQ  were 
calculated from the calibration curves as  kSD / b  where  k  = 3 for 
 LOD  and 10 for  LOQ ,  SD  is the standard deviation of the intercept 
and  b  is the slope of the calibration curve. The  LOD  and  LOQ  
values for the SW voltammetry method were 117.50 and 
391.66 μg cm −3 , respectively.

   Recovery studies were also performed to judge the accuracy of 
the SW voltammetry method by performing six measurements at 
low, intermediate, and high CLP concentrations (317.89, 622.03 
and 935.16 μg cm −3 ). Mean percentage recoveries of 99.6 % with 
relative standard deviation of 1.11 % were found and are presented 
in Table  2.4 . 

  Fig. 2.67    Square wave anodic stripping voltammograms of clopidogrel at a 
gold electrode in acetate buffer (pH 3.7). Clopidogrel concentration: ( a ) 
317.89, ( b ) 474.49, ( c ) 622.03, ( d ) 775.63, and ( e ) 935.16 μg cm −3 . 
Accumulation time: 180 s at  E  = 0.0 V; step size 2 mV, pulse size 20 mV, fre-
quency 8 Hz, scan rate 15 mVs −1 .  Inset : The linear dependency of the anodic 
peak current vs. concentration of clopidogrel (Reproduced with a permission 
from Serbian Chemical Society) [ 32 ]       
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 Some selected examples of various applications of electro-
chemical methods in pharmaceutical analysis are given in fol-
lowing Table  2.5 .

2.3         Conclusion 

 Recent trends in development of electrochemical methods for 
analysis of pharmaceuticals are listed with the highlights of elec-
trochemical methods of analysis of antibiotics, cardiovascular 
drugs, central nervous system drugs, anticancer drugs, anti-infl am-
matory drugs, and miscellaneous drugs on gold electrode in neu-
tral electrolytes. A polycrystalline gold electrode was selected as 
the optimal working electrode for the examination of the pharma-
ceutical compounds because it is defi ned with a completely repro-
ducible cyclic voltammograms and, consequently, all the 
electrochemical reactions at this electrode can be attributed only to 

    Table 2.4    Determination of clopidogrel by SWV, UV-spectrophotometry, and 
HPLC   

 Parameter  SWV  UV  HPLC 

 Range (mg cm −3 )  0.317–0.935  0.030–0.747  0.032–0.962 

 Regression equation a  

 Slope  0.00012  1.8104  233358783.00 

 S.D. of slope  7.09 × 10 −6   0.0003  0.0026 

 Intercept  0.1457  0.0076  36117.71 

 S.D. of intercept  0.0047  0.0001  0.0030 

 Regression coeffi cient  0.9947  0.9999  0.9999 

 Recovery (%)  99.6  99.94  99.57 

 S.D. (%)  1.11  1.65  1.38 

 LOD (μg cm −3 )  117.50  8.56  8.24 

 LOQ (μg cm −3 )  391.66  30.46  29.28 
  Reproduced with a permission from Serbian Chemical Society [ 32 ] 
  a  Y  =  a  +  bC  where  C  is concentration of clopidogrel in mg cm −3 ;  Y  is current per 
area unit (mA cm −2 ), absorbance (A) and peak area unit (mAu), for SWV, UV, 
and HPLC methods, respectively. S.D.: standard deviation  
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the studied molecule in the analysis of these drugs. CV, SWV, and 
DPV were used in combination with HPLC, AFM, FTIR, and MS–
MS in the investigations of aforementioned drugs. The presented 
data show that different electrochemical methods with the use of 
gold as working electrode combined with spectroscopic, spectro-
metric, and chromatographic techniques gave a fast quantitative 
and qualitative response of the investigated standards as well as of 
the commercial drugs. With the drugs analysis in biological sam-
ples the very important data were collected for the further clinical 
investigations.     
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3.1          Introduction 

 In situ degradation of metallic implants is a complex and undesir-
able phenomena. The clinic consequences of the liberation of 
potentially harmful ions or metallic particles to the body environ-
ment are related to prosthesis failure, pain and infl ammation that 
end in the retrieving of the prosthetic device [ 1 ,  2 ]. 

 Most of the materials used in permanent implants rely on the 
formation of a spontaneously formed passive layer on the surface 
to prevent oxidation of the metal. The passive fi lm formed on the 
surface should be chemically stable in the body fl uid, limit the 
migration of ions and electrons across the oxide–solution interface 
and tolerate the mechanical stress and abrasion. It has been 
reported [ 3 ,  4 ] that most of the metals that are used in prosthesis 
alloys (Al, Cr, Co, Fe, Mn, Ni, Ti, V with the possible exception of 
Ti) have biological roles in the human body. Some of them are 
essential in the normal process (such as Cr in sugar metabolism) 
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and others are toxic (such as Al for the peripheral neural system) 
while others can display both characteristics depending on the 
concentration. However, the benefi ts of implants in the orthopae-
dic surgery are clear despite the risk that the exposure of patients 
to metal contact can have. 

 As Prof. Black stated [ 3 ]: “Corrosion does matter”, since all 
metallic implants corrode and their corrosion products are bio-
logically active. So, the main challenge in metallic implants 
research is to  minimise the release of corrosion products  to the 
body environment when it is implanted in the body host. Since 
corrosion is a superfi cial phenomenon, the implant surface and 
the engineering of the surface play a key role in the performance 
in service of the implant. Cemented and cementless prosthesis are 
used in orthopaedic surgery and vast discussion about advantages 
and drawbacks of one procedure over the other are claimed based 
on their relative cost, surgery procedure and post-operative qual-
ity of life among others [ 5 ]. Cementless prosthesis is generally 
 preferred for young active patients since there is more bone con-
servation and the less probability of loosening and also, for 
patients who are allergic to methylmethacrylate. A study pre-
sented on cementless primary total hip arthroplasty shows that in 
contrast with results obtained for cemented prosthesis, the results 
are satisfactory in the short time and tend to improve in time, 
being promising in the case of a revision surgery [ 6 ]. In this con-
text, a second challenge that can be associated to the main one in 
this fi eld of research appears: to modify the surface implant to 
improve the osseointegration process when cementless implants 
are used to improve bone fi xation and stabilisation. Many 
researches have been developed in order to improve the bone 
implant interface to accelerate bone healing and improve bone 
anchorage [ 7 ,  8 ]. In this chapter, two strategies of surface modifi -
cation are presented, both with the same general purpose: to cre-
ate or enhance a barrier in order to minimise the corrosion of the 
metallic implant (and the consequent release of metallic ions to 
the body fl uid) together with the functionalisation of the surface 
fi lm to promote the osseointegration of the implant without using 
cement: the surface modifi cation of valve metals by anodisation 
and the sol–gel coatings applied on metallic implants.  
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3.2     Surface Modifi cation of Valve Metals 
by Anodisation for Permanent Implants 

3.2.1     Valve Metals 

 Aluminium, titanium, vanadium, yttrium, zirconium, hafnium, 
niobium, tungsten and tantalum are a group of transition metals [ 9 ] 
with a very strong tendency to form on its surface coherent oxides, 
thermodynamically stable and with different degree of semicon-
ductivity, which do not dissolve once formed (except in some 
cases in concentrated HF) [ 10 ]. Due to the extremely high affi nity 
of these metals for oxygen they readily react with water or oxygen 
to form a dense, protecting passive layer [ 11 ] of a few nanometers 
that protects the underlying metal from corrosive processes, while 
re-form at high speed when it is destroyed [ 12 ]. The presence of 
these protective surface oxides confers to the underlying metals an 
excellent corrosion resistance in various media [ 11 ]. As a result, 
valve metals are used in various applications where corrosion 
resistance becomes important. Furthermore, oxides of metals of 
this family have interesting electronic properties resulting from 
their insulating or semiconducting nature [ 9 ,  13 ,  14 ]. 

 Valve metals are receiving increasing attention both as alloying 
components of titanium and as base materials for biomedical 
applications. Aluminium and vanadium are being substituted by 
niobium, zirconium and tantalum in biomedical titanium alloys 
because of their apparent relation with certain severe affections 
[ 15 ,  16 ]. Numerous valve metals alloys with three, four or even 
fi ve components were evaluated as candidates for permanent 
implants [ 17 – 20 ]. Alloy design is performed with two main objec-
tives: obtain Young’s Modulus closer to human alveolar bone, and 
thus avoid severe stress shielding caused by signifi cant differences 
between implant and the surrounding bone [ 21 – 23 ] and increase 
biocompatibility and corrosion resistance. 

 Cytotoxicity of metal ions is an interesting parameter for fi rst 
selection of an alloying element, and valve metals present promising 
results compared to other metals in cell culturing tests [ 24 ]. Hanawa 
analysed in detail the possible interactions of released metallic ions 
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in the human body and concluded that not only the toxicity of metals 
must be considered to discuss the safety of metallic materials but 
also the properties and changes of the oxide fi lms in vivo and the 
quantifi cation and behaviour of the released ions [ 25 ]. 

 Titanium is, by far, the most used valve metal in biomedical 
applications, followed by zirconium. With this in mind this chapter 
section is focused on the effect of surface modifi cation of titanium 
and zirconium and some of their alloys to be used as permanent 
implants. 

 The reduced ion release and excellent biocompatibility of pure 
titanium is largely attributed to the spontaneous formation of an 
inert surface passive fi lm of non-stoichiometric TiO 

2
 , typically 

4–10 nm thick, poorly crystallised [ 26 – 28 ]. Big efforts are being 
conducted to perform modifi cations in the chemistry or the topog-
raphy of the surface of titanium to induce the in vivo deposition of 
bioactive materials (apatite) or to promote cell adhesion or other 
specifi c responses of the tissue/material interactions. Surface mod-
ifi cation methods include alkaline treatments [ 29 – 32 ], peroxide 
immersion [ 33 – 35 ], acid immersion [ 36 ,  37 ], mechanical treat-
ments to induce controlled roughness [ 38 ,  39 ], thermal treatments 
[ 40 ] and anodisation [ 40 – 50 ]. Oxidation and electrochemical 
methods can modify surface oxide properties of implants, such as 
oxide thickness, chemical composition, crystal structure, porosity 
or pore structure, density and roughness [ 51 ]. 

 Zirconium is a valve metal with excellent corrosion resistance 
in a wide range of conditions including aggressive organic solu-
tions, different acids and alkalis [ 52 ]. The main application of zir-
conium is in the nuclear industry, because of its low neutron 
absorption coeffi cient [ 53 ]. In addition, its electrochemical resis-
tance, together with its mechanical properties states it as a poten-
tial biomaterial [ 54 ]. Promising results have been obtained in some 
in vitro and in vivo studies of pure zirconium, pointing out this 
metal as a potential material for permanent implants [ 55 – 58 ]. 
Biocompatibility of zirconium was evaluated in vitro with cell 
adhesion tests and cell culture, with results comparable to those of 
pure titanium [ 59 ]. Zirconium and its alloys promote the osseoin-
tegration and its cytotoxicity is very low and, in some cases, lower 
than the reported for titanium alloys [ 24 ,  25 ]. Okazaki and Gotoh 
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determined by inductively coupled plasma–mass spectrometry the 
ions released to different solutions after static immersion. In their 
study, they determined less metallic ions released for the Ti–15Zr–
4Nb–4Ta alloy than for classic Ti–6Al–4V alloy or the V free 
Ti–6Al–7Nb alloy. The amount of (Zr +Nb + Ta) was considerably 
less than (Al–Nb) or (Al +V) of the respective alloys. Moreover, in 
the Ti alloys  containing Zr as alloying element, the quantity of Ti 
ions released to the solutions was smaller than in the other Ti 
alloys [ 60 ]. Besides, Ti–Nb–Zr alloys present adequate mechani-
cal properties and also cytocompatibility. 

 The good performance of zirconium has been mainly attributed 
to its surface oxide fi lm. Native ZrO 

2
  oxide fi lm has a thickness 

between 2 and 5 nm [ 61 – 63 ]. The presence on a native ZrO 
2
  oxide 

(zirconia) on zirconium surface determines the low corrosion rate 
of the material, and therefore the low metal ion release to the bio-
logical media [ 64 – 67 ]. Moreover, zirconia, as a bulk ceramic 
material is widely used in dental applications due to its excellent 
biocompatibility and proven capability to facilitate the osseointe-
gration process [ 68 – 72 ]. 

 Zirconium alloy (Zr2.5Nb) coxofemoral permanent implants 
are currently being used due to its good wear resistance, osseoin-
tegration ability and low ion release rate in biological media [ 73 –
 76 ]. Oxinium ® ™ is the commercial name of Zr–2,5Nb hip implants 
and femoral [ 77 – 80 ] with surface hydrothermal treatment to obtain 
5 μm zirconia layer. Oxidised zirconium components combine the 
mechanical strength of zirconium metal with the wear resistance 
of a ceramic material (zirconia). Clinical studies evidence a per-
formance equivalent to Cr–Co alloys [ 81 – 84 ]. Innocenti et al. per-
formed clinical studies after 5 years of surgery, reporting the 
survival rate and clinical results of anodised zirconium femoral 
implants between years 2001 and 2003. The results indicate a sur-
vival rate of 98.7 % to 7 years. No referral cases are reported, and 
only missed septic component loss is reported. Although these 
implants’ surface treatment is not intended to promote osseointe-
gration, these results reinforce why is appealing the study of zirco-
nium/zirconium oxide system as biomaterial for permanent 
implants [ 85 ]. It has been demonstrated that an artifi cial increase 
of the thickness and changes in the topography of the native oxide 
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will result in very strong reinforcement of the bone response [ 86 , 
 87 ]. Further thickening of the surface oxide layer may be  performed 
by different routes, including thermal treatments in air immersion 
in peroxide [ 88 ] or anodisation [ 63 ,  89 ].  

3.2.2     Anodising Process of Valve Metals 

 Anodising process is a non-expensive surface modifi cation pro-
cess capable to be used even in complex geometries [ 42 ]. It was 
developed and used for more than 100 years at industrial scale to 
protect fi rst aluminium and later other metals and alloys. This is a 
simple technique that can be performed on an industrial scale at 
low cost with good reproducibility and giving rise to homoge-
neous coatings regardless of the geometry of the part. Anodisation 
consists in the thickening of the surface oxide fi lm of a valve metal 
by means of the anodic polarisation of the working electrode in a 
two or three electrode electrochemical cell immersed in an electro-
lyte. Both acid and alkaline electrolytes may be used, and the 
potential range of anodisation is wide. Anodic oxide fi lms thick-
ness varies from 10 nm to 50 μm depending on the anodisation 
parameters applied. The electrochemical oxide growth is greatly 
dependent upon the electrochemical parameters as well as the 
electrolytes employed [ 42 ,  43 ]. Anodising methods have strong 
effect on the structure, the crystallisation kinetics and the composi-
tion of the surface oxide fi lms formed [ 90 – 93 ]. This electrochemi-
cal one-step method was extensively used to induce controlled 
chemical, topological and also electronic modifi cations. 

 The growing of anodic fi lms on valve metals occurs irrevers-
ibly assisted by a fi eld-assisted migration of ions through the fi lm 
[ 94 ,  95 ]. The O 2−  ions migrate to the interface metal/oxide (M/O) 
and react with the metal ions to form the oxide in contact with the 
metal substrate, while metal ions migrate to the interface oxide/
electrolyte (O/E) and react with oxygen ions and other anions 
forming the outer layer of the fi lm [ 96 ]. A linear relation between 
the applied potential and the thickness of the anodic fi lm charac-
terises the anodisation process, and anodising ratios between 1.5 
and 3 nm/V are commonly reported [ 97 ]. 
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 There are currently two mechanisms proposed for the anodic 
oxide fi lm formation on valve metals: The high-fi eld law and the 
low-fi eld approach. Both models are supported for numerous 
papers, including some of recent publication: 

 The high fi eld law (HFL) [ 98 ,  99 ]: Describes the growth of 
non-porous oxide fi lms as a fi eld supported thermally activated 
hopping of metal ions [ 95 ,  100 – 102 ]. The main statement is that 
the electric fi eld strength is very high (>1 MV cm −1 ) during oxide 
growth. In order to have such ions to migrate, very large electric 
fi elds must be sustained in the oxide layer, typically in the order of 
10 8 –10 9  V/m [ 103 ]. The rate-determining step is located within the 
oxide. Both anions and cations are mobile, and the oxide grows at 
both interfaces. Under potentiostatic conditions, the anodic oxide 
fi lm growth decreases with time due to an increase of layer thick-
ness and a corresponding decrease of fi eld strength. 

 Low-fi eld approach [ 104 ]—The point defect model (PDM) 
[ 105 – 109 ]: from the assumptions of an oxide layer as a point 
defective phase containing cation vacancies and oxygen vacan-
cies, with a concentration of point defect much greater than in the 
isolated bulk oxides. Considering that defects are generated and 
annihilated at the metal/fi lm and fi lm/solution interfaces. The 
model proposes that the electric fi eld strength is independent of the 
voltage and distance through the fi lm, that fi eld strength is constant 
within the anodic fi lm and the potential drop occurs in the metal/
oxide interface [ 108 – 113 ]. 

 Since the anodic growth occurs in the electrolytic media 
together with reduction reactions in the counter electrode, the 
Faraday law parameters often cannot be extracted from coulomet-
ric data, and therefore “indirect” measurements have to be used. 
Capacitance methods are the most used to evaluate the growing 
rate [ 99 ]. However, strong assumptions, like crystallinity of the 
anodic oxide, homogeneity and density have to be stated [ 114 ]. 

 The thickness of anodic oxides on valve metals has a practical 
limit when the breakdown potential occurs [ 98 ,  115 ]. Electric 
breakdown potential is the potential when the linearity between 
the thickness of the anodic fi lm and the applied potential is loos-
ened [ 116 ,  117 ]. The electric breakdown phenomenon is character-
ised with the presence of sparks and small holes in the fi lm surface 
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[ 14 ,  118 – 120 ]. A separated phenomenon occurs after the electric 
breakdown, named mechanical breakdown, characterised by the 
sudden drop of the potential and the appearance of fi ssures and 
areas with large fractures on anodised surfaces [ 119 ], and internal 
stress on the growing anodic layer is proposed as the origin of the 
occurrence of the breakdown phenomena [ 103 ,  121 ,  122 ]. Current 
density during anodising determines the potential of mechanical 
breakdown of the fi lms [ 123 ]. 

 Above the breakdown potential, the fi lm obtained presents 
more porosity, less adherence [ 120 ] and fractures [ 124 – 126 ]. The 
quality of these anodic fi lms as a barrier layer against corrosion 
diminishes, and passivity may be lost [ 46 ,  127 ,  128 ]. It is a well-
documented fact that the thickening of anodic or thermally growth 
oxide fi lms on valve metals  solely  does not necessarily lead to bet-
ter corrosion resistance [ 129 ]. 

 The anodic breakdown potential is reached at different anodic 
potentials for different electrolytes, pH, temperatures on each 
valve metal [ 116 ,  130 ]. For example, for zirconium, anodised in 
phosphoric acid at ambient temperature, breakdown potential is 
reached at 450 V [ 131 ]. 

 The fi rst evident modifi cation of the surface of valve metals by 
anodic oxide growth is the change in colour of the metal samples. 
In aluminium, this fact leads to an entire industry of surface fi nish-
ing [ 102 ,  132 ] and colouring of products [ 133 ]. In titanium and its 
alloys, the colour obtained by anodisation is often used to identify 
implants and tools of different sizes [ 42 ,  134 ]. 

 The colours of anodic oxide fi lms are the result of interference 
phenomenon of incident light on surface fi lms. The coloration of 
thin fi lms may be described by the multiple beam interference 
theory. When white light makes contact with the fi lm, the refl ected 
beam, which is formed by the interfering beams will be coloured 
[ 135 ,  136 ]. While anodic oxide colours are principally related to 
the thickness of the fi lms, there are several factors that infl uence 
the resulting colour observed at each anodising condition, and that 
may alter the sequence of colours respect to the theoretical succes-
sion (yellow, brown, dark blue, sky blue, green, yellow). The main 
of them are substrate roughness, non-uniform fi lm thickness over 
the entire sample, the surface oxide stoichiometry, defects or 

S. Cere et al.



205

impurities incorporated into the anodic oxide. For this reason, the 
colours reported differ for different authors, even when the same 
potential (and therefore the same thickness) is expected. The varia-
tion in colours is notorious when different electrolytes are used, or 
even when different concentrations of the same electrolyte vary. 
These differences are evident in studies of anodic oxides of tita-
nium, when the reported colours differ from one author to the 
other [ 42 ,  137 ]. However, when starting conditions are maintained 
(i.e. substrate characteristics and electrolyte), the colours of oxide 
fi lms can be used for a quick identifi cation purpose of the resultant 
oxide thickness in association with the anodic-forming voltage 
[ 138 ,  139 ] since the colours obtained for each condition are highly 
reproducible and can be related to the thickness of the fi lms 
(Fig.  3.1 ). The RGB values of digital images of the anodic fi lms 
taken with controlled conditions (incident light, time of exposure 
among others) proved to be a useful tool to characterise and check 
the reproducibility of the anodising route [ 138 ].

   The surface chemistry and topography of the oxide- generated 
layer has been thought to infl uence bone response [ 87 ,  140 ]. The 
implant performance was related to the oxide thickness, differ-
ences in surface oxide morphology, the difference between crys-
tal structure of amorphous oxide in native oxides and a mixture 
of amorphous, anatase and rutile phases, and differences in 

  Fig. 3.1    Colours obtained after anodisation at different potentials with the 
corresponding red–green–blue (RGB) values       
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 surface roughness. The characterisation of the oxides present in 
the surface and its quantifi cation are key issues for the future 
calcium phosphate deposition (being apatite formation the fi rst 
insight of bone formation) in order to provide bioactivity and 
further mechanical fi xation. However, the relationship between 
the anodisation process parameters and the surface characteris-
tics of the oxide layer is still not fully understood, and therefore, 
an increasing number of articles are being published in this area. 
The characteristics of the fi lms obtained strongly depend on the 
applied potential, and therefore, may be followed by classifying 
them by applied potential ranges. Surprisingly, the entire poten-
tial range was investigated to modify the surface of titanium 
implants, and also for other valve metals and alloys. Despite the 
numerous data available related to anodic fi lm characteristics 
and in vitro and in vivo response, the strong infl uence of the 
anodisation parameters on the fi nal surface condition gives a 
somehow contradictory state of the modifi ed surfaces perfor-
mance, due to the spread of the results presented. In this work, a 
detailed analysis of the surface modifi cations induced by anodi-
sation in well-defi ned anodic potential ranges is described, in 
order to present a general picture of the infl uence of this widely 
used electrochemical process on the in vitro and in vivo perfor-
mance of valve metals. 

3.2.2.1     Low Potential Anodising (up to 10 V) 

 Films obtained by anodising at potentials below 10 V in both in 
pure valve metals and alloys present dielectric or semiconducting 
electronic characteristics, thickness between 2 and 20 nm and the 
characteristic interference colours. Anodisation at low potentials is 
mostly performed with the aim of increasing bioactivity of the sur-
face with the modifi cation of the composition or structure of the 
surface oxide layer [ 141 ] of valve metals. Chemical species from 
the electrolyte may be incorporated as impurities into the anodic 
fi lm altering the electronic properties of the oxide formed with a 
similar effect of those reported for mechanical or chemical treat-
ments [ 142 ]. 
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 Native oxide fi lms on titanium and alloys are amorphous, 
inhomogeneous in composition and very thin (1.5–3 nm) [ 143 ]. 
They act as n-type semiconductors with a bandgap of 3.5 eV. On 
titanium alloys, an infl uence of the alloy composition on the 
electronic properties, composition of the anodic oxides and 
capacitive behaviour was reported by many authors [ 144 ]. 
Further immersion in simulated biological solutions does not 
alter electronic characteristics on titanium alloys, indicating that 
the nature of the interaction is adsorption [ 144 ]. However, com-
mon species in contact with implant materials as peroxide [ 88 ] or 
fl uorides [ 142 ] may alter the surface layer electronic properties 
and therefore the in vivo performance. By electrochemical 
impedance spectroscopy (EIS), capacitive behaviour of the fi lm 
was verifi ed, and an increase in corrosion resistance in simulated 
body fl uid (SBF) was often obtained compared to native oxides. 
Native oxide fi lms present high corrosion resistance and stability 
in solutions with ions present in body fl uids, as was extensively 
studied by several authors [ 33 ,  144 – 146 ]. As follows, fi lms with 
the same thickness or anodised at the same potential may present 
differences in semiconductive properties when altering the alloy 
composition. 

 Bozzini et al. [ 147 ] anodised titanium in sulphuric acid at 
2 V. They tested the material in SBF by electrochemical tests at 
different immersion time and found an apparent thickening of the 
surface fi lm with immersion time and an increase in corrosion 
potential. However, they found a decrease in corrosion resistance 
when increasing the time of immersion. Schmidth et al. [ 148 ] stud-
ied the effect on the electronic properties of the surface fi lm formed 
on titanium in a buffer solution of citric acid and sodium phos-
phate by applying potentials between 1 and 5 V. They found a 
decrease in donor density and a dielectric behaviour of the fi lms 
thus formed at different pH. The anodic oxides behave also as an 
n-type semiconductor, according to the results reported by Ibris 
et al. [ 146 ]. 

 Modifi cation of the roughness, topology or anodic oxide char-
acterisation presents many challenges in this anodisation potential 
range since the small thickness of the anodic fi lms limits the tech-
niques with suitable range of detection to be used.  
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3.2.2.2     Intermediate Potential Anodising (10–60 V) 

 Anodisation of titanium and other valve metals and alloys in acidic 
media at potentials between 10 and 60 V occurs in the linear por-
tion of the potential vs. thickness curve, far from the breakdown 
potential. 

 In order to present an accurate comprehension of the surface 
modifi cation performed with the anodisation process at these rela-
tive low potentials, adequate techniques have to be selected and 
critical comparison among them is desirable, since most of the thin 
fi lm characterisation techniques used to evaluate changes in topog-
raphy, surface chemistry, crystallographic phases present or even 
corrosion resistance of the modifi ed implant surfaces often implies 
strong assumptions of fi lm properties that are diffi cult to assure 
from experimental evidence. This is clearly evidenced in the deter-
mination of the anodic fi lm thickness, which ranges from 10 to 
150 nm according to numerous but sometimes contradictory 
reports obtained from results of different measurement techniques 
including X-ray Spectroscopy or Auger depth profi ling [ 87 ], 
Ellipsometry [ 149 ], Atomic Force Microscopy (AFM) [ 49 ], 
Rutherford backscattering spectroscopy [ 150 ] or electrochemical 
impedance spectroscopy [ 114 ,  139 ]. Figure  3.2  shows the results 
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  Fig. 3.2    Anodic fi lm thickness obtained by various authors and different tech-
niques. Reproduced from ref. [ 139 ] by permission of John Wiley & Sons Ltd       
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of fi lms thickness vs. anodising potential for pure titanium accord-
ing to different authors, to illustrate the variety of results.

   The anodic oxides grow in this potential range in inhomoge-
neous framework with two characteristic shapes often found: as 
isolated islands (in zirconium [ 138 ], CP grade 2 titanium [ 139 , 
 141 ]) in acidic media characterised by protrusions regularly pres-
ent on the entire surface of the metal increasing the surface cover-
age when increasing the anodising potential, or as fl ower-like 
structures, of variable size and spacing for different applied poten-
tials (niobium [ 151 ], CP titanium [ 152 ]). Figure  3.3  shows the two 
distinctive morphologies. Mogoda et al. determined that the rate of 
growing of anodic oxide fi lmson zirconium in phosphoric acid 
increases with increasing current densities and H 

3
 PO 

4
  concentra-

tion. The oxide formed presented a duplex structure that they char-
acterised by two dissolution rate laws [ 153 ].

   Topological changes may be easily evaluated with contact 
mode AFM. An adequate scaling in AFM measurements is 
required in order to compare the results in literature. Related to the 
application as biomaterials, large scales (larger than 10 * 10 μm, 
up to 50 × 50 μm) are specially interesting [ 154 ], because they are 
related to biological features (size of the cells can be attached and 
protein adsorption among others). Different topographic charac-
teristics have been evaluated by different authors, including rough-
ness by mean of Ra, Rmn, fractal dimension and others [ 155 ]. The 
need to analyse surface features with complementary techniques 
resulted evident on titanium anodised in phosphoric acid at 30 V. 

  Fig. 3.3    Different morphologies obtained for Ti and Zr anodised both at 30 V 
in 1 mol/L phosphoric acid for 1 h       
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In this case, the changes produced in the surface morphology can 
not be observed by SEM, whereas the changes produced in the 
topography in the nanometrical range are evidenced by AFM. An 
increase in roughness parameters was detected, which may be ben-
efi cial for the implant fi xation [ 139 ]. In zirconium anodised in the 
same conditions, AFM results indicate that although the amplitude 
of the surface features increases with anodising potential, the over-
all surface geometry does not alter signifi cantly. Thus, simple sur-
face roughness parameters can serve to establish the surface 
quality and the infl uence of the substrate on the structure of the 
oxide formed [ 156 ]. 

 The crystallinity of the fi lms and crystallographic phases pres-
ent are a main topic in this type of anodic oxides and may be evalu-
ated with Raman spectroscopy or grazing angle X ray diffraction 
(DRX). This inhomogeneous fi lm formation presents also partially 
crystalline domains (in titanium, anatase phase) [ 157 ]. The infl u-
ence of the crystalline phase on in vivo results was extensively 
evaluated, mainly in titanium and its alloys, where there is a gen-
eral agreement in the better performance of the implants with ana-
tase in their surface compared to amorphous titanium dioxide or 
rutile. The main routes to promote the presence of anatase are the 
careful selection of anodisation parameters (specially, electrolyte 
used, long periods at a constant potential, low current densities 
during anodisation) or the thermal treatments of the anodised 
implants. On zirconium, oxide fi lms are mainly monoclinic ZrO 

2
 , 

while the same crystallographic structure was detected in Zr2.5Nb 
anodised in the same conditions [ 158 ]. 

 During the process of anodisation occurs the incorporation of 
ion species from the electrolyte and represents an important topic to 
be studied in permanent implant application [ 139 ]. Several authors 
agree in the benefi cial effect of the incorporation of phosphates to 
anodic surface oxides on titanium and some of its alloys to the 
in vitro capability of precipitation of bioactive Ca–P compounds 
during immersion in simulated body fl uids [ 159 – 162 ]. Hanawa 
postulated that phosphate ions incorporation into the anodic fi lm 
stimulates the in vitro growing of hydroxyapatite (HA) biocompat-
ible [ 159 ]. de Sena et al. also attributed bioactivity to the presence 
of phosphates present in anodic titanium oxides according to the 
results of SBF immersion tests [ 160 ]. Sul determined that the 
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incorporation of P during anodisation of titanium in phosphoric 
acid outcomes in an increase in biocompatibility compared to sam-
ples anodised in sulphuric acid [ 161 ], while Lee et al. found that the 
addition of phosphoric acid to sulphuric acid solution used as 
anodising  electrolyte increases the nucleation capability of Ca–P 
bioactive compounds on titanium during immersion in SBF [ 162 ]. 
The inclusion of phosphorous as a zirconium phosphate in oxides 
grown in phosphoric acid has been demonstrated by both Raman 
spectroscopy and XPS [ 138 ]. 

 Anodisation in phosphate-containing media is then an alternative 
to other electrochemical surface modifi cation processes to promote 
Ca–P-rich compounds precipitation during immersion in SBF. 

 Alkaline immersion was studied also for pure zirconium [ 58 ] 
and titanium alloys containing zirconium [ 163 ], whereas cathodic 
polarisation treatments in Hanks solution to obtain Ca–P com-
pounds on the metal surface were performed on commercially 
pure titanium [ 164 ,  165 ]. Compared to those surface modifi cation 
processes, anodisation in H 

3
 PO 

4
  proved to increase the apatite for-

mation capability of zirconium in a single step, without any further 
chemical treatment or cathodic polarisation required to induce the 
precipitation of Ca–P compounds [ 166 ]. 

 The electrical properties of oxide fi lms in medical implants 
are an important property for establishing the level of defects in 
the oxide fi lms formed [ 114 ]. The slopes of the Mott–Schottky 
plots give a quantitative estimate of the carrier number density. 
The decrease in this quantity when increasing the applied growth 
potential is in agreement with the behaviour found for anodic 
oxide fi lms of other pure valve metals and can be related to the 
changes in fi lm defects when increasing fi lm thickness [ 114 ]. 
Carrier number in the range of potential under study was studied 
for titanium showing a decrease of the carrier number when 
increasing anodising potential. From the circuital fi tting of EIS 
results and according to the Brug model, fi lm thickness can be 
estimated, and the values obtained were in good agreement with 
those available from independent techniques, thus validating the 
estimation (see Fig.  3.2 ). The native oxide is present in the as-
received condition, increasing thickness with anodising poten-
tial. The barrier effect is also enhanced with the increase of the 
thickness [ 139 ]. 
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 Electrochemical studies in SBF solution for as-received tita-
nium and titanium anodised in phosphoric acid at potentials up to 
30 V were performed to determine the best corrosion resistance 
condition [ 139 ]. The results indicate that the anodic fi lms obtained 
at a constant potential of 30 V have higher barrier effect, and the 
protective layer remains effective against the aggressive anions 
present in SBF even after 30 days of immersion. In the same study, 
potentiodynamic assays show the decrease in the current density 
corresponding to anodised titanium evidencing an increase in the 
barrier effect of the anodic fi lm compared with the native titanium 
oxide. The prolonged immersion in SBF leads to a slight increase 
in the passivity current density in both the as- received and anodised 
condition. Although the results evidence that the SBF exposition 
produces minor effects on titanium surfaces, the barrier layer 
remains effective against corrosion in SBF solution, since neither 
rupture of the fi lm nor localised corrosion occurs. When compar-
ing the performance of as-received with the titanium anodised at 
30 V, corrosion resistance increases. The stability of the anodic 
fi lm presents the anodised surface as the best candidate for a per-
manent implant [ 40 ,  167 ].  

 Due to the promising corrosion performance in SBF together 
with the biocompatible surface characteristics, anodic fi lms on tita-
nium obtained at 30 V were implanted on Wistar Rats to compare 
the osseointegration results of this modifi ed surface with that corre-
sponding to as-received titanium. After 8 weeks of implantation the 
bone percentage does not greatly differ for anodised and control 
specimens, however, there is a marked difference between their 
topologies: while the bone in the samples anodised at 30 V looks 
uniform and completely covers the implant surface, as-received 
samples present uncovered portions of the implant surface. 

 Gomez Sanchez et al. presented a study for Zr anodised in phos-
phoric acid at potentials up to 30 V. The rapid increase in thickness of 
the passive fi lm and the absence of any signifi cant dissolution in the 
passive state when increasing the anodising potential corroborates the 
excellent corrosion  barrier properties of this material. Importantly, the 
incorporation of phosphate in the fi lm does not lead to an impairment 
of its barrier properties. The oxide formed on the surface is mainly 
monoclinic ZrO 

2
  with the incorporation of phosphates from the elec-

trolyte. The impedance results demonstrate the increase in thickness 
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of the anodic fi lm with anodising potential and changes in thickness 
can be followed from impedance analysis. These results correlate with 
the XPS data in demonstrating clearly that without an oxidative treat-
ment, the presence of low oxidation states of Zr on the surface or 
indeed, of some free metal, is observed. Thus, the electrochemical 
oxidation and the surface controls investigated can provide a simple 
route for improving the long-term stability of the anodically grown 
oxides [ 114 ]. It was found that Zr presents a low passive current den-
sity for all the anodising conditions studied after 24 h of immersion in 
SBF, although shows susceptibility to localised corrosion during 
anodic polarisation. The rupture potential increases when increasing 
thickness of the anodic surface fi lm. The increase in the barrier effect 
when increasing anodising potential is also verifi ed by EIS (Fig.  3.4 ). 
After 30 days of immersion in SBF  solution, the electrochemical tests 
demonstrated certain degree of deterioration of the surface protective 
fi lm on zirconium, in both the as-received and the anodised at 30 V 
samples. Conversely, the impedance modulus remains showing a 
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  Fig. 3.4    Bode plots after 24 h in SBF solution of ( fi lled square ) Zr as-
received, and anodised at ( open square ) 3 V, ( fi lled circle ) 6 V, ( open circle ) 
9 V, ( fi lled triangle ) 18 V, ( open triangle ) 24 V, ( Asterisk ) 30 V. Solid line 
shows the equivalent circuit fi tting. Reprinted from ref. [ 166 ]. with kind per-
mission from Springer Science+Business Media       
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higher corrosion resistance for the anodised condition with respect to 
the as-received zirconium. Surface modifi cation of zirconium by 
anodisation has proved to be a treatment that can keep corrosion 
parameters in low values while is able to promote Ca–P compounds 
precipitation on the surface endorsing the bioactivity of the material 
and promoting bone regeneration.

   In vivo experiments evidence bone generation and growth in 
contact with zirconium implants both in the as-received and 
anodised conditions. Although osseointegration is observed in 
anodised and as-received materials, the bone quality of the gener-
ated bone has to be analysed in terms of bone maturity and cell 
proliferation (Fig.  3.5 ). After 8 weeks, the bone for the modifi ed 
surface has already reached a high level of organisation in both the 
mineral and the organic part and the maturity is comparable to the 
normal cortical bone [ 89 ,  138 ,  166 ,  168 ,  169 ].

3.2.2.3        Anodic Films Obtained at High Applied Potentials 
(60–200 V) 

 Yang et al. studied Ti anodised in sulphuric acid at potentials 
between 90 and 180 V and described a porous structure with cracks 
in the obtained surface [ 44 ]. Also Sul et al. and Lausma et al. 

  Fig. 3.5    Histology showing bone–implant interface in rat tibia cross section, 
63 days after the implantation. ( a ) New bone formation around control 
implant. ( b ) New bone formation around anodised implant (staining: toluidine 
blue, original magnifi cation ×4). Reprinted from ref. [ 89 ]. with kind permis-
sion from Springer Science+Business Media       
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described the obtention of rough surfaces in a complete work 
about Ti anodised in acidic media at potential above 60–100 V [ 42 , 
 43 ,  170 ,  171 ]. Rough porous bioactive Ti anodic layers were also 
obtained by galvanostatic anodisation in Ca–P-rich electrolytes by 
de Souza et al. [ 172 ]. The fi nal potential reached during anodisa-
tion must be near the breakdown potential, according to the mor-
phology of the surface obtained and thickness of the anodic layer. 
The anodic layers presented brittleness under normal and tangen-
tial loading and detachment at low loads. 

 The morphology of the surface layer on titanium is character-
ised by a continuous oxide layer with micrometrical pores 
(Fig.  3.6l ). Anatase and rutile mixtures were the main compounds 
found in oxides growth in sulphuric acid [ 173 ].

   Flower-like structure was found on niobium anodised at 100 V in 
phosphoric acid, and the formation mechanism of the fl owers is attrib-
uted to tensile stresses formed in the anodic fi lm [ 151 ]. Films grown 
at high potential present, in general, good adherence to substrate but a 
high degree of imperfections and pores, which present a drawback 
with respect to their corrosion-resistant requirement [ 174 ].  

  Fig. 3.6    SEM image of sample anodised in 0.5 M H 
2
 SO 

4
  with current density 

1080 A/m 2  and cell potential 140 V. Reprinted from ref [ 173 ] Copyright 2006, 
with permission from Elsevier       
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3.2.2.4     Anodic Oxides Obtained Above Electrolytic 
Breakdown Potential. Micro Arc Oxidation 
and Plasma Electrolytic Oxidation Treatments 

 Plasma electrolytic oxidation (PEO), micro arc oxidation (MAO), 
spark anodising or microplasma oxidation are different names 
[ 175 ] for an anodising process above the electrolytic breakdown 
potential of a metal substrate in a given electrolyte. The anodic 
oxides may reach thickness of tens and even hundreds of microns 
[ 176 ] and therefore the ceramic characteristics of the coatings 
obtained as wear resistance, high hardness and corrosion resis-
tance may be exploited. These give a wide variety of technological 
applications [ 177 ], including biomaterials. 

 Micro arcs appear as lighting fl ashes (sparks) inside the anodis-
ing cell (electrical discharges), caused by localised electrical break-
down of the growing coating [ 175 ]. The electric discharges create 
plasma emission of high amounts of energy that produce local 
melting of the anode [ 178 ] and rapid cooling events [ 175 ]. The 
microdischarges rapidly develop and extinguish within 10 −4  to 
10 −5  s on the vicinity of the anode and heat the metal substrate to 
less than 373–423 K. Simultaneously the local temperature and 
pressure inside the discharge channels formed by the electrical 
sparks reach 10 3 –10 4  K and 102–103 MPa. The coating is formed 
on the anode by chemical reactions governed by thermal and 
plasma conditions at the discharge zone [ 179 ]. These temperature 
and pressure are enough to give rise to plasma thermochemical 
interactions between the substrate and the electrolyte. These inter-
actions result in the formation of melt- quenched high-temperature 
oxides and complex compounds on the surface, composed of both 
the substrate material and the electrolyte [ 180 ]. Whereas below the 
electrolytic breakdown the thickness of the anodic fi lms growth 
with a linear relationship with the applied potential, the structure of 
the fi lms changes completely when anodising at potentials above 
the linear region. The main surface characteristic is the formation 
of craters, holes in the micrometrical range [ 43 ] that substantially 
alter the roughness of the surface. Moreover, plasma electrolytic 
oxidation (PEO) coatings contain a fi ne, interconnected porosity 
network, which appears to extend throughout the entire thickness 
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of the coating [ 175 ]. The anodic fi lm formed in acidic media was 
described with a duplex structure with an outer porous layer (10–
15 μm) and an inner compact fi lm of less than 100 nm. The coating 
thickness increases with the applied potential [ 181 ]. 

 The rough surface generated by this process and the incorpora-
tion to the coating of chemical species from the electrolyte lead to 
an entire fi eld of investigation of these modifi ed surfaces of metal-
lic valve metal implant materials [ 182 ], including selection of the 
anodising electrolyte, time, applied potential, current density, fre-
quency and selection and post- anodising treatments. 

 In contrast to the classical anodising treatments performed 
below the electrolytic breakdown, which are commonly done in 
acidic inorganic media, MAO is often performed in electrolytes 
containing Ca and P that are incorporated in the oxide coating 
structure with the aim of improving biocompatibility and osseoin-
tegration rate in vivo. Using glycerolphosphate and calcium ace-
tate Abbasi et al. identifi ed hydroxyapatite, anatase and calcium 
titanate in the surface coating of pure titanium [ 180 ,  183 ]. In Ti 
alloy containing Nb, Ta and Zr, anodised in calcium glycerolphos-
phate and magnesium acetate, Tsutsumi et al. only found calcium 
phosphate after immersion in Hanks solution whereas the MAO 
coating consisted mainly of anatase and rutile [ 184 ]. Alkaline elec-
trolytes were used to anodise pure zirconium with the aim of incor-
porating silicates during MAO treatment [ 185 ]. Post- anodisation 
treatments are often performed. Hydrothermal treatment using 
high pressure steam was used to crystallise hydroxyapatite [ 186 ]. 
Alkali treatment, consisting in the immersion of the anodised 
material in a concentrated NaOH solution at temperatures from 50 
to 80 °C for some hours to several days is often used to promote 
titanate formation and also to alter the topography of the anodised 
surfaces [ 176 ]. By using electrophoresis, Samanipour et al. incor-
porated particles of ZrO 

2
  on MAO-treated titanium [ 187 ]. Ca-P-

rich compounds were detected after immersion in Hank solution of 
pure zirconium specimens coated by MAO and further immersed 
in acid or alkaline solutions [ 188 ]. 

 Electrochemical tests in SBF solution show similar results of 
those obtained in other anodisation condition for titanium, a diminish 
of the current density for the coated specimens compared with 
unanodised titanium, along with an increase in OCP potential [ 178 ] 
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 In vitro tests results show an increase in osteoblast adhesion on the 
MAO-coated titanium samples compared to bare titanium [ 189 ]. 

 All the above named treatments were able to induce Ca–P-rich 
compounds on the metal surface. However, the corrosion stability of 
those thick and porous fi lms has not been completely studied [ 166 ].  

3.2.2.5     Anodic Oxides on Valve Metals with Auto 
Ordered Structures: Nanopores and Nanotubes 

 The anodisation of valve metals in acidic inorganic media or contain-
ing ethylene glycol in the presence of fl uoride ions (F−) dramatically 
changes the anodic oxide structures obtained. As is clearly evidenced 
in Fig.  3.7 , the addition of small amounts of HF to H 

3
 PO 

4
  results in a 

totally new surface morphology of the anodic oxide, even when other 
anodisation parameters, such as anodising potential and time remain 
the same. Instead of the isolated islands in the nanometrical range, a 
fully covered surface of an anodic fi lm with a periodic and ordered 
structure of parallel tubes on the surface is formed.

   These interesting structures, with multiscale well-defi ned 
 topological characteristics (roughness in the microescale, pore 

  Fig. 3.7    SEM image of Ti showing a periodic and ordered structure of paral-
lel tubes on the surface after anodising in HF + H 

3
 PO 

4
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diameter in the nanoscale) have been studied for several research 
groups as potential surface design for osseointegrable implants on 
titanium [ 190 ], some of its alloys [ 191 ,  192 ] and other biocompat-
ible valve metals as zirconium [ 50 ,  193 ,  194 ], tantalum or niobium 
[ 195 ]. The nanotubes are expected to promote bonding to bone due 
to their high surface area and the ability for cell interlocking [ 22 ]. 

 Acidic mixtures with small amounts of HF are the most used 
electrolytes for nanotube formation of anodic oxides on titanium 
[ 196 ,  197 ] and its alloys, although organic electrolytes including 
glycerol [ 198 ,  199 ], diethylene glycol [ 200 ]. In zirconium, how-
ever, acidic water electrolytes with HF lead to an intense dissolu-
tion of the metal, and nanotubes are obtained mainly in organic 
electrolytes with F ion, with the exception of few reports of self-
organised porous structure obtained on zirconium Na 

2
 SO 

4
  + NH 

4
 F 

aqueous solution [ 201 ] and in H 
2
 SO 

4
 /NH 

4
 F electrolyte [ 202 ]. The 

infl uence of small water contents on glycerol solutions with NH 
4
 F 

can change the zirconium oxides structure from nanotubes to 
nanopores [ 203 ]. Other valve metals were in comparison less stud-
ied, but the growth of nanotubular structures is reported on Hf- 
[ 204 ] and Nb-containing titanium alloys [ 195 ]. 

 The applied potential and time under constant anodic potential 
have a strong infl uence on the morphology of the anodic layers 
formed [ 197 ,  205 ]. Relative low potentials, from 3 to 60 V are 
often applied under potentiostatic regime for periods of time from 
a few minutes to more than 24 h. Tube diameter increases with the 
applied potential [ 190 ,  203 ,  206 ,  207 ]. However, change from 
nanotubular to fl at anodic oxides occurs when increasing the 
anodic potential in some electrolytes, with an important infl uence 
of stirring regime [ 208 ]. A linear relationship between anodic 
potential and pore diameter was found for pure titanium anodised 
in NaF/glycerol electrolyte [ 209 ]. For pure titanium in glycerol–
water solution with fl uorides, Manole et al. found a change in the 
structure of the anodic fi lms formed from nanotubes at low poten-
tials (20–40 V) to nanopores at 60–80 V [ 210 ,  211 ]. Short time of 
applied potentials leads to nanopore structures, whereas longer 
periods (higher than 1 h) favour the formation of nanotubes. Once 
formed, nanotubes grow in length with anodising time at constant 
potential. 
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 Topologies of the anodised surfaces change remarkably along 
with the changing of applied voltages, electrolyte  concentration 
and time under anodic potential, as was reported by Zhao et al. for 
pure titanium [ 197 ]. The structure is highly sensitive also on tem-
perature (in some cases it rises during anodisation) and stirring 
regimen [ 212 ]. The tubes are well aligned and often organised into 
high-density uniform arrays, with a barrier dense layer on their 
bottom [ 196 ]. 

 A wide range of fi lm thickness, from 100 to 1200 nm are 
reported with pore or tube diameters between 20 and 90 nm on 
pure titanium and some of its alloys. The incorporation of F− in the 
oxide structure was evidenced with XPS [ 196 ,  202 ,  213 ]. 

 Thermal treatments are often performed to increase anatase 
crystalline structure on pure titanium or titanium alloys, but even 
after long thermal cycles, partial crystallinity is a main character-
istic of these layers. In these post-anodisation treatments, different 
temperatures, time of treatment and even atmosphere were varied 
dramatically from high vacuum to air [ 214 ], or even dry oxygen 
[ 215 ]. Sealing boiling water treatments similar to those used in 
aluminium anodic oxides were also reported [ 216 ]. However, in 
zirconium, crystalline anodic oxides are often obtained with no 
need of further thermal treatments. Cubic and tetragonal phase 
mixtures are found [ 201 ]. 

 According to recent studies [ 217 ], the anodisation of Ta, Nb 
and Zr in the presence of F− proceeds in three steps:

 –    Formation of a compact and protective metal oxide with a 
decay of current density (as in acidic media with no F−)  

 –   Chemical dissolution of the oxide in the presence of fl uoride 
anion and formation of metal oxide simultaneously with a rise 
of current density  

 –   Reaching the equilibrium between oxidation and dissolution 
with a steady state of current density.    

 Biomimetic apatite growth after immersion in SBF solutions 
for different periods of time were the fi rst in vitro tests performed 
to evaluate nanotubular structures as candidates for permanent 
implants. The presence of anatase, induced after thermal treat-
ments in air post-anodisation, was indicated as the main factor 
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favouring the apatite formation on pure titanium [ 214 ]. After bio-
activation by synthetic hydroxyapatite coating, nanotubular TiO 

2
  

structures present higher apatite amount after SBF immersion than 
compact anodic oxides [ 190 ]. Similar results were found with bio-
activation with hydrothermal immersion in Ca–P-rich solutions 
[ 218 ]. In zirconium, higher amount of apatite was found on nano-
tubular ZrO 

2
  than on compact ZrO 

2
  after 30 days of immersion in 

SBF [ 219 ]. Bioactivity of modifi ed Ti surface by nanotubes is a 
subject of study with preliminary favourable results in vivo [ 200 ] 
and in vitro [ 220 ]. Electrochemical measurements in phosphate 
saline solution evidences on Ti13Nb13Zr alloy a similar corrosion 
resistance of native oxide compared to nanotubes grown in acidic 
media [ 23 ]. In SBF, anodic potentiodynamic experiments show 
smaller current densities on heat-treated nanotubular TiO 

2
  com-

pared to polished titanium surfaces [ 218 ] whereas nanotubular 
ZrO 

2
  presents better corrosion resistance than non-anodised Zr 

only after thermal treatment [ 168 ]. 
 Cell adhesion and antibacterial experiments results present 

promissory results for pure titanium with anodic nanotubes growth 
in acidic media [ 215 ,  221 ], whereas in Ti50Zr alloy, cell adhesion 
percentage dependence with nanotube diameter was determined 
[ 222 ]. The results of the cell proliferation assays indicated that the 
nanotubes with inner diameter (Di) ≈40 nm exhibited the highest 
percentage of cell adhesion of 41.0 %, compared to 25.9 % cell 
adhesion at Di ≈ 59 nm, 33.1 % at Di ≈ 64 nm and 33.5 % at 
Di ≈ 82 nm. The nanotubes with Di ≈ 59 nm exhibited the greatest 
roughness parameter of Sa (mean roughness), leading to the low-
est ability to interlock with SaOS 

2
  cells. 

 It was observed increased blood serum protein adsorption, 
platelet adhesion and activation on titania nanotube arrays com-
pared to smooth titanium [ 200 ]. Desirable effects of TiO 

2
  struc-

tures on titanium were found on vascular cells regarding to a 
potential use in vascular devices [ 223 ]. 

 Even though nanotube structures have promising characteris-
tics regarding a further use in permanent implants, including a 
periodic ordered structure in the micro and nanoscale formed with 
proven bioactive oxides (TiO 

2
 , ZrO 

2
  in different crystallographic 

structures), the growth on substrates of high corrosion resistance 
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in biological media metals and alloys, of low cytotoxicity, the 
nanotubular structure often does not cover the entire implant sur-
face, but nanotube islands and or clusters are separated by other 
less ordered oxide shapes, more like those obtained in F free elec-
trolytes. The area of visible pores increases with anodising time 
but the precipitation of a layer of intermediate reaction products 
was always present in a detailed work of anodisation of pure Zr 
and Ti presented by Tsuchiya [ 224 ]. The consequence of this mix-
ture of structures leads to a careful study and control of the actual 
capability of cover complex surfaces with the desired surface 
topography. However, big efforts are currently being done to 
understand the relation between anodisation parameters and dif-
ferent aspects of the nanotubular structures, in order to achieve 
certain rules to design the anodic process according to the desired 
surfaces requirements. 

 As a summary, anodisation, as a general process, is the electro-
chemical route that conducts to the formation of an oxide grown 
by an anodic process. Surface properties such as topography, 
roughness, oxide thickness and microstructure and oxide chemis-
try can be varied controlling anodising variables as electrolyte 
solution, current density, potential, temperature among others. It is 
a very well spread technique used in many industries, with a big 
potential in the fi eld of implants devices since it can be adjusted to 
complex geometries, low cost comparative to other techniques and 
possibility of adapting to induce desirable changes in surface 
properties.    

3.3     Sol–Gel Coatings on Metallic Implants 

 Surface modifi cation by the sol–gel coatings applied on metallic 
implants can be applied with the objective of minimising the cor-
rosion of the metallic implant together with the functionalisation 
of the surface fi lm to promote the osseointegration of the cement-
less implants. This strategy of surface modifi cation is more used 
for those materials that cannot develop a thick oxide by anodisa-
tion (stainless steel, CrCo alloys, Mg alloys) and/or to 
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functionalise the materials to include in the coating some features 
as bioactive particles (hydroxyapatite, glass particles), bacterise 
agents, corrosion inhibitors among others. 

3.3.1     General Aspects About Sol–Gel Science 
and Synthesis 

 A colloid is a suspension in which the dispersed phase is so small 
(1–1000 nm) that gravitational forces are negligible and interac-
tions are dominated by short-range forces. A sol is a colloidal sus-
pension of solid particles in a liquid that can be used to generate 
polymers or particles from which ceramic materials can be made. 
A ceramic is a non-metallic and inorganic compound, which 
includes metal oxides, nitrides and carbides, both crystalline and 
no crystalline. In the sol–gel process, the precursors (starting com-
pounds) for preparation of a colloid consist of a metal or metalloid 
element surrounded by various ligands (appendages not including 
another metal or metalloid atom). The alkoxides are members of 
the family of metalorganic compounds, which have an organic 
ligand attached to a metal or metalloid atom. The most thoroughly 
studied example is silicon tetraethoxide (or tetraethoxysilane, or 
tetraethyl orthosilicate, TEOS), Si(OC 

2
 H 

5
 ) 

4
  [ 225 ]. 

 Silica and doped silica materials obtained via sol–gel inorganic 
polymerisation process are functional materials with an impres-
sive range of applications, including the two pillars of the chemis-
try practice, synthesis and analysis, but also, protective coatings, 
controlled release, adsorption, chromatography, separation, bio-
technology, energy conservation, cultural heritage restoration, 
environmental remediation and many other fi elds of contemporary 
technology [ 226 ]. 

 Functional sol–gel materials are generally synthesised via the 
hydrolytic polycondensation, at room temperature, of liquid pre-
cursors under controlled conditions. The synthesis is generally 
carried out in an organic co-solvent (since alkoxysilanes are not 
water soluble) [ 227 ] through simultaneous or sequential reactions 
of hydrolysis (Eq.  3.1 ) and polycondensation, releasing water 
(Eq.  3.2 ) and/or alcohol (Eq.  3.3 ).

3 Anodisation and Sol–Gel Coatings as Surface Modifi cation…



224

  ≡ + ↔≡ +Si OR H O Si OH R OH– – –2    ( 3.1 )    

  ≡ + ≡↔≡ ≡ +Si OH HO Si Si O Si H O– – – – 2    ( 3.2 )    

  ≡ + ≡↔≡ ≡ +Si OR HO Si Si O Si R OH– – – – –    ( 3.3 )    

The overall gelation process is slow due to the low polarity of the 
Si–O bond in silicon alkoxides (the Si atoms bear a  δ + = 0.32 low 
positive charge in TEOS). Therefore, catalysis is essential. This is 
a key advantage because, in practice, the relative hydrolysis and 
condensation rates are very sensitive to the medium, which allows 
a relatively independent control through acid or base catalysis. 
One- or two-step processes can be used. The structure of a sol–gel 
material indeed evolves sequentially as the product of successive 
and/or simultaneous hydrolysis, condensation and their reverse 
reactions (esterifi cation and depolymerisation, respectively). 

 Overall, silica gels with a texture closer to that of polymeric 
gels derived from organic chemistry are obtained if the hydrolysis 
rate is larger than that of condensation. This is usually the case 
under acidic catalysis. On the other hand, bases accelerate the con-
densation above the hydrolysis reactions, which then favours the 
formation of denser colloidal silica particles and colloidal gels. 
The fundamental structural units of silica gel are similar to those 
of vitreous silica (long accepted as a continuous random network 
of nearly perfect SiO 

4
  tetrahedral units). It was proposed that the 

tetrahedral units are mostly arranged in cyclic siloxane structures, 
4-rings [(SiO) 

4
 ], which are thermodynamically favoured, plus less 

tensioned 6-rings [(SiO) 
6
 ], which are kinetically favoured. Broken 

siloxane bridges and rings of different dimensions were consid-
ered structural defects [ 228 ]. Thus, by chemical control of the 
mechanisms and kinetics of the sol–gel reactions, by thoughtful 
choice of the sol–gel process parameters (such as the nature of the 
precursors, the use of surfactants, acid or base catalysis, tempera-
ture [ 229 ], water/precursor and co-solvent/precursor ratios, age-
ing, washing and drying conditions), it is possible to tailor the 
structure of the resulting gels over a wide range, affording materi-
als with the desired functional properties. The same hydrolysis and 
polycondensation reactions take place with other precursors 
 different than TEOS, like methyltriethoxysilane (MTES), replac-
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ing an ethyl ligand a non-hydrolysable one like a methyl group in 
MTES [ 230 ]. This precursor’s mix gives to the generated material 
a hybrid character and a potential versatility to the synthesis, gen-
erating new functional variables [ 231 ,  232 ].  

3.3.2     Sol–Gel Thin Films 

 One of the key areas of application for sol–gel processing is in coat-
ings, where many advantages over conventional methods include the 
ability to coat large, curved substrates in a cost-effective method using 
simple deposition equipment, the ability to obtain coatings with high 
and tailored homogeneity, low sintering temperatures and the capabil-
ity to prepare materials which cannot be prepared by other methods 
(organic–inorganic hybrid materials) [ 233 ]. Due to the improvement 
in technology and techniques based on thin fi lms by sol–gel process-
ing methods, special attention has been focused in thin fi lms forma-
tion based on sol–gel processing. Chemical and physical variables 
that infl uence  coating formation by different methods (dip coating, 
spin coating, centrifuge methods, spray, etc.) are being studied to opti-
mise the process and quality of the fi nal product [ 234 ]. 

 In the sol–gel fi lm-forming process, solution precursors are 
deposited on a substrate by dipping or spinning. Figure  3.8  schemati-
cally represents the dipping process. During sol-gel thin fi lm forma-
tion via dipping, inorganic or metal organic sols are deposited on the 
substrate surface by a complex steady-state process combining gravi-
tational draining, solvent evaporation and continued condensation 
reactions (Fig.  3.9 ) [ 225 ]. Unlike conventional bulk gel formation, 
the drying stage overlaps the aggregation/gelation and ageing stages, 
establishing only a brief time span for condensation reactions to 
occur [ 228 ]. In addition, the entrainment of the inorganic species in 
the draining fl uid layer establishes a shear fi eld that increases with 
substrate withdrawal speed  U  

0
 . When the receding drying line veloc-

ity equals the withdrawal speed,  U  
0
 , the process is steady state with 

respect to the liquid bath surface. The structure of the fi nal deposited 
fi lm depends on the competition between such phenomena as evapo-
ration (which compact the fi lm), condensation reactions (which 
strengthen the fi lm, increasing its resistance to compaction) and 
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  Fig. 3.8    Fundamental stages of sol–gel dip coating process. Reproduced with 
permission of Springer [ 235 ]       

  Fig. 3.9    Steady-state dip-coating process showing the sequent steps for fi lm 
formation. Reprinted from ref. [ 228 ], Copyright 1992, with permission from 
Elsevier B.V.       
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shear-induced ordering. Often, compared with bulk gels, the brief 
time span of the deposition process causes the fi lm structure to 
remain more compliant, allowing it to collapse at the fi nal stage of 
drying as the liquid–vapour menisci recede into the fi lm interior 
[ 234 ]. For alcohol-rich fl uids common to sol-gel dip coating, steady-
state conditions are attained in several seconds [ 228 ].

    The formed fi lm turns to solid state on the substrate by direct 
reaction with air between 200 and 500 °C [ 236 ]. One of the funda-
mental concerns in the thin fi lm formation by dipping with sol–gel 
made materials is the limit or “critical thickness” of the fi lm, which 
is the maximum thickness for a set system composition, preserv-
ing the homogeneity, constant thickness and fl awless of the sur-
face [ 230 ]. The phenomenon is rule by the sol composition, the 
degree of reaction reached (hydrolysis), solvent amount, second 
phases and the withdrawal speed. 

 Sol–gel coatings have already been used to good advantage in a 
wide variety of applications. These include transparent conductive 
coatings (based on oxides of Sb, In and Sn and ITO) [ 237 ,  238 ], pas-
sivation coatings (SiO 

2
 , SiO 

2
 –TiO 

2
 , SiO 

2
 –ZrO 

2
 , Si–O–N coatings, 

coatings based on Al 
2
 O 

3
 –P 

2
 O 

5
 , etc.) [ 239 – 241 ], optical control coat-

ings (TiO 
2
  fi lms and some colour, SiO 

2
  coatings) [ 242 ], antirefl ection 

coatings (Si alkoxides with interconnected pores) [ 243 ,  244 ], porous 
coatings (Na, Ni, Mo and Pd hydrous titanate) [ 245 ], adhesion pro-
moting coatings (organic complexes of Si, Ti, Al and Cr) [ 246 ], coat-
ings in mechanical applications (SiO 

2
 , porous Al 

2
 O 

3
  coatings derived 

from Al(OC 
4
 H 

9
 ) 

3
 , SiO 

2
 –TiO 

2
  coatings) [ 247 – 250 ], coatings in elec-

trical–electronic applications [ 251 ], coatings applied onto metals to 
promote corrosion protection and bioactivity [ 226 ,  252 – 257 ].  

3.3.3     Metallic Implants: Substrates 
To Be Protected 

 Metallic materials are most commonly used for load-bearing 
implants and internal fi xation devices. They generally fi nd appli-
cations in the fabrication of implant such as hip joint prosthesis, 
knee joint prosthesis, dental implants, cardiovascular devices, etc. 
(Fig.  3.10 ). The most commonly used metals and alloys for 
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medical device applications include stainless steels, commercially 
pure titanium and its alloys, cobalt-based alloys and recently zirco-
nium and magnesium alloys. Processing method and purity of the 
metal determines its mechanical and chemical properties. Some 
featured properties of a metallic material are its high tensile 
strength, high yield strength, resistance to cyclic loading (fatigue), 
resistance to time-dependent deformation (creep) and its corrosion 
resistance. Among the candidate materials to be used in dentistry 
and orthopaedic surgery, stainless steels, titanium and its alloys, 
cobalt-based alloys and magnesium are the most studied alloys to 
be functionalised with sol–gel coatings either to control their cor-
rosion rate in body fl uid and/or to promote bone formation.

   Stainless steels are iron-base alloys with a minimum of 10.5 % 
Cr as an alloying element, needed to prevent the formation of rust. 
Stainless steel (18Cr–8Ni) was fi rst used in orthopaedic surgery in 
1926. For implant applications they must have the resistance to 
pitting and crevice corrosion from the body plasma. Special pro-
duction techniques such as vacuum melting, vacuum arc melting 
and electro slag refi ning are required to produce high-quality stain-
less steels with minimum non-metal inclusions for implant appli-
cations [ 258 ]. Apart from implant applications commercial-grade 
stainless steels are also widely used for the manufacture of surgi-
cal and dental instruments. Although there are several types of 
stainless steels in use for medical applications, 316L (18Cr–14Ni–

  Fig. 3.10    Different types of permanent and transitory metallic implants for 
orthopaedic and dentistry (From   http://www.1888implant.com/    )       
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2.5Mo) single phase austenitic (FCC) stainless steel is the most 
popular one for implant applications [ 259 – 262 ]. The “L” in the 
designation denotes its low carbon content and as a result it has 
high corrosion resistance in in vivo conditions [ 263 ]. Shih and co-
workers studied the effect of surface treatment on the in vitro cor-
rosion resistance and in vivo biocompatibility of 316L stainless 
steel [ 260 ,  264 ]. 

 Co–Cr-based alloys are the most commonly used representative 
Co alloys for biomedical applications. The presence of Cr imparts 
the corrosion resistance and the addition of small amounts of other 
elements such as iron, molybdenum or tungsten can give very 
good high temperature properties and abrasion resistance [ 25 ]. 
The various types of Co–Cr alloys used for implant applications 
include Co–Cr–Mo (ASTM F75), Co–Cr–Mo (ASTM F799), Co–
Cr–W–Ni (ASTM F90) and Co–Ni–Cr–Mo–Ti (ASTM F562). 

 The development of biodegradable implants is nowadays one 
of the more important areas in medical science [ 265 ]. A biodegrad-
able material can be gradually dissolved after implanting. 
Compared with a traditional permanent implant, a biodegradable 
material will not cause permanent physical irritation or chronic 
infl ammatory discomfort [ 266 ], and also it is thought to induce 
bone healing [ 267 ]. Magnesium is potentially a good temporary 
implant material for its non- toxicity to the human body. Mg 2+  is 
present in large amount in the human body and involved in many 
metabolic reactions and biological mechanisms. The human body 
usually contains approximately 35 g per 70 kg body weight and 
the human body’s daily demand for Mg is about 375 mg/day. Due 
to the excellent biocompatibility, magnesium alloys used to be 
introduced as implants into orthopaedic and trauma surgery in the 
fi rst half of the last century. However, it was found that magne-
sium alloys corroded too rapidly, resulting in subcutaneous hydro-
gen gas release and consequently the approach of using magnesium 
alloys as permanent biomaterials was abandoned. Since rapid cor-
rosion is almost an intrinsic response of magnesium to a chloride-
containing solution [ 268 ] like the human body fl uid or plasma, the 
application of coatings onto the surface could turn magnesium into 
a biodegradable implant material controlling dissolution rate or 
delaying corrosion process. In fact, with recent developments of 
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magnesium alloys and understandings of corrosion and prevention 
of magnesium alloys, controlling the corrosion performance of a 
magnesium alloy should be possible now [ 269 ,  270 ].  

3.3.4     Bioactivation of Permanent Metallic 
Implants 

 Bioactive coatings are important for metallic implants such as hip 
prostheses and periodontal implants because some metals alone 
(as stainless steel or CrCo alloys) are bioinert, which means they 
are encapsulated with fi brous tissue after implantation [ 271 ]. 
Bioactive coatings have the potential to improve the stability of 
implants by bonding them to the host bone, where the hydroxyapa-
tite (HA) layer forms on  bioactive glass as a result of dissolution. 
Bioactive glasses are by nature biodegradable, and therefore a 
highly bioactive coating may degrade over time, causing instabil-
ity of the metallic implant in the long term [ 272 ]. 

 Glass can be made using two processing methods: the tradi-
tional melt-quenching route and the sol–gel route (Fig.  3.11 ). 
Bioglass ®  45S5 and other commercial bioactive glasses are made 
by melt quenching, where oxides are melted together at high tem-
peratures (above 1300 °C) in a platinum crucible and quenched in 
a graphite mould (for rods or monoliths) or in water (frit). The 
sol–gel route essentially forms and assembles nanoparticles of 
silica at room temperature. It is a chemistry-based synthesis route 
where a solution containing the compositional precursors under-
goes polymer-type reactions at room temperature to form a gel 
[ 225 ]. The gel is a wet inorganic network of covalently bonded 
silica, which can then be dried and heated, e.g. to 600 °C, to 
become a glass. Typical bioactive compositions are in the ternary 
system [ 273 ], e.g. 58S (60 mol% SiO 

2
 , 36 mol% CaO, 4 mol% 

P 
2
 O 

5
 ) and 77S (80 mol% SiO 

2
 , 16 mol% CaO, 4 mol% P 

2
 O 

5
 ), or 

binary system s like 70S30C (70 mol% SiO 
2
 , 30 mol% CaO). The 

physical differences in melt- and sol–gel-derived glasses are that 
sol–gel glasses tend to have an inherent nanoporosity ( a ) whereas 
melt-quenched glasses are dense [ 274 ]. The nanoporosity can 
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result in improved cellular response due to the nanotopography 
and a specifi c surface area two orders of magnitude higher than for 
similar compositions of melt- derived glass. The high surface area 
of sol–gel glasses results in high dissolution rates and, as there is 
no melting involved, sodium is not required in the composition. 
Nonetheless, sol–gel glasses have been produced close to the 45S5 
composition, e.g. 49.15 mol% SiO 

2
 , 25.80 mol% CaO, 23.33 mol% 

Na 
2
 O, 1.72 mol% P 

2
 O 

5
  [ 275 ], although the gels must not be heated 

above 600 °C if the glasses are to remain amorphous. Common 
precursors for introducing calcium and phosphate into the sol–gel 
are calcium nitrate tetrahydrate and triethylphosphate, respec-
tively. The thermal process also removes by-products of the non-
alkoxide precursors, such as nitrates from calcium nitrate. Among 
the different solutions which have been proposed, hydroxyapatite 
[HA, Ca 

10
 (PO 

4
 ) 

6
 (OH) 

2
 ] coatings on Ti have attracted much atten-

tion over the last two decades [ 271 ,  276 ]. The excellent biocom-
patibility of HA is closely related to its chemical and biological 
similarities with human hard tissues [ 277 ]. The problem resides in 

  Fig. 3.11    ( a ) Melt-quenched and ( b ) sol–gel 45S5 bioactive glasses. ( c ) 
Dissolution and redeposition of Ca-P related compounds on sol–gel-derived 
glass       
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the deposition method of the HA and related coatings: typically 
done by plasma spray [ 278 ,  279 ]. However, there are some prob-
lems associated with the plasma-spraying process, such as poor 
adherence to the substrate, chemical inhomogeneity and high 
porosity. Most of these problems are associated with the exces-
sively high fabrication temperature. In vivo studies of HA coatings 
on Ti implants have revealed good fi xation to the host bones and 
an increased amount of bone ingrowth into the implants [ 280 , 
 281 ]. Along with HA, fl uorapatite [FA, Ca 

10
 (PO 

4
 ) 

6
 F 

2
 ] coatings on 

metallic substrates have also attracted considerable attention in 
areas that require long- term chemical and mechanical stability of 
the coating layer [ 282 ,  283 ]. Pure FA has a lower bioresorption 
rate than HA, and has a level of biocompatibility comparable to 
that of HA, demonstrating good properties in fi xation to bone and 
bone ingrowth [ 283 ]. F −  promotes the mineralisation and crystal-
lisation of calcium phosphate in the bone forming process. In com-
parison with plasma spray, the sol–gel technique offers certain 
advantages, because of the high chemical homogeneity, fi ne grain 
structure and low crystallisation temperature of the resultant coat-
ing, as well as its being both an economical and technically simple 
procedure to perform [ 284 ].

   Thus, one way to improve biocompatibility of metals is to apply 
a sol–gel coating of hydroxyapatite (HA) and fl uor- hydroxyapatite 
(FHA) [ 285 ]. The surface morphology for coated Ti is shown in 
Fig.  3.12 . The coating layers were phase pure, dense and uniform, 
and had a thickness of around 5 μm after heat treatment at 
500 °C. The FHA layer showed much lower dissolution rate than 
pure HA, suggesting the tailoring of solubility with F −  incorpora-
tion within the apatite structure. The osteoblast-like MG63 and 
HOS cells grew and proliferated favourably on all the HA and 
FHA coatings and pure Ti. Especially, the HA- and FHA-coated Ti 
exhibited higher ALP expression levels as compared to pure Ti, 
confi rming the improved activity and functionality of cells on the 
substrate via the coatings [ 285 ].

   Inorganic–organic hybrid sol–gel materials are interpenetrat-
ing networks of inorganic and organic components that interact at 
the nanoscale [ 286 ]. The two components are indistinguishable 
above the nanoscale. This is different from nanocomposites, 
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which have distinguishable components. However, synthesis of 
hybrids is sometimes complex and there are several chemistry 
challenges that must be overcome before hybrids will be success-
ful and used in tissue regeneration. Hybrids are synthesised intro-
ducing the polymer early in the sol–gel process, e.g. after 
hydrolysis of the TEOS, so that the inorganic (silica) network 
forms around the polymer molecules, resulting in molecular-level 
interactions [ 225 ]. The hypothesis is that the fi ne-scale interac-
tions between the organic and inorganic chains lead to the mate-
rial behaving as a single phase, resulting in controlled congruent 
degradation and the potential for tailoring the mechanical proper-
ties [ 286 ] (Fig.  3.13 ). The fi ne-scale dispersion of the two compo-
nents means that cells are likely to attach to the hybrid surface as 
though it is one material, rather than bioactive particles dispersed 
in a polymer matrix. The aim is that a bioactive hybrid would 
have bioactivity similar to that of a bioactive glass, but have 
toughness and controlled congruent degradation [ 272 ].

  Fig. 3.12    SEM surface morphologies of the pure Ti and apatite- coated Ti 
after heat treatment at 500 °C for 1 h: ( a ) pure Ti, ( b ) HA coating, ( c ) 50FHA 
coating and ( d ) 50FHA coating at higher magnifi cation. Reprinted from ref. 
[ 285 ], Copyright 2003, with permission from Elsevier Ltd.       
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   Methacrylate–silica-based sol–gel fi lms [ 287 ,  288 ] could also 
be an option to simulate the open structure of collagen fi bres in 
new uncalcifi ed bone, for being the polymer structureless dense 
and more open than other hybrid coatings, and for having a biomi-
metic behaviour if they are correctly functionalised [ 289 ,  290 ]. 
The silica xerogel system is an attractive material to apply to 
metallic substrates, because sol–gel- derived silica xerogels are 
known to have excellent bioactivity and exhibit chemical bonding 
to the surrounding tissues, particularly bone [ 291 ,  292 ]. However, 
silica xerogels have one serious problem in that they undergo 
severe cracking during processing. In order to overcome this 
intrinsic  weakness, silica xerogels have in recent years been com-
bined with organic materials. Chitosan, a kind of polysaccharide, 
is a deacetylated derivative of chitin and has been widely applied 
in biomedical applications because of its cell compatibility, biode-
gradability and non-toxic characteristics. It is also fl exible and eas-
ily formable as compared with inorganic materials. These 
properties of chitosan make it a suitable material for hybridisation 
with silica xerogels and as a room temperature- coating layer on 
metallic implants [ 293 ]. 

 One way to minimise the release of corrosion products from the 
implant to the surrounding tissue is to apply protective hybrid 
organic–inorganic coatings [ 256 ,  287 ,  294 – 296 ]. Such fi lms 
should also be functional with bioactive material for inducing the 

  Fig. 3.13    Hybrid organic–inorganic silica-based sol–gel coating on surgical 
grade stainless steel. ( a ) Cross section showing the adaptability of the fi lm to 
the substrate and ( b ) broken detached sample showing the smooth surface 
features of the coating       
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formation of a semicrystalline hydroxyapatite (HA) rich layer onto 
the material surface, generating a natural bond to living tissues. 
HA can be detected after in vitro tests performed by soaking the 
material in simulated body solutions (SBF), Hank’s balanced salt 
solution (HBSS) and other solutions that simulate body fl uids 
[ 297 – 300 ]. This behaviour is considered an indication of in vitro 
bioactivity [ 301 ,  302 ]. 

 Galliano and co-workers demonstrated that inorganic and 
hybrid SiO 

2
  coatings obtained from tetraethylorthosilicate (TEOS) 

and/or methyltriethoxysilane (MTES) as SiO 
2
  precursors using 

acid catalysts improve the corrosion behaviour of AISI 316L stain-
less steel in biological environments (Fig.  3.14 ) [ 303 ,  304 ]. 
Coatings were applied as mono and multilayers by a multistep 
method. XPS analysis of inorganic and hybrid SiO 

2
  coatings on 

steel substrates showed that using TEOS as the only precursor 
results in some extent of Fe diffusion, but the hybrid coatings pre-
pared from MTES/TEOS limited the diffusion of iron to surface 
during thermal treatment, with much lower iron contents than 
those reported for bioactivity inhibition [ 256 ,  289 ,  305 ].
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  Fig. 3.14    Anodic polarisation curve for double-layer coatings on SS 316L 
containing glass, glass–ceramic and hydroxyapatite, compared with the 
uncoated substrate after 24 h immersion in SBF. Reprinted from ref. [ 303 ], 
Copyright 1998, with permission from Kluwer Academic Publishers.       
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   Continuous and defect-free hybrid sol–gel coatings were also 
obtained on surgery alloys (Ti alloys, Co–Cr–Mo F75 alloy) [ 256 ]. 
The incorporation of bioactive glass or glass–ceramic particles on 
the surface promoted bioactivity. Electrochemical characterisation 
of samples coated with mono- and double-layer coatings showed a 
dramatic reduction of the passive current densities compared with 
the bare alloys. The coatings improved the protection potential of 
the base materials in the tested electrolytes. EIS results for immer-
sion times of up to 6 months demonstrated the stability of the coat-
ings and the prevention of electrolyte penetration. In vitro response 
was fast and dependent on the concentration and size of particles 
but not on the thickness of the coating. HA deposits of low crystal-
linity were observed for all the coated alloys after 3–7 days of 
immersion in SBF or HBSS. Sol–gel coatings act as diffusion bar-
riers, strongly impeding ion release and avoiding biotoxicity 
(Fig.  3.15a, b ) [ 256 ,  295 ,  304 ].

   Pourhashem et al. have used a SiO 
2
 –CaO–P 

2
 O 

5
  bioglass coat-

ing via sol–gel method and silica–bioglass coatings prepared by 
suspensions containing bioglass particles to bioactivate and pro-
tect stainless steel [ 306 ]. In this research, double-layer coatings 
containing silica (SiO 

2
 ) intermediate layer and 45S5 bioglass 

(SiO 
2
 –CaO–Na 

2
 O–P 

2
 O 

5
 ) top layer were prepared by sol–gel pro-

cedure on 316L stainless steel substrates. 
 The corrosion behaviour is essentially related to the morphol-

ogy and defects of coated surface. The electrolyte can infi ltrate 
into the inner portion of the coating through the structural imper-
fections such as pores, cracks and pinholes existing in the coating 
and comes into contact with the deeper portion of the coating. The 
barrier effect of coatings is increased by the fi rst SiO 

2
  coating that 

prevents the contact of electrolyte with the substrate after the dis-
solution of bioactive particles [ 295 ]. After 7 days of exposure to 
SBF solution, the alkali and alkaline earth ions from the bioactive 
glass surface start to diffuse into the surrounding medium faster 
than ion precipitation on glass surface, leaving behind a corroded 
surface with increased surface area [ 307 ]; thus, the corrosion rate 
increases in the fi rst days of immersion. Further, leaching of ions 
leads to an exposition of Si–OH networked surface. This active 
surface stimulates deposition of a thin fi lm consisting of hydroxy-
apatite on the bioactive glass surface which slowly reduces the 
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  Fig. 3.15    ( a ) Potentiodynamic polarisation curve for the coated and uncoated 
CrCoMo alloy (F75) in neutral SBF solution. ( a ) Double- layer coating with 
5 wt% glass–ceramic; ( b ) single layer with 5 wt% glass–ceramic; ( c ) double-
layer coating with 10 wt% glass–ceramic; ( d ) single layer with 10 wt% glass–
ceramic; ( e ) uncoated CrCoMo alloy. Reproduced from Ref [ 256 ] (2004) by 
permission of The Royal Society of Chemistry (RSC). ( b ) Potentiodynamic 
polarisation curves for the coated and uncoated Ti–6Al–4V alloy in neutral 
SBF solution. ( a ) Double-layer coating with 10 wt% glass; ( b ) double- layer 
coating with 10 wt% glass–ceramic; ( c ) single layer with 10 wt% glass; ( d ) 
uncoated Ti–6Al–4V alloy. Reproduced from Ref. [ 256 ] (2004) by permission 
of The Royal Society of Chemistry (RSC)       
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area of exposed surface and pores and defects presented in the 
coatings could be blocked by corrosion products of the metal or by 
the degradation of the particles present in the coating [ 295 ]. This 
blocking could cause a higher resistance to the diffusion of the 
electroactive species to reach the metallic substrate increasing the 
apparent resistance of the system with time and decreasing the rate 
of dissolution (Fig.  3.16 ) [ 306 ].

   Metikosˇ-Hukovic’ et al. [ 308 ] have done in vitro and in situ 
investigations in order to determine the dielectric and electric 
properties of CaP coatings obtained by the sol–gel method and 
their infl uence on corrosion stability of titanium and titanium 
alloys (Ti6Al4V and Ti6Al6Nb) in simulated Hank’s Balanced 
Salt Solution (HBSS). The results were compared with those 
obtained for spontaneously formed surface fi lms on the same elec-
trode material in HBSS. In order to investigate the corrosion sta-
bility of implant materials covered with CaP coatings, the samples 
were exposed to physiological solution for 3 months and the mea-
surements repeated. 

 Generally, it can be said that there is no discernible difference in 
the crystallisation pathway among the CaP powder and CaP coatings 
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  Fig. 3.16    Potentiodynamic polarisation curves of bioglass–silica- coated sam-
ples after soaking in SBF at 37 °C for different immersion times. Reprinted 
from ref. [ 306 ], Copyright 2013, with permission from Elsevier Ltd and 
Techna Group S.r.l       
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on Ti-alloy substrates. By studying the thermal behaviour of the 
same sol–gel-derived CaP coatings on Ti5Al2.5Fe (TAF) substrate, 
the formation of rutile at the substrate-coating interface was 
observed at approximately 700 °C and sintering at 600 °C for 
10 min was found to be the optimum for CaP coatings on Ti-alloy 
substrates [ 309 ]. The impedance spectroscopy data, recorded under 
open-circuit conditions in HBSS, represent the response of the sol–
gel CaP-coated titanium and titanium alloys, over a period of 
90 min and 3 months (Fig.  3.17 ). The interpretation of the results is 
based upon a two-layer model of the surface fi lm consisting of an 
inner barrier layer and a thicker porous outer layer. The inner bar-
rier layer dominates the impedance spectra at higher frequencies 
while the outer layer dominates at low frequencies. The impedance 
data vary with immersion time, the main variable being an increase 
in the capacitance and a decrease in the resistance of the inner layer. 
Since the pores are fi lled with electrolyte, the contribution from this 
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log  f ) of impedance spectra for the Ti6Al6Nb electrode, recorded in physiolog-
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nucleated passive fi lm after 90 min of immersion in HBSS, ( fi lled square ) CaP 
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after 3 months of immersion in HBSS. Reprinted from ref. [ 308 ], Copyright 
2002, with permission from Elsevier Science B.V.       
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porous layer to the electrochemical properties is rather small, and 
the impedance response is dominated by the inner layer which 
behaves as a non-ideal dielectric with high electronic resistance. 
The nature of both layers was found to depend on the nature of the 
electrode substrate material and the presence of phosphate anions 
[ 308 ]. The chemical composition of the substrate as well as the 
composition and crystallinity of the CaP coating has a direct infl u-
ence on electrochemical–corrosion properties of the implant mate-
rials under in vitro conditions.

   The total impedance was only determined by the impedance of 
the barrier layer and was equal to the impedance of the sample 
coated with a spontaneous oxide fi lm. In contrast, the coating on 
the Ti6Al4V substrate with better crystallised HAP and b-TCP 
phases and with a smaller amount of carbonate incorporated in the 
structure of HAP exhibits a benefi cial corrosion protection effect. 
Upon prolonged exposure to physiological solution, it retards the 
diffusion [ 33 ] of vanadyl ions via pore closure due to hydrolysis or 
precipitation of HAP from the solution [ 308 ,  310 ]. The infl uence 
of composition, stoichiometry and structure of the CaP coating on 
the electrochemical behaviour of the Ti6Al6Nb and Ti6Al4V 
alloys became signifi cant only after 3 months of exposure to 
HBSS. Well-crystallised HAP and beta-TCP exhibited a benefi cial 
corrosion protection effect on the substrate during prolonged 
exposure to HBSS. The incompletely crystallised and inhomoge-
neous coating containing hydroxyapatite with a larger amount of 
carbonate incorporated in the structure of HAP and b-TCP on the 
Ti6Al6Nb substrate completely dissolves after prolonged expo-
sure to HBSS.  

3.3.5     Bioactivation of Transitory Metallic 
Implants 

 The sol–gel coating technique has been widely investigated in 
regard to coating Mg and its alloys for both corrosion protection 
and increased bone adhesion (Fig.  3.18 ) [ 311 ]. Most of research 
involved in coating of Mg alloys is related to the use of calcium 
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and phosphorus elements included in the precursors, and water 
and ethanol often used as solvent. The phosphorus precursor, regu-
larly phosphorus pentoxide or triethyl phosphite, is dissolved in 
ethanol and added to the solution to achieve hydrolysis of the sol 
[ 312 – 314 ]. The selected calcium precursor, most often calcium 
nitrate, is also dissolved in ethanol and then added to the hydro-
lysed phosphorus sol in a dropwise way. Special care has to be 
taken to the pH of the obtained sol since there is a spontaneous 
oxidation of the Mg alloys with acidic media (pH below 5). 
Samples to be coated are then dipped into the sol–gel to acquire a 
CaP coating, which is then cured at high temperatures (in the range 
of 350–600 °C) to increase the coating–substrate adhesion and to 
achieve the apatite structure within the applied coatings [ 315 ]. 
Curing temperatures for Mg substrates cannot exceed the melting 
point of pure Mg (650 °C) or the relevant alloy to avoid affecting 
the substrate.

   Inorganic–organic hybrid sol–gel coatings are favourable for 
Mg since they require far lower curing temperatures (as mentioned 
earlier) and have the ability to incorporate factors that may further 
improve the adhesion or corrosion resistance of the Mg substrate 
[ 268 ,  316 ]. Papers have reported the formation of organic–inor-
ganic hybrid fi lms consisting of silane-based alkyls and phos-
phates to be effective in reducing corrosion rates of Mg AZ31B as 
determined via electrochemical methods [ 317 ]. 

  Fig. 3.18    Scanning electron micrographs of calcium phosphates created 
using a sol–gel technique (two magnifi cations). Reprinted from ref. [ 311 ], 
Copyright 2011, with permission from Elsevier Ltd.       
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 Rojaee et al. probed that it was possible to prepare a bioceramic 
coating (HA coating) on AZ91 magnesium alloy by sol–gel in 
order to control the Mg biodegradability with the aim of improv-
ing the healthiness of the severely hurt tissues [ 318 ]. The author’s 
objective was pointed out to establish a desired harmony between 
the need of patient body to Mg 2+  ions and the degradation rate of 
the Mg-based implants as a new class of biodegradable/bioresorb-
able materials. This idea was followed by providing a sol–gel 
derived nanostructurarted hydroxyl-apatite (n-HAP) coating on 
AZ91 alloy using dip coating technique. 

 The electrochemical polarisation curves of the bare and n-HAp 
coated specimens are shown in Fig.  3.19 . The intercept of the 
cathodic and anodic polarisation curves showed that the n-Hap-
coated AZ91 alloys shifted the corrosion current density to more 
noble value. The corrosion potential concerning the n-Hap-coated 
AZ91 alloy shifted to a more positive potential. This could be a 
good indication of the coating stability, which is more likely due to 
the establishment of oxide inter-layer during heat treatment of the 
coated specimens [ 319 ]. An increase in anodic Tafel slope ( βa ) 
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  Fig. 3.19    Potentiodynamic polarisation curves of sol–gel-derived HA-coated 
AZ91 specimen (curve 1) and bare AZ91 specimen (curve 2) in SBF at 
37 ± 1 °C. Reprinted from ref. [ 318 ], Copyright 2013, with permission from 
Elsevier B.V.       
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was observed in the n-Hap-coated specimen. That could be a 
response of the higher activation energy in releasing Mg 2 +  ions, 
causing lower corrosion rates.

   In the EIS results of this kind of coatings is often observed an 
induction loop in the Nyquist plot at low frequencies (fi gure not 
shown). Low-frequency inductive loops in the impedance response 
can be ascribed to Faradaic reactions that involve adsorbed inter-
mediate species in the reduction of hydrogen gas, rearrangement 
of surface charge at the coating/oxide/metal interface, releasing 
the oxidation products such as Mg 2 +  or Mg(OH) 

2
  and pitting cor-

rosion mechanism [ 319 ,  320 ]. The whole corrosion process can be 
refl ected by weight loss measurement and the optical degradation 
behaviour evaluation [ 321 ]. It was observed that degradation rate 
decreased as immersion time increased. Moreover, it shows that 
the HA-coated specimens were degraded more gradually than the 
bare AZ91 specimens. This indication merges with the results in 
electrochemical experiments. In addition, it is proven that surface 
conditions and physiological environments play important roles in 
Mg degradation [ 265 ,  268 ]. It seems that both bare and HA-coated 
AZ91 specimens were covered with partially protective corrosion 
products and apatite-like precipitations on the surface [ 322 ]. This 
event would help to reduce the rate of degradation [ 318 ]. To fully 
exploit the good biocompatibility of CaP glass protective coating 
for magnesium substrate, the integrity and longevity of such CaP 
protective coating still needs to be improved. Ren et al. [ 323 ] have 
proposed one possible approach to improve the corrosion resis-
tance of CaP glass coating by employing a pretreatment interlayer 
to enhance the corrosion protection. Besides, fl uoride conversion 
treatments are considered to be one of the promising techniques 
for the pretreatment of biodegradable magnesium alloys used as 
orthopaedic implants. Fluorine is a natural component of the 
human skeleton and teeth. As one of the essential trace elements 
required by the human body, fl uorine is thought to stimulate osteo-
blast proliferation and could increase the mineral deposition rate in 
cancellous bones [ 323 – 325 ]. 

 Some authors [ 317 ,  326 ] have reported the anticorrosion resis-
tance and or a self-healing effect of sol–gel thin fi lms on magne-
sium alloys. As alkoxides or inorganic salts precursors for the sols 
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such as Ce own a relatively low pH, and magnesium alloys would 
be degraded by the sol, it is important to fi nd out a way to deal with 
the poor coating adhesion and subsequent corrosion of the coated 
magnesium alloys. Zhang et al. developed a novel approach to pre-
pare sol–gel fi lms, where appropriate additives were used to stabi-
lise and disperse uniformly the inorganic salts, and to reach to sols 
with a certain pH that could be applied directly on magnesium 
alloys. In this work, novel Ce/Mg (CM) composite fi lms were suc-
cessfully prepared on AZ91D Mg alloy substrate via sol–gel pro-
cess. Compared with the traditional method, this novel process 
using inorganic salts as precursors was lower cost, more environ-
ment friendly and simpler application procedures easily adaptable 
within industry [ 327 ]. The composite fi lms represented a good 
alternative to existing ones to protect Mg alloy substrate against 
corrosion in 3.5 wt% NaCl solution basing on the cross-linking of 
Ce and Mg fi lms. The Ce and Mg fi lms are cross-linking through 
the pores, so the CM composite fi lms act as an effective geometric 
layer against exposure to the corrosive media, as can be analysed 
by potentiodynamic tests (Fig.  3.20 ). The improvement with the 
conversion layer is displayed by both a anodic shift of  Ecorr  by 
200 mV and a by a signifi cant decrease of two orders of magnitude 
of the  Icorr  compared to the uncoated substrate, the passive range 
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indicates that the CM composite fi lms passive a very active alloy, 
decrease the corrosion rate and the pitting susceptibility of the 
AZ91D Mg alloy.

   The sol–gel process has been demonstrated to be an effective 
and tailor, environment-friendly route to prepare fi lms on metallic 
substrates at low cost [ 319 ,  328 ,  329 ], with proven potential to be 
used in the formulation of protective [ 253 ,  294 ,  303 ,  330 ,  331 ] and 
bioactive coatings [ 305 ,  332 ].   

3.4     Conclusions 

 The use of surface modifi cation techniques as anodising process or 
sol–gel thin fi lms coatings is two of many ways to prevent deterio-
ration of metallic implants by generating a barrier and a bioactive 
surface to promote bone regeneration and a reaction with the sur-
rounding media in a constructive way. 

 Corrosion of orthopaedics implants is a subject of concern, and 
many efforts are done in research to prevent the clinical issues that 
can be overcome as a result of undesirable corrosion rate. Either 
for permanent or temporary implants, surface treatments represent 
the best alternative to control the corrosion rate in body fl uid and 
the possibility of modifying the surface to increase the osseointe-
gration, minimising the harmful effect of by-products of electro-
chemical reactions and enhancing the bone healing.     
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4.1  �Introduction

This chapter explored the novel nanostructured biomaterials suitable 
for medical applications as wound dressings, soft tissue implants 
(maxillofacial implants, nucleus pulposus replacements in interverte-
bral discs), drug delivery devices, and carriers for cell cultivation. 
The Ag/alginate, Ag/poly(N-vinyl-2-pyrrolidone) (Ag/PVP), Ag/
polyvinyl alcohol (Ag/PVA), and Ag/polyvinyl alcohol/graphene 
(Ag/PVA/Gr) nanocomposites synthesized according to original 
electrochemical procedures will be discussed in the chapter.

In recent decades, a constant increase in the number of micro-
organisms resistant to existing antibiotics revived the clinical use 
of silver. Variety of silver-containing products have been devel-
oped and utilized especially for treatments of infections in burns, 
open wounds, and chronic ulcers. The synthesis of silver nanopar-
ticles (AgNPs) became very interesting for potential applications 
in many areas, including biomedicine, since nanocrystalline silver 
is proved to be the most efficient antimicrobial agent with a wide 
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inhibiting spectrum toward different types of microorganisms. 
However, one of the key problems for application of AgNPs is 
strong tendency of these particles to agglomerate due to high spe-
cific surface area and surface energy. To overcome this problem, 
polymers are used as capping agents to prevent AgNPs agglomera-
tion, but also as their carriers, in the hydrogel form. Hydrogel form 
is applicable as wound dressing or soft tissue implant. AgNPs 
embedded in hydrogel matrices are attractive for biomedical appli-
cations due to possibility for their controlled release resulting in 
antimicrobial activity. These gels are hydrophilic, biocompatible, 
biodegradable, easily processed into different shapes, and approved 
for medical use. Thus, combination of AgNPs with biocompatible 
hydrogels, like alginate, PVA, and PVP, provides potential for 
design of improved medical treatments and devices (antimicrobial 
wound dressings, soft tissue implants). Two electrochemical meth-
ods for material fabrication were used: (1) electrochemical synthe-
sis of AgNPs in the polymer solution under galvanostatic 
conditions, followed by electrostatic extrusion or freezing–thaw-
ing, and (2) electrochemical reduction of Ag+ ions into AgNPs 
inside the polymer hydrogel, with the variation of applied voltage 
and implementation time. The electrochemical procedures exhibit 
advantages over chemical methods for the synthesis of small metal 
particles: the high purity of the metal, particularly important for 
biomedical applications, and the possibility of a precise particle 
size control, which can be achieved by adjusting deposition cur-
rent density, voltage, and potential.

Based on MTT test of cytotoxicity, antibacterial tests, and in vitro 
tests in bioreactor, the evidence presented here demonstrated that 
novel electrochemically produced polymer hydrogels with silver 
nanoparticles for wound dressing and soft tissue implants are excel-
lent candidates for future biomedical applications.

4.2  �Silver/Alginate Nanocomposites

Silver is a historically well-known metal for its broad antimicro-
bial activity while nanocrystalline silver was reported to be more 
potent than its cationic form [1]. The large specific surface area 
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and high fraction of surface atoms on silver nanoparticles (AgNPs) 
lead to enhanced antibacterial activity compared to bulk silver 
metal [2]. However, AgNPs in aqueous solutions tend to agglom-
erate and preparation of a stable dispersion using polymers as sta-
bilizing agents is one of the directions to solve this problem [3]. 
Additional approaches involving polymers as nanoparticle stabi-
lizers and/or carriers include in situ synthesis of AgNPs within 
polymer networks in hydrogels [4, 5] as well as polymer fiber or 
fabric coatings by AgNPs [1]. These three main approaches for 
synthesis and stabilization of AgNPs using polymers are schemati-
cally represented in Fig. 4.1.

Combinations of polymers and AgNPs provide advantages of 
both components such as biocompatibility and variety of forms and 
shapes of polymers, and optical, sensing, catalytic, and antimicro-
bial properties of nanoparticles, the last of which is especially attrac-
tive for biomedical applications. Additionally, depending on the 
polymer form and structure, as well as the nature of nanoparticle 

Fig. 4.1  Synthesis and stabilization of silver nanoparticles using polymers: 
(a) Ag+ ions in polymer solutions and obtained nanoparticles Ag0 stabilized by 
polymer chains; (b) polymer gels saturated with Ag+ ions and obtained 
nanoparticles Ag0 stabilized within the polymer network; (c) surfaces coated 
with nanoparticles Ag0 (physical vapor deposition)
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immobilization, these nanocomposites can provide immediate or 
controlled release of nanoparticles. Some of the widely studied 
polymers for biomedical applications in general as well as in combi-
nations with AgNPs are alginate, chitosan, poly(vinyl alcohol) 
(PVA), and poly(N-vinyl-2-pyrrolidone) (PVP) [4, 6].

Alginate is especially attractive biomaterial since it is a natu-
rally derived linear copolymer that easily forms biocompatible 
hydrogels, which are already in medical use. It is composed of 
1,4-linked β-d-mannuronic acid (M-block) and α-l-guluronic acid 
(G-block) units (Fig.  4.2). Aqueous solutions of alginates are 
known to form hydrogels in the presence of divalent cations such 
as Ca2+ via ionic interactions between acid groups on G blocks and 
the gelating ions. As a result, calcium/alginate gels are physically 
cross-linked polymers with mechanical and structural properties 
that depend on alginate composition [7–9]. These gels are hydro-
philic, biocompatible, biodegradable, and easily processed into 
different shapes, which made them attractive for variety of appli-
cations in biotechnology and biomedicine such as gelling agents in 
food products, substrates for immobilization of cells and bioactive 
molecules, tissue engineering scaffolds, carriers for drug delivery, 
as well as for wound dressings [10–13].

Fig. 4.2  Monomer units and molecular structure of Na-alginate (reprinted 
from [20] with permission from Elsevier)
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Wound dressings based on alginate, mostly as Ca-alginate 
hydrogel, are already in commercial use, providing biocompatibil-
ity and high sorption capacity, and thus regulation of moisture lev-
els that leads to rapid granulation and reepithelization of the 
damaged tissue. Supplementation of silver to alginate dressings 
offers the advantage of an additional feature of antimicrobial activ-
ity, so that a number of products based on alginate fibers with 
incorporated silver ions were produced [11]. These dressings are 
easily removed and replaced without causing much trauma due to 
the highly hydrophilic alginate gel nature. In addition, alginate 
hydrogels are widely investigated for regeneration and engineer-
ing of a number of tissues and organs, including skeletal muscle, 
blood vessels, nerve, pancreas, liver, and cartilage. High water 
content in these gels supports efficient transport of nutrients and 
gases and provides aqueous environment comparable to that in 
soft tissues. Also, alginate gels could be introduced into the body 
to fill irregularly shaped defects by a minimally invasive proce-
dure. All of these properties make alginate hydrogels attractive 
and potentially applicable as soft tissue implants.

However, incorporation of AgNPs within alginate solutions 
and/or hydrogels provides possibilities for controlled and pro-
longed release of Ag nanoparticles and/or ions and production of 
variety of formulations with different compositions and forms. 
Alginate as an anionic polymer with high charge density can stabi-
lize nanoparticles by a negative charge resulting in stability against 
agglomeration [2]. There are several recent approaches investi-
gated for synthesis of AgNPs in combination with alginate, which 
will be overviewed in this chapter with the special attention to 
electrochemical synthesis of AgNPs.

4.2.1  �Synthesis of AgNPs in Alginate Solutions

Chemical reduction is one of the most used methods for production 
of AgNPs as colloidal dispersions in water or organic solvents [4]. 
This method was also applied in alginate solutions supplemented 
with silver salts (e.g., nitrate, sulfate) using sodium borohydride as 
the reductant [2, 14, 15]. Alginate was shown to be a good capping 
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agent of AgNPs, which were in the size range 3–20 nm as deter-
mined in different studies, while the obtained colloid solutions 
were investigated for several potential applications. It was shown 
to be possible to form nanocomposite thin films by using a layer-
by-layer dipping technique alternating between anionic colloid 
alginate solution and cationic poly(diallyldimethylammonium 
chloride) (PDADMAC) solution [14]. The obtained nanocomposite 
films displayed fast color change upon exposure to water or to a 
less polar solvent such as ethanol making them attractive for poten-
tial sensing applications or optical switches.

Another advantage of using alginate solutions is that they can 
be easily mixed with solutions of other polymers in order to obtain 
final products with improved properties as compared to using 
either polymer alone. Alginate colloid solution with chemically 
synthesized AgNPs was successfully mixed with sago starch and 
ethylene glycol and the obtained mixture was casted and dried so 
to produce nanocomposite films attractive for potential use as 
wound dressings [15]. The obtained films exhibited enhanced 
wound healing patterns as compared to untreated controls in 
in vivo studies in rats.

In another study, dialyzed alginate colloid solution with chemi-
cally synthesized AgNPs was freeze-dried for 3 days and cross-
linking by dipping in 0.2 M CaCl

2
 solution resulting in formation 

of a nanocomposite Ca/alginate sponge [2]. The obtained sponge 
exhibited antimicrobial activity against E. coli and K. pneumonia, 
but also cytotoxicity toward human fibroblasts. On the other hand, 
the amounts of proinflammatory cytokines released from macro-
phages treated with the nanocomposite Ca/alginate sponge were 
lower as compared to the control, indicating potential anti-inflam-
matory activity of this product if medically used [2].

In order to avoid addition of chemical reductants and the need 
for purification of the obtained colloid solution, radiation tech-
niques can be used. Gamma irradiation of the alginate solution 
supplemented with silver nitrate and isopropanol resulted in for-
mation of a colloid solution containing AgNPs in the size range 
5–30 nm and stable for 6 months [16].

Finally, a simpler, novel method for production of AgNPs using 
alginate both as a reducing agent and a stabilizer was recently 
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developed based on just heating the solution of silver nitrate and 
alginate at 90° C for 1 h [17]. The obtained colloid solution con-
tained AgNPs in the size range 5–21 nm and was further mixed 
with chitosan solution. The mixture was then casted and dried 
resulting in formation of nanocomposite films that exhibited anti-
bacterial activity against both Gram-negative and Gram-positive 
bacteria, having stronger effects on the latter group [17].

4.2.2  �Electrochemical Synthesis of AgNPs 
in Alginate Colloid Solutions and Production 
of Nanocomposite Hydrogels Based 
on Alginate Colloid Solutions 
with Electrochemically Synthesized AgNPs

Electrochemical synthesis of metal nanoparticles, as compared to 
conventional chemical methods, offers advantages especially 
attractive for biomedical applications, such as high purity of the 
particles and possibility for a precise particle size control achieved 
by adjusting current density or applied potential [18]. This method 
was recently applied and optimized for controlled production of 
AgNPs using Na/alginate as a capping agent [19, 20].

4.2.2.1  �Electrochemical Synthesis of AgNPs in Alginate 
Colloid Solutions

Ag/alginate colloid solutions were obtained from 2 % w/v Na/algi-
nate, 0.1 M KNO

3
, and AgNO

3
 in the concentration range between 

0.5 and 3.9 mM [20] by electrochemical synthesis performed gal-
vanostatically. Current density was varied between 5 and 50 mА 
cm−2, while the time was varied between 0.5 and 10 min. Due to 
alginate gel deposited at the counter electrode, the concentration 
of alginate decreased from 2.0 to 1.9  w/v  %. This could be 
expected, since the dissolved alginate consists of Na+ ions and 
negatively charged alginate residues [20].
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Ag/alginate colloid solutions obtained under various experi-
mental conditions (i.e., variation of AgNO

3
 concentration in the 

initial alginate solution, applied current density, and implementa-
tion time) were analyzed using transmission electron microscopy 
(Fig. 4.3). The nanoparticles obtained were all spherical in shape, 
approximately 10–30  nm in diameter, independently of applied 
current density. The nanoparticles synthesized at current density of 
5 mA cm−2 seemed to be slightly smaller, but formed larger aggre-
gates (Fig. 4.3a), so it can be considered that applied current den-
sity does not affect the size of Ag nanoparticles. It is known from 
the literature [21, 22] that nanoparticles of the dimensions obtained 
exhibit antimicrobial characteristics.

Regardless of the parameters of synthesis (i.e., AgNO
3
 concen-

tration in the initial alginate solution, applied current density, and 
implementation time), UV–Vis analysis has shown that Ag/alginate 
colloid solutions exhibited surface plasmon absorption band peak-
ing in the wavelength range of 405–440 nm, corresponding to par-
ticles whose radii are smaller than ~30  nm [23, 24]. In addition, 
absorption spectra of Ag/alginate colloid solution corresponded to 

Fig. 4.3  TEM micrographs of electrochemically synthesized silver nanopar-
ticles in Ag/alginate colloid solutions (c = 3.9 mM, t = 10 min) at different val-
ues of current density: (a) 5 mA cm−2, (b) 15 mA cm−2, and (c) 50 mA cm−2 
(scale bar = 50 nm) (reprinted from [20] with permission from Elsevier)
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Lorentzian fit implying monodispersity of the nanoparticles [25], 
which is consistent with TEM measurements. On the contrary, UV–
Vis spectra of pure alginate solution and dissolved control alginate 
microbeads did not exhibit the absorbance peak in the examined 
range of wavelengths, as shown in Fig. 4.4. These results correspond 
to a plasmon resonance effect originating from the quantum size of 
AgNPs [26] and thus confirmed the presence of Ag nanoparticles in 
Ag/alginate colloid solutions, as well as in Ag/alginate microbeads.

UV–Vis spectra were used also to determine the effects in all of the 
parameters of synthesis (AgNO

3
 concentration in the initial alginate 

solution, applied current density, and time) on the amount and relative 
size of silver nanoparticles formed, i.e., on the absorbance maximum, 
A

max
, and the wavelength of the absorbance maximum, λ

max
, in differ-

ent Ag/alginate colloid solutions (Figs. 4.5 and 4.6, respectively). It 
was observed that the increase in AgNO

3
 concentration in the initial 

Fig. 4.4  Absorption spectra of control alginate solution and alginate microbeads, 
Ag/alginate colloid solution (c = 3.9 mM, j = 50 mA cm−2, t = 10 min) and Ag/
alginate microbeads; absorbance corresponds to a 100 μL sample of either colloid 
solution or microbeads (reprinted from [20] with permission from Elsevier)
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Fig. 4.5  Absorbance maximum wavelength, λ
max

, of Ag/alginate colloid solutions 
as a function of: (a) AgNO

3
 concentration in the initial alginate solution, (b) cur-

rent density, and (c) time (reprinted from [20] with permission from Elsevier)
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Fig. 4.6  Absorbance maxima, A
max

, of Ag/alginate colloid solutions as a func-
tion of: (a) AgNO

3
 concentration in the initial alginate solution, (b) current 

density, and (c) time (all data are average of at least n = 2) (reprinted from [20] 
with permission from Elsevier)
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alginate solution (Fig. 4.5a), applied current density (Fig. 4.5b), and 
time (Fig. 4.5c) decreases the λ

max
 arriving at the value of 405 nm in 

the solution synthesized at c = 3.9 mM, j = 50 mA cm−2, t = 10 min. 
Lower λ

max
 values were reported to correspond to smaller nanoparti-

cles [27, 28].
Figure 4.6 shows the dependence of the absorbance maximum 

in Ag/alginate colloid solutions on the AgNO
3
 concentration in the 

initial alginate solution (Fig.  4.6a), applied current density 
(Fig. 4.6b), and time (Fig. 4.6c). As it can be seen, the increase in 
all of these parameters of synthesis (i.e., AgNO

3
 concentration in 

the initial alginate solution, applied current density, and time) led 
to the increase of the absorbance maximum.

Linear increase in absorbance maximum with the increase of 
AgNO

3
 concentration in the initial alginate solution (Fig. 4.6a) is 

expected, since the absorbance is proportional to the concentration 
of silver nanoparticles formed [29–31]. The higher concentrations 
of Ag+ ions in the initial alginate solution resulted in higher con-
centrations of nanoparticles. Similarly, it could be expected that 
higher values of current density and longer times will result in 
more intensive nanoparticle formation as observed up to the cur-
rent density of 25 mA cm−2 and time of 6 min. However, further 
increases in these parameters had a little effect on AgNP concen-
tration (Fig. 4.6b, c) although they induced shift of the absorbance 
maxima toward 405 nm, as already described (Fig. 4.5b, c). As a 
consequence, the Ag/alginate colloid solution, synthesized at 
50 mA cm−2, for 10 min, with AgNO

3
 concentration in the initial 

alginate solution of 3.9 mM, was chosen for further investigations 
as well as for the production of Ag/alginate hydrogel microbeads, 
due to the higher concentration and smaller dimensions of Ag 
nanoparticles obtained.

The cyclic voltammetry analysis was performed for Pt electrode 
in 1.9 w/v % alginate solution and in Ag/alginate colloid solution 
(Fig. 4.7), as well as for Pt electrode in 1.9 w/v % alginate solution 
containing 0.1 M KNO

3
 + 3.9 mM AgNO

3
 (Figs.  4.8 and 4.9) in 

order to get better insight into the silver reduction process.
Cyclic voltammogram for Pt electrode in 1.9 w/v % alginate 

solution (Fig. 4.7) has shown the presence of the anodic peak at 
around 270 mV, and the cathodic peak at −40 mV. These peaks are 
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related to the redox reaction of alginate. Namely, −OH groups 
from pyranose rings originating from uronic acid residues in the 
alginate molecule (Fig. 4.2) can be oxidized to >C=O or –COOH 
groups. These peaks do not appear in cyclic voltammograms for Pt 
electrodes in silver-contained solutions (Figs. 4.8 and 4.9); they 
are either being overlapped by more intense current peaks origi-
nating from the Ag/Ag+ oxidation/reduction process, or they disap-
peared because of the interaction of alginate hydroxyl groups with 
silver ions and/or silver nanoparticles.

Figure 4.8 shows stationary cyclic voltammograms for Pt elec-
trode in 1.9  w/v  % alginate solution containing 0.1  M 
KNO

3
 + 3.9 mM AgNO

3
 and in Ag/alginate colloid solution, which 

exhibited anodic peaks, appearing at around 450 and 465  mV, 
respectively. As the corresponding counterpart, one cathodic peak 
appeared at about 165 mV (in 1.9 w/v % alginate solution contain-
ing 0.1 M KNO

3
 + 3.9 mM AgNO

3
), and around 25 mV (in Ag/

alginate colloid solution), which corresponded to the reduction of 

Fig. 4.7  Stationary cyclic voltammogram for Pt electrode in 1.9 w/v % algi-
nate solution (reprinted from [20] with permission from Elsevier)
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silver. The shift of this cathodic peak in Ag/alginate colloid solu-
tion toward more negative potential indicates differences in the 
reduction process. In 1.9 w/v % alginate solution containing 0.1 M 
KNO

3
 + 3.9 mM AgNO

3
, Ag+ reduction appears as formation of 

silver nanoparticles. On the other hand, in Ag/alginate colloid 
solutions, the appearance of the cathodic peak can probably be 
explained due to the further growth of already formed silver 
nanoparticles (somewhat restricted by the presence of alginate 
molecules) and resynthesis of silver nanoparticles from eventually 
present residual silver ions.

In the stationary cyclic voltammogram for Pt electrode in 
1.9  w/v  % alginate solution containing 0.1  M KNO

3
 + 3.9  mM 

AgNO
3
, the second anodic peak is observed at around 645  mV 

(Fig. 4.8). Since this peak does not have a related counterpart, all 
sweeps of cyclic voltammetry analysis obtained for Pt electrode in 
this solution (Fig. 4.9) should be concerned.

Fig. 4.8  Stationary cyclic voltammograms for Pt electrode in 1.9 w/v % algi-
nate solution containing 0.1 M KNO

3
 + 3.9 mM AgNO

3
 and in Ag/alginate 

colloid solution (c = 3.9 mM, j = 50 mA cm−2, t = 10 min) (reprinted from [20] 
with permission from Elsevier)
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At Fig. 4.9, the anodic peak is observed at around 565 mV, which 
decreased with every following sweep, and also changed the peak-
ing position toward more negative potentials, arriving at the value of 
450 mV in the nth sweep, as it can be seen in Fig. 4.8. At some point 
between the sixth and seventh sweep, a new anodic peak appeared 
at around 645 mV as a result of the separation/disjunction of the cor-
responding peak (at 565 mV). The absence of the cathodic counter-
part for this anodic peak appearing at 645  mV indicates that the 
reduction process is not affected by further influence of the applied 
current, and it continues due to the synthesis of silver nanoparticles 
from Ag+ ions. On the other hand, the decrease in the current peak 
intensity at 565 mV indicates lowering of the content of silver avail-
able for oxidation due to the synthesis of silver nanoparticles. The 
appearance of the second anodic peak at a more positive potential 
value suggests that a certain amount of silver becomes even less 
susceptible for oxidation [28] probably as a consequence of the 

Fig. 4.9  Cyclic voltammograms for Pt electrode in 1.9 w/v % alginate solu-
tion containing 0.1 M KNO

3
 + 3.9 mM AgNO

3
 (reprinted from [20] with per-

mission from Elsevier)
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entrapment of silver nanoparticles by alginate molecules during this 
process, suggesting that synthesized silver nanoparticles are very 
stable. This result points to the validity of alginate as a choice for the 
electrochemical synthesis of silver nanoparticles in the solution, 
considering that more stable nanoparticles are formed in solutions of 
capping agents that exhibit a certain level of bonding with silver 
ions and silver nanoparticles formed.

Interactions of alginate molecules with Ag nanoparticles were 
investigated using FT-IR spectroscopy, performed on alginate and 
Ag/alginate thin films (Fig. 4.10). The films were obtained by sol-
vent evaporation from alginate solution and Ag/alginate colloid 
solution.

Pure alginate spectrum showed the following absorption bands: 
broad absorption band peaking in the region of 3250–3400 cm−1 

Fig. 4.10  IR spectra of alginate and Ag/alginate thin films obtained by sol-
vent evaporation from alginate solution and Ag/alginate colloid solution 
(c = 3.9 mM, j = 50 mA cm−2, t = 10 min) (reprint from [20] with permission 
from Elsevier)
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(at 3257 cm−1) indicating the weak H-bonding of hydroxyl groups, 
followed by a peak at 2927 cm−1, which can be assigned to vibra-
tion of the CH group. The alginate spectrum also displayed absorp-
tion peaks at 1712, 1593, and 1406  cm−1 corresponding to the 
H–O–C=O stretching vibrations, asymmetric and symmetric 
stretching of carboxylate vibrations, respectively, followed by 
characteristic absorption bands of polysaccharide structure appear-
ing at 1367 and 1296  cm−1 (C–C–H and O–C–H bending), 
1124  cm−1 (C–O stretching), 1082  cm−1 (both C–O and C–C 
stretching of pyranose rings), and at 1024 cm−1 (C–O stretching). 
Also, the characteristic bands of uronic acid residues peak at 
949 cm−1 (C–O stretching vibration), 887 cm−1 (C1–H deformation 
vibration of the β-mannuronic acid residues), and 814 cm−1 (C1–H 
deformation vibration of the α-guluronic acid residues). These 
results are in accordance with the results found in literature for 
pure alginate [27].

On the other hand, Ag/alginate spectrum exhibited several dif-
ferences in peak positions compared to the pure alginate spectrum, 
suggesting possible bonding between alginate molecules and Ag 
nanoparticles. The most important differences observed are in two 
spectral ranges, i.e., between 1370 and 1205  cm−1 and between 
1160 and 1015 cm−1. Absorption bands of the pure alginate appear-
ing in the first specified range at 1367 and 1296 cm−1 shift toward 
1358 and 1298  cm−1, respectively, in the Ag/alginate spectrum. 
This possibly indicates interactions of Ag nanoparticles with OH 
groups in uronic acid residues, observed as a shift of the C–OH 
bending vibration. In the second mentioned spectral range, the 
vibration frequency shifted from 1082 cm−1 recorded for pure algi-
nate to 1078 cm−1 recorded in Ag/alginate spectrum as a result of 
the coordination of both OH and ether groups to Ag nanoparticles, 
which weakened the strength of C–O bond in these two functional 
groups. Moreover, the C–O frequency slightly shifted from 
1024 cm−1 recorded for pure alginate to 1026 cm−1 recorded for 
Ag/alginate spectrum, pointing out to interactions of the ring C(5) 
oxygen atoms of both, guluronic and mannuronic acid residues 
with Ag nanoparticles. Overall, the comparison of peak positions 
in pure alginate and Ag/alginate thin film spectra indicates the 
bonding of hydroxyl and ether groups, as well as ring oxygen 
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atoms in uronic acid residues of alginate molecules, by coordina-
tion with Ag nanoparticles.

The findings obtained by FTIR spectroscopy are in accordance 
with cyclic voltammetry results and indicate the bonding of algi-
nate molecules with Ag nanoparticles, which prove alginate to be 
a good choice for the electrochemical synthesis of silver nanopar-
ticles. Namely, the synthesis process of metal nanoparticles is 
shown to be a competition between two different cathode surface 
processes, i.e., the particle formation, by reduction and stabiliza-
tion of metal ions by the capping agent, and the metallic film depo-
sition at the cathode surface [18]. The metal deposition on the 
cathode limits the yield of the particle synthesis, because when the 
electrode surface is totally covered by the metallic deposit, the 
only process that occurs is further deposition of metal coating. 
Therefore, deposition process must be minimized. So the role of 
the capping agent is to accelerate metal nanoparticle formation and 
lower the metal deposition on the cathode [32]. Furthermore, effi-
ciency of the capping agent is in tight connection with its potential 
to bond to the metal nanoparticle surfaces. Thus, silver is success-
fully electrochemically synthesized in the solutions of PVP, PANI, 
PAMAM, PVA [32–36], and for the first time alginate [20].

4.2.2.2  �Production of Alginate Microbeads 
with Incorporated Silver Nanoparticles

Alginate microbeads with incorporated AgNPs were obtained by 
electrostatic extrusion of Ag/alginate nanocomposite solutions 
[20] at a constant flow rate of 25.2 mL h−1 through a blunt edge, 
stainless steel needle using a 5 mL syringe, and a syringe pump as 
described previously [37]. The needle was connected to a positive 
electrode of a high voltage d.c. generator at applied electrostatic 
potential of 6  kV and positioned 2.5  cm above the gelling bath 
containing 1.5 % w/v Cа(NО

3
)

2
·2H

2
O, which was grounded. At the 

tip of the needle, a stream of droplets was formed and collected in 
the bath, which provided exchange of Na+ and Ca2+ ions and algi-
nate gelling. The obtained microbeads were left in the bath for 
additional 30 min in order to complete gelling [20].
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Electrostatic extrusion of Ag/alginate colloid solutions resulted 
in formation of uniform hydrogel microbeads incorporated with 
AgNPs, which colored the beads in yellow (Fig.  4.11). At the 
experimental conditions applied (c = 3.9  mM, j = 50  mA  cm−2, 
t = 10 min), the microbead size was found to be 487.75 ± 16.5 μm. 
Presence of AgNPs was confirmed by UV–Vis spectroscopy of 
dissolved microbeads (Fig. 4.4). It can be observed that the absorp-
tion maximum wavelength remained at 405  nm verifying that 
nanoparticle aggregation did not occur during the production pro-
cess. In addition, a somewhat higher magnitude of the absorption 
maximum was observed for microbeads as compared to Ag/algi-
nate colloid solution due to further Ag+ ions reduction during the 
electrostatic extrusion. Thus, it can be concluded that practically 
all AgNPs in alginate solution were preserved and incorporated in 
the microbeads.

Antibacterial activity of Ag/alginate microbeads, obtained 
from colloid solution having maximum of 1 mM of AgNPs, was 
estimated in suspension cultures of Staphylococcus aureus (S. 
aureus), since this concentration was reported to be limiting not 
inducing cytotoxic effects [38]. Briefly, aliquots of 24 h old S. 
aureus culture in saline solution (~108  CFU  mL−1) were 

Fig. 4.11  Optical micrograph of Ag/alginate microbeads; yellow color in 
accordance with the presence of AgNPs (scale bar = 500 μm) (reprinted from 
[20] with permission from Elsevier)
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transferred into flasks containing sterile Ag/alginate beads and 
sterile Luria-Bertani (LB) medium (1  w/v  % NaCl, 1  w/v  % 
tryptone, 0.5  w/v  % yeast extract), while culture in pure LB 
medium served as a control, and incubated in a shaking water-
bath at 37° C for 24 h. Medium samples after 1 h and at the end 
of the incubation period were spread on agar plates and incu-
bated at 37 °C in an incubator for 24 h. Numbers of colonies 
formed were then counted. The maximal possible concentration 
of released Ag nanoparticles and ions in the bacterial suspen-
sion thus was ~0.3 mM. After 1 h of incubation, the concentra-
tion of S. aureus in microbead groups was significantly lower 
than the initial concentration, while it started to increase in the 
control (Table 4.1). After 24 h of incubation, the concentration 
of bacterial cells in microbead groups increased to 
1.33 × 106 CFU mL−1, but still it was significantly lower (almost 
three orders of magnitude) than the concentration of 
9.9 × 108 CFU mL−1 measured in the control group [20].

These results have demonstrated that Ag/alginate microbeads 
efficiently released AgNPs and/or Ag+ ions and induced bacteri-
cidal effects in suspensions of S. aureus. The maximal possible 
concentration of released silver from the beads was ~32 μg mL−1 
(~0.3  mM), inducing the decrease in bacterial concentration of 
95.8 % after 1 h of incubation. These results are in agreement with 
other studies of antimicrobial activity of different systems contain-
ing AgNPs against S. aureus where minimum inhibitory concen-
trations of AgNPs were reported to range from 0.34 to 259 μg mL−1, 
depending on the size, shape, and surface modifications of 
nanoparticles [39–43].

Table 4.1  Colonies count of Staphylococcus aureus in control suspension 
and in suspension with 0.4  g  mL−1 Ag/alginate beads with the maximum 
possible concentration of AgNPs and Ag+ released of ~0.3 mM

Initial 1 h 24 h

Control 
(CFUa mL−1)

5.0 × 105 7.95 × 105 9.9 × 108

Ag/alginate 
(CFU mL−1)

(4.85 ± 0.64) × 105 (2.04 ± 0.48) × 105 (1.33 ± 0.75) × 106

Reprinted from [20] with permission from Elsevier
aColony-forming units
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Furthermore, nanocomposite hydrogels in the form of micro-
beads (<1 mm in diameter) are suitable for controlled release of 
AgNPs and/or ions due to the large specific surface area and 
short internal diffusion distances. Alginate microbeads were 
shown to be suitable for immobilization of variety of cell types 
such as insect and mammalian cells [44] as well as brewing yeast 
cells [45]. It was shown previously that alginate microbeads 
could be also used for cartilage tissue engineering as supports for 
chondrogenic cells (e.g., bone marrow stromal cells [46] and 
bovine calf chondrocytes [47]) coupled with biomimetic bioreac-
tors that imitate physiological conditions in articular cartilage. 
Supplementation of AgNPs within alginate microbeads could 
potentially provide an additional feature of prolonged sterility of 
the engineered implant.

As confirmed, one of the techniques for controlled production 
of uniform hydrogel microbeads is electrostatic droplet genera-
tion based on extrusion of alginate solution under the action of 
electrostatic forces that disrupt the liquid filament at the capillary/
needle tip to form a charged stream of small droplets collected in 
a gelling bath [48, 49]. As Na+ ions are exchanged with Ca2+ ions 
from the gelling solution, droplets solidify forming microbeads 
down to 50 μm in diameter [49, 50]. The process of electrostatic 
droplet formation is a complex function of a number of parame-
ters [51, 52], while for a chosen electrode setup and the polymer, 
the applied electrostatic potential was shown to be the key deter-
minant of the droplet and, consequently, also the microbead size 
[51]. For potential biomedical utilization of nanocomposite 
hydrogels, it is required that the production procedure is simple, 
precisely regulated, and scalable while the final products are pure, 
sterile, and with controlled properties. In specific, the possibilities 
for sterilization and manipulation of Ag/alginate colloid solutions 
with retention of AgNPs have been investigated [52] as well as 
production of nanocomposite microbeads regarding the effects of 
electrostatic extrusion parameters on the microbead size and 
AgNP concentration. In addition, the effects of AgNP incorpora-
tion in alginate hydrogels on biomechanical properties of packed 
beds of microbeads were studied in a biomimetic bioreactor with 
dynamic compression that imitates in vivo conditions in the native 
articular cartilage.
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Sterilization of Alginate Colloid Solutions with AgNPs

Initially synthesized Ag/alginate colloid solution with 3.9 mM sil-
ver concentration was diluted with 1.9 % w/v Na/alginate yielding 
colloid solutions with different concentrations of AgNPs [52]. 
Sterilization by boiling for 30 min of the initial and a diluted col-
loid solution (silver concentration of 1 mM) was shown to even 
further stabilize the nanoparticles as indicated by the UV–Vis 
absorption spectra. Specifically, the absorption spectra of all cor-
responding samples were not significantly different exhibiting sur-
face plasmon absorption band maxima at the wavelength of 
~405 nm (Fig. 4.12). Maximal absorbance at this wavelength cor-
responds to AgNPs with the diameter of about 20 nm based on 
theoretical predictions of surface plasmon absorption bands for 
spherical AgNPs suspended in water [23]. Indeed, diameters of 
electrochemically synthesized AgNPs in alginate solutions were in 
the range 10–30  nm as determined previously by transmission 
electron microscopy [20]. Furthermore, the maximum absorbance 
value slightly increased for about 10 % upon sterilization implying 
slight further reduction of Ag+ ions and/or nanoparticle stabiliza-
tion (Fig. 4.12).

Furthermore, dilution of Ag/alginate colloid solution did not 
affect AgNPs as confirmed by UV–Vis spectra showing unchanged 
surface plasmon absorption band maxima at ~405 nm. In addition, 
a series of diluted colloid solutions was made for which absor-
bance values determined at the wavelength of 405 nm showed lin-
ear dependence on the concentration of silver nanoparticles/ions 
(r2 > 0.99) indicating preservation of AgNPs (Fig. 4.13).

Effects of Electrostatic Extrusion Parameters

AgNPs were retained during the microbead production process as 
revealed by UV–Vis spectrometry as described earlier [20] 
(Fig. 4.14 inset). The value of absorbance maximum positioned at 
~405 nm was even higher for nanocomposite microbeads as com-
pared to that of the initial colloid solution implying higher concen-
tration of AgNPs. Absorbance values at the wavelength of 405 nm 
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Fig. 4.12  Absorption spectra of (a) initial Ag/alginate colloid solution 
(3.9  mM silver concentration) and (b) 3.9-fold diluted Ag/alginate colloid 
solution (1 mM silver concentration) before and after sterilization by boiling 
for 30 min (data represent average of n = 3; standard deviations (<10 %) are 
omitted in the graph for data (b) in order for spectra to be distinguishable) 
(reprinted from [52] with permission from Serbian Chemical Society)

Fig. 4.13  UV–Vis spectrometry analysis of Ag/alginate colloid solutions 
diluted with 1.9 % w/v Na/alginate: absorbance at the wavelength of 405 nm, 
A

405
, as a function of concentration of silver nanoparticles/ions in diluted 

solutions, C
Ag

 (data represent average of n ≥ 3) (reprinted from [52] with 
permission from Serbian Chemical Society)
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determined for Ag/alginate colloid solution extruded at different 
electrostatic potentials up to 7.5 kV remained constant (1.0 ± 0.1). 
Moreover, addition of sodium citrate to Ag/alginate colloid solu-
tion was shown to induce negligible effects on absorbance mea-
sured at 405  nm (~2 %). However, measurements of the 
concentration of silver nanoparticles/ions in microbeads by AAS 
confirmed higher concentrations in microbeads as compared to the 
corresponding source Ag/alginate solutions (Fig. 4.14). It can be 
seen that concentration of silver nanoparticles/ions in Ag/alginate 
microbeads was in average ~20 % higher than that in the corre-
sponding source colloid solution with the exception of the lowest 
initial concentration of 0.5 mM where the measured concentration 
in microbeads was significantly lower (0.3 ± 0.1  mM). These 
results can be explained by combined effects of mass losses during 
the extrusion, which were measured in this study to be up to 35 % 
as well as of contraction of the alginate gel during gelation as 

Fig. 4.14  Concentration of silver nanoparticles/ions in microbeads, C
m
, as a 

function of the concentration in corresponding source Ag/alginate colloid 
solutions, C

Ag
; insert: absorption spectrum of dissolved Ag/alginate micro-

beads showing absorbance maximum at the wavelength of ~405 nm (data rep-
resent average of n ≥ 3) (reprinted from [52] with permission from Serbian 
Chemical Society)
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reported in literature [53] inducing higher silver concentrations in 
microbeads as compared to the source colloid solutions.

In overall, these results convincingly demonstrate that practi-
cally all initial Ag+ ions were reduced during the electrochemical 
synthesis of AgNPs, which were further retained during the elec-
trostatic extrusion.

Investigation of the effects of electrostatic extrusion parameters 
on the size of the obtained Ag/alginate microbeads has shown 
strong effects of the electrostatic potential (Fig. 4.15). Model pre-
dictions [52] were in qualitative agreements with the experimental 
data predicting to some extent sharper decrease in microbead 
diameter in the region of the critical electrostatic potential (approx-
imately in the range 4–5 kV). In the region of applied potentials 
lower than the critical value, the liquid surface tension decreases 
due to repulsion of charged molecules at the droplet surface caus-
ing the decrease in the droplet diameter as well.

It should be added that under the same electrostatic extrusion 
conditions used for production of microbeads for biomechanical 
characterization, the presence of AgNPs in Ag-alginate colloid 
solutions in the concentration range up to 3.9 mM did not influ-
ence the microbead diameter as compared to the control 1.9 % w/v 
Na/alginate solution amounting to ~600 μm (600 ± 40 μm).

Fig. 4.15  Diameter of Ag/alginate microbeads as a function of the applied 
electrostatic potential: experimental data and model predictions (reprinted 
from [52] with permission from Serbian Chemical Society)
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Biomechanical Characterization of Ag/Alginate Microbeads 
Under Bioreactor Conditions

Biomechanical properties of packed beds of nanocomposite micro-
beads with different concentrations of incorporated AgNPs (1, 1.5, 
and 3.9 mM concentrations in the source colloid solutions) were 
examined in a biomimetic bioreactor while packed bed of 
1.9 % w/v Ca/alginate microbeads served as a control [52]. The 
experiments were performed under dynamic compression at 10 % 
strain in two regimes: at a loading rate of 337.5 μm  s−1 and at 
sequential increments of 50 μm displacement every 30 min. All 
microbeads exhibited similar approximately linear responses to 
the dynamic loading although the values determined for the con-
trol microbeads were slightly lower than those of Ag/alginate 
microbeads (Fig.  4.16a). Values of compression moduli deter-
mined from the slopes of the best stress–strain linear fits were 
141 ± 2 and 154 ± 4 kPa, for packed beds of the control and Ag/
alginate microbeads, respectively. On the other hand, equilibrium 
stresses determined at sequential strains after 30 min pauses were 
significantly different for the control and Ag/alginate microbeads 
(Fig. 4.16b) yielding equilibrium unconfined compression moduli 
of 47 ± 0.5 and 34 ± 2 kPa, respectively.

Values of compression moduli determined for packed beds of 
control alginate microbeads (1.9 % w/v Ca-alginate) were slightly 
higher than those determined in our previous study for packed 
beds of 2 % w/v Ca-alginate microbeads (compression modulus of 
141 ± 2 vs. 111 ± 8 kPa, respectively, and equilibrium unconfined 
compression modulus of 47 ± 0.5 vs. 32 ± 0.4  kPa, respectively) 
[47]. This result can be attributed to significantly smaller micro-
beads used in this study (600 ± 30 μm) as compared to those used 
in the previous study (780 ± 30 μm) consistent with the influence 
of the entrapped water within the packed bed, as reported previ-
ously [47]. It can be assumed that the packed bed of smaller micro-
beads retains water more efficiently in the smaller interstitial 
channels, which contributes to mechanical properties of the bed.

Slight effects of AgNP presence on mechanical properties of 
alginate microbeads are consistent with weak interactions of the 
nanoparticles with polymer chains, so that phase transition, 
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thermosensitivity, and viscoelasticity of the polymer gel were 
reported to remain unchanged [54]. Presence of AgNPs in alginate 
microbeads apparently induced a slight increase in dynamic com-
pression modulus while the decrease in the equilibrium unconfined 
compression modulus (Fig. 4.16a). These results imply that under 
dynamic conditions AgNPs induced higher retention of water 
within the hydrogel matrix while when the hydrogels were pro-
vided with time to relax, negative effects of AgNPs on the hydrogel 
strength were revealed. In addition, although the influence of the 

Fig. 4.16  Stress–strain relationships for packed beds of Ag/alginate and con-
trol alginate microbeads: (a) at a loading rate of 337.5 μm s−1; (b) at sequential 
increments of 50 μm (data represent average of n = 3) (reprinted from [52] with 
permission from Serbian Chemical Society)
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nanoparticle presence could be distinguished with respect to the 
control alginate hydrogel, the effects of AgNP concentration in the 
investigated range (1.5–3.9  mM) could not be perceived. These 
results are in agreement with reported effects of AgNPs at low con-
centrations (<1  wt%) incorporated within poly(vinyl alcohol) 
(PVA) hydrogels [55]. Specifically, addition of AgNPs was shown 
to induce an abrupt increase in the hydrogel elastic modulus, which 
then remained constant as the AgNP concentration was increased 
up to 0.8 wt%. On the contrary, during the stress relaxation, Ag/
PVA nanocomposites exhibited reduced stability as compared to 
pure PVA hydrogels. These results were explained by interactions 
of nanoparticles with polymer chains inducing immobilization of 
interfacial regions and enhanced stiffness during loading. However, 
loading also induced debonding of nanoparticles, which allowed 
easier structural rearrangements of polymer chains during the stress 
relaxation [55] consistent with the lower equilibrium unconfined 
compression modulus determined in the present study for nano-
composite microbeads as compared to that of the controls.

4.2.2.3  �Alginate-Based Nanocomposite Hydrogels 
with Incorporated Silver Nanoparticles

Alginate, poly(vinyl alcohol) (PVA), and poly(N-vinyl-2-
pyrrolidone) (PVP) are among mostly studied polymers for bio-
medical applications in general, including also immobilization of 
AgNPs [4, 6]. All three polymers form biocompatible hydrogels, 
which differ in mechanical strength.

PVA and PVP are synthetic polymers that can form hydrogels by 
physical cross-linking such as ionizing radiation and, in the case of 
PVA, various other methods including repeated freezing and thaw-
ing cycles [56]. PVA/PVP blends are especially attractive for poten-
tial replacements of articular cartilage [57] and nucleus pulposus 
[58] due to improved mechanical and lubricative properties as com-
pared to either hydrogel alone [59]. Implantation of hydrogels 
offers advantages of immediate and controlled biomechanical func-
tion of the implant [57–59], while incorporation of AgNPs could 
provide prolonged sterility at the implantation site. AgNPs were 
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produced in PVA by different methods including solvent evapora-
tion, electron radiation, UV light, thermal annealing, in situ chemi-
cal reduction, and sonochemical method [4]. Similarly, AgNPs 
were produced in PVP using UV light, chemical and electrochemi-
cal reduction, microwave and γ-irradiation, and ultrasound. In addi-
tion, PVA/PVP hydrogels with incorporated AgNPs for potential 
antimicrobial wound dressings were produced by mixing of AgNPs 
suspension with a PVA/PVP aqueous solution and submitting the 
mixture to freezing–thawing cycles [32, 60–66].

A general mechanism of AgNP formation and growth was pro-
posed recently and consists of consecutive steps of classical nucle-
ation and growth, aggregative nucleation and growth, and Ostwald 
ripening [67]. The aggregative regime was described by 
Kolmogorov–Johnson–Mehl–Avrami (KJMA) model and was 
reported to dominate the nanoparticle growth. Thus, the growth 
kinetics was modeled by a modified KJMA expression so to 
include the onset of Ostwald ripening:
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where V t( )  is the mean nanoparticle volume and Vlim  the limiting 
mean volume at the end of the active-growth period, k

g
 is the 

aggregation rate parameter, and n is the Avrami exponent. The 
onset of Ostwald ripening at the time τ

O
 is included in the model 

by the rate constant k
O
 multiplied by a logistic turn-on function 

with the arbitrarily chosen time width w. The model predictions 
qualitatively and quantitatively agreed well with the experimental 
data and the aggregative growth was considered as a potential con-
tributing mechanism in all nanoparticle-forming reactions [67].

The possibilities for production of blends with PVA and PVP 
with incorporated AgNPs have been investigated [68]. Two particu-
lar hydrogel forms were of interest: microbeads (≤1 mm in diame-
ter) and discs (~1  cm in diameter). Microbeads are attractive as 
efficient donors of AgNPs and/or ions due to large specific surface 
area while macroscopic discs are attractive for potential applications 
as biomedical, antimicrobial implants. The utility of nanocomposite 
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beads for active AgNPs delivery was demonstrated on Ag/alginate/
PVA by UV–Vis spectroscopy and in antimicrobial tests in 
Escherichia coli suspensions. On the other hand, possibilities for 
tuning compositions and mechanical properties of nanocomposite 
hydrogels as potential implants were studied by evaluation of 
mechanical properties of Ag/alginate/PVA and Ag/alginate/PVA/
PVP discs in a biomimetic bioreactor providing dynamic compres-
sion in physiological regimes relevant for articular cartilage.

The obtained Ag/alginate colloid solutions exhibited surface 
plasmon absorption band peaking at the wavelength of ~405 nm 
with the peak intensity increasing over approximately 3 days after 
the electrochemical synthesis (Fig. 4.17a). After this initial period, 
the Ag/alginate colloid solution stabilized with the maximum 
absorbance intensity staying at the wavelength of ~405  nm and 
amounting to 1.112 ± 0.193 as determined in multiple colloid solu-
tions produced at different times. The absorbance spectra were 
stable for 30–40 days with the maximum intensity varying less 
than 4 %. However, with further increase in the aging time, the 
absorption intensity decreased while the absorption spectra broad-
ened (Fig. 4.17b) and the solution color turned from dark brown to 
pale yellow. UV–Vis spectroscopy showed the presence of AgNPs, 
which continued to grow in alginate solution after the end of the 
electrochemical synthesis. Modeling of the absorbance intensity 
over time indicated that the growth is governed by coalescence of 
primary nanocrystals, which is an interface and diffusion-con-
trolled process as deduced from the Avrami exponent <1 [69, 70]. 
In the same time, small nanoparticles dissolve to provide growth 
of larger nanoparticles, presenting the much slower Ostwald ripen-
ing process. The latter process becomes dominating after the active 
growth has ceased, i.e., after approximately 3 days after synthesis. 
This mechanism is in agreement with the general AgNP growth 
model proposed by Richards et al. [67].

In order to get an insight in the process of Ag/alginate colloid 
solution stabilization after the electrochemical synthesis, the 
absorbance intensity at 405  nm over time was modeled [68] 
according to the procedure proposed by Richards et al. [67]. The 
nanoparticle diameter was assumed to be proportional to the absor-
bance intensity. Mean nanoparticle volumes, V t( ) , over time 
were then calculated based on the spherical particle shape. 
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According to the experimental observations of the absorbance 
intensity increase (Fig.  4.17a), it was assumed that the active 
nanoparticle growth lasted for approximately 3 days and the Eq. 
(4.1) has been applied to the experimental data with parameters 
w = 2 min−1 and τ

O
 ~ 60 min that were proposed by Richards et al. 

Fig. 4.17  UV–Vis spectroscopy studies of Ag/alginate colloid solutions: (a) 
absorbance intensity at 405 nm over time after electrochemical synthesis of 
AgNPs: experimental data (symbols) and model predictions (line); (b) absorp-
tion spectra after aging for 5 days, 2, 4, and 10 months (data represent average 
of n = 3) (reprinted from [68] with permission from Springer)
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[67]. Fitted parameters, thus, were the aggregation rate constant, 
k

g
; the Ostwald ripening rate constant, k

O
; and the Avrami expo-

nent n. Good agreement with experimental data was obtained for 
model predictions with parameters k

g
 = 0.037 h−1, k

O
 = 2.7 × 10−3 h−1, 

and n = 0.68 (Fig. 4.17a). It should be noted that prolonging the 
onset time for Ostwald ripening till after the active growth has 
ceased (τ

O
 = 72 h) resulted in poor model predictions.

Stability studies of Ag/alginate solutions have indicated that the 
colloid solutions are certainly stable in the time frame from day 3 
to 30 and these solutions were used in all further investigations. 
Ag/alginate colloid solutions were easily miscible with PVA and 
PVP solutions forming uniform mixtures with incorporated 
AgNPs.

Ag/Hydrogel Microbeads

Uniform, spherical alginate microbeads (720 ± 24 μm in diameter) 
with incorporated AgNPs were successfully produced using elec-
trostatic extrusion of Ag/alginate colloid solution (Fig.  4.18a). 
However, under commonly employed extrusion parameters (7 kV 
applied potential, 2.5  cm electrode distance), Ag/alginate/PVA 
colloid solution formed elongated microbeads (935 ± 56 μm) with 
noticeable tails regardless of the increase in Cа(NО

3
)

2
·2H

2
O con-

centration to 3 %  w/v (Fig.  4.18b). In order to obtain spherical 
microbeads, electrode distance was increased to 8  cm. At the 
applied electrostatic potential of 7  kV, uniform beads 
(1266 ± 141 μm) were obtained (Fig. 4.18c) while the increase to 
8  kV produced bimodal microbead size distribution with mean 
microbead diameters of 521 ± 7 and 173 ± 6 μm (Fig 4.18d). Further 
increase in electrode distance resulted in formation of large non-
uniform beads since electrostatic field was too low to induce a 
decrease in the droplet size. Thus, the Ag/alginate/PVA beads pro-
duced at the electrode distance of 8 cm and at 7 kV were further 
submitted to freezing–thawing cycles and used in further studies.

Presence of AgNPs in Ag/alginate/PVA solution and beads was 
confirmed by UV–Vis spectroscopy upon dissolution of the beads 
in Na-citrate showing the maximum absorbance in the wavelength 
range of 400–410 nm (Fig. 4.19).
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Fig. 4.18  Ag/hydrogel microbeads: (a) Ag/alginate; (b–d) Ag/alginate/PVA 
after electrostatic extrusion at: (b) 2.5 cm electrode distance, 7 kV, (c) 8 cm 
electrode distance, 7 kV, (d) 8 cm electrode distance, 8 kV (reprint from [68] 
with permission from Springer)

Fig. 4.19  UV–Vis absorption spectra of Ag/alginate/PVA colloid solution and 
beads upon dissolution for 1 h and for additional 24 h in fresh Na-citrate solutions 
(reprint from [68] with permission from Springer)
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Ag/alginate/PVA beads were used in antibacterial tests against 
E. coli so that maximal concentration of released Ag nanoparticles 
and ions in the bacterial suspension could be 1 mM. The beads 
have shown strong antimicrobial activity inducing a decrease in 
the cell concentration after 1 h of incubation to less than 3 % of the 
initial value while after 24 h of incubation the average cell concen-
tration dropped to ~1600 CFU mL−1 (Table 4.2).

Ag/Hydrogel Discs

Mixtures of Ag/alginate colloid solution and PVA as well as PVA/
PVP solutions upon freezing and thawing cycles and alginate gela-
tion formed flat hydrogel discs [68]. In order to evaluate possibili-
ties for modification and control of biomechanical properties of 
potential nanocomposite implants, the obtained discs were tested 
in the biomimetic bioreactor, using the procedure that was 
described previously [47]. Compression was performed in two 
regimes: (1) at a loading rate of 337.5 μm s−1 and (2) at sequential 
increments of 50 μm displacement every 30 min.

In all cases, stress was a linear function of the applied strain as 
it can be observed in Figs.  4.20 and 4.21. Compression moduli 
determined from the slopes of stress–strain functions obtained at 
the loading rate of 337.5  m  s−1 increased with the composition 
complexity starting from 64.9 kPa determined for pure PVA discs, 
79.4 kPa for Ag/alginate/PVA discs, and reaching 115.2 kPa for 
Ag/alginate/PVA/PVP discs (Fig.  4.20). However, equilibrium 
stresses determined at sequential strains after 30 min pauses were 

Table 4.2  Colonies count of E. coli ATCC-25922 in control suspension and 
in suspension with 0.4  g  mL−1 Ag/alginate/PVA beads with the maximum 
possible concentration of AgNPs and Ag+ released of 1 mM

Initial 1 h 24 h

Control 
(CFU mL−1)

1.2 × 106 2.96 × 106 6.2 × 108

Ag/alginate/PVA 
(CFU mL−1)

(1.45 ± 0.18) × 106 (3.61 ± 2.13) × 104 (1.58 ± 0.67) × 103

Reprinted from [68] with permission from Springer
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Fig. 4.20  Stress–strain relationships at a loading rate of 337.5 μm s−1 and best 
linear fits for discs of: PVA (line 1), Ag/alginate/PVA (line 2), and Ag/alginate/
PVA/PVP (line 3); (data represent average of n = 3) (reprinted from [68] with 
permission from Springer)

Fig. 4.21  Stress–strain relationships at sequential increments of 50 μm dis-
placement every 30 min and best linear fits for discs of: PVA and Ag/alginate/
PVA (data 1) and Ag/alginate/PVA/PVP (data 2); (data represent average of 
n = 3) (reprinted from [68] with permission from Springer)
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not statistically different for the pure PVA and Ag/alginate/PVA 
discs (Fig.  4.21). Therefore, a common equilibrium unconfined 
compression modulus value of 26.9 kPa was determined for both 
disc types. Yet, the equilibrium unconfined compression modulus 
for Ag/alginate/PVA/PVP discs was significantly higher (43.4 kPa) 
consistently with the higher compression modulus determined 
under dynamic compression.

Results of all biomechanical tests are summarized in Table 4.3.
Experimentally determined compression moduli were in the 

range of those reported in literature for PVA/PVP hydrogels 
obtained by freezing and thawing that varied from ~10 to ~230 kPa 
depending on the hydrogel composition, number of freezing–
thawing cycles, applied strain, and compression rate [57, 58, 71, 
72]. In addition, results obtained in the present study show influ-
ence of addition of Ag/alginate into PVA to form nanocomposite 
hydrogel with slightly modified mechanical properties. In specific, 
the nanocomposite hydrogel demonstrated ~20 % higher dynamic 
modulus as compared to the control PVA hydrogel while the equi-
librium unconfined compression moduli were essentially the same 
for both hydrogels. It could be assumed that alginate and AgNPs 
interfere with PVA polymer network hampering the response to 
dynamic compression but when provided sufficient time for net-
work relaxation, mechanical strengths of nanocomposite and pure 
PVA hydrogels insignificantly differed.

Table 4.3  Summary of biomechanical properties of Ag/hydrogel discs 
determined in the bioreactor with dynamic compression

Disc composition
Compression 
modulus, kPa

Equilibrium 
unconfined 
compression (Young’s) 
modulus, kPa

5.6 % w/v PVA 64.9 ± 2.4 26.9 ± 0.7

5.6 % w/v PVA, 1.3 % w/v 
Ag/alginate

79.4 ± 1.4

11 % w/v PVA, 5 % w/v 
PVP, 0.4 % w/v Ag/
alginate

115.2 ± 4.4 43.4 ± 0.7

Reprinted from [68] with permission from Springer
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4.2.2.4  �A Comprehensive Approach to In Vitro 
Functional Evaluation of Ag/Alginate 
Nanocomposite Hydrogels

It has been previously shown that nanocomposite Ag/alginate 
microbeads could be easily produced by electrostatic extrusion of 
alginate colloid solutions containing electrochemically synthe-
sized AgNPs [20, 68]. The microbead form is advantageous for 
controlled release of immobilized active substances due to the 
large surface-to-volume ratio [73]. In tissue engineering applica-
tions, particulate cell supports provide short diffusion distances 
enabling uniform cell distribution and tissue regeneration with 
structures allowing for development of vasculature between indi-
vidual particles as well as possibilities for minimally invasive 
implantation by injection [74].

Recently, it was developed a comprehensive approach to inves-
tigate potentials for utilization of alginate microbeads with incor-
porated AgNPs in biomedical applications focusing on wound 
treatment and soft tissue implants [75]. The focus was on Ag/algi-
nate microbeads as a suitable form for efficient release of silver 
nanoparticles and/or ions as well as for drying possibilities so to 
potentially produce antimicrobial powders. Next, an effort has 
made to couple studies of antibacterial activity and investigations 
of cytotoxicity of the obtained wet and dried Ag/alginate micro-
beads. In addition, cytotoxicity studies were performed in parallel 
in conventional monolayer cultures and in 3D bioreactor cultures 
of bovine calf chondrocytes in order to mimic the physiological 
environment upon biomaterial implantation.

Rehydration of Dry Ag/Alginate Microbeads

It is important to investigate possibilities for drying and reswelling of 
the Ag/alginate microbeads, since they are attractive for potential bio-
medical applications as antibacterial powders for wound treatments 
[75]. Briefly, in the first experimental series, Ag/alginate microbeads 
(760 ± 30  μm in diameter) with the AgNP concentration of 
4.87 ± 0.05  mM were dried at room temperature until the constant 
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weight yielding approximately 5 % of the initial wet weight. Dried 
microbeads retained a relatively spherical shape (240 ± 30  μm in 
diameter) and preserved a greater part of AgNPs as verified by 
FE-SEM analysis (Fig.  4.22). FE-SEM micrographs have shown 
microbead interiors where individual spherical AgNPs could be dis-
tinguished approximately 10–30 nm in diameter as previously deter-
mined by transmission electron microscopy of Ag/alginate colloid 
solutions [20]. In addition, cross-sections of wet and dried Ag/alginate 
microbeads appeared similar showing only occasional aggregation of 
AgNPs in the latter case. Comparison of UV–Vis spectra of the initial 
wet and then dried microbeads with different AgNP concentrations, 
upon dissolution in Na-citrate, has shown an unchanged absorbance 
peak position at approximately 405 nm yielding a difference in the 
absorbance value of approximately 15–20 % with respect to the initial 
microbeads (Fig. 4.23). These losses could be attributed to nanopar-
ticle aggregation during hydrogel network contraction over drying 
being slightly more pronounced at higher AgNP concentrations 
(Fig. 4.23). Thus, it could be assumed that dried microbeads retained 
~80–85 % of AgNPs initially present before drying.

Possibilities for alginate gel rehydration and release of AgNPs 
from dried Ag/alginate microbeads were investigated in the physi-
ological saline solution at room temperature in order to mimic 
contact with wound secretions. Rehydration of dried microbeads 
over 5 days is presented in Fig. 4.24. After 24 h in the saline 

Fig. 4.22  FE-SEM micrographs of cross-sections of a wet (a) and dried (b) 
Ag/alginate microbead; white arrows designate individual silver nanoparticles 
(reprinted from [75] with permission from Elsevier)
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Fig. 4.23  Typical UV–Vis absorption spectra of wet and dried Ag/alginate 
microbeads based on the same sample wet weight with different silver concen-
trations in the initial wet microbeads: (a) 4.2 ± 0.4  mM, (b) 1.2 ± 0.05  mM 
(data represent average of n ≥ 2; standard deviations (≤10 %) are omitted from 
the graph in order for the spectra to be distinguishable) (reprinted from [75] 
with permission from Elsevier)

Fig. 4.24  Rehydration of dried Ag/alginate microbeads: (a) a representative 
wet microbead, (b) dried microbeads, (c) a representative dried microbead 
rehydrated for 24 h in the saline solution, (d) a representative dried microbead 
rehydrated for 5 days in the saline solution (scale bar: 500 μm) (reprinted from 
[75] with permission from Elsevier)
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solution, both initially wet as well as dried microbeads increased 
in size reaching similar average diameters (1000 ± 40 and 
1020 ± 40  μm, respectively) while in both cases approximately 
95 % of the initially present AgNPs were lost as determined by the 
absorbance intensity at 405 nm. Furthermore, after 5 days in the 
saline solution all microbeads appeared fractured and devoid of 
AgNPs, as expected, due to diffusion of AgNPs/ions and Cl− ions 
and formation of AgCl [75].

The obtained results indicate potentials for use of dry Ag/algi-
nate microbeads, which successfully retained AgNPs while dem-
onstrating similar swelling behavior in the physiological saline 
solution as wet microbeads.

Cytotoxicity Studies

In order to evaluate in  vitro cytotoxicity of Ag/alginate micro-
beads, two types of experimental studies were carried out: mono-
layer cultures of bovine calf chondrocytes and 3D cultures of the 
same cell type immobilized in alginate microbeads in perfusion 
bioreactors [75].

Full thickness articular cartilage was harvested aseptically from 
the femoropatellar grooves of either 6- or 12-month-old bovine 
calves within 8  h of slaughter. Primary chondrocytes obtained 
from the cartilage of 6-month-old calves were used for cytotoxic-
ity studies in monolayer cultures. Primary chondrocytes isolated 
from the cartilage of 12-month-old calves were directly immobi-
lized in alginate microbeads and used for 3D cell cultures in perfu-
sion bioreactors.

Cytotoxicity Studies in Monolayer Cell Cultures

Cytotoxicity of Ag/alginate microbeads with different concentra-
tions of AgNPs was determined first in monolayer chondrocyte 
cultures using the standard MTT test [76]. Cultures with pure Ca/
alginate microbeads without AgNPs were also established in order 
to verify alginate biocompatibility, while monolayer cultures alone 
served as a control.
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Cell survival is defined as the ratio of the number of cells grown 
in the presence of the investigated agent and the number of cells in 
the control. Since the number of live cells is directly proportional 
to the absorbance, the cell survival, S, can be calculated as:

S A A% /( ) = ⋅u c 100
�

(4.2)

where A
u
 is the absorbance of cells grown in the presence of algi-

nate or Ag/alginate microbeads and A
c
 is the absorbance of control 

cells. Cytotoxicity was rated as following: noncytotoxic (>90 % 
cell survival), slightly cytotoxic (60–90 % cell survival), moder-
ately cytotoxic (30–59 % cell survival), and severely cytotoxic 
(≤30 % cell survival) [77].

The cell viability was determined after 48 h and the effects of 
AgNP concentrations on the cell survival, S, in the presence of 
alginate and Ag/alginate microbeads is presented in Fig. 4.25. It 
could be seen that presence of alginate and Ag/alginate micro-
beads with released silver concentrations of up to 5  μg  mL−1 
induced negligible effects on bovine calf chondrocyte survival 
(S > 90 %). However, when released silver concentration was 

Fig. 4.25  Survival, S, of bovine calf chondrocytes cultured in the presence of 
alginate or Ag/alginate microbeads with different AgNP concentrations nor-
malized to the control sample as a function of total released silver concentra-
tions in the medium, C (reprinted from [75] with permission from Elsevier)

4  Electrochemical Production of Polymer Hydrogels…



308

increased to about 7  μg  mL−1 it induced severe cytotoxicity 
(S = 13.9 ± 0.8 %).

The obtained results are in agreement with other studies of the 
effects of different systems containing AgNPs on various mam-
malian cell types, where cytotoxic concentrations of AgNPs were 
reported to range from 1.6 to 50 μg mL−1 [78, 79].

Overall, results of Ag/alginate microbead cytotoxicity studies 
in monolayer cell cultures have shown that Ag/alginate micro-
beads released approximately 40–50 % of the initial AgNP amount 
and that the released silver concentrations in the culture medium 
up to 5 μg mL−1 were not cytotoxic for chondrocytes [75].

Cytotoxicity Studies in 3D Cell Cultures in Perfusion 
Bioreactors

In order to examine cytotoxicity of Ag/alginate microbeads under 
conditions that imitate the physiological environment upon poten-
tial implantation in vivo, the 3D cultures of bovine calf chondro-
cytes immobilized in alginate microbeads were established in 
perfusion bioreactors [75] Alginate microbeads with immobilized 
chondrocytes were produced by electrostatic droplet generation 
using 6.3 kV electrostatic potential, 3 cm electrode distance, and 
1.5 % w/v CаCl

2
 gelling solution [52].

In order to investigate possible cytotoxic effects of the Ag/algi-
nate microbeads under conditions imitating physiological environ-
ment in vascularized tissues in  vivo, a 3D cell culture was 
established in perfusion bioreactors. Cell-loaded microbeads were 
mixed with Ag/alginate microbeads in the approximate ratio 3:1 
and cultivated in perfusion bioreactors under continuous medium 
flow of 0.38 mL min−1. The applied flowrate corresponded to the 
superficial medium velocity of ~100 μm s−1, which is in the range 
of blood velocities in capillaries. After 2 weeks of bioreactor culti-
vation, microbeads slightly deformed, while the concentration of 
immobilized cells slightly but not significantly decreased with the 
viability preserved at 78 % implying slight cytotoxic effects. In 
order to determine the maximal concentration of the released 
AgNPs and/or ions in the medium to which the cells were exposed, 
corresponding to the first medium exchange (i.e., 72 h), a parallel 
experiment was performed using Ag/alginate microbeads 
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(5.5 ± 0.4  mM AgNPs concentration), pure alginate microbeads 
instead of cell loaded microbeads, and saline solution instead of 
the cultivation medium. The concentration of free Ag+ ions in the 
saline solution was 0.9 ± 0.3  μg  mL−1 not significantly different 
from measured Ag+ concentrations in the monolayer studies due to 
low solubility of AgCl. Thus, the total amount of released AgNPs 
and/or ions from Ag/alginate microbeads was determined based on 
measured silver concentrations in initial microbeads and after the 
experiment (5.5 ± 0.4 mM and 102 ± 16 μM, respectively). Based 
on the mass of Ag/alginate microbeads and measured saline solu-
tion volumes the total silver concentration in the saline solution 
can be calculated as 9.3 ± 0.9 μg mL−1. This concentration corre-
sponds to strong cytotoxicity as determined in monolayer cultures 
(Fig. 4.25). However, under in vivo-like settings in perfusion bio-
reactors and 3D environment, this concentration had only a negli-
gible effect on cell viability. Consequently, cells in monolayers 
could be regarded as more sensitive to AgNPs and Ag+ than cells 
surrounded by the alginate matrix in a 3D environment. Thus, 
these results stress the importance of the comprehensive biomate-
rial assessment including different aspects and settings, and dem-
onstrate the utility of biomimetic bioreactors for functional 
biomaterial evaluation under in vivo-like conditions.

Antibacterial Activity

Antibacterial activity of wet and dried Ag/alginate microbeads 
was estimated against S. aureus TL and E. coli ATCC 25922 [75]. 
Both microbead types demonstrated the release of AgNPs and/or 
ions inducing growth delay of both S. aureus and E. coli (Tables 4.4 
and 4.5, respectively). After 1 h of incubation, bacterial concentra-
tions in both microbead groups were lower than the initial concen-
trations (reduction of about 1  log 10-unit) and slowly increased 
over the next 23  h reaching the colonies count of the order of 
106  CFU  mL−1. Still these values were significantly lower than 
those measured in the control groups (reduction of almost 
3  log 10-units). It is interesting to note that both wet and dried 
microbeads exhibited similar antibacterial activity against both 
investigated bacterial strains with the exception of the slightly 
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stronger effect found in the E. coli culture after 24 h incubation 
with dried Ag/alginate microbeads (Table 4.5).

The obtained results are in agreement with other studies of dif-
ferent systems containing AgNPs against S. aureus and E. coli, 
where the minimum inhibitory concentrations of AgNPs were 
reported to range from 0.34 to 120 μg mL−1 for S. aureus and 0.26–
180 μg mL−1 for E. coli [39, 42, 80–86], considering that antibacte-
rial activity could be attributed mainly to the release of AgNPs 
and/or ions. If the results of antibacterial activity of Ag/alginate 
microbeads are compared to the results of cytotoxicity studies, it 
can be assumed that the release of silver nanoparticles and/or ions 
can be tuned so to induce antibacterial activity without causing 
cytotoxic effects. This assumption is supported by the finding that 
the total concentration of released silver present as AgNPs, Ag+, 
and/or AgCl of about 9–10 μg mL−1 could induce bacteriostatic 

Table 4.4  Colonies count of Staphylococcus aureus TL in the control 
suspension and suspensions with wet and dried Ag/alginate microbeads at the 
concentration of 0.4 g mL−1 based on the microbead wet weight

Initial 1 h 24 h

Control (CFU mL−1) 3.8 × 105 6.6 × 105 2.7 × 109

Wet microbeads 
(CFU mL−1)

3.8 × 105 (9.5 ± 2.1) × 104 (6.9 ± 1.3) × 106

Dried microbeads 
(CFU mL−1)

(3.7 ± 0.3) × 105 (9.5 ± 4.9) × 104 (5.3 ± 2.8) × 106

Reprinted from [75] with permission from Elsevier

Table 4.5  Colonies count of Escherichia coli ATCC 25922  in the control 
suspension and in suspensions with wet and dried Ag/alginate microbeads at 
the concentration of 0.4 g mL−1 based on the microbead wet weight

Initial 1 h 24 h

Control (CFU mL−1) 2.8 × 106 7.6 × 106 2.3 × 109

Wet microbeads 
(CFU mL−1)

(1.7 ± 0.2) × 106 (8.3 ± 0.3) × 104 (3.1 ± 1.5) × 106

Dried microbeads 
(CFU mL−1)

(2.2 ± 0.4) × 106 (5.0 ± 3.7) × 105 (4.3 ± 5.9) × 103

Reprinted from [75] with permission from Elsevier
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effects (i.e., growth delay) without affecting viability of cells 
embedded in a tissue-like matrix in perfusion bioreactors.

Overall, it could be assumed that wet Ag/alginate microbeads 
could be attractive for tissue engineering applications in combina-
tions with cell scaffolds, constructs, or soft tissue implants provid-
ing a sterile environment, either in vitro or in vivo. On the other 
hand, dried Ag/alginate microbeads could be applied as antibacte-
rial powders in wound treatments providing moisture capture by 
rapid alginate matrix reswelling and antibacterial effects due to the 
release of AgNPs and/or ions.

4.2.2.5  �In Vivo Studies

Deep, necrotic, infected, and heavily exuding wounds (e.g., burns, 
ulcers) present a serious clinical problem since conventional 
wound treatment methods do not promote healing. Dressings 
based on alginate effectively regulate moisture levels in wounds 
leading to rapid granulation and reepithelization of the damaged 
tissue [87, 88]. These dressings are also easily removed and 
replaced without causing much trauma due to the hydrophilic 
nature of the hydrogel. Various medical products containing silver 
were developed, such as antimicrobial wound dressings, oint-
ments, and coatings [89, 90]. Furthermore, silver nanoparticles 
were reported to be even more potent than silver ions due to attach-
ment and interactions with the bacterial cell membrane, release of 
silver ions and, possibly, penetration into the cell interior [4].

It was previously shown that AgNPs can be produced within 
aqueous alginate solutions by electrochemical synthesis while the 
obtained colloid solutions can be further manipulated to obtain 
nanocomposite Ag/alginate hydrogels [20, 68]. This method is 
particularly advantageous for potential use in biomedicine and 
pharmacy due to the precise control of particle size and high purity 
of the obtained nanocomposite hydrogels containing only gelling 
cations, alginate, and AgNPs. Furthermore, nanocomposite hydro-
gels could be produced in different forms such as films, sheets, 
microbeads [20, 52], and microfibers [91]. The latter two hydrogel 
forms were shown to effectively release AgNPs and/or ions owing 
to the large specific surface area and short internal diffusion dis-
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tances, which induced antibacterial effects against E. coli and S. 
aureus [20, 68]. Thus, nanocomposite alginate solutions and 
hydrogels could be very attractive active agents for treatments of 
deep as well as superficial wounds due to biocompatibility, variety 
of product forms, and prolonged and controlled release of AgNPs 
resulting in potentially higher antimicrobial efficiency as com-
pared to products utilizing silver ions.

Ag/Alginate colloid solutions containing 1  mM AgNPs, 
1.73 % w/v alginate, and 0.1 g dm−3 ascorbic acid were obtained by 
dilution of the initially synthesized colloid solution as described 
previously [20] and used in wound treatment studies on rats. Ag/
alginate microfibers were produced by extrusion of the colloid 
solution containing 1.4 mM AgNPs and 1.73 % w/v alginate [91]. 
Resulting microfibers had a mean diameter of 250 ± 40 μm and 
exhibited the absorption maximum at ~410 nm [92].

Male Wistar rats were used for studies of effectiveness of nano-
composite Ag/alginate solutions and microfibers for wound treat-
ments in a rat burn model [92]. Thermal burn injuries were 
standardized as reported in literature [93] in order to obtain deep 
second-degree burns of the same size. The animals were divided 
randomly into three groups: control group (G1, n = 9), group 
treated with 1  mM Ag/alginate colloid solution (G2, n = 9), and 
group treated with Ag/alginate microfibers (G3, n = 9) [92].

Wound contraction is a parameter used for assessment of wound 
healing. After 1 day of thermal injuries, wound areas in all three 
groups were not significantly different and were ~2-fold higher as 
compared to the initial burns. Then the wounds started to continu-
ously contract in all groups until complete restoration (Fig. 4.26). 
The wound contraction was consistently faster in treated groups, 
whereas significant differences as compared to the control were 
observed 11 days after the thermal injury induction and this trend was 
maintained until the end of experiment. The scabs fell off between 10 
and 12 days after the injury induction in treated groups (G2 and G3) 
and between 15 and 16 days in the control. It is interesting to note that 
wound contraction appeared slightly slower in the group treated with 
microfibers (G3) as compared to the group treated with Ag/alginate 
solutions (G2) until the scabs fell off (Fig. 4.26). However, thereafter 
wounds in the group G3 rapidly contracted and completely healed at 
day 19 as compared to day 21 in the group G2. In the same time, 
wounds in the control group G1, on day 21 were still visible.
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Fig. 4.26  Burn wound area as a function of time for the control group (G1), 
group treated with Ag/alginate colloid solution (G2), and the group treated 
with Ag/alginate microfibers (G3) (reprint from [92] with permission from 
Serbian Wound Healing Society)

In Fig. 4.27a, photographs of wounds in all three groups on day 
11 are shown while Fig. 4.27b presents the wounds at the time of 
animal sacrifice. Macroscopic analysis of the wounds at day 11 has 
shown thin and dry crusts with detachment of edges in all three 
groups. In addition, the complete wound healing in treated groups 
(G2 and G3) was on days 21 and 19, respectively, while in the 
control group even after 21 days the wounds did not completely 
heal (Fig. 4.27b).

The obtained results indicated that both Ag/alginate solutions 
and microfibers significantly enhanced healing of second-degree 
burns in rats. These macroscopic findings were also supported by 
the results of histological analyses, which have shown enhanced 
granulation and reepithelization, reduced inflammation, and 
improved organization of the extracellular matrix in both treated 
groups (Fig. 4.28) [94].

It should be pointed out that silver concentrations were 
0.011 % w/w for the Ag/alginate colloid solution and 0.016 % 
w/w for Ag/alginate microfibers, which are more than two orders 
of magnitude lower than those in commercial silver-containing 
alginate dressings [11].
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4.3  �Silver/Poly(N-Vinyl-2-Pyrrolidone) 
Nanocomposites

4.3.1  �Electrochemical Synthesis of Silver 
Nanoparticles Inside PVP Hydrogel

Ag/PVP hydrogel nanocomposites were successfully obtained by 
electrochemical synthesis of silver nanoparticles inside a PVP 
hydrogel. The PVP hydrogels obtained by gamma irradiation, sub-
sequently equilibrated in a solution containing 3.9 × 10−3  M 
AgNO

3
. The electrochemical synthesis of Ag nanoparticles was 

performed by imposing a constant voltage, in the range of 
15–300 V during different times [95].

The absorption spectra of the Ag/PVP nanocomposites exhib-
ited a surface plasmon band with absorbance maxima at ≈416 nm, 
confirming the formation of AgNPs (Fig. 4.29). The absorbance 
intensity, which is related to the concentration of AgNPs, increased 
with increasing applied voltage and time, up to the values of 200 V 

Fig. 4.27  Clinical evaluation of second-degree burn healing in Wistar male 
rats. (a) Thermal lesions 11 days after induction in the control (G1), the group 
treated with Ag/alginate colloid solution (G2), and the group treated with Ag/
alginate microfibers (G3). (b) Thermal lesions at the time of sacrifice: 21 days 
after injury induction in the control (G1) and the group treated with Ag/algi-
nate colloid solution (G2) and 19 days after injury induction in the group 
treated with Ag/alginate microfibers (G3) (reprinted from [92] with permis-
sion from Serbian Wound Healing Society)
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Fig. 4.28  Histological analyses of second-degree burn healing in Wistar male 
rats (a) treated with Ag/alginate microfibers 11 days, (b) treated with Ag/alginate 
colloid solution 21 days, in the control (G1), the group treated with Ag/alginate 
colloid solution (G2), and the group treated with Ag/alginate microfibers (G3)
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Fig. 4.29  Absorption spectra of the pure PVP and of Ag/PVP nanocomposites 
hydrogels obtained at (a) different values of the applied voltage during 4 min, 
and (b) different values of time at 30 V, 72 h after the synthesis (reprinted from 
[95] with permission from Wiley)
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and 4 min, respectively (Fig. 4.29a, b), while further increases in 
both applied voltage and time did not follow this trend.

In order to evaluate the optimum conditions for the synthesis of 
the silver nanoparticles inside the PVP hydrogel network, the val-
ues of absorbance maximum wavelength, λ

max
, and the full width at 

half-maximum absorbance, β, for the absorption spectra of Ag/
PVP hydrogel nanocomposites obtained under different experi-
mental conditions are summarized in Table 4.6.

Bearing in mind that lower values of the wavelength of the absor-
bance maximum and of the full width at half-maximum (fwhm) 
absorbance correspond to smaller silver nanoparticles [96, 97], an 
applied voltage of 200 V and time of 4 min were chosen as the opti-
mal conditions for the synthesis of the AgNPs, and the further inves-
tigations were performed on Ag/PVP hydrogel nanocomposites 
obtained under these conditions. In addition, under these conditions, 
the highest value of the absorbance, corresponding to the highest 
concentration of embedded silver nanoparticles, was observed. The 
higher value of the applied voltage and prolonged times did not 
result in a higher concentration of silver nanoparticles.

Theoretical predictions of the UV–Vis spectra for monodis-
perse nanoparticles should follow a Lorentzian plasmon resonance 
band, while a Gaussian distribution should indicate polydispersity 
[25]. Here, the absorption spectrum of the Ag/PVP hydrogel nano-
composite was more in agreement with a Lorentzian than with a 
Gaussian fit (Fig. 4.30), which suggests monodispersity of the sil-
ver nanoparticles in the Ag/PVP hydrogel nanocomposite. The 

Table 4.6  Absorption 
spectrum parameters: 
absorbance maximum 
wavelength, λ

max
, and the full 

width at the half-maximum 
absorbance, β, for the 
absorption spectra of Ag/PVP 
hydrogel nanocomposites 
obtained under different 
experimental conditions

t = 4 min

U (V) λ
max

 (nm)  β (nm)

40 421 147

100 416 148

125 417 151

150 421 183

200 416 120

Reprinted from [95] with permission 
from Wiley
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same result was obtained in a previous study in which an Ag/algi-
nate colloid solution was investigated [20].

However, the existence of silver nanoparticles inside the PVP 
hydrogels was not evident during and immediately after synthesis; 
the complete yellow coloration of the Ag/PVP hydrogel nanocom-
posites occurred 24 h after the synthesis. This suggested the synthe-
sis of silver nanoparticles was a gradual process. Namely, the first 
step of AgNPs synthesis would be the reduction of Ag+ ions into Ag 
atoms inside the PVP network, which occurred as a cathodic reac-
tion. The as-formed Ag atoms became seeds or nuclei for the further 
growth and the formation of AgNPs, which gave the yellow color to 
Ag/PVP hydrogel nanocomposites. It is reported in the literature 
that AgNPs formation, presuming nucleation and growth, is the 
result of classical nucleation and growth, aggregative nucleation and 
growth, and Ostwald ripening processes, which can occur either in 
consecutive or parallel regimes [67]. It is generally considered that 

Fig. 4.30  Absorption spectra of Ag/PVP hydrogel nanocomposite (U = 200 V, 
t = 4 min), and appropriate Lorentzian and Gaussian fits of the absorption spec-
tra curves (reprinted from [95] with permission from Wiley)
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the nanoparticles obtained from molecular (atom) precursors grow 
by classical nucleation and growth, while nanoparticles originated 
from smaller nanocrystals grow by Ostwald ripening. There are also 
reports that aggregative growth contributes in both growing pro-
cesses [67]. A previous study, concerning the synthesis of silver 
nanoparticles in alginate solutions, confirmed the growth of AgNPs 
for 3 days after the synthesis by aggregative mechanism and Ostwald 
ripening. After that period, Ag/alginate colloid solution remained 
stable for additional 30–40 days [20].

Figure 4.31 represents field-emission SEM microphotographs 
of pure PVP hydrogel (Fig. 4.31a) and PVP hydrogel incorporated 
with silver nanoparticles (Fig. 4.31b), and a histogram presenting 
particle size distribution of AgNPs (Fig. 4.31c).

It can be observed that pure PVP network consists of relatively 
uniform voids, 449 ± 72 nm in size (Fig. 4.31a). In Fig. 4.31b these 
voids are not evident. There are lots of clusters of small AgNPs 
along the cross-section of the Ag/PVP hydrogel nanocomposite. 
The size of AgNPs is measured to be 75 ± 19 nm, and the average 
cluster size was 209 ± 33 nm.

Comparing the UV–Vis spectroscopy results with FE-SEM 
imaging, it is observed that the spectroscopy “sees” the small par-
ticles, rather than clusters, suggesting that the absorption peak 
position of 416 nm corresponds to the 75 nm AgNPs. This is in 
agreement with the literature data, where the absorption peak posi-
tions of 416 and 418 nm correspond to AgNPs of 55 and 60 nm in 
size, respectively [98, 99].
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Fig. 4.31  FE-SEM microphotographs of PVP hydrogel (a) without and (b) 
with embedded silver nanoparticles, and (c) histogram of AgNPs particle size 
distribution (reprinted from [95] with permission from Wiley)
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In order to obtain more information about the reduction of sil-
ver ions into AgNPs inside PVP hydrogel network, and to evaluate 
eventual side effects of the synthesis, Ag/PVP nanocomposites 
were investigated by cyclic voltammetry. First, the solutions con-
taining 3.9 mM AgNO

3
, 10 wt% PVP, and 0.1 M KNO

3
 (either 

containing one single component, or all of them) were examined in 
order to monitor the oxidation/reduction processes occurring in 
aqueous solutions (Fig.  4.32). The solutions without silver ions 
exhibited a broad cathodic peak at −250 mV, originating from Pt 
oxide reduction formed during the anodic sweep (Fig. 4.32, Inset). 
The anodic counterpart of this peak is not clearly seen; however, a 
broad current increase in the potential range from 0.0 to 1.0 V is 
obvious.

The processes of reduction and oxidation on Pt in the silver-
containing solutions (Fig. 4.4) were observed as the main cathodic 
peak at about 160 mV, corresponding to the silver deposition on 

Fig. 4.32  Cyclic voltammogram of Pt electrode in 3.9 mM AgNO
3
 + 0.1 M 

KNO
3
. Inset: cyclic voltammogram of a Pt electrode in 0.1 M KNO

3
 (reprinted 

from [95] with permission from Wiley)
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the platinum electrode, and anodic peak around 600 mV related to 
the oxidation of silver, with a smaller broad peak at ≈850  mV, 
which can probably be attributed to the oxidation of Pt on the sites 
not covered by Ag. This could be confirmed by the small peaks in 
the cathodic branch after the Ag reduction peak.

Cyclic voltammograms of PVP hydrogel (curve a) and Ag/PVP 
hydrogel nanocomposite immediately after the synthesis (curve b) 
and after reswelling in 0.1 M KNO

3
 (curve c), obtained at 200 V in 

4 min, are shown in the inset of Fig. 4.33a. The monitoring was 
performed immediately after synthesis and after drying and reswell-
ing in 0.1 M KNO

3
 because of the visual observation that the freshly 

prepared Ag/PVP hydrogel nanocomposite was not colored, while 
the reswollen one was dark yellow. Actually, the freshly obtained, 
colorless Ag/PVP hydrogel nanocomposite becomes dark yellow 
only 24 h after the synthesis (Fig. 4.33b). Higher current intensity 
seen in curve b, corresponding to the greater mobility of the system 
components, indicates that the majority of the silver present in 

Fig. 4.33  (a) Cyclic voltammograms of Ag/PVP hydrogel nanocomposite 
after reswelling in 0.1 M KNO

3
 solution and of the same Ag/PVP hydrogel 

nanocomposite after removal of the Ag surface layer. Inset: Cyclic voltam-
mograms of (a) PVP hydrogel, (b) Ag/PVP hydrogel nanocomposite immedi-
ately after synthesis, and (c) Ag/PVP hydrogel nanocomposite after reswelling 
in 0.1 M KNO

3
 solution. (b) Photographs of pure PVP hydrogel and Ag/PVP 

hydrogel nanocomposite after reswelling in 0.1 M KNO
3
 solution (reprinted 

from [95] with permission from Wiley)
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newly synthesized Ag/PVP hydrogel nanocomposite was still in the 
form of Ag atoms, and that the growth processes had not yet started. 
On the other hand, cyclic voltammograms of the reswollen Ag/PVP 
hydrogel nanocomposite (curve c) exhibited peaks with signifi-
cantly lower current intensity, confirming the entrapment of AgNPs 
inside the PVP network.

The inset of the Fig. 4.33a shows that Ag/PVP hydrogel nano-
composite immediately after the synthesis (curve b) caused an 
anodic peak at around 490  mV and one (broad and unusually 
shaped) at 900 mV; both could originate from the oxidation of Ag 
particles and those trapped in PVP hydrogel. Their counterparts, 
two cathodic peaks at ≈115 and ≈265 mV, correspondingly suggest 
the reduction of silver ions, and those inside the PVP network.

In the case of the reswollen Ag/PVP hydrogel nanocomposite 
(curve c), all currents are considerably smaller, suggesting the 
entrapment of AgNPs inside the PVP network. There are now three 
anodic peaks at around 390, 545, and 800 mV that can be related to 
the different oxidation processes of silver nanoparticles in the Ag/
PVP hydrogel nanocomposite. The corresponding cathodic peaks 
were observed at ≈70, ≈185, and ≈370  mV.  Since there is an 
appearance of the third pair of peaks, it was checked if there was an 
influence of the side effect of the synthesis, meaning the Ag layer 
deposited at the surface of the hydrogel. The cyclic voltammetry of 
this Ag/PVP nanocomposite hydrogel, from which the outer layer 
is removed by cutting, was also monitored (Fig. 4.33a). This cyclic 
voltammogram exhibited neither the anodic peak at 545 mV, nor its 
counterpart at 185  mV.  This suggests that those peaks could be 
attributed to the oxidation/reduction processes of the Ag surface 
layer deposited during the synthesis. This is also in accordance with 
the oxidation/reduction processes of silver in the solution 
(Fig. 4.32), since the appropriate pair of peaks is positioned at 600 
and 160 mV, and the slight shifts toward 545 and 185 mV could be 
explained by the influence of the hydrogel network. Now the other 
two pairs of peaks could be commented. Similarly to the peaks 
observed for the Ag/PVP nanocomposite immediately after the 
synthesis, the pair of peaks 390 mV/70 mV can be attributed to the 
oxidation/reduction of AgNPs inside the hydrogel, and the pair of 
peaks 800 mV/370 mV can also suggest the oxidation/reduction of 
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AgNPs inside the hydrogel, but of those firmly entrapped inside, 
and coordinately bonded to PVP molecules.

The results suggest that there are two types of AgNPs inside the 
hydrogel, those that are relatively free, and susceptible to the oxi-
dation, as well as those that are already bonded to PVP molecules, 
and hence less reactive. Since FE-SEM imaging shown the forma-
tion of clusters of small nanoparticles, the “free” nanoparticles 
could be those attached between themselves, only, and the less 
reactive ones those nanoparticles at the interface with the PVP 
hydrogel.

Evaluation of the potential biomedical use for Ag/PVP nanocom-
posites was performed in a novel bioreactor with mechanical stimu-
lation and interstitial medium flow under physiological regimes 
simulating in vivo conditions in articular cartilage (dynamic com-
pression at 10 % strain, 0.42 Hz, 1 h on/1 h off, medium flow rate 
5 × 10−3  cm3  s−1 corresponding to superficial medium velocity of 
25 μm s−1—these conditions were set to mimic walking, and blood 
velocities found in capillaries (superficial medium velocity ranges 
from 10 to 100 μm s−1)). The hydrogel discs of pure PVP and the Ag/
PVP nanocomposites were tested at the 10 % strain in two regimes: 
(a) at a loading rate of 337.5 μm s−1 and (b) at sequential increments 
of 100 μm displacement at the same loading rate with pauses of 
30 min. In all experiments, the stress was shown to be an almost 
linear function of the applied strain for both hydrogel types 
(Figs. 4.34 (regime a) and 4.35 (regime b)). Values of the compres-
sion module for pure PVP and Ag/PVP hydrogel nanocomposites 
were calculated from the slopes of the best linear fits of the experi-
mental stress–strain curves (Fig. 4.34).

The value of compression module obtained at the loading rate 
of 337.5 μm s−1 for PVP discs was 37.6 kPa, and for Ag/PVP discs 
was about 22.3 % higher: 48.4 kPa (Fig. 4.34), indicating that the 
presence of AgNPs led to a slight decrease in hydrogel elasticity. 
One of the factors contributing to different biomechanical behav-
ior of the Ag/PVP hydrogel nanocomposites compared to the pure 
PVP hydrogel could be the possibility of fluid retention. A slower 
SBF release from Ag/PVP hydrogel nanocomposites could be 
explained by the entrapment of ions originating from SBF in the 
hydrogel voids that are already occupied with AgNPs, making the 
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transit of these ions through the Ag/PVP hydrogel nanocomposites 
more difficult. In addition, the charging of the AgNPs over time, as 
a result of the interactions with the polyelectrolyte SBF solution, 
may change the swelling affinity of the nanocomposites and, con-
sequently, the mechanical properties, by retaining a certain amount 
of liquid for a longer time than pure PVP, probably by solvation of 
the charged AgNPs. The sorption characteristics of the investi-
gated samples are in accordance with these results and will be fur-
ther discussed in the next section.

The second experiment in the bioreactor, performed at sequen-
tial increments of 100 μm displacements with pauses of 30 min, 
enabled the evaluation of the equilibrium unconfined compression 
(Young’s) modules for the PVP and Ag/PVP nanocomposite 
hydrogels. The period of 30  min was provided for stress relax-
ation, i.e., to relax the PVP polymer network. The equilibrium 
stress–strain relationships, as well as those obtained at a loading 
rate of 337.5 μm s−1, followed linear trends and the equilibrium 
unconfined compression modules were also calculated from the 
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Fig. 4.34  Representative stress–strain relationships and best linear fits for 
PVP and Ag/PVP hydrogel discs at a loading rate of 337.5 μm s−1 (data repre-
sent the average of three measurements) (reprinted from [95] with permission 
from Wiley)
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slopes of the best linear fits of the experimental stress–strain 
curves (Fig. 4.35).

The values of equilibrium unconfined compression modules 
were found to be quite similar: 31.1  kPa for the PVP discs and 
32.0 kPa for the Ag/PVP discs. The difference between these values 
for the pure PVP and the Ag/PVP nanocomposite hydrogels (2.8 %) 
was significantly lower than that obtained at a loading rate of 
337.5 μm s−1 (22.3 %). This may suggest that the presence of AgNPs 
has no influence on the biomechanical properties of the PVP hydro-
gels, since the equilibrium unconfined compression module values 
are obtained after the period of polymer relaxation.

The possibility of measuring the mechanical properties of 
hydrogel samples using this bioreactor system was proven by the 
obtained values of the equilibrium unconfined compression mod-
ules. For both the PVP hydrogel and the Ag/PVP hydrogel nano-
composites, these values were in agreement with the values of the 
Young’s module reported for chemically cross-linked PVP hydro-
gels [100], ranging from 19 to 504 kPa. In addition, the application 
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Fig. 4.35  Representative stress–strain relationships and best linear fits for 
PVP and Ag/PVP hydrogel discs at sequential increments of 100 μm displace-
ment every 30  min (data represent the average of three measurements) 
(reprinted from [95] with permission from Wiley)
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of PVP hydrogels and Ag/PVP hydrogel nanocomposites in medi-
cine is rather promising, since the minimal values of the Young’s 
modulus found in the literature required for the application of 
hydrogels as wound dressings were in the range of 1.5–150 kPa 
[101, 102]. This suggests that regarding the mechanical properties, 
both types of investigated hydrogels could potentially be applica-
ble in medicine.

In order to determine the sorption characteristics of the pure 
PVP and Ag/PVP xerogels (dry gels), the intake of simulated body 
fluid was monitored gravimetrically for 72 h at 37 ± 1 °C (sorption 
curves, Fig. 4.36a). The reduced sorption curves (Fig. 4.36b) are 
plotted as a dependence m

t
/m∞ vs. t1/2/δ, following the second 

Fickian diffusion law given by Eq. (4.3), for a flat plane and short 
times: [103]

m

m

D
tt

¥

=
4 1 2

1 2

1 2

d p

/

/

/

�

(4.3)

where m
t
 is the amount of SBF absorbed at time t, m∞ is the amount 

of SBF absorbed at equilibrium, D is the diffusion coefficient of 
SBF through pure the PVP and Ag/PVP hydrogels, and δ is the 
thickness of the hydrogel sample.

As it can be observed in Fig. 4.36a, the initial sorption of SBF 
was linear until a steady state was reached. The linearity is in 
accordance with the assumption that the absorption was controlled 
by Fickian diffusion. The values of diffusion coefficient, D, of 
SBF through pure PVP and Ag/PVP hydrogels were calculated 
from the slopes of the initial linear region of the reduced sorption 
curves (Fig. 4.36b). The values obtained were 1.23·10−4 cm2 s−1 for 
pure PVP and 1.33·10−4 cm2 s−1 for Ag/PVP hydrogel nanocompos-
ite. The diffusion coefficient of SBF in the Ag/PVP composite was 
slightly higher than in pure PVP, by about 8 %, indicating slightly 
facilitated absorption of SBF into the Ag/PVP hydrogel, compared 
to pure PVP.  It could be presumed that the presence of AgNPs 
expands the PVP hydrogel network, enabling slightly faster SBF 
diffusion, and therefore promotes the sorption ability of the Ag/
PVP hydrogel nanocomposites.
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Fig. 4.36  Sorption curves (a) and reduced sorption curves (b) of PVP and Ag/PVP 
hydrogels in SBF at 37 °C (reprinted from [95] with permission from Wiley)
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The obtained sorption curves are in accordance with slight dif-
ferences in the biomechanical characteristics of PVP and Ag/PVP 
hydrogels, which could be supported with the results of the inves-
tigation of the mechanical properties under dynamic conditions. 
The higher value of the dynamic compression modulus, obtained 
for the Ag/PVP hydrogel nanocomposites could be due to the 
higher amount of SBF absorbed during the same time, as com-
pared to pure PVP. This suggests that the increase in swelling abil-
ity, as well as a decrease in the hydrogel elasticity, was the 
consequence of the incorporation of the AgNPs. The reason could 
be found in the fact that the AgNPs, when embedded inside the 
PVP hydrogel network, expand the network, enabling faster SBF 
diffusion, and due to the retained solution, make the PVP hydrogel 
slightly stiffer by undermining the elastic behavior of the polymer 
network, but only under dynamic conditions.

The silver release kinetics from an Ag/PVP hydrogel nanocom-
posite during time of exposure to SBF at 37  °C is presented in 
Fig. 4.37. It is presented as the amount of silver remaining inside a 
sample as a function of time. The cumulative values of released 
silver were obtained as sums of the measured silver concentrations 

Fig. 4.37  Time dependence of the silver concentration inside an Ag/PVP nano-
composite hydrogel during release under static conditions (the data represent the 
average of three measurements) (reprinted from [95] with permission from Wiley)
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at certain times, while the total content of silver inside the hydro-
gels was determined as a sum of all the amounts of the released 
silver, per measurement, and the amount of silver remaining after 
different release times.

It can be observed that the silver concentration inside Ag/PVP 
nanocomposite initially decreased sharply with time. After 7 days 
of silver release, a plateau was observed, indicating a significant 
lowering of the silver release rate. However, it can also be seen 
that even after 28 days, the Ag/PVP nanocomposite had still 
retained about 20 % of the initial silver content. This is very impor-
tant since the remaining silver can preserve the sterility of the 
samples over time.

Furthermore, the potential application of Ag/PVP nanocompos-
ites as antibacterial agents was demonstrated by their effect against S. 
aureus. The investigation of antimicrobial activity was performed by 
the agar diffusion test. After 24 h of incubation, an obvious clear zone 
of ≈1 mm appeared around the disc specimens (Fig. 4.38), indicating 
the absence of bacterial growth. This suggests the reaching of the 

Fig. 4.38  An Ag/PVP nanocomposite hydrogel sample used in the investiga-
tion of the antimicrobial activity against S. aureus by the agar diffusion test 
(reprinted from [95] with permission from Wiley)
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minimum inhibitory concentrations of released silver around the Ag/
PVP hydrogel nanocomposite specimens. After removal of Ag/PVP 
hydrogel nanocomposite specimens from the Petri dishes, the zone of 
the bacterial growth inhibition was also observed on the agar surface, 
at the locations of previous specimen positions, suggesting accelera-
tion of the top-down diffusion of silver [95]. These results demon-
strated that the Ag/PVP nanocomposites efficiently released AgNPs 
and/or Ag+ ions and induced bactericidal effects against S. aureus.

4.3.2  �Biocompatibility of Ag/Poly(N-Vinyl-2-
Pyrrolidone) Hydrogel Nanocomposites

Biomaterials aimed for applications in open wounds have to be 
characterized regarding hemocompatibility as well. Peripheral 
blood mononuclear cells (PBMC) mainly consist of lymphocytes 
and monocytes and represent a well-defined and described sub-
population of inflammatory cells [104]. Recently, the potentials of 
the synthesized Ag/PVP nanocomposites for biomedical applica-
tions were evaluated [105]. In specific, the biocompatibility of Ag/
PVP nanocomposites containing different silver concentrations 
was studied by evaluating cytotoxic effects in monolayer cultures 
of two cell types—PBMC and human cervix carcinoma cells 
(HeLa).

4.3.2.1  �Cytotoxicity

Survivals of target PBMC and HeLa cells grown in the presence of 
pure PVP and Ag/PVP nanocomposites obtained from PVP hydro-
gel swollen in 3.9 mmol dm−3 AgNO

3
 solution were determined by 

MTT test [105]. The presence of pure PVP hydrogel caused only a 
slight decrease in the target cell survival, i.e., 84 ± 9 % for PBMC 
and 73 ± 9 % for HeLa cells as compared to controls. On the other 
hand, in the presence of Ag/PVP nanocomposites there was a nota-
ble decrease in cell survival, i.e., 60 ± 7 % for PBMC, and 56 ± 8 % 
for HeLa cells as compared to controls.
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These results indicated that the sensitivity of normal PBMC and 
malignant HeLa cells to the presence of pure PVP hydrogels and Ag/
PVP nanocomposites was not significantly different and the subse-
quent experiments were performed using PBMC only. After the pre-
liminary experiments, cytotoxicity of pure PVP hydrogels and Ag/PVP 
nanocomposites in PBMC cultures was further studied as a function of 
AgNP concentration in nanocomposites and compared to cytotoxicity 
of Ag+ ions originating from addition of AgNO

3
 solutions [105].

Figure  4.39 presents survival, S, of nonstimulated and PHA-
stimulated PBMC exposed to pure PVP hydrogel and Ag/PVP 
nanocomposites obtained from PVP hydrogels swollen in solu-
tions of different AgNO

3
 concentrations (1–16 mmol dm−3), com-

pared to the controls. In comparison, Fig. 4.40 presents survival, S, 
of nonstimulated and PHA-stimulated PBMC exposed to Ag+ ions 
from AgNO

3
 solutions, compared to the controls. It could be 

observed that the increase in silver concentration in both, Ag/PVP 
nanocomposites (Fig.  4.39) and AgNO

3
 solutions (Fig.  4.40) 

induced decrease in target cell survival.

Fig. 4.39  Survival, S, of nonstimulated and PHA-stimulated PBMC cultured 
for 72 h in the presence of pure PVP hydrogel or Ag/PVP nanocomposites 
obtained from PVP hydrogels swollen in solutions of different AgNO

3
 concen-

trations, c(AgNO
3
)

swell
, compared to the control (data represent the average of 

three measurements; error bars represent standard deviations) (reprinted from 
[105] with permission from Elsevier)
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It should be noted that the presence of pure PVP hydrogel leads 
only to a slight decrease in the survival of nonstimulated and PHA-
stimulated PBMC, i.e., 92.6 ± 4.7 % and 91.0 ± 8.5 %, respectively, 
referring to the control sample (Fig. 4.39). On the other hand, sur-
vival of PBMC remarkably decreased in the presence of Ag/PVP 
nanocomposites. It can be deduced that the release of silver from 
Ag/PVP nanocomposites obtained from PVP hydrogels swollen in 
1 mmol dm−3 AgNO

3
 solutions exerted slight cytotoxicity in non-

stimulated PBMC culture, while Ag/PVP nanocomposites obtained 
from PVP hydrogels swollen in more concentrated AgNO

3
 solu-

tions exerted pronounced cytotoxicity. It should be also noted that 
the presence of PHA had negligible effects on cell survival as cyto-
toxic effects were not significantly different in nonstimulated and 
PBMC cultures stimulated for proliferation.

Effects of direct exposure of investigated cell types to Ag+ ions 
from AgNO

3
 solutions of different concentrations are presented in 

Fig. 4.40.
It can be seen that the presence of Ag+ ions in the concentra-

tions up to 1 μmol dm−3 induced only a low decrease in PBMC 

Fig. 4.40  Survival, S, of nonstimulated and PHA-stimulated PBMC cultured 
for 72 h as a function of the concentration of AgNO

3
 solutions, c(AgNO

3
), 

compared to the control sample (data represent the average of two measure-
ments; error bars represent standard deviations) (reprinted from [105] with 
permission from Elsevier)
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survival, corresponding to slight cytotoxicity. However, Ag+ con-
centration of 10 μmol dm−3 produced significant decrease in PBMC 
survival, down to less than 20 %. Again, the presence of PHA had 
negligible effects on cell survival in all cultures.

IC
50

 values, defined as the concentration of an agent inhibiting 
cell survival by 50 % as compared to the control, determined from 
Fig. 4.40, for Ag+ ions were 4.8 and 5.6 μmol dm−3, for nonstimu-
lated and PHA-stimulated PBMC, respectively. These results are 
comparable with the previous report of Hidalgo and Domínguez 
[106]. In their study, human dermal fibroblasts were exposed to 
AgNO

3
 at concentrations of 4.12–82.4 μmol dm−3 for 8 and 24 h. 

After 24 h, Ag+ ions at the concentration of 16.5 μmol dm−3 caused 
50 % decrease in protein content, in the presence of 10 % of fetal 
calf serum (FCS). Yet, the authors did not examine prolonged 
times of cell exposure to silver ions. Slightly higher IC

50
 values 

obtained in this study after 72 h exposure of PBMC to Ag+ ions 
confirm the fact that silver cytotoxicity to human cells is depen-
dant not only on the ion concentration and exposure period, but on 
the cell type, too.

From the in vitro experiments here presented, it can be observed 
that AgNPs and Ag+ ions exhibited dose-dependent cytotoxicity in 
PBMC cultures. In addition, there were no remarkable differences 
in cytotoxicity of the investigated agents in nonstimulated and 
PHA-stimulated PBMC cultures. The results suggest that the same 
slight cytotoxic effects are induced in 1 μmol dm−3 AgNO

3
 solu-

tion as in the presence of Ag/PVP nanocomposite obtained from 
the PVP hydrogel swollen in the AgNO

3
 solution of three orders of 

magnitude higher concentration (1 mmol dm−3).

4.3.2.2  �Silver Release

Figure 4.41 shows the decrease in silver concentrations within Ag/
PVP nanocomposites under static conditions, in perfusion bioreac-
tors and in the bioreactor with dynamic compression coupled with 
SBF perfusion, up to 42 days. The initial concentration of AgNPs 
in Ag/PVP nanocomposites obtained from PVP hydrogel swollen 
in 3.9  mmol  dm−3 AgNO

3
 solution was determined to be 

206.2 ± 62.2 mg dm−3. This value yields approximately 50 % of the 
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value that would be expected if the reduction of all Ag+ ions pres-
ent in the swollen hydrogel were complete. The experimentally 
determined value was used in further calculations in the diffusion 
model that is later discussed.

Differences in the silver release profiles obtained in the three 
investigated systems were statistically insignificant (under 3 %), 
which implies that under all investigated conditions the governing 
mass transport phenomenon was internal diffusion. This finding 
suggests that the flow of SBF both in perfusion bioreactors as well 
as in the bioreactor with dynamic compression coupled with SBF 
perfusion is carried out mostly around and not through the sam-
ples, leaving diffusion as the sole silver release mechanism. Also, 
surface washout of silver in the bioreactors as compared to static 
conditions did not contribute to the amounts of silver released, 
suggesting that the Ag/PVP nanocomposite surfaces were not sig-
nificant sources of silver, which was indeed the aim of the nano-
composite synthesizing procedure. It should be noted that a slightly 
lower release rate observed in perfusion bioreactors as compared 
to static conditions was probably due to the more frequent medium 

Fig. 4.41  Silver concentrations in Ag/PVP nanocomposites during release 
studies under static conditions, in perfusion bioreactors and in the bioreactor 
with dynamic compression coupled with SBF perfusion (data represent the 
average of three measurements; standard deviations are within 10 % but error 
bars are omitted for the figure clarity) (reprinted from [105] with permission 
from Elsevier)
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exchange and, thus, the slightly increased diffusion driving force 
in the latter system.

On the other hand, silver concentrations in Ag/PVP nanocompos-
ites in the bioreactor with dynamic compression coupled with SBF 
perfusion were consistently lower than those in the other two sys-
tems indicating a slightly higher silver release rate in the former 
system (Fig. 4.41), probably as a result of dynamic compression. 
Namely, dynamic compression was performed at the 10 % strain and 
a loading rate of 337.5 μm s−1 (yielding the frequency of 0.37 Hz) in 
1 h on/1 h off regime, which enabled slight intensification of the 
silver release. The amount of released silver over the 14-day biore-
actor study yielded ~9 % of the total initial content. It is also impor-
tant to note that the effects of dynamic compression on the silver 
release rate are not highly pronounced as may be expected, due to 
the reverse medium flow inside the hydrogel during the decompres-
sion phase. Thus, the overall effect is insignificantly different as 
compared to pure diffusion observed under static conditions.

It is interesting to quantitatively describe decrease in silver con-
centrations in the Ag/PVP nanocomposites. Regardless of the 
experimental conditions, silver concentration decrease in Ag/PVP 
nanocomposites is rather low, up to 12 % that was determined after 
42 days under static conditions (Fig.  4.41). Minor influences of 
hydrodynamic bioreactor conditions on the silver release rate are 
most likely the consequence of stability of silver nanoparticles 
inside the highly cross-linked PVP hydrogel network, since they 
coordinate with amide-carbonyl groups of PVP molecules [107]. 
As a result, these Ag/PVP nanocomposites could be used for a 
prolonged period of time, preserving the sterility of a soft tissue 
implant, for example.

The influence of different experimental conditions (static, SBF 
perfusion, dynamic compression coupled with SBF perfusion) on 
the silver release from Ag/PVP nanocomposites was quantified by 
application of the diffusion model. In order to distinguish the slight 
influence of dynamic compression, results obtained under these 
conditions were modeled separately from the results obtained in 
the other two systems.

Linear dependences of the reduced desorption curves (Fig. 4.42) 
confirmed the assumption that the diffusion mechanism obeys the 
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second Fick’s law of diffusion. Diffusion coefficient of AgNPs 
through Ag/PVP nanocomposite network of 1.64 × 10−10  cm2  s−1 
was calculated from the slope of the reduced desorption curve for 
static and SBF perfusion bioreactor conditions, while the apparent 
diffusion coefficient of 2.79 × 10−10 cm2 s−1 was calculated for sil-
ver release in the bioreactor with dynamic compression coupled 
with SBF perfusion. As it can be observed, dynamic compression 
induced for ~40 % higher silver release rate compared to static 
conditions and SBF perfusion as determined by the value of the 
apparent diffusion coefficient.

The diffusion model can be used in conjunction with results of 
cytotoxicity studies to predict performance and the possible life 
time of Ag/PVP nanocomposites applied in different environ-
ments. Namely, it was shown [105] that the final concentration of 
released silver in medium after 72  h is calculated to be 
0.4 μmol dm−3. Considering that the slight cytotoxicity of this Ag/
PVP nanocomposite is achieved after 72 h, this should be the time 
after which the wound dressing is to be removed/changed.

Fig. 4.42  Linear parts of the reduced desorption curves and best linear fits 
for silver release from Ag/PVP nanocomposites under static conditions 
and SBF perfusion, and in the bioreactor with dynamic compression cou-
pled with SBF perfusion (data represent the average of three measure-
ments; error bars represent standard deviations) (reprinted from [105] with 
permission from Elsevier)
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On the other hand, the system that simulates physiological con-
ditions in articular cartilage (bioreactor with dynamic compression 
coupled with SBF perfusion) would correspond to a soft tissue 
implant in a synovial joint, e.g., knee. The volume of synovial 
fluid (SF) in normal human joints is approximately 0.5–2.0 cm3 
[108, 109]. However, since SF undergoes continuous turnover by 
trans-synovial flow into synovial lymph vessels, water and pro-
teins in the SF are replaced within a period of 2 h or less [109]. 
Now, the diffusion model can be used to calculate the amount of 
silver released from the same Ag/PVP nanocomposite obtained 
from PVP hydrogel swollen in 1 mmol dm−3 AgNO

3
 solution if 

potentially implanted in the knee, during 2 h needed for the com-
plete replacement of SBF. By using the diffusion model (Eq. 4.3), 
the apparent diffusion coefficient of 2.79 × 10−10 cm2 s−1 determined 
for the bioreactor with dynamic compression coupled with SBF 
perfusion, and the total amount of silver in this Ag/PVP nanocom-
posite, the amount of the released silver after 2 h was calculated to 
be 0.1 and 0.03 μmol dm−3, for the volume of SF in normal human 
joints of 0.5 and 2 cm3, respectively. These results mean that dur-
ing the time needed for the complete replacement of SBF in the 
knee joint of 2 h, silver concentrations will be below the value that 
was determined in this study to induce only slight cytotoxicity 
(0.4 μmol dm−3). The other benefit is that the implanted Ag/PVP 
nanocomposite would preserve its sterility for prolonged time.

Model predictions thus imply that Ag/PVP nanocomposites 
could be used both as wound dressings and cartilage implants 
without harming effects to the surrounding tissue.

4.4  �Silver/Polyvinyl Alcohol Nanocomposites

4.4.1  �Electrochemical Synthesis of Silver 
Nanoparticles in Poly(Vinyl Alcohol) 
Solution

Poly(vinyl alcohol) (PVA) is a widely used synthetic polymer. The 
benefits of its use lie in its properties: nontoxicity, water solubility, 
biocompatibility, biodegradability, and excellent mechanical 
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properties [110–115]. Also, its low price and wide availability 
makes PVA a polymer of choice in large number of applications. 
Hydrogels made of PVA have recently become attractive as matri-
ces for repairing and regenerating several types of tissues and 
organs in the fields of tissue engineering and regenerative medi-
cine [116–125]. The significant swelling capacity of PVA hydro-
gels, that enables the absorption of exudates generated during the 
process of wound healing, makes them adequate biomaterials for 
wound dressings [121, 126–129].

Recently, silver nanoparticles were electrochemically synthe-
sized by reduction of silver ions, first time using PVA as a capping 
agent [130]. The effect of the PVA concentration on the amount 
and size of AgNPs was investigated, as well as the interaction 
between silver nanoparticles and PVA. The advantages of this pro-
cedure are especially attractive for biomedical applications: all 
steps of synthesis are clean, few chemicals are used, and the 
obtained Ag/PVA colloid solution is biocompatible and biodegrad-
able. Ag/PVA colloid dispersions were obtained by electrochemi-
cal reduction of silver ions in PVA solutions containing 5 or 
10 wt% PVA, 0.1 M KNO

3
, and 3.9 mM AgNO

3
. Applied current 

density was 25 mA cm−2 and synthesis time was 10 min.
UV–Vis spectroscopy was employed to monitor the silver 

nanoparticles formation. Figure 4.43 shows the absorption spectra 
of pure 10 wt% PVA solution and Ag/PVA colloid dispersions with 
5 and 10 wt% of PVA in the initial solution. PVA spectrum did not 
exhibit the absorbance peak in the examined range of wavelengths. 
Both Ag/PVA colloid dispersions exhibited absorption spectra 
with two bands peaking at around 400 nm and around 650 nm.

The first absorption peak at ~400 nm confirms the formation of 
silver nanoparticles. The second absorption band peaking at nearly 
650 nm can be explained by aggregation or agglomeration of sil-
ver nanoparticles present in the colloid dispersion [21, 28]. The 
only difference between the spectra of Ag/PVA colloid dispersions 
obtained from initial solutions containing 5 and 10 wt% PVA was 
in the absorbance intensity, where higher absorbance exhibited the 
solution with higher PVA concentration. This suggests that a 
higher concentration of silver nanoparticles was obtained with 
higher concentration of PVA in the initial solution, since the silver 
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nanoparticles concentration is proportional to the absorbance 
intensity.

UV–Vis analysis was also used to determine the effect of PVA 
concentration on the amount and relative size of silver nanoparti-
cles. The time dependences of the absorbance maximum, A

max
, and 

the wavelength of the absorbance maximum, λ
max

, are represented 
in Figs. 4.44 and 4.45, respectively. It can be seen in Fig. 4.44 that 
increase in PVA concentration increases the absorbance maximum 
indicating the greater amount of silver nanoparticles in Ag/PVA 
colloid dispersion. For both Ag/PVA colloid solutions A

max
 

increases up to 20th day and remains almost constant up to 30th 
day, while further increase in A

max
 is a consequence of gelation. It 

can be said that the absorbance maximum is reached 20 days after 
the synthesis when the silver nanoparticles growth is terminated.

Figure 4.45 represents the time dependence of the wavelength 
of the absorbance maximum, λ

max
. It can be noticed for both Ag/

PVA dispersions that the λ
max

 increases up to 20th day, and then 

Fig. 4.43  Absorption spectra of 10 wt% PVA solution and Ag/PVA colloid 
dispersions with 5 and 10 wt% PVA (reprinted from [130] with permission 
from Serbian Chemical Society)
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Fig. 4.45  Absorbance maximum wavelength, λ
max

, of Ag/PVA colloid disper-
sions with 5 and 10 wt% PVA as a function of time (reprinted from [130] with 
permission from Serbian Chemical Society)

Fig. 4.44  Absorbance maximum, A
max

, of Ag/PVA colloid dispersions with 5 
and 10 wt% PVA as a function of time (reprinted from [130] with permission 
from Serbian Chemical Society)
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remains almost constant, as well as the concentration of PVA solu-
tion does not effect the size of synthesized silver nanoparticles. 
This is in accordance with the previous assumption that the growth 
of silver nanoparticles terminated around 20 days after the 
synthesis.

The cyclic voltammetry of Pt electrode analysis was performed 
in 10 % wt. PVA solution and in Ag/PVA colloid dispersion 
(Fig.  4.46) obtained from the initial solutions containing 5 and 
10  wt% PVA.  A better insight into the oxidation/reduction pro-
cesses occurring in aqueous solutions of silver was obtained by the 
comparison with cyclic voltammograms of Pt electrode in solu-
tions containing 3.9 mM AgNO

3
 and 0.1 M KNO

3
 [95].

Cyclic voltammogram of Pt electrode in 10 % wt. PVA solution 
(Fig. 4.46a) exhibited a broad cathodic peak at −100 mV, originat-
ing from Pt oxide reduction formed during the anodic sweep. The 
anodic counterpart of this peak is not seen due to the overlapping 
with the oxidation current at potentials more positive than 400 mV.

Figure  4.46b shows stationary cyclic voltammograms of Pt 
electrode in Ag/PVA colloid dispersions obtained from the initial 
solutions containing 5 and 10 wt% PVA. Ag/PVA colloid solution 
obtained from the initial solution containing 5 wt% PVA exhibited 
an anodic peak at around 611 mV which originates from the oxida-
tion of Ag particles. This is connected with the oxidation/reduction 
processes of silver in the solution [95] where the appropriate pair 
of peaks appeared at 600 and 160 mV, respectively, and minimal 
shifts toward more positive potentials (611 and 165 mV) could be 
the effect of the influence of the polymer molecules present in the 
solution. A small broad anodic peak appeared at around 870 mV 
probably due to the oxidation of free Pt surface. The cathodic 
counterpart for the Pt oxide formation is not seen. However, con-
sidering the intensities of the cathodic currents in the potential 
region −200 to 200 mV, the cathodic counterpart for the Pt oxide 
formation could be overlapped with the Ag+ reduction peak.

In the case of Ag/PVA colloid dispersion obtained from the ini-
tial solution containing 10  wt% PVA (Fig.  4.46b), three anodic 
peaks are obvious, at around 595, 667, and 871 mV. The first two 
can be related to the different oxidation processes of silver 
nanoparticles in the Ag/PVA colloid dispersion, while the peak at 
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Fig. 4.46  Stationary cyclic voltammograms of Pt electrode in 10 wt% PVA 
solution (a), and Ag/PVA colloid dispersions with 5 and 10  wt% PVA (b) 
(Reprinted from [130] with permission from Serbian Chemical Society)
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around 871 mV is related with the Pt oxide, as mentioned earlier. 
Only one cathodic peak at 160  mV was observed. Two anodic 
peaks suggest the difference between silver species; one is even 
less susceptible for oxidation [131]. This could be explained bear-
ing in mind the entrapment of silver nanoparticles by PVA mole-
cules, which implies the enhanced stability of silver nanoparticles 
obtained. Moreover, the coordination between Ag nanoparticles 
and hydroxyl groups of PVA was confirmed by FTIR and will be 
discussed in the next section. The results indicated two types of 
AgNPs in Ag/PVA colloid dispersion, the relatively free ones that 
are susceptible to the oxidation, and those already bonded to PVA 
molecules, and hence less reactive.

Since it was proved that the higher concentration of silver 
nanoparticles in Ag/PVP solution was synthesized from initial 
10 wt% PVA solution (UV–Vis measurements) as well as more 
stable silver nanoparticles were formed (CV measurements), all 
further characterizations were performed on Ag/PVA solution syn-
thesized from 10 wt% PVA.

Ag/PVA colloid dispersion obtained under the chosen experi-
mental conditions (10  wt% PVA, c(AgNO

3
) = 3.9  mM, 

j = 25 mA cm−2, t = 10 min) was analyzed using transmission elec-
tron microscopy. TEM microphotograph confirms the spherical 
shape of the synthesized silver nanoparticles (Fig. 4.47a). Average 
diameter of silver nanoparticles obtained was found to be 15 ± 9 nm 
(Fig. 4.47b).

FT-IR measurements were performed on pure PVA and Ag/
PVA thin films in order to determine the type of interactions 
between PVA molecules and silver nanoparticles. Thin PVA and 
Ag/PVA films were obtained by solvent evaporation from 10 wt% 
PVA solution and Ag/PVA colloid dispersion obtained from the 
initial solution containing 10 wt% of PVA, respectively (Fig. 4.48). 
The IR spectrum of Ag/PVA thin film exhibited few differences 
comparing to the spectrum of the pure PVA. Important change was 
observed for the bands peaking at 1377 and 1325 cm−1 (in PVA 
spectrum) and 1352 cm−1 (in Ag/PVA spectrum). A strong band 
peaking at 1377 cm−1 is the result of the coupling of –OH in-plane 
vibration with C–H wagging vibrations. The increase in the inten-
sity of the band at 1377 cm−1, along with the slight shift of the band 
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position (toward 1352 cm−1 in Ag/PVA spectrum), and a disappear-
ance of the band peaking at 1325 cm−1 upon incorporation of Ag 
nanoparticles, suggests interaction between AgNPs and –OH 
groups originating from PVA molecules through the decoupling 

Fig. 4.47  (a) TEM microphotograph of electrochemically synthesized silver 
nanoparticles in Ag/PVA colloid dispersion with 10 wt% PVA, (b) histogram 
of AgNPs particle size distribution (reprinted from [130] with permission from 
Serbian Chemical Society)

V.B. Mišković-Stanković
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between the corresponding vibrations. These results are in accor-
dance with the results obtained from cyclic voltammetry, which 
indicated that PVA interacts with silver nanoparticles. As noted, 
there are two types of nanoparticles, one which is more reactive, 
peaking at more negative values of the potential, and the other one, 
peaking at more positive values of the potential and thus more 
stable, bonded with PVA molecules.

4.4.2  �The Effect of Graphene on the Ag/PVA 
Nanocomposites

In order to study the effect of graphene on the characteristics of 
Ag/PVA nanocomposites, Ag/PVA and Ag/PVA/Gr (0.01 wt% Gr) 
nanocomposite colloid dispersions were obtained by electrochem-
ical reduction of silver ions in PVA and PVA/Gr colloid 

Fig. 4.48  IR spectra of PVA and Ag/PVA thin films (PVA content in the initial 
solutions 10  wt%) (reprinted from [130] with permission from Serbian 
Chemical Society)
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dispersions, respectively, containing 10 wt% PVA, 0.1 M KNO
3
, 

3.9 mM AgNO
3
 and in the case of Ag/PVA/Gr 0.01 wt% Gr addi-

tionally. The applied current density was 40 mA cm−2 and the reac-
tion time was 30 min [132].

The absorption spectra of pure PVA solution and Ag/PVA and 
Ag/PVA/Gr colloid dispersions are shown in Fig. 4.49. The PVA 
spectrum did not exhibit an absorbance peak in the examined 
range of wavelengths. Both Ag/PVA and Ag/PVA/Gr colloid dis-
persions exhibited absorption spectra with two bands peaking at 
around 400 and around 650  nm. The first absorption peak at 
≈400  nm confirmed the formation of AgNPs, while the second 
absorption band peaking at nearly 650 nm indicated aggregation or 
agglomeration of the AgNPs. Because the concentration of AgNPs 
is proportional to the absorbance intensity, it was concluded that 
presence of graphene slightly decreased the amount of AgNPs in 
the Ag/PVA/Gr colloid dispersion.

Fig. 4.49  UV–Vis spectra of 10 wt% PVA solution and Ag/PVA and Ag/PVA/
Gr colloid dispersions at 14th day after synthesis (reprinted from [132] with 
permission from Elsevier)

V.B. Mišković-Stanković
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UV–Vis analysis was also used to determine the effect of aging 
time on the amount and relative size of AgNPs in the colloid dis-
persions. The time dependences of the absorbance maximum, A

max
, 

and the wavelength of the absorbance maximum, λ
max

, are pre-
sented in Fig.  4.50a, b, respectively. The presence of graphene 
decreased A

max
, indicating a smaller amount of AgNPs in the Ag/

PVA/Gr colloid dispersion (Fig. 4.50a). For both Ag/PVA and Ag/
PVA/Gr colloid dispersions, A

max
 increased up to the 15th day and 

then increased slowly up to the 20th day, while a further increase 
in A

max
 with time was the consequence of gelation. The absorbance 

maximum was attained 15 days after the synthesis, when the 
growth of the silver nanoparticles terminated.

For both Ag/PVA and Ag/PVA/Gr colloid dispersions, λ
max

 
increased with time, reaching a value of 407 nm for Ag/PVA/Gr, 
and 410 nm for Ag/PVA on the 15th day (Fig. 4.50b). A lower λ

max
 

value has been reported to correspond to smaller nanoparticles, 
results therefore suggested that AgNPs in the Ag/PVA/Gr colloid 
dispersions had smaller dimensions than those in the Ag/PVA col-
loid dispersions, suggesting that graphene sheets situated between 
the polymer chains prevented the further growth and aggregation 
or agglomeration of AgNPs.

From the TEM micrographs depicted in Fig. 4.51, it is obvious 
that the AgNPs had sphere-like morphologies at the nanoscale 
level. Diameter of AgNPs was approximately 10–40 nm for both 
Ag/PVA (Fig. 4.51a) and Ag/PVA/Gr (Fig. 4.51b) colloidal disper-
sions. It was assumed that the following three-step mechanism of 
particle assembly occurred: (1) silver ions interacted with the 
hydroxyl groups of PVA, (2) nearby silver atoms that had been 
reduced electrochemically aggregated at close range (primary 
nanoparticles), and (3) nearby primary nanoparticles coalesced 
with other primary nanoparticles or interacted with PVA molecules 
to form larger aggregates (secondary nanoparticles). As a conse-
quence, entrapment of silver nanoparticles by PVA molecules 
occurred; this implied that the AgNPs had enhanced stability. The 
small dimensions and low aggregation of AgNPs in the Ag/PVA/
Gr dispersion due to the presence of transparent graphene sheets 
situated between the PVA polymer chains prevented further growth 
and aggregation or agglomeration of AgNPs. This is in agreement 
with the results obtained from UV–Vis (Fig. 4.50b).
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Fig. 4.50  Absorbance maximum, A
max

 (a) and absorbance maximum wave-
length, λ

max
 (b) of Ag/PVA and Ag/PVA/Gr colloid dispersions as a function of 

time (reprinted from [132] with permission from Elsevier)
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Cyclic voltammetry analysis of the Pt electrodes was per-
formed in 10  wt% PVA solution and Ag/PVA and Ag/PVA/Gr 
colloid dispersions (Fig. 4.52).

Fig. 4.51  TEM microphotographs of electrochemically synthesized silver 
nanoparticles in (a) Ag/PVA and (b) Ag/PVA/Gr colloid dispersions (reprinted 
from [132] with permission from Elsevier)

Fig. 4.52  Stationary cyclic voltammograms of Pt electrode in Ag/PVA and 
Ag/PVA/Gr colloid dispersions (inset: stationary cyclic voltammogram of Pt 
electrode in PVA 10 wt% solution) (reprinted from [132] with permission from 
Elsevier)
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Cyclic voltammogram of the Pt electrode in 10 wt% PVA solu-
tion (inset in Fig. 4.52) exhibited a broad cathodic peak at about 
−100 mV, originating from reduction of the Pt oxide formed dur-
ing the anodic sweep. The anodic counterpart of this peak at about 
850 mV, corresponding to Pt oxide formation, was slightly visible 
due to overlap with the oxidation current at potentials more posi-
tive than 400  mV.  The shift of the cathodic peak from −250 to 
−100  mV, as well as the slightly visible anodic peak at about 
850 mV with respect to the reference solution containing 3.9 mM 
AgNO

3
 and 0.1 M KNO

3
 [95] was attributed to the presence of 

PVA polymer chains that impeded oxidation/reduction processes 
on the Pt electrode.

Cyclic voltammogram of the Pt electrode in the Ag/PVA col-
loid dispersion (Fig.  4.52) exhibited two anodic peaks: a main 
peak at around 680 mV, which originated from the oxidation of 
AgNPs, and a small, slightly visible anodic peak at around 870 mV 
due to oxidation of free Pt surfaces and Pt oxide formation. Two 
cathodic counterparts were observed: a peak at around 180  mV 
corresponding to the reduction of AgNPs, and a peak at around 
300  mV originating from reduction of Pt oxide. Shifts of the 
anodic peak due to AgNP oxidation and the cathodic peak due to 
AgNP reduction toward more positive potentials (680 and 180 mV, 
respectively) in comparison with reference solution containing 
3.9 mM AgNO

3
 and 0.1 M KNO

3
 (600 and 160 mV, respectively) 

was a consequence of PVA polymer chains that impeded oxida-
tion/reduction processes on the Pt electrodes.

In the cyclic voltammogram of the Pt electrode in Ag/PVA/Gr 
colloid dispersion (Fig. 4.52), two anodic peaks were obvious—
one at around 650 mV due to AgNP oxidation, and the second at 
around 950 mV due to oxidation of free Pt surfaces and Pt oxide 
formation. Two cathodic counterparts were observed: a peak at 
around 130  mV corresponding to AgN reduction and a peak at 
around 370 mV due to reduction of the Pt oxide. The shift of the 
anodic peak of AgNP oxidation and the cathodic peak of AgNP 
reduction toward more negative potentials (650 and 130  mV, 
respectively) in comparison with Ag/PVA colloid dispersion (680 
and 180  mV, respectively) indicated that the AgNPs in the Ag/
PVA/Gr dispersion had smaller dimensions and/or lower aggrega-
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tion due to graphene sheets situated between the polymer chains 
that prevented the further growth and aggregation or agglomera-
tion of AgNPs. This is in agreement with the results obtained from 
UV–Vis (Fig. 4.50b) and TEM (Fig. 4.51).

Ag/PVA and Ag/PVA/Gr nanocomposite films were obtained 
from colloid dispersions by solvent evaporation at 60°  C, and 
these films were characterized by FE-SEM, Raman spectroscopy, 
FT-IR, XRD, XPS, TGA, and tensile tests [132].

FE-SEM microphotographs showed that AgNPs in the Ag/
PVA/Gr film (Fig.  4.53b) had smaller dimensions and/or lower 
aggregation than AgNPs in the Ag/PVA film (Fig. 4.53a) due to 
graphene sheets between the polymer chains that prevented the 
further growth and aggregation or agglomeration of AgNPs in the 
Ag/PVA/Gr film.

Raman analyses (Fig. 4.54) were performed to verify the incor-
poration of graphene in Ag/PVA/Gr composite film. Raman spec-
troscopy of graphene is generally characterized by two main 
features: the G-peak, which arises from first-order scattering of the 
E

2g
 phonon from sp2 carbon atoms (in the range of 1500–1600 cm−1), 

and the D-peak (in the range of 1200–1500  cm−1), which arises 
from the breathing mode of k-point photons with A1g symmetry. In 
Fig. 4.54 the D-peak at 1379 cm−1 represents edges, other defects, 
disordered sp3-bonded carbon atoms, and impurities, while the 
G-band at 1618  cm−1 corresponds to ordered sp2-bonded carbon 
atoms. The low intensity of both D and G peaks was attributed to 
the low concentration of graphene in the Ag/PVA/Gr composite 

Fig. 4.53  FE-SEM microphotographs of (a) Ag/PVA and (b) Ag/PVA/Gr 
films (reprinted from [132] with permission from Elsevier)
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film. Raman analysis confirmed that graphene was in its pure form 
[133–135]. Raman spectrum uniquely reflects graphene’s elec-
tronic structure. In a precise manner are easily distinguished finger-
prints for single, bilayers, and multiples thus allowing 
high-throughput, nondestructive identification of graphene layers 
[136]. Inset in Fig. 4.54 measures a single 2D peak in graphene. As 
previously reported 2D band is a function of the number of layers 
for 514.5 and 633 nm excitations and bilayer has a much broader 
and upshifted 2D contrary to single-layer graphene [137]. These are 
also quite distinct in bulk graphite. Therefore, we can confidently 
report that Raman spectrum of Ag/PVA/Gr confirms the incorpora-
tion of single-layer graphene into the composite.

FT-IR measurements of Ag/PVA and Ag/PVA/Gr films were 
performed to characterize the interactions among PVA molecules, 
AgNPs, and graphene. The spectra of PVA (as reference), Ag/PVA, 
and Ag/PVA/Gr exhibited characteristic peaks associated with 
PVA (Fig. 4.55).

The IR spectra of the Ag/PVA and Ag/PVA/Gr films exhibited 
a few differences compared to that of pure PVA.  Important 
changes were observed for bands peaking at 1418 and 1323 cm−1 

Fig. 4.54  Raman spectra of Ag/PVA and Ag/PVA/Gr films (reprinted from 
[132] with permission from Elsevier)
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in the PVA spectrum corresponding to coupling of the –OH in-
plane vibration with C–H wagging vibrations. The shift of the 
band peaking at 1418 cm−1 in PVA to 1371 cm−1 in Ag/PVA and 
1353 cm−1 in Ag/PVA/Gr spectra, and the disappearance of the 
band peaking at 1323 cm−1 in Ag/PVA and Ag/PVA/Gr spectra 
upon incorporation of AgNPs, suggested in both cases an interac-
tion between the AgNPs and the hydroxyl groups of the PVA 
molecules through decoupling between the corresponding vibra-
tions. The greater shift of the band at 1418  cm−1 for PVA to 
1353 cm−1 for Ag/PVA/Gr than for Ag/PVA (1371 cm−1) indicated 
the occurrence of additional hydrogen bonding interactions 
between the OH− groups present in PVA and oxygen-containing 
groups in graphene sheets situated between the polymer chains 
in the Ag/PVA/Gr film that prevented further growth and aggre-
gation or agglomeration of AgNPs, as proven by the FE-SEM 
microphotographs (Fig. 4.53).

Fig. 4.55  FT-IR spectra of PVA, Ag/PVA and Ag/PVA/Gr films (reprinted 
from [132] with permission from Elsevier)
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XRD patterns of Ag/PVA and Ag/PVA/Gr films are shown in 
Fig. 4.56. In both Ag/PVA and Ag/PVA/Gr diagrams, the broad 
peaks at 2θ = 19.65° and 19.45°, respectively, corresponding to the 
(002) lattice plane, are related to the characteristic peak of PVA at 
2θ = 19.3° due to the semicrystalline structure of PVA [138]. It was 
clear that the five diffraction peaks for Ag/PVA and Ag/PVA/Gr 
films at 2θ of 38.2, 44.4, 64.6, 77.4, and 81.5 corresponded to 
Bragg’s reflections from the (111), (200), (220), (311), and (222) 
crystal planes of Ag. A weak broad peak near 25° indicated that 
graphene was present in the Ag/PVA/Gr films [139–141].

The average crystallite domain size, D
p
, was calculated from 

the half height width (β
1/2

) of the XRD reflection of the (002) 
plane, using the Scherer equation:

D
K

p =
l

b q1 2/ cos
�

(4.4)

Fig. 4.56  XRD patterns of Ag/PVA and Ag/PVA/Gr films (reprinted from 
[132] with permission from Elsevier)
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where λ is the wavelength of the X-ray radiation of 1.5418 Å, K is 
the shape coefficient equal to 0.9, and θ is the diffraction angle. 
The average crystallite domain size, D

p
, of 0.2782 nm for PVA has 

been changed upon incorporation of AgNPs and graphene sheets 
to 0.2880 and 0.2602  nm, for Ag/PVA and Ag/PVA/Gr film, 
respectively, indicating in both cases an interaction between the 
AgNPs and the hydroxyl groups of PVA molecules, as well as 
additional interactions between PVA molecules and graphene 
sheets situated between the polymer chains in the Ag/PVA/Gr film. 
Single-layer graphene comprises carbon atoms arranged periodi-
cally in a hexagonal manner, and the nearest distance between two 
carbon atoms is 0.142 nm. Multilayer graphene sheets contain sev-
eral graphene monolayers with an interwall distance of 0.340 nm 
[142]. However, the average crystallite domain size of the (002) 
lattice plane in Ag/PVA/Gr was calculated to be 0.2602 nm, indi-
cating the occurrence of hydrogen bonding interactions between 
the OH− groups present in PVA and oxygen-containing groups in 
graphene. This confirmed the hypothesis [132] that graphene 
sheets situated between the polymer chains prevented the further 
growth and aggregation or agglomeration of AgNPs as observed 
by FTIR and FE-SEM.

Elemental compositions of Ag/PVA as a reference and Ag/PVA/Gr 
films were investigated via surface analysis by XPS (Fig. 4.57a, b), 
respectively.

XPS survey spectra of both films revealed the presence of car-
bon (C1s), oxygen (O1s), and silver (Ag3d), as reported in 
Table 4.7. The C1s peak may have originated from the PVA itself 
(binding energy (BE) of 285.02 eV) or from added graphene with 
a BE of 284.95 eV, because the C1s peak corresponding to the BE 
of 285.0 eV could be attributed to aromatic hydrocarbons, actually 
C=C (sp2 bond) in the graphitic network. The BE of the Ag3d peak 
(≈368 eV) agreed with that reported in the literature, indicating 
formation of a nanocomposite with silver [143]. The O1s peak 
may have originated from PVA itself with a BE of 533.0 eV or 
from added graphene with a binding energy of 532.9 eV due to 
C–O bonds, which are characteristics of C–O stretches of gra-
phene sheets [144]. Survey spectra of the Ag/PVA/Gr film revealed 
indisputable evidence of graphene incorporation, namely, an 
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Fig. 4.57  XPS survey spectra of (a) Ag/PVA and (b) Ag/PVA/Gr films 
(reprinted from [132] with permission from Elsevier)
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increased C1s content and decreased O1s content. The smaller 
atomic percentage of silver in Ag/PVA/Gr film than Ag/PVA film 
indicated smaller AgNPs, as was observed by FE-SEM (Fig. 4.53b).

Thermogravimetric analysis (TGA) and corresponding differ-
ential thermogravimetric analysis (DTG) were performed to inves-
tigate the effect of incorporation of graphene sheets on the thermal 
stability of the polymer matrix. As shown in Fig. 4.58a, both Ag/
PVA and Ag/PVA/Gr films showed a three-step weight loss pro-
cess. The small weight loss in the first step at about 70–120 °C was 
attributed to the loss of absorbed water. The weight loss at about 
230–320 °C during the second step suggested the degradation of 
PVA (in Ag/PVA film) or PVA and graphene (in Ag/PVA/Gr film). 
The third weight loss step at about 350–600 °C was attributed to 
further decomposition of the remaining composites. DTG curves 
are shown in Fig. 4.58b; the peak temperature of the DTG curve 
represents the temperature at which the maximum weight loss rate 
was reached. The peak temperature of the Ag/PVA/Gr film was 
about 282 °C, 8 °C higher than that of the Ag/PVA film; this con-
firmed bonding between PVA molecules and graphene sheets [145, 
146]. Similarly, the smaller weight loss at 450oC (Fig. 4.58a) for 
Ag/PVA/Gr (77.26 wt%) than for Ag/PVA (80.21 wt%) demon-
strated that the Ag/PVA/Gr film was more stable than the Ag/PVA 
film due to stronger interactions between molecules in the former.

To evaluate the mechanical properties of Ag/PVA and Ag/PVA/
Gr films, tensile tests were performed [132]. Typical stress–strain 
curves are shown in Fig. 4.59. The tensile strength of the Ag/PVA/
Gr film relative to that of Ag/PVA film increased by 16.4 % from 
121.2 to 141.1  MPa, and the Young’s modulus increased by 
126.9 % from 0.309 to 0.701 GPa. The elongation at break of the 
Ag/PVA film was the same as that of the Ag/PVA/Gr film. The 

Table 4.7  Atomic percentages of elements at Ag/PVA and Ag/PVA/Gr films 
surface determined by XPS

Element content (at%)

C1s O1s Ag3d

Ag/PVA 56.54 41.36 2.10

Ag/PVA/Gr 77.38 22.30 0.32

Reprinted from [132] with permission from Elsevier
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Fig. 4.58  (a) TGA and (b) DTG curves of Ag/PVA and Ag/PVA/Gr films 
(reprinted from [132] with permission from Elsevier)
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enhanced mechanical properties, i.e., greater values of tensile 
strength and Young’s modulus, of the Ag/PVA/Gr film are the con-
sequences of incorporation of Gr into the PVA matrix and bonding 
between PVA molecules and graphene sheets.

Ag/PVA and Ag/PVA/Gr nanocomposite hydrogel discs were 
obtained from colloid dispersions by the freeze–thaw method in 
five cycles of successive freezing and thawing (one cycle involved 
freezing for 16 h at −18 °C and thawing for 8 h at 4 °C) [132]. The 
discs were characterized by atomic absorption spectroscopy to 
monitor silver release and agar diffusion and spread plate tests to 
determine antibacterial activity.

Kinetics of silver release from Ag/PVA and Ag/PVA/Gr hydro-
gel nanocomposites as a function of time of exposure to SBF at 
37 °C are depicted in Fig. 4.60 as the amount of silver remaining 
inside the sample as a function of time. Silver concentration inside 
Ag/PVA and Ag/PVA/Gr hydrogels initially decreased sharply 
with time, and after 3 days of silver release (16 % and 19 % of the 
initial silver content, respectively) a plateau was observed, indicat-
ing a significant lowering of the silver release rate. However, it can 
also be seen that even after 28 days, both Ag/PVA and Ag/PVA/Gr 

Fig. 4.59  Stress-strain curves of Ag/PVA and Ag/PVA/Gr films (reprinted 
from [132] with permission from Elsevier)
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discs still retained 76 % of the initial silver content as a conse-
quence of the stability of AgNPs inside the highly cross-linked 
PVA hydrogel network. This is very important, because the remain-
ing silver can preserve the sterility of the samples over time. For 
example, these hydrogels could be used to preserve the sterility of 
a soft tissue implant over time. In addition, both Ag/PVA and Ag/
PVA/Gr hydrogel nanocomposites had antibacterial activity 
against S. aureus and E. coli.

Antibacterial activities of the samples toward S. aureus and E. 
coli were evaluated quantitatively by monitoring the changes in 
the number of viable bacterial cells in suspension. Figures 4.61 
and 4.62 depict the antibacterial activity of Ag/PVA and Ag/PVA/
Gr hydrogels against S. aureus TL and E. coli in PB, respectively.

Both Ag/PVA and Ag/PVA/Gr hydrogels significantly reduced 
bacterial cell viability after just 1 h of incubation when compared 
to the initial number of cells in suspension. Ag/PVA resulted in a 
three logarithmic unit reduction of S. aureus colonies and a two 
logarithmic unit reduction of E. coli colonies, while Ag/PVA/Gr 
resulted in complete reduction of S. aureus and a five logarithmic 

Fig. 4.60  Time dependence of the silver concentration inside Ag/PVA and 
Ag/PVA/Gr hydrogels during release under static conditions (reprinted from 
[132] with permission from Elsevier)
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unit reduction of E. coli colonies (Fig. 4.61). Ag/PVA killed all S. 
aureus colonies after 24  h and all E. coli colonies after 3  h 
(Fig. 4.62).

Fig. 4.61  Reduction of viable cell number of (a) S. aureus and (b) E. coli 
after contact with Ag/PVA and Ag/PVA/Gr hydrogels for 0, 1, 3, and 24 h in 
PB as compared to the control w/o samples (reprinted from [132] with permis-
sion from Elsevier)
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In contrast, Ag/PVA/Gr completely destroyed all S. aureus TL 
and E. coli colonies after 3 and 24 h, respectively (Fig. 4.62). The 
greater antibacterial activity of Ag/PVA/Gr than Ag/PVA could be 
a consequence of the smaller dimensions of the AgNPs embedded 
in the hydrogel network, as discussed earlier. Based on these 
results, the immediate release of silver ions results in a rapid drop 
in the number of CFU after 1 h of exposure, indicating that both 
Ag/PVA and Ag/PVA/Gr can prevent biofilm formation.

4.5  �Conclusions

Silver nanoparticles (AgNPs) in combination with biocompatible 
polymer (alginate, PVP, and PVA) solutions and hydrogels provide 
possibilities for the design of a variety of antimicrobial products 
attractive for biomedical use, such as wound dressings and 

Fig. 4.62  Antibacterial activity of: control—×10,000 dilution, Ag/PVA—
directly from the suspension and Ag/PVA/Gr—directly from the suspension, 
samples on LB agar plates after 0, 1, 3, and 24 h against (a) S. aureus and (b) 
against E. coli (reprinted from [132] with permission from Elsevier)
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potentially, soft tissue implants. Electrochemical synthesis of 
AgNPs in polymer solutions is especially attractive for biomedical 
applications, since it provides high purity of nanoparticles and pre-
cise control of the nanoparticle size.

It was found that increase in AgNO
3
 concentration in the initial 

alginate solution, applied current density, and time increased the 
concentration and decreased the size of electrochemically synthe-
sized Ag nanoparticles. Ag/alginate colloid solutions were suc-
cessfully utilized for production of alginate hydrogel microbeads 
with incorporated Ag nanoparticles, which were demonstrated to 
efficiently release the AgNPs as antimicrobial agents against S. 
aureus cultures. The electrochemical synthesis coupled with elec-
trostatic extrusion technique is shown to be a simple procedure 
that allows for easy production of alginate hydrogel microbeads 
with Ag nanoparticles and are attractive for potential applications 
as biocompatible carriers and/or efficient donors of AgNPs. 
Practically all Ag+ ions added to the alginate solution are reduced 
during the electrochemical synthesis indicating high efficiency of 
this production method. Furthermore, AgNPs were preserved dur-
ing manipulation and gelation of the Ag/alginate colloid solution 
yielding even higher concentrations in nanocomposite microbeads 
for about 20 % as compared to the source colloid solutions. 
Incorporation of AgNPs in alginate microbeads slightly affected 
biomechanical properties of the packed beds determined in a bio-
mimetic bioreactor, strengthening the gel under dynamic compres-
sion but inducing easier polymer restructuring during relaxation 
and lowering the equilibrium unconfined compression modulus. In 
addition, the Ag/alginate colloid solutions can be mixed with solu-
tions of other biocompatible polymers and submitted to different 
gelation procedures in order to form nanocomposite hydrogels 
with mechanical, antimicrobial and biodegradation properties that 
can be tuned according to specific utilization requirements. The 
use of 3D cultures and biomimetic bioreactors is valuable when 
developing novel biomaterials and predicting the biomaterial 
behavior upon implantation. In specific, bovine calf chondrocytes 
in monolayer cultures were shown to be more sensitive to released 
AgNPs and/or ions as compared to chondrocytes immobilized in 
alginate microbeads and cultured in perfusion bioreactors. In vivo 
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study on a rat burn model has demonstrated potentials of the novel 
nanocomposite materials based on alginate and AgNPs as wound 
dressing.

The Ag/PVP hydrogel nanocomposites with the highest con-
centration of AgNPs were obtained by silver ion reduction within 
the PVP matrix. The investigation of the mechanical properties 
under bioreactor conditions suggested that the Ag/PVP nanocom-
posites met the requirements required for wound dressing applica-
tions. The release of silver from the Ag/PVP nanocomposites was 
confirmed both by an investigation of silver release kinetics under 
static conditions and by the antimicrobial activity against S. 
aureus, indicating that even after 28 days, the nanocomposites had 
still retained about 20 % of the initial silver content. 
Biocompatibility of these Ag/PVP nanocomposites was investi-
gated by cytotoxicity assays in PBMC and HeLa cell cultures. It 
was shown that the cytotoxicity of AgNPs released from Ag/PVP 
nanocomposites is dose dependant, so that slight cytotoxicity is 
induced by Ag/PVP nanocomposites synthesized from 
1 mmol dm−3 AgNO

3
 solution. Kinetics of silver release was exam-

ined under static conditions, continuous SBF perfusion (in perfu-
sion bioreactors), and under dynamic compression coupled with 
SBF perfusion (in the biomimetic bioreactor simulating in  vivo 
conditions in articular cartilage). Diffusion was the dominant 
mechanism of silver release in static conditions and under SBF 
perfusion, while a slight contribution of dynamic compression was 
observed in the biomimetic bioreactor. Silver release kinetics 
modeling provided estimation of the time allowed for PBMC to be 
safely exposed to Ag/PVP nanocomposites under static and perfu-
sion conditions.

AgNPs were successfully incorporated into PVA and PVA/Gr 
matrices using electrochemical silver ion reduction to obtain stable 
colloid dispersions, films, and hydrogels. UV–Vis, TEM, CV, and 
FE-SEM demonstrated that AgNPs in Ag/PVA/Gr nanocomposites 
had smaller dimensions than those in Ag/PVA nanocomposites due 
to graphene sheets embedded between PVA chains. Ag/PVA/Gr 
nanocomposites exhibited greater thermal stability and better 
mechanical properties (tensile strength increased by 16.4 % and 
Young’s modulus by 126.9 %) than Ag/PVA nanocomposites. Slow 
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silver release, as well as the high content of silver remaining (76 %) 
after 28 days in simulated body fluid confirmed that both Ag/PVA/
Gr and Ag/PVA hydrogels can preserve sterility over time. This 
characteristic, together with their strong antibacterial activity, indi-
cates that Ag/PVA/Gr and Ag/PVA hydrogels are excellent candi-
dates for soft tissue implants and wound dressings.
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5.1  �Introduction

Synthetic hydroxyapatite (HAP) as the most promising ceramic 
material used for biomedical applications has excellent bioactivity, 
biocompatibility, and the chemical composition similar to that of 
the bone. The development of synthetic materials with close resem-
blance to the biological and mechanical properties of natural bone 
tissue is required to overcome load-bearing problem. Titanium has 
found wide application as basic metal material due to its attributes 
of strength, stiffness, toughness, impact resistance, and corrosion 
resistance for manufacturing bioceramic coatings such as hydroxy-
apatite. However, HAP is very brittle, and for this reason, a great 
attention has been focused on the development of composite HAP 
coatings. Natural biodegradable polymer lignin (Lig) is considered 
as alternative for the development of the new biocomposite coat-
ing. On the other hand, the general idea of using graphene (Gr) as 
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nanofiller is to minimize the brittleness of HAP and gain improved 
mechanical properties of biocomposite coating. However, in recent 
years problems regarding bacterial infection of bone implants have 
been resulting in body rejection. In order to stop bacterial infection, 
it is crucial to inhibit bacterial adhesion since biofilm can be very 
resistant to immune response and antibiotics. The antimicrobial 
activity of silver has been known for a very long time. Additionally, 
silver cation does not develop bacterial resistance and at the same 
time shows low toxicity to human cells. Hence, the possibility to 
prevent the implant infections using the antimicrobial properties of 
Ag has generated great interest in the development of silver-doped 
hydroxyapatite coatings.

This chapter explored the novel nanostructured biomaterials 
suitable for medical applications as for hard tissue implants (hips, 
knees, ankle, shoulder, elbow joints), drug delivery devices, and in 
dentistry as dental restorations, implants, orthodontics, synthe-
sized according to original electrochemical procedures. It refers to 
lignin- and graphene-based nanocomposite coatings doped with 
silver and deposited on titanium substrate using electrophoretic 
deposition (EPD) method. EPD has allowed the formation of thin 
films of controlled thickness and morphology, by changing the 
deposition parameters (voltage, time). Based on MTT test of cyto-
toxicity, antibacterial tests and in vitro bioactivity test the evidence 
presented here demonstrated that novel electrophoretically pro-
duced coatings for hard tissue implants are an excellent candidates 
for future biomedical applications.

5.2  �Hydroxyapatite Coatings for Hard Tissue 
Implants

Traditional metallic implants are irreplaceable in repairing dam-
aged bone tissue, but the greatest concern is their gradual electro-
chemical degradation [1]. Bone fractures are one of the most 
common forms of injury along with bone diseases and that is why 
metallic implants with bioactive and biocompatible-coated mate-
rial are often used in order to enhance the bone healing process [2].
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Synthetic hydroxyapatite (HAP, Ca
10

(PO
4
)

6
(OH)

2
) has long been 

known as one of the best coating materials for metallic implants due 
to its biocompatible, osteoconductive, and osteoinductive properties 
[3]. Besides controlling the stoichiometry of synthetic HAP, the con-
trol of crystallinity, porosity, particle shape, surface area, and 
agglomeration characteristics are of great interest [4, 5].

Materials implanted in the human body face an environment 
that is extremely delicate, but at the same time hostile. The 
implants face a severe corrosive environment that includes blood 
and body fluid composed of several constituents (water, sodium, 
chlorine, proteins, plasma, and amino acids) along with mucin in 
the case of saliva. The noncompatible metal ions released by the 
implants into the body are found to cause allergic and toxic reac-
tions. In order to minimize direct contact between metal and body 
fluids, and to limit the release of undesired metallic ions in the 
body, biocompatible and bioactive coatings on the metallic sub-
strate, such as HAP, are suggested by many researchers [6–8].

Titanium and its alloys have become the material of choice for 
long-term implant application for their favorable corrosion resis-
tance as well as their low toxicity, biocompatibility, and good 
mechanical properties, such as high strength, durability, and light 
weight [9–12]. Hence, a good combination of the biocompatibility 
of hydroxyapatite and the excellent mechanical properties of tita-
nium are considered a promising approach to fabricate more suit-
able bone implants. The concept of coating titanium implant 
surfaces with HAP combines the mechanical benefits of metal 
alloys with the biocompatibility of HAP [13].

Postoperative infections are the result of bacterial adhesion to 
the implant surface and subsequent biofilm formation at the 
implantation site [14]. In order to stop bacterial infection, it is cru-
cial to inhibit bacterial adhesion since biofilm can be very resistant 
to immune response and antibiotics [15]. The antimicrobial activ-
ity of silver and silver ions has been known for a very long time; 
additionally, silver cation does not develop bacterial resistance and 
at the same time shows low toxicity to human cells [16, 17]. 
Therefore, the possibility to prevent the bone implant infections by 
using antimicrobial properties of Ag has generated great interest in 
the development of silver-doped HAP coatings [18].
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There are various methods to deposit ceramic coatings on metal 
surfaces, plasma spraying, sputtering, pulsed laser deposition, sol–
gel, electrophoresis, and electrodeposition [19]. Among these, 
electrophoretic deposition (EPD) emerges as a method of choice 
due to its simple setup and formation of uniform coatings, even on 
substrates of complex shape [5, 20–23]. Other advantages are that 
EPD represents an inexpensive electrochemical technique that can 
be carried out at room temperature with the possibility of coating 
thickness and morphology controlled by adjusting deposition 
parameters. The necessary condition that enables successful EPD 
is a stable suspension/sol, where the particles have a high zeta 
potential while the ionic conductivity of the suspension is kept at a 
low value [5, 24].

In recent years, research has been focused to improve the bio-
composite HAP/polymer coatings and other functional properties 
of the implant, such as good adhesion properties, chemical stabil-
ity, bioactivity, biocompatibility, and antimicrobial properties 
[25]. Biodegradable natural or synthetic polymers are used to 
develop new biocomposite coatings. Use of the polymer dictates 
that thermal treatment of the composite material to be performed 
at lower sintering temperatures [26]. Development of HAP/bio-
polymer coatings is especially important for applications in medi-
cine, specifically transplantational surgery, because their 
mechanical properties are most similar to natural bone tissue [27]. 
Other characteristics of biocomposite coating that make it biocom-
patible are nontoxicity, corrosion stability, and controlled biode-
gradibility, as well as elastic modulus, therefore suitable for 
specific biomedical applications. The use of natural biopolymers, 
such as polysaccharides—alginate, chitosan/chitin and hyaluronic 
acid, proteins—collagen and silk, as well as different biofibers—
lignin and cellulose, offers the advantage of improving the adhe-
sion of bioceramic coating by decreasing its brittleness [27]. 
Significant interest and investigations were focused on the fabrica-
tion of composite coatings: HAP/chitosan [18, 20, 28–32], HAP/
chitosan/carbon nanotubes [33], aluminosilicate nanotubes/HAP/
hyaluronic acid [34], HAP/alginate [35], Bioglass®/HAP/chitosan 
and Bioglass®/HAP/alginate coatings [36], HAP/glucose [37], 
Y

2
O

3
/HAP [38], HAP/lignin [39–47], and HAP/graphene [48, 49].
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5.3  �Hydroxyapatite/Lignin Coatings for Hard 
Tissue Implants

5.3.1  �Hydroxyapatite/Lignin Coatings 
Electrodeposited on Titanium Substrate

Based on recent research organosolv lignin emerged as a suitable 
candidate for composite hydroxyapatite/natural polymer coatings. 
Lignin (Lig) is a complex natural polyphenolic polymer connected 
with a variety of chemical bonds [50]. Lignin possesses antioxi-
dant and antimicrobial properties; therefore, its incorporation in 
different materials is interesting in medical applications due to its 
biocompatibility, hydrophilicity, and thermal stability [39, 41, 42]. 
As complex natural polymer networks composed primarily of phe-
nolic moieties, lignins have a wide variety of chemical bonds [43, 
50]. Among the functional groups present in lignin, the most reac-
tive chemical sites are phenolic hydroxyl groups [51]. Other major 
chemical functional groups in lignins include methoxyl, carbonyl, 
and carboxyl groups, varying on the plant origin and the applied 
pulping processes [51]. Organosolv lignins are being examined 
because they show significantly improved solubility and thermal 
properties compared to sulfite or kraft lignins [40]. Biocomposite 
hydroxyapatite/lignin as a 3D scaffold was first studied by Mansur 
et al. [41] where organosolv lignin polymer was used. Pan et al. 
[52] examined the solubility and physicochemical properties of 
extracted organosolv lignin. Excellent solubility of lignin, more 
than 90 %, is obtained from the solution which contained more 
than 65 % of ethanol. For the same reason, the HAP/Lig coatings 
on titanium precipitated from ethanol suspensions.

Recently, hydroxyapatite/lignin (HAP/Lig) and silver/hydroxy-
apatite/lignin (Ag/HAP/Lig) biocomposite coatings on titanium 
were developed by EPD technique, mimicking the structure and 
properties of natural bone [43–47] with the aim to improve poros-
ity structure to prompt osteogenesis. Organosolv Alcell lignin was 
extracted from a mixture of North American hardwoods (maple, 
birch, and poplar) by an organosolv process using a mixture of 
ethanol–water. A nanosized HAP powder was obtained using a 
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modified chemical precipitation method, by the reaction of cal-
cium oxide with phosphoric acid described elsewhere [53, 54]. A 
modified chemical precipitation method was also employed for 
preparing the Ag/HAP powder (Ca

9.95
Ag

0.05
(PO

4
)

6
(OH)

2
) using cal-

cium oxide and AgNO
3
 solution, yielding a final concentration of 

silver ion of 0.4 ± 0.1 wt% [43, 45].
The particle size distribution (PSD) measurement of HAP/Lig 

and Ag/HAP/Lig with 1 wt% Lig suspensions was made by using 
dynamic light scattering technique. The obtained average particle 
size is around 363.0 nm, for HAP/Lig suspension, and 207.3 nm, 
for Ag/HAP/Lig suspension [43, 45]. It was assumed for both sus-
pensions that bigger particles are agglomerates of smaller ones, 
since transmission electron microscopy images of the HAP pow-
der demonstrated that HAP particles are nanosized in the range of 
50–100 nm [53]. Also, it was noticed that pure HAP suspension 
had much higher average particle size value (1500 nm) compared 
to HAP/Lig suspension [43]. Therefore, it can be concluded that 
lignin decreases agglomeration of HAP nanoparticles.

The ζ-potential is a measure of the strength of interactions between 
colloid particles, and hence it relates to colloid solution stability. 
A biomaterial’s ζ-potential indicates its electric surface properties; 
bioceramic particles must be electrically charged for electrophoretic 
deposition on metal substrates. High positive ζ-potential values of 
HAP/Lig and Ag/HAP/Lig suspensions of 28 and 29 mV, respec-
tively, indicate positively charged particle surfaces of HAP/Lig and 
Ag/HAP/Lig particles, thus enabling the attraction of particles by 
negatively charged cathode and successful electrophoretic deposi-
tion of coatings on titanium substrate [44, 45].

Electrophoretic deposition of HAP/Lig and Ag/HAP/Lig coat-
ings on titanium was performed from ethanol suspensions [43–
46]. The deposition parameters, applied voltage, and deposition 
time significantly influence the coating morphology and thickness. 
The process was optimized by varying EPD voltage from 50 to 
100 V at different deposition times of 30 s to 5 min [43]. Increase 
in deposition time up to 5 min at constant voltage of 60 V enhances 
the mass of HAP/Lig and Ag/HAP/Lig coatings since more parti-
cles are reaching the cathode. On the other hand, the obtained coat-
ings are more porous since greater amounts of hydrogen evolved 
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from the cathode leaving more vacancies in the deposited coat-
ings. Therefore, the optimal ratio of coating mass and porosity in 
both composite coatings was achieved at constant voltage of 60 V 
for 45 s [43].

The influence of the lignin concentration in the range of 0.5–
10 wt% Lig on the microstructure, morphology (Fig. 5.1), phase 
composition, thermal behavior, antimicrobial activity, and cytotox-
icity of composite HAP/Lig coatings electrodeposited on titanium 
was investigated in order to find the optimal lignin concentration 
for producing HAP/Lig composite coatings [43, 44, 47]. SEM 
micrograph of sintered HAP/Lig coating with 1 wt% Lig (Fig. 5.1b) 
shows homogeneous fracture-free surface. Comparing SEM micro-
graphs of the sintered HAP coatings with different amount of incor-
porated lignin, HAP/Lig coating with 1  wt% Lig indicated that 

Fig. 5.1  SEM micrographs of sintered HAP/Lig coatings with (a) 0.5, (b) 1, 
(c) 3, and (d) 10 wt% Lig (reprinted from [44] with permission from Elsevier)
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lignin strengthens the bonding between HAP particles and the sub-
strate surface. Based on these results the optimal lignin concentra-
tion to obtain coatings with a smooth surfaces without fractures 
was 1 wt%. Four types of hydrogen bonding were proposed as pos-
sible interactions between HAP and lignin [43]: between phenolic 
hydroxyl −OH from lignin and −OH from HAP, between α-carbonyl 
from lignin side chain −C=O and −OH from HAP, between −OH 
from lignin and PO4

3−  from HAP, and between an ether bond oxy-
gen from lignin C–O–C and −OH from HAP.

The phase composition and structure of HAP and HAP/Lig 
coatings were investigated by XRD analysis [43, 44]. All the peaks 
in XRD patterns of the nonsintered HAP/Lig coatings (0.5–10 wt% 
Lig) corresponded to the hydroxyapatite. After sintering, the dif-
fraction peaks of all HAP/Lig coatings become sharper and of 
higher intensity with a decrease in peak width, indicating that sin-
tered coatings had a better crystallinity [44]. A higher degree of 
crystallinity would make coatings less prone to dissolution in body 
fluids [55]. The sintering depends on the characteristics of the ini-
tial HAP powder, and the smaller particles have a tendency to 
aggregate in order to minimize their high free surface energy, 
resulting in densification and an increase in the grain size [56, 57]. 
Therefore, the initial nanosized HAP powder was successfully sin-
tered at temperature of 900  °C and the same temperature was 
applied as thermal treatment of all composite HAP/Lig coatings, 
although the usually applied sintering temperature is in the range 
between 1000 and 1300 °C [58].

By comparing the XRD patterns of sintered HAP and HAP/Lig 
coatings, the partial HAP decomposition during thermal treat-
ment at 900  °C was confirmed only for pure HAP coating and 
HAP/Lig coating with 0.5 wt% Lig, while HAP/Lig coatings con-
taining 1, 3, and 10 wt% Lig did not show any new crystalline 
phase [43, 44]. As an example, the differences between XRD pat-
terns of pure HAP coating and HAP/Lig coating with 1 wt% Lig 
are presented in Fig. 5.2. In the case of pure HAP coating, beside 
the main peaks corresponding to HAP, the observed new diffrac-
tion peaks for CaO, Ca(OH)

2
, and CaCO

3
 crystalline phases indi-

cated the HAP coating decomposition that were not observed for 
HAP/Lig coating with 1 wt% Lig. It can be explained by reaction 
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of CaO, generated during HAP decomposition at sintering tem-
perature, with traces of atmospheric water and CO

2
, yielding 

Ca(OH)
2
 and CaCO

3
, respectively [59]. In the case of sintered 

HAP/Lig coating with 0.5  wt% Lig, beside these peaks a new 
phase TiP appeared [44] that could be explained by the diffusion 
of phosphorous ions into the Ti surface as a result of HAP decom-
position. It was reported that during the thermal treatments, the 
diffusion of calcium (limited diffusion) and phosphorus (profuse 
diffusion) ions into the Ti substrate occurs, resulting in the HAP 
decomposition [44, 60].

Comparing the diffraction patterns of all sintered HAP/Lig 
coatings, it can be concluded that degradation of hydroxyapatite 
did not occur for lignin concentrations of 1 wt% and higher, mean-
ing that higher lignin concentrations protect the HAP lattice from 
decomposition during sintering.

The mean crystallite domain size, D
p
, of the HAP/Lig coatings 

was calculated using the Scherrer equation (5.1), from the half 
height width, β

1/2
, of XRD reflection of (002) plane at 2θ ≈ 26°:

Fig. 5.2  XRD patterns of sintered HAP and HAP/Lig (1 wt% Lig) coatings 
(reprinted from [47] with permission from MDPI)
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D
K

p =
l

b q1 2/ cos
�

(5.1)

where λ is the wavelength of the X-ray radiation, K is the shape 
coefficient equal to 0.9, and θ is the diffraction angle. No 
microstrain corrections were taken into account. The values of 
mean crystallite domain size were calculated to be between 35 and 
39 nm for HAP/Lig coatings with 0.5, 1, 3, and 10 wt% Lig, indi-
cating that mean crystallite domain size does not depend on the 
lignin concentration.

The qualitative analysis of the XPS spectra of pure HAP and 
HAP/Lig coatings revealed certain differences between nonsin-
tered and sintered coatings. The quantitative analysis data of the 
XPS spectra obtained from high-resolution measurements are pre-
sented in Table 5.1 [43, 44].

The carbon content of nonsintered HAP/Lig coating with 
1 wt% Lig is higher than that of nonsintered HAP coating, which 
confirms the presence of lignin. On the other hand, the carbon con-
tent of the nonsintered HAP/Lig coatings increased with increas-
ing lignin concentration, proving that lignin was bonded to the 

Table 5.1  Quantitative XPS analysis data for HAP and HAP/Lig coatings

HAP/Lig (wt% 
Lig) Ca P C

Ca/P

0 (Pure HAP) Nonsintered 19.4 11.3 7.2 1.72

Sintered 16.5 5.5 21.7 3.00

0.5 Nonsintered 19.1 11.3 8.2 1.69

Sintered 18.4 7.9 15.9 2.33

1 Nonsintered 19.3 10.8 10.5 1.79

Sintered 18.7 8.9 11.3 2.10

3 Nonsintered 18.4 12.0 11.7 1.53

Sintered 18.8 10.8 12.9 1.74

10 Nonsintered 15,8 10,3 21,3 1.53

Sintered 17,1 9,6 18,9 1.78

Reprinted from [44] with permission from Elsevier
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HAP lattice. However, the highest increase in the carbon content 
after sintering was evidenced for pure HAP and HAP/Lig coating 
with 0.5 wt% Lig, which could be explained by CaCO

3
 formation 

by reaction between CaO with atmospheric CO
2
. XRD analysis 

also confirmed the decomposition of HAP and HAP/Lig coating 
with 0.5 wt% Lig (Fig. 5.2). A small increase in the carbon content 
for sintered HAP/Lig coatings with 1 and 3 wt% Lig, and decrease 
in carbon content for sintered HAP/Lig coatings with 10 wt% Lig 
compared to nonsintered coatings, indicated the absence of HAP 
decomposition during sintering. This means that lignin limited the 
formation of CaCO

3
. XPS results are in accordance with the XRD 

results obtained for HAP/Lig coatings with lignin concentration 
higher than 0.5 wt% pointing to the absence of HAP lattice decom-
position during sintering.

The calculated Ca/P ratio varied in the range of 1.53–1.69 for 
the nonsintered HAP and HAP/Lig coatings, which is similar to 
the Ca/P ratio for stoichiometric HAP (1.67). According to the lit-
erature [61], stable HAP phases correspond to Ca/P ratio within a 
range of 1.3–1.8. It could be observed that the Ca/P ratios of the 
sintered HAP/Lig coatings were higher than those of the nonsin-
tered (Table 5.1). The highest increase in Ca/P ratio to 3.00 for 
sintered HAP coating and 2.33 for sintered HAP/Lig coating with 
0.5 wt% Lig can be explained by diffusion of phosphorus ions, 
resulting in the partial HAP decomposition and also the presence 
of a new TiP peak in XRD pattern [44]. It could be concluded that 
lignin limited the decomposition of the HAP lattice of sintered 
HAP/Lig coatings with 1–10 wt% Lig as indicated by the smaller 
increase in carbon content and smaller Ca/P ratio, compared to 
pure HAP coating and HAP/Lig coating with 0.5 wt% Lig that was 
also observed from XRD results.

ATR-FTIR measurements were used to identify and verify the 
presence of specific functional groups on the surfaces of nonsin-
tered and sintered HAP and HAP/Lig coatings [43, 44]. The spec-
tra of nonsintered HAP and HAP/Lig coatings with different lignin 
concentration exhibit characteristic ν

1
PO

4
3−, ν

3
PO

4
3−, and ν

4
PO

4
3− 

bands typical for the PO
4
3− group. In addition, the characteristic 

band at 630 cm−1 corresponds to the vibration of structural OH− 
groups [23]. The ATR-FTIR spectra of HAP/Lig coatings before 
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sintering are very similar to the ATR-FTIR spectrum of pure HAP 
coating with respect to the functional groups, which indicates that 
the lignin in HAP/Lig coatings does not significantly alter the 
structure of the hydroxyapatite lattice [43, 44]. However, in the 
ATR-FTIR spectrum of HAP/Lig coatings, the appearance of C–H 
deformation vibration corresponds to C–H bonds in the aromatic 
rings [44, 62], as well as to bands for the methoxy group of lignin 
[44, 63]. This implies that lignin in the HAP/Lig coating did not 
change the formation and structure of the HAP lattice.

Most of the lignin hydroxyl groups are phenolic hydroxyl 
groups, which have a strong ability to form hydrogen bonds with 
the carbonyl groups and would induce an obvious shift of the band 
position to lower wavenumbers. The appearance of ν(O–H) vibra-
tions in OH− groups from HAP, occurred at a lower wavelength 
than expected, confirmed the intermolecular hydrogen bonds 
(P–O···OH) between OH− groups from lignin and PO4

3−  groups 
from hydroxyapatite [44, 64]. Comparing the ATR-FTIR spectra 
for sintered HAP/Lig coatings, it was observed that HAP decom-
position during sintering does not occur for coatings with lignin 
concentration 1, 3, and 10 wt% Lig [43, 44]. In other words, lignin 
concentrations of 1 wt% and higher prevent HAP decomposition 
and/or diffusion of phosphorus ions into the Ti surface due to the 
established hydrogen bonds.

5.3.1.1  �Mechanical Properties

Nanoindentation technique has become a method of choice for 
studies of mechanical characteristics of bicomposite coatings due 
to its many advantages: test depth can be less than coating thick-
ness, the nanomechanical response of the coated system can be 
measured on the substrate in situ, and test can be performed at 
variable displacements. The technique thus represents a unique 
way of ascertaining elastic, plastic, and fracture responses of sur-
faces [65].

The elastic modulus and hardness of sintered HAP coating and 
HAP/Lig coating with 1 wt% lignin were analyzed by nanoindenta-
tion test [47]. The mean hardness, H, was measured to be 7.40 GPa 
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for the HAP coating, while the mean reduced elastic modulus, E
r
, 

was found to be 132 GPa. These values are in good agreement with 
published data [65] for bulk hydroxyapatite (H = 6.19–6.76  GPa 
and E

r
 = 122–125 GPa), as well as for thin film coatings. The HAP/

Lig (1 wt% Lig) coating showed mean hardness of 6.90 GPa and 
mean reduced elastic modulus of 134 GPa, which were comparable 
to those of the pure HAP coating. In general, for biomedical metal-
lic implants aimed for total hip and knee replacements, the bonding 
strength (or interlaminar shear strength) between implant and coat-
ing layer is the most important issue for lifespan of replaced implant 
[66, 67]. Therefore, the obtained E

r
 and H results for HAP/Lig coat-

ing lead to the conclusion that lignin does not significantly affect 
the mechanical properties of the composite, probably due to small 
concentrations of incorporated lignin.

5.3.1.2  �Cytotoxicity and Antibacterial Activity

Cell survival was determined using the 3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide (MTT) test [47] according to 
the method of Mosmann [68] that was modified by Ohno and Abe 
[69]. The MTT test is based on 3-(4,5-dimethylthiazol-2-yl)-2,5-d
iphenyltetrazolium bromide to assess the activity of living cells by 
their mitochondrial dehydrogenase activity. The nutrient medium 
was RPM1 1640 medium supplemented with 10 % heat-inacti-
vated bovine serum, penicillin (100  IU  mL−1), streptomycin 
(100 μg mL−1), l-glutamine (3 mM), and 25 mM Hepes. In order 
to analyze the biological effects of HAP and HAP/Lig coatings on 
human cells, cytotoxicity experiments were conducted on human 
peripheral blood mononuclear cells (PBMC) after stimulation to 
proliferation with mitogen phytohemagglutinin (PHA). The sur-
vival of PHA-stimulated PBMC in control sample and in the pres-
ence of pure HAP and HAP/Lig coatings (1 and 10 wt% Lig) were 
investigated 72 h after seeding.

Cell survival (S, %) is defined as the ratio of the number of cells 
grown in nutrient medium with coating and the number of cells 
grown in control wells containing nutrient medium without coating, 
multiplied by 100. As the number of live cells is directly propor-
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tional to the absorbance of live metabolically active MTT-treated 
cells, for the calculation of cell survival, absorbance of the newly 
formed formazan was used instead of the number of live cells:

S A A% /( ) = ⋅u c 100
�

(5.2)

where A
u
 is the absorbance of the cells grown in the presence of a 

coating and A
c
 is the absorbance of the cells of the control sample. 

The absorbance of the blank was always subtracted from the 
absorbance of the corresponding cell sample. The results are 
reported as the average value ± standard deviation (SD) from three 
independent experiments.

The survival of PBMC stimulated to proliferate with mitogen 
phytohemagglutinin (PHA) in control sample and in the presence 
of sintered HAP and HAP/Lig coatings with 1 and 10 wt% Lig 
(Table 5.2) show that the survival of the PHA-stimulated PBMC 
did not decrease significantly with increasing lignin concentration 
[44]. MTT results indicate that HAP and both HAP/Lig coatings 
could induce a mild decrease in survival of healthy immunocom-
petent PHA-stimulated PBMC but that all the results were similar 
to that of the control sample (S = 100 %). According to literature 
[70], HAP coating and HAP/Lig coating with 1 wt% Lig can be 
classified as nontoxic, while HAP/Lig coating with 10 wt% Lig as 
slightly cytotoxic.

The reason for the slight lignin cytotoxicity could be due to its 
known absorption capability, i.e., it could slightly nonspecifically 
absorb some of the micronutrient constituents needed for sustain-

Table 5.2  Cell survival of PBMC cells stimulated to proliferation in the 
presence of sintered HAP and HAP/Lig coatings

Cell type
PHA-stimulated peripheral blood mononuclear cells 
(PBMC)

Material HAP coating HAP/Lig coating, 
1 wt% Lig

HAP/Lig coating, 
10 wt% Lig

Cell survival 
(S), %

93.4 ± 4.0 90.4 ± 8.2 83.7 ± 5.8

Classification Noncytotoxic Noncytotoxic Slightly cytotoxic

Reprinted from [44] with permission from Elsevier
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ing tested PBMC proliferation, but also could be due to lignin anti-
oxidant activity, as shown in tests on human keratinocytes and 
mouse fibroblasts [71]. On the other hand, one can speculate that 
lignin structures became more condensed upon sintering, which 
could have led to formation of highly condensed aromatic struc-
tures, known for their toxicity.

Postsurgical infections of the implantation site are the major 
problem and inevitably lead to revision surgeries. Antibacterial 
activities of the samples were tested for microorganisms that are 
responsible for most of the interhospital infections. Gram-positive 
bacterium Staphylococcus aureus (S. aureus) and Gram-negative 
bacterium Escherichia coli (E. coli) can cause serious infections. 
The antibacterial activity of sintered HAP and HAP/Lig (1 wt% 
Lig) coatings on titanium was tested on two bacteria types, bacte-
rial strains E. coli (ATCC-25922) and S. aureus TL by using agar 
diffusion method [47]. The results of antimicrobial activity were 
estimated by measuring the inhibition zone of bacterial growth 
formed around the samples (mm). There was no light zone around 
HAP coating and HAP/Lig coating (1 wt% Lig) after 24 h of incu-
bation in the case of both bacterial strains, meaning that both pure 
HAP and HAP/Lig coating with 1 wt% Lig did not exhibit antimi-
crobial activity. Therefore, the subsequent course of research 
aimed to obtain biocomposite coating doped with silver ions, a 
major antimicrobial agent.

5.3.2  Silver-Doped Hydroxyapatite/Lignin 
Coatings Electrodeposited on Titanium Substrate

5.3.2.1  �Sintered Silver-Doped Hydroxyapatite/Lignin 
Coatings

In Vitro Bioactivity

The in vitro bioactivity of silver-doped hydroxyapatite/lignin (Ag/
HAP/Lig) coating electrodeposited on Ti was tested by immersion in 
simulated body fluid (SBF) solution. The influence of silver on the 
microstructure, morphology, phase composition, thermal behavior, 
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antimicrobial activity, and cytotoxicity, as well as on corrosion stabil-
ity and bioactivity of Ag/HAP/Lig coating with 1 wt% Lig in SBF 
was investigated [45]. After 7 days in SBF the samples were charac-
terized by SEM, XRD, and attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) analysis.

Surface morphology of the sintered Ag/HAP/Lig coating before 
and after 7 days of immersion in SBF at 37 °C is shown in Fig. 5.3. 
The SEM micrograph (Fig.  5.3a) revealed smooth and uniform 
surface of Ag/HAP/Lig coating with no fractures before soaking in 
SBF, while Fig. 5.3b represents coating surface after immersion in 
SBF. Newly formed plate-shaped apatite crystals are evident after 
immersion in SBF solution. A relatively high porosity of implant 
surface along with improved mechanical stability provides better 
cell adhesion that facilitates osteointegration. The key point is that 
high interconnected porosity structures enable the penetration of 
osteoblasts leading to better connection between the implant and 
the bone [10].

Obvious bioactivity was confirmed by forming a bone-like apa-
tite layer on the coating surface after 7 days of immersion in 
SBF. The composition of new plate-shaped crystals was revealed 
by ATR-FTIR and XRD spectrum analysis [45], while the forma-
tion of apatite has been previously explained by Sun et al. [72]. 
The negatively charged hydroxyapatite surface interacts with Ca2+ 
ions from SBF forming an amorphous positive Ca-rich surface. 
Subsequently, thus formed surfaces interact with the negative 

Fig. 5.3  SEM micrographs of sintered Ag/HAP/Lig (1  wt% Lig) coating (a) 
before and (b) after immersion in SBF solution at 37 °C. Scale bar: 5 μm (reprinted 
with permission from [45]. Copyright 2013 American Chemical Society)
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PO4
3−  ions in the SBF to form Ca-poor apatite, which gradually 

crystallizes into bone-like apatite. Once formed in SBF, the apatite 
grows spontaneously, consuming the calcium and phosphate ions, 
incorporating minor ions, such as sodium, magnesium, and car-
bonate, and thereby developing a bone mineral-like compositional 
and structural feature [73].

XRD analysis was performed to determine the phase composi-
tion and structure of Ag/HAP/Lig coatings before and after immer-
sion in SBF (Fig.  5.4a). XRD diffractogram of Ag/HAP/Lig 
coating before immersion in SBF showed only characteristic 
hydroxyapatite peaks without any additional crystalline phases 
even after sintering, meaning that lignin protected Ag/HAP lattice 
during sintering [45].

Labeled XRD peaks match very well hydroxyapatite, but 
incorporation of Ag in the hydroxyapatite crystal lattice causes a 
shift of specific HAP peaks toward smaller 2θ values, confirming 
the silver substitution for calcium [45]. The evidence of Ag pres-
ence was verified through the shift of characteristic HAP peaks 
(crystal planes (002), (211), (112), and (300)) toward smaller 
angles for the Ag/HAP coating before immersion in SBF solution 
compared to the pure HAP coating. The additional peaks that 
originate from the Ti substrate indicate the suboxide of titanium, 
Ti

3
O, as seen in Fig. 5.4a, which is classified as a nonstoichiomet-

ric oxide deficient in oxygen. The complex valence status of Ti 
appears to be due to the oxygen diffusion from the exterior sur-
face to the inside during sintering. According to Ye et al. [74], Ti 
metal and Ti suboxides on the composite surfaces are believed to 
be more active than TiO

2
 in the physiological environment and 

can activate chemical bonding between the implant surface and 
adjacent biomolecules. After 7 days of immersion in SBF solu-
tion, a new phase was detected by observing the shift in character-
istic hydroxyapatite peaks toward higher angles (Fig. 5.4a). These 
findings were attributed to carbonate ions in the lattice and con-
firmed, therefore, the growth of carbonated hydroxyapatite onto 
the surface of Ag/HAP/Lig coating. Therefore, the shifting of 
XRD diffraction peaks is typical for weak crystalline, carbonated 
HAP, as it is found in bone.
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Fig. 5.4  (a) XRD patterns and (b) attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) spectra of sintered Ag/HAP/Lig 
(1  wt% Lig) coating, before and after 7 days immersion in SBF at 37  °C 
(reprinted with permission from [45]. Copyright 2013 American Chemical 
Society)
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The mean crystallite domain size, D
p
, was calculated at 2θ ≈ 26° 

by Eq. (5.1). The crystallite domain size of Ag/HAP/Lig coatings 
before and after soaking in SBF solution was calculated to be 
almost the same, 20.8 and 22.0  nm, respectively, indicating the 
homogeneous surface. Small difference between the crystallite 
size before and after immersion is probably due to the incorpora-
tion of CO

3
2− ions into the apatite lattice by occupying the OH− 

sites or the PO
4

3− positions [75].
In general, the bioactivity of implanted apatite coated materials 

can be evaluated by the formation of bone-like apatite on their 
surface. The presence of CO

3
2− bands in ATR-FTIR spectrum is 

clear evidence of its incorporation in the HAP layer since it is well 
known that the biological hydroxyapatite also contains carbonate 
groups [76]. Thus, Ag/HAP/Lig coating was investigated by the 
ATR-FTIR method before and after immersion in SBF solution as 
shown in Fig. 5.4b. As it can be seen before immersion in SBF, the 
ATR-FTIR spectrum exhibited characteristic hydroxyapatite 
bands as found in the literature [77, 78]. Namely, the presence of 
phosphate groups was confirmed by vibrational bands at 960, 
1016, and 1089 cm−1 in the FTIR spectrum. Also, the weak charac-
teristic bands at around 3573 and 627 cm−1 corresponding to the 
vibration of structural OH− groups have been found in the 
hydroxyapatite lattice. The absence of a low-intensity wide band at 
wavenumbers between 1400 and 1585  cm−1 in the ATR-FTIR 
spectrum of Ag/HAP/Lig before immersion in SBF solution con-
firmed that there was no decomposition of hydroxyapatite, as also 
detected by XRD diffractogram (Fig. 5.4a).

ATR-FTIR analysis, as an efficient and sensitive method for 
detection of small amounts of carbonates [79], was also used to 
investigate Ag/HAP/Lig coating surface after 7 days of soaking in 
SBF solution. During 7 days of immersion in SBF at 37 °C carbon-
ated apatite was formed (Fig. 5.4b) which can be seen from three 
peaks at 1640, 1476, and 1420 cm−1, attributed to the vibrational 
bands of CO

3
2− groups. According to the literature, B-type carbon-

ated apatite appears on the surface after soaking in SBF solution 
[74, 80, 81]. The spectrum of bone-like apatite showed a high con-
centration of OH− and PO

4
3− groups compared to the peaks appear-

ing in the spectrum of Ag/HAP/Lig coating before immersion in 
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SBF, which allows the coating surface to exhibit the negative sur-
face potentials required for apatite nucleation. Therefore, the for-
mation of carbonated HAP is very beneficial due to its weak 
crystalline form that resembles human bone, a property that facili-
ties osteointegration [79].

The chemical composition of the outermost coating surface 
level is important because it would be in direct contact with the 
bone tissue and dissolve first at the initial stage of implantation. It 
has been shown that the optimum Ca/P ratio is 1.67–1.76 [82]. 
From semiquantitative XPS analysis of Ag/HAP/Lig coating, Ca/P 
ratio was calculated to be 1.62 [45], which is close in value to the 
Ca/P ratio in stoichiometric hydroxyapatite (1.67). Thus, Ca/P 
ratio for the Ag/HAP/Lig coating after sintering remained constant 
(1.62) confirming the lignin protection of Ag/HAP lattice during 
sintering [82].

EIS measurements were employed to investigate the corrosion 
stability of Ag/HAP/Lig coating in the physiological environment. 
The Nyquist plots for the impedance of Ag/HAP/Lig coating 
deposited on titanium after a prolonged exposure time in SBF 
solution at 37 °C were obtained, where the high-frequency range is 
attributed to the coating, while the low-frequency range describes 
the characteristics of the passive oxide layer on titanium [45]. 
Fitting of experimental data obtained from Nyquist plots for 14 
days in SBF was accomplished by using the equivalent electrical 
circuit (EEC) shown in Fig. 5.5, consisting of the electrolyte resis-
tance, R

s
, the coating pore resistance, R

c
, and constant phase ele-

ments, CPE
c
 and CPE

ox
, which represent all the frequency-dependent 

electrochemical phenomena, such as the coating capacitance, C
c
, 

Fig. 5.5  Equivalent electrical circuit for sintered Ag/HAP/Lig (1 wt% Lig) 
coating on titanium during the time of SBF exposure at 37 °C (reprinted with 
permission from [45]. Copyright 2013 American Chemical Society)
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and passive oxide film capacitance, C
ox

. CPE is used in these mod-
els to compensate nonhomogeneity in the system and is defined by 
two parameters, Y

0
 and n. The impedance of CPE is represented by 

the following equation [83–85]:

	
Z Y j

n

CPE = ×( )- -
0
1 w � (5.3)

where j = (−1)1/2, ω = 2πf is frequency in rad  s−1 and f is the fre-
quency in Hz. If n values range from 0.8 to 1, the impedance of 
CPE can be considered to be the one of the pure capacitor:

	
Z j C

n

CPE = ( )-w � (5.4)

In this case Y
0
 gives a pure capacitance (C). The impedance data 

in the complex plane were well fitted by the proposed EEC and 
three basic criteria were used to evaluate the general accuracy of 
the fit: visual fit to Nyquist plots, low goodness of fit, and low rela-
tive standard errors for every circuit element [85]. The obtained 
fitting results are listed in Table 5.3.

As seen in Table 5.3, n
c
 and n

ox
 values for Ag/HAP/Lig coating 

are close to 0.8, therefore CPE
c
 can be considered as coating 

capacitance, C
c
, while CPE

ox
 can be considered as capacitance of 

oxide film on the titanium surface beneath Ag/HAP/Lig coating, 
C

ox
. The time dependence of coating pore resistance, R

c
, and the 

coating capacitance, C
c
, of the Ag/HAP/Lig coating during 14 

days in SBF are presented in Table 5.3. It can be noticed that the 
pore resistance, R

c
, increased and coating capacitance, C

c
, 

decreased during the exposure to SBF, which is related to the 
growth of the newly formed apatite layer on the coating surface. 
The continuous increase in R

c
 up to 6.3 kΩ cm2 and decrease in C

c
 

up to 547.1 μF cm−2 reflect the process of the apatite nucleation 
after prolonged time in SBF, which was clearly seen in SEM 
images (Fig. 5.3), as well as from XRD and ATR-FTIR (Fig. 5.4a, 
b, respectively). This suggests that Ag/HAP/Lig coating surface 
represented the site of nucleation and growth of new apatite layer. 
According to the literature, transformation of hydroxyapatite with 
a bone-like crystallinity apatite layer in the human body certainly 
induces stable bonding to bone [86].
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Mechanical Properties

Ag/HAP coating had reduced elastic modulus, E
r
, and mean hard-

ness, H, of 172 and 14.5  GPa, respectively, while Ag/HAP/Lig 
coating with 1 wt% lignin had slightly higher H and lower E

r
 val-

ues of 173 and 13.3 GPa, respectively [47]. Comparing HAP and 
HAP/Lig coating and their counterparts with silver, it was observed 
that addition of Ag contributed to the increase of both E

r
 (172 vs. 

132 GPa) and H (14.5 vs. 7.40 GPa) of the composites.
An evaluation of E/H value is a prerequisite for the evaluation of 

fracture toughness [87]. In the case of pure HAP and Ag/HAP coat-
ings, E

r
/H ratios were 17.86 and 11.87, respectively, while in the 

case of HAP/Lig and Ag/HAP/Lig coatings E
r
/H ratios were 19.34 

and 13.00, respectively, indicating that Ag reinforcement caused 
decrements in the value of E

r
/H, implying that toughness values 

Table 5.3  The fitting values of equivalent electrical circuits parameters for 
sintered Ag/HAP/Lig (1 wt% Lig) coating

Sam
ple

t 
(h)

R
s
 

(Ω 
cm2)

CPE
ox

 
(C

ox
) 

(μF cm−2) n
ox

CPE
c
 (C

c
) 

(μF cm−2) n
c

R
c
 

(kΩ 
cm2)

Ag/
HAP/
Lig

1 43.3 1030.0 0.76 745.2 0.88 4.3

3 44.5 1046.0 0.80 697.6 0.88 5.2

6 44.5 1010.0 0.81 667.9 0.88 5.9

8 44.1 880.1 0.77 655.8 0.88 6.1

24 29.2 620.8 0.70 627.2 0.88 5.6

72 23.1 821.3 0.76 588.2 0.88 6.4

120 31.5 610.4 0.74 560.6 0.89 5.9

168 18.8 782.4 0.77 559.3 0.88 5.8

240 21.8 522.0 0.74 543.5 0.88 6.3

288 21.3 475.8 0.70 529.0 0.88 6.9

336 17.7 403.2 0.71 547.1 0.87 6.3

Reprinted with permission from [45]. Copyright 2013 American Chemical 
Society
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may be affected with Ag addition. On the other hand, calculated 
E

r
/H ratios for HAP and HAP/Lig coatings were 17.86 vs. 19.34, 

respectively, for Ag/HAP and Ag/HAP/Lig the same comparison in 
E

r
/H ratio was noticed 11.87 vs. 13.00, respectively. Therefore, it 

can be concluded that the change in E
r
/H ratio was not significant 

for pure coatings vs. coatings with incorporated lignin. Therefore, 
small concentration of 1  wt% lignin does not affect mechanical 
properties of composite.

The relationship between material surface properties and bio-
logical response to it is a major issue in biomedical materials 
research. The Ag/HAP/Lig composite can serve as a potential bio-
material because silver addition improves its bactericidal property, 
since it was shown that HAP/Lig does not prevent bacterial growth.

Cytotoxicity and Antibacterial Activity

Cytotoxicity of Ag/HAP/Lig (1 wt% Lig) coating was determined 
by MTT test against PBMC and PHA-stimulated PBMC cells [45, 
47] since it is important to produce the biomaterials that will not 
exert toxic effects against cells of the surrounding tissue as well as 
against healthy immunocompetent PBMC, components of the 
immune response. Examination of cytotoxic effects of the investi-
gated Ag/HAP/Lig coating with 1  wt% Lig (Table  5.4) showed 
mild decrease in survival of healthy immunocompetent PBMC, 

Table 5.4  Cell survival of peripheral blood mononuclear cells (PBMC) and 
PHA-stimulated peripheral blood mononuclear cells (PBMC + PHA) in the 
presence of sintered Ag/HAP/Lig (1 wt% Lig) coating

Cell type

Peripheral blood mononuclear cells (PBMC)

Cell survival (S), % 89.4 ± 3.5

Classification Noncytotoxic

PHA-stimulated peripheral blood mononuclear cells (PBMC)

Cell survival (S), % 83.8 ± 6.3

Classification Noncytotoxic

Reprinted from [47] with permission from MDPI
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unstimulated (89.4 %), and PHA stimulated (83.8 %) compared to 
the control cell sample (S = 100 %), while cell survival of PHA-
stimulated PBMC in the presence of Ag/HAP coating was 90.4 %. 
According to the literature [70], both Ag/HAP and Ag/HAP/Lig 
coating with 1 wt% Lig were displayed as noncytotoxic against 
target PBMC cells.

Recently, research in orthopedic surgery has focused on the 
development of surface-modified devices that are capable of 
releasing drugs adapted to the clinical situation (antibiotics, anti-
microbial agents, etc.) in a controlled and predictable manner, 
according to established kinetic laws. Silver, as Ag ions and Ag 
nanoparticles, are well known as primary inorganic antimicrobial 
agents that have been widely used in different fields of medicine. 
Although not completely revealed, it is assumed that Ag ion dis-
rupts the bacterial cell integrity by binding to the enzymes and 
proteins within the bacteria, thus accelerating their death.

The antibacterial activity of sintered Ag/HAP/Lig (1 wt% Lig) 
coatings was tested against pathogenic Gram-positive bacteria strain 
S. aureus TL [47]. Test bacteria were activated by two successive 
precultures in LB broth (composition yeast extract 5 gL−1, tryptone 
10 gL−1, NaCl 5 gL−1) and incubated at 37 °C during the night. Prior 
to antibacterial test, an overnight culture, not older than 18 h, was 
diluted in physiological solution (10−1) and 2 % (v/v) of culture was 
used to inoculate a test tube with 7 mL of sterile modified phos-
phate-buffered (PB) solution (pH = 7.4) with 15 mg titanium-coated 
samples. The initial number of bacteria in each suspension was 
between 104 and 105 CFU mL−1 and concentration of coating mate-
rial was approximately 2 mg mL−1. Thus, prepared samples were 
incubated for 24 h at 37 °C, without shaking. Blank with no tita-
nium-coated samples (bacteria in PB solution) was used as control. 
The number of bacteria in a sample was monitored at the beginning 
of the experiment and after 1 and 24 h of incubation. After 24 h 
incubation at 37 °C, the number of colonies on agar plates contain-
ing 25–250 colonies was enumerated using a colony counter and 
expressed as CFU mL−1 to obtain the number of viable S. aureus. 
Antibacterial activity of the Ag/HAP/Lig coating (Table 5.5) could 
be noticed immediately after inoculation of samples and further 
reduction of cell viability for two logarithmic units is achieved after 
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Table 5.5  Reduction of viable cell number of S. aureus TL after incubation 
with sintered Ag/HAP/Lig (1 wt% Lig) coating for 0, 1, and 24 h

Bacteria strain type

S. aureus TL

Initial 1 h 24 h

Control (CFU mL−1) 1.0 × 105 3.0 × 104 9.9 × 104

Ag/HAP/Lig (CFU mL−1) 2.5 × 104 2.0 × 103 No 
bacteria

Reprinted from [47] with permission from MDPI

just 1 h of incubation when compared to the initial number of cells 
in suspensions (percentage of cell reduction 97.67 %). Based on sil-
ver ion release results, the concentration of silver ions after 1 h was 
0.4493  ppm [46], which is a sufficiently small concentration to 
achieve antibacterial effect without causing cytotoxicity (Table 5.4).

In comparison to the reported results of Stanic et al. [88], the 
antimicrobial efficiency of Ag/HAP/Lig coating exhibited higher 
reduction of bacteria strain S. aureus TL, since after 24 h analyzed 
samples did not contain any viable cells. The total reduction in the 
bacterial numbers after 24  h indicated antimicrobial activity of 
0.5 wt% Ag in Ag/HAP/Lig coating, providing good protection 
against infection. Moreover, an immediate silver ion release 
provided for the imminent drop in CFU numbers even after 1 h of 
exposure, which is the bactericidal effect needed for prevention of 
biofilm formation [89].

5.3.2.2  �Nonsintered Silver-Doped Hydroxyapatite/Lignin 
Coatings

In Vitro Bioactivity

SEM microphotograph (Fig. 5.6a) revealed the surface homogenicity 
of nonsintered Ag/HAP/Lig (1 wt% Lig) coating before immersion 
in SBF, while Fig. 5.6b represents coating surface after immersion in 
SBF. This crystalline surface is much more pronounced and visible in 
FE-SEM microphotograph of Ag/HAP/Lig coating after soaking in 
SBF (Fig. 5.6c). Newly formed plate-shaped apatite crystals are evi-
dent in Fig.  5.6b and c after soaking in SBF solution. The 
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composition of new apatite crystals was revealed by ATR-FTIR and 
XRD analysis [46]. It can be seen (Fig. 5.7) that before immersion in 
SBF the FTIR spectrum exhibited characteristic hydroxyapatite 
bands [77, 78], while PO

4
3– groups were confirmed by vibrational 

bands at 963, 1021, and 1086 cm–1 in FTIR spectrum.
The appearance of small peak around 3600  cm−1 along with 

broad band at 1600 cm−1 corresponds to the OH− stretching in the 
hydroxyapatite lattice. Two peaks at 1420 and 1448 cm−1 character-
istic for methoxy groups revealed the presence of biopolymer lignin 
in Ag/HAP/Lig coating [63]. Polymer can be traced through the 
appearance of the slight shoulder at 875 cm−1 from the C–H vibra-
tion in the aromatic rings [62]. The band at 635 cm−1 for OH− vibra-
tions from HAP lattice indicates the intermolecular hydrogen bonds 
between HAP and Lig [64]. Also, the appearance of absorption peak 

Fig. 5.6  SEM microphotographs of nonsintered Ag/HAP/Lig (1  wt% Lig) 
coating: (a) before and (b) after 7 days of immersion in SBF at 37 °C and (c) 
FE-SEM microstructure of Ag/HAP/Lig coating after 7 days of immersion in 
SBF at 37 °C (reprinted from [46] with permission from Elsevier)
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at 1101 cm−1 due to (P–O) stretching of the phosphorous group pro-
posed that intermolecular hydrogen bonds between OH− groups 
from lignin and PO

4
3− groups from HAP were established [90].

The spectrum of the nonsintered Ag/HAP/Lig coating after 7 
days immersion in SBF solution (Fig.  5.7) exhibited the broad 
absorbance band at 3380 cm−1 attributed to the OH− stretching with 
higher intensity than the intensity before immersion revealing the 
formation of new bone-like apatite layer on the coating surface 
[72]. Also, another confirmation of presence of biological apatite 
was observation of three peaks at 1642, 1460, and 1424  cm−1 
attributed to the vibrational bands of CO

3
2− groups. According to 

literature the B-type carbonated apatite appears on the surface 
after soaking in SBF solution [77, 80]. Therefore, the bioactivity 
of Ag/HAP/Lig coating is proved by these results and its surface 
represents favorable substrate for apatite nucleation, which was 
also confirmed by SEM and FE-SEM images (Fig. 5.6).

Fig. 5.7  ATR-FTIR spectra of nonsintered Ag/HAP/Lig (1 wt% Lig) coating 
before and after 7 days of immersion in SBF at 37 °C (reprinted from [46] with 
permission from Elsevier)
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The XRD patterns of nonsintered Ag/HAP/Lig coating before 
and after immersion in SBF are shown in Fig. 5.8. Characteristic 
hydroxyapatite peaks at (002), (211), and (300) crystal planes at 
2θ = 25.74°, 31.56° and 32.47°, respectively, are well observed on 
Ag/HAP/Lig diffractogram before immersion in SBF.

After 7 days of immersion in SBF the new carbonated HAP 
phase was detected by observing the shift in characteristic HAP 
peaks at (002), (211), and (300) crystal planes toward higher angles, 
which is beneficial due to its weak crystalline form that resembles 
human bone, a property that facilities osteointegration [79].

Surface analysis performed by XPS measurements on nonsin-
tered Ag/HAP/Lig coating before soaking in SBF is illustrated in 
Fig. 5.9, by deconvoluted spectra corresponding to characteristic 
elements for hydroxyapatite (Ca and P). The measured binding 
energy (BE) values were calibrated by the C1s (hydrocarbon C–C, 
C–H) of 285 eV. The Ca 2p spectrum of the Ag/HAP/Lig coating 
has doublet Ca 2p 3/2 (BE of 347.1  eV) and Ca 2p 1/2 (BE of 
350.6 eV) peaks and the P 2p spectrum has single P 2p 3/2 peak at 

Fig. 5.8  XRD patterns of nonsintered Ag/HAP/Lig (1  wt% Lig) coating 
before and after 7 days of immersion in SBF at 37 °C (reprinted from [46] with 
permission from Elsevier)
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Fig. 5.9  Deconvoluted XPS lines of component elements Ca, P, C, and O for 
the nonsintered Ag/HAP/Lig (1 wt% Lig) coating (reprinted from [46] with 
permission from Elsevier)

BE position of 133.6 eV, indicating the presence of hydroxyapatite 
[91, 92]. The deconvoluted elements of the C 1s had four compo-
nents with peak positions at 285, 286.7, 288.2, and 289.3 eV which 
correspond to aromatic hydrocarbons, alkoxy, and RCOO− groups, 
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respectively [93]. Concerning the C 1s line, the new peak occurred 
at 289.3 eV (C=O bonds) suggesting the presence of the polymer 
lignin [94]. It is known that the interaction mechanism of hydro-
gen bonding can be detected by XPS.  The hydrogen bonding 
between C=O and −OH groups represented that the O 1s BE of the 
C=O groups increases, while at the same time the O 1s BE of the 
−OH groups decreases. The O 1s signal at 533.1 eV may be attrib-
uted to PO

4
3− groups, while at 532.4  eV corresponds to −OH 

groups by hydroxyapatite [94, 95]. Therefore, the O 1s lines are at 
higher BE than it is for O 1s for PO

4
3− groups indicating hydrogen 

bonding between lignin and HAP lattice.
From semiquantitative XPS analysis Ca/P ratio was calculated 

to be 1.62 (Table 5.6), similar to the value of Ca/P ratio in stoichio-
metric hydroxyapatite (1.67). The stable hydroxyapatite has to be 
within a range of 1.3–1.8 for Ca/P ratio [82].

EIS measurements were performed in order to study the corrosion 
stability of nonsintered Ag/HAP/Lig coating during exposure to SBF 
solution at 37 °C. The Nyquist plots for the impedance of Ag/HAP/
Lig coatings on titanium and bare titanium, used as reference, after 3, 
5, and 7 days in SBF are presented in Fig. 5.10a, b, respectively. Inset 
in Fig. 5.10a provides Nyquist plots for the impedance of Ag/HAP/
Lig coatings on titanium in the high-frequency range. High-frequency 
range is attributed to the Ag/HAP/Lig coating, while the low-fre-
quency range represents the characteristics of the passive titanium 
oxide film beneath the coating.

The Nyquist plots were fitted with the equivalent electrical cir-
cuits shown in Fig. 5.11. The equivalent circuit used for the fitting 
of impedance data for Ag/HAP/Lig coating during initial time of 
exposure (Fig. 5.11a) consists of the electrolyte resistance, R

s
; the 

coating pore resistance, R
p
; the constant phase elements CPE

c
 and 

CPE
ox

, which include all the frequency-dependent electrochemical 
phenomena, namely, coating capacitance, C

c
, and capacitance of 

passive oxide film beneath Ag/HAP/Lig coating, C
ox

, respectively, 
and diffusion processes. The equivalent circuit used for the fitting 
of impedance data for Ag/HAP/Lig coating during prolonged time 
of exposure (Fig. 5.11b) consists of the electrolyte resistance, R

s
; 

the coating pore resistance, R
p
; and constant phase element, CPE

c
. 

For impedance analysis of bare titanium, the equivalent circuit 
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Table 5.6  Atomic percentages and Ca/P ratio at sample surface of nonsintered 
Ag/HAP/Lig (1 wt% Lig) coating determined by XPS

Element

C 1s (%) O 1s (%) Ca 2p
3/2

 (%) P 2p (%) Ca/P

Sample

Ag/HAP/Lig 5.5 63.9 18.3 11.3 1.62

Reprinted from [46] with permission from Elsevier

Fig. 5.10  The Nyquist plots of (a) nonsintered Ag/HAP/Lig (1  wt% Lig) 
coating on titanium and (b) bare titanium, after different times of exposure tо 
SBF at 37 °C (reprinted from [46] with permission from Elsevier)
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represented in Fig.  5.11c was used, where R
s
 is the electrolyte 

resistance and CPE
ox

 is constant phase element for passive oxide 
film on titanium surface. The fitting results are listed in Table 5.7.

It can be seen from Table 5.7, that n
c
 and n

ox
 values for Ag/HAP/

Lig coating and bare titanium are higher than 0.8, therefore CPE
c
 

can be considered as coating capacitance, C
c
, while CPE

ox
 can be 

considered as capacitance of oxide film on titanium surface beneath 
Ag/HAP/Lig coating, C

ox
. Equivalent electrical circuit shown in 

Fig.  5.11a was used for fitting of Nyquist plots of Ag/HAP/Lig 

Table 5.7  The fitting values of equivalent electrical circuit parameters for 
nonsintered Ag/HAP/Lig (1 wt% Lig) coating

Sam
ple t (h)

R
s
 

(Ω cm2)

CPE
ox

 
(C

ox
) 

(μF cm−2) n
ox

CPE
c
 

(C
c
) 

(μF cm−2) n
C

R
p
 

(kΩ cm2)

Ag/
HAP/
Lig

1 29.4 118.0 0.91 33.3 0.88 10.4

72 50.6 101.9 0.91 34.4 0.88 13.0

120 87.8 75.8 1.00 36.4 0.87 110.3

168 82.0 – – 35.4 0.86 634.7

Bare 
tita
nium

1 21.1 33.2 0.88 – – –

72 72.9 26.8 0.89 – – –

120 13.9 25.7 0.90 – – –

168 29.7 24.1 0.90 – – –

Reprinted from [46] with permission from Elsevier

Fig. 5.11  Equivalent electrical circuits for (a) nonsintered Ag/HAP/Lig 
(1 wt% Lig) coating on titanium during initial time of exposure to SBF, (b) 
nonsintered Ag/HAP/Lig (1 wt% Lig) coating on titanium during prolonged 
time of exposure to SBF, and (c) bare titanium (reprinted from [46] with 
permission from Elsevier)
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coating during 5 days of exposure to SBF solution. According to 
these results, R

p
 and C

c
 remain almost constant during first 3 days 

of exposure to SBF solution, indicating the corrosion stability of 
the coating. However, after fifth day R

p
 value was ten times higher 

indicating the beginning of the formation of new apatite layer. After 
seventh day the impedance Nyquist plot could not be fitted more 
with equivalent circuit shown in Fig. 5.11a and instead the equiva-
lent circuit in Fig. 5.11b was used. After 7 days in SBF solution the 
calculated value of R

p
 was 634.7 kΩ cm2, indicating the deposit of 

newly formed carbonated HAP on the coating surface. This was 
confirmed by SEM and FE-SEM images (Fig. 5.6) as well as ATR-
FTIR and XRD results (Figs. 5.7 and 5.8, respectively).

EIS spectra of bare titanium (Fig. 5.10b) exposed to SBF solu-
tion are related to the equivalent electrical circuit shown in 
Fig. 5.11c. Its impedance plot exhibits behavior typical of a thin 
passive oxide film on titanium surface. Furthermore, the slight 
decrease in C

ox
 during immersion time (Table 5.7) corresponded to 

a slow growth of the titanium oxide film, indicating a long-term 
stability of the thin oxide film in SBF solution.

Cytotoxicity and Antibacterial Activity

The coatings doped with silver ions provided high initial concen-
tration of antimicrobial agent in surrounding tissue. This property 
is especially important in early critical postimplantation period 
since it prevents initial adhesion of bacteria [89]. However, con-
tinuous silver ion release after this critical period is also desirable 
to prevent bacteria biofilm formation. Concentration of silver ion 
released from the nonsintered Ag/HAP/Lig coating during 10 days 
in SBF solution at 37 °C is shown in Fig. 5.12.

The cumulative silver ion release from the Ag/HAP/Lig with 
1 wt% Lig coating after 10 days was measured to be 1.704 ppm. 
Jamuna-Thevi et al. [89] previously reported that minimum silver 
ion concentration is 0.1 ppb and the maximum cytotoxic concen-
tration toward human cells is 10 ppm, therefore the measured con-
centrations were within this range. The silver release from 
nonsintered Ag/HAP/Lig coating was within the initial antibacte-
rial concentration of silver, which is found to be 56 ppb [89].
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Cytotoxicity of Ag/HAP/Lig (1 wt% Lig) coating, as well as of 
nonsintered Ag/HAP and Ag/HAP/Lig (10 wt% Lig) coatings, was 
determined by MTT test against PBMC and PHA-simulated 
PBMC cells (Table 5.8).

Examination of cytotoxic effects of the investigated Ag/HAP 
and Ag/HAP/Lig coatings showed mild decrease in survival of 
healthy immunocompetent PBMC, unstimulated, and PHA 
stimulated compared to the control cell sample (S = 100 %). 
According to classification found in literature [70], Ag/HAP 
coating and Ag/HAP/Lig coating with 1 wt% Lig displayed as 
noncytotoxic against target PBMC, while Ag/HAP/Lig coating 
with 10 wt% Lig is classified as slightly cytotoxic. The survival 
of PBMC was higher in the presence of Ag/HAP/Lig coating 
with 1  wt% Lig than in the presence of Ag/HAP/Lig coating 
with 10 wt% Lig, therefore the optimum nontoxic lignin con-
centration is 1 wt%.

Antibacterial effect of nonsintered Ag/HAP/Lig (1 wt% Lig) 
coatings was investigated against pathogenic Gram-positive 
bacteria strain S. aureus [46]. The titanium-coated samples 
without silver (HAP and HAP/Lig coatings) were used as a 
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Fig. 5.12  Time dependence of silver ion release from nonsintered Ag/HAP/
Lig (1  wt% Lig) coating during 10 days of immersion in SBF at 37  °C 
(reprinted from [46] with permission from Elsevier)
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Table 5.8  Survival of PBMC cells and stimulated PBMC with addition of 
mitogen phytohaemagglutinin (PHA) in the presence of nonsintered Ag/HAP 
and Ag/HAP/Lig coatings

Cell type

Peripheral blood mononuclear cells (PBMC)

Material Ag/HAP coating Ag/HAP/Lig 
coating, 1 wt% 
Lig

Ag/HAP/Lig 
coating, 
10 wt% Lig

Cell survival 
(S), %

94.6 ± 4.2 89.4 ± 3.5 76.0 ± 7.6

Classification Noncytotoxic Noncytotoxic Slightly 
cytotoxic

PHA-stimulated peripheral blood mononuclear cells (PBMC)

Cell survival 
(S), %

92.1 ± 5.0 83.8 ± 6.3 79.6 ± 6.3

Classification Noncytotoxic Noncytotoxic Slightly 
cytotoxic

Reprinted from [46] with permission from Elsevier

control when comparing the antibacterial effect of Ag/HAP and 
Ag/HAP/Lig coatings. Figures  5.13 and 5.14 depict the anti-
bacterial activity of titanium-coated samples against strain S. 
aureus TL in PB solution. Pure HAP and HAP/Lig coatings did 
not show any antibacterial effect and inhibition was not 
observed even after 24 h. A slight decrease in the total number 
of cells after 1 h of incubation with samples HAP and HAP/Lig 
probably occurs as a result of adhesion of cells to the particles 
of HAP. Antibacterial activity of the Ag/HAP and Ag/HAP/Lig 
coatings could be noticed immediately after inoculation of 
samples and further reduction of cells viability for two loga-
rithm units is achieved after just 1 h of incubation when com-
pared to the initial number of cells in suspensions (percentage 
of cell reduction was 98.17 % and 97.67 %, respectively). Based 
on the silver ion released results, concentration of silver ion 
after 1 h was 0.4493 ppm (Fig. 5.12), which is sufficiently small 
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concentration to achieve antibacterial effect without causing 
cytotoxicity (Table 5.8). The antibacterial efficiency of nonsin-
tered Ag/HAP and Ag/HAP/Lig coatings exhibited high reduc-
tion of bacteria strain S. aureus TL, since after 24 h, analyzed 
samples did not contain any viable cell and visible colony were 
not detected in a samples directly taken from suspension 
(Fig.  5.14), providing good protection against infection. An 
immediate silver ion release provides for the imminent drop in 
CFU numbers even after 1 h of exposure, which is bactericidal 
effect needed for prevention of biofilm formation [89].
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Fig. 5.13  Reduction of viable cell number of S. aureus TL after contact with 
nonsintered (a) HAP and Ag/HAP coatings and (b) HAP/Lig and Ag/HAP/Lig 
coatings, for 0, 1, and 24 h in PB as compared to the control w/o samples 
(reprinted from [46] with permission from Elsevier)
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5.4  �Hydroxyapatite/Graphene Coatings 
for Hard Tissue Implants

5.4.1  �Hydroxyapatite/Graphene Coatings 
Electrodeposited on Titanium Substrate

Carbon nanomaterials with two-dimensional (2D) morphologies 
as a single layer of sp2-hybridized carbon atoms packed in a hon-
eycomb form, known as graphene (Gr), have been reported 
recently. The extraordinary electrical, thermal, and mechanical 
properties (tensile strength 130  GPa and Young’s modulus 
0.5–1 TPa) and high specific surface area (up to 2630 m2g−1) have 
drawn great attention as a reinforcement in the composite field of 
material science [96–98]. Graphene materials possess physical 
properties identical to those of carbon nanotubes (CNTs) but have 
a larger surface area. It has been reported that inclusion of Gr into 
polymer or ceramic matrices leads to remarkable improvements in 
the properties of the host materials [96]. Furthermore, graphene 
nanosheets (GNSs), formed by several layers of Gr with a thick-
ness of up to 100 nm [99], are much easier to produce than other 
graphene materials and successfully use as nanofillers for 

Fig. 5.14  Antibacterial activity of nonsintered 1—HAP, 2—Ag/HAP, 3—
HAP/Lig, and 4—Ag/HAP/Lig coatings on LB agar plates, after 0, 1, and 
24 h, columns: a—dilution 100×, b—directly from the suspension, c—directly 
from the suspension, respectively, and 5—control (reprinted from [46] with 
permission from Elsevier)
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polymers [100], metals [101], and ceramics [98, 102] to produce 
composites with exceptional mechanical properties.

Biomaterials used in orthopedic surgery usually encounter 
complex service environments and therefore require versatile per-
formances from the materials [1, 103, 104]. HAP provides bioac-
tivity, biocompatibility, and an ability to initiate osteogenesis, but 
on the other side it lacks good mechanical properties. Because of 
its poor mechanical properties, such as an intrinsic brittleness, low 
fracture toughness (0.8–1.2 MP), low flexural strength (<140 MPa), 
and wear resistance [105], the main focus of HAP research has 
been to improve its mechanical performance by combining it with 
various reinforcements.

The focus of the latest published research has been the fabrica-
tion of Gr or its derivatives to create reinforced HAP biocomposites 
because of the exciting findings regarding the biological perfor-
mance of Gr [103]. Nonetheless, the mechanical properties of 
hydroxyapatite limit its use in the regeneration of various parts of 
the bone systems, especially those under significant mechanical 
tension. The incorporation of Gr or its derivatives as reinforcing 
materials in HAP composites has been studied and reported using 
in situ synthesis [106, 107], spark plasma sintering (SPS) [108], 
biomimetic mineralization [78, 109, 110], chemical vapor deposi-
tion [111], and electrospinning [112]. The general idea of using Gr 
as nanofiller is to minimize the brittleness of HAP and gain an 
improved composite. Any reinforcement material for HAP should 
not only significantly improve the mechanical properties but also 
retain HAP’s original biocompatibility. Latest published reports on 
graphene materials aimed to demonstrate that crack deflection is 
more effective for sheet-like reinforcement than for tubular-like 
reinforcement, suggesting that Gr exhibits a more pronounced 
toughening effect on brittle materials than do carbon nanotubes 
(CNTs) [113]. Also, reports on CNTs cytotoxicity in organic envi-
ronments are disconcerting [114]. Unlike CNTs, Gr is synthesized 
in relatively pure ways and is therefore expected to show little cyto-
toxicity, since few metallic catalyst particles are associated with its 
production [115]. Also, recent reports have discussed the qualities 
of Gr and Gr-based composites, including low toxicity toward 
human osteoblasts [116], excellent antibacterial properties [117], 
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and its potential to initialize apatite mineralization [78]. Therefore, 
our aim was to explore the potential of implementing Grs as HAP 
reinforcement for load-bearing orthopedic applications.

In the recent study [48], the hydroxyapatite/graphene (HAP/Gr) 
composite was electrodeposited on Ti using the EPD to obtain uniform 
bioactive coating with improved mechanical strength and favorable 
corrosion stability in SBF solution. Electrophoretic deposition was per-
formed from ethanol suspension containing 1 wt% of nanosized HAP 
and 0.01 wt% of Gr. The HAP/Gr composites were deposited using the 
constant voltage method at 60 V and a deposition time of 2 min.

The surface morphology of the HAP/Gr composite coating after 
air drying is shown in Fig. 5.15a. Compared to the pure HAP coat-
ing (Fig. 5.15b), the HAP/Gr composite coating had fewer cracks 
and no peeling off the Ti surface in the macroscopic observation. 
That is a solid indication that Gr effectively acts as a nanoreinforce-
ment filler and prevents the creation and propagation of cracks by 
frictional pull out, crack deflection, and crack bridging as the major 
toughening mechanism that resists crack propagation [98]. Namely, 
the high specific surface area of graphene nanosheets is capable of 
forming an increased contact area with matrix. As a result, the 
bonding strength between graphene and HAP grain could be sig-
nificantly enhanced, and more energy would be required to make 
the nanofiller pull-out from HAP matrix. As previously reported by 
Zhang et al. [98], rough and wrinkled surface texture of the GNSs 

Fig. 5.15  FE-SEM micrographs of the HAP/Gr (a) and pure HAP (b) coat-
ings (reprinted from [48] with permission from Elsevier)
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also plays an important role in enhancing mechanical interlocking, 
leading to an increased load transfer efficiency between HAP 
matrix and GNSs. In addition, it was shown that the two ends of the 
GNS are well bonded to the adjacent HAP grains with GNS plane 
nearly parallel to the fracture surface. For ceramics, it is well known 
that the toughness of grain boundaries is lower than the grains. 
Thus, as grain-boundary toughening mechanism, it is hypothesized 
that the grain bridging by GNSs has a fundamental role in inhibit-
ing crack propagation along grain boundary.

Further evidence of bonding between Gr and HAP is character-
ized by the FT-IR spectrum of HAP/Gr composite coating shown in 
Fig.  5.16. Three absorption bands were clearly distinguished at 
1089, 1024, and 962 cm−1 in the ν

3
 and ν

1
 phosphate mode region. 

The FT-IR spectra have distinct intensity vibrational bands at 601 
and 560 cm−1, corresponding to the ν

4
 vibrational mode, as well as 

Fig. 5.16  FT-IR spectrum in the wavenumber range of 400–1800 cm−1 of the 
HAP/Gr coating (reprinted from [48] with permission from Elsevier)
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a weak intensity band at 470 cm−1 as a component of the ν
2
 mode 

that corresponds to P–O bending [105]. The characteristic band at 
630 cm−1 can be attributed to structural OH− groups in the HAP lat-
tice [118]. The low intensity band at 875 cm−1 indicates the acidic 
phosphate group HPO

4
2− due to the P-(OH) stretching vibration 

[105, 119]. The absorbance bands in the range of 1500–1400 cm−1 
correspond to ν

3
 asymmetrical stretching vibrations of the CO

3
2− 

ions. The position of the carbonate bands indicates predominately 
B-type HAP, which is the preferential substitution in human bones, 
known for its excellent bioactivity and osteoinductivity [120]. Very 
small bands at ~1540 cm−1 correspond to the skeletal vibration of 
Gr [121, 122] due to sp2 hybridized C=C vibration stretching, con-
firming its presence in the composite coating.

The surface elements of the HAP/Gr composite coating and the 
pure HAP coating were characterized by XPS [48]. In the XPS 
spectra, the Ca2p spectrum reveals a doublet with Ca2p

3/2
 

(BE = 347.29 eV) and Ca2p
1/2

 (BE = 350.82 eV), and the P2p spec-
trum reveals a single P2p peak at BE = 133.33 eV, indicating the 
presence of HAP [92, 123]. The main O1s peak component at 
BE = 531.27 eV for the HAP/Gr coating is attributed to PO

4
3− groups 

[91]. Incorporation of Gr and the formation of the new composite 
are clearly evidenced by the presence of C1s in the HAP/Gr coat-
ing, whereas no trace of carbon is detected in the pure HAP coating 
(Table  5.9). According to the literature, the C1s peak with 
BE = 285.0 eV is attributed to aromatic hydrocarbons [124], which 
is in excellent compliance with the single-sheet Gr structure of hon-
eycomb six-membered rings. Even though the ideal Ca/P ratio for 
stoichiometric HAP is known to be 1.67, stable HAP phases have 
been found to exist over a range of Ca/P ratios from 1.3 to 1.8 [61]. 
Therefore, HAP/Gr composite represents a true hybrid coating with 
a Ca/P ratio of 1.58, which is greater than that of the pure HAP 
coating, 1.50 (Table  5.9), and closer to the stoichiometric value 
(Ca/P = 1.67). The XPS results confirm the presence of Gr and 
stand in good agreement with the FT-IR analysis result.

Table 5.9  Atomic 
percentage of carbon and 
Ca/P ratio at HAP/Gr and 
HAP coatings surface

Coating C1s (at.%) Ca/P

HAP/Gr 11.90 1.58

HAP – 1.50
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Raman spectroscopy has proved to be the most useful and precise 
tool to characterize Gr. Therefore, measurements were performed to 
verify the Gr presence in the HAP/Gr composite coating. The spec-
trum in Fig. 5.17 reveals a distinct pattern of single-layer Gr. The 
first main feature is the G-peak, visible at 1594 cm−1, which arises 
due to the in-plane vibration of sp2 carbon atoms [125]. The G-band 
corresponds to ordered sp2-bonded carbon atoms. The second pro-
nounced band is the D-peak, at 1320 cm−1. The D-band represents 
defects originating from the disordered aromatic structure on the Gr 
edges [126]. The low intensity of both the D and G peaks can be 
attributed to a low concentration of Gr in the HAP/Gr coating.

The EPD-assembled HAP/Gr composite coating was sub-
jected to thermogravimetric analysis to explore their thermal sta-
bility in detail. The thermogravimetric (TG) and differential TG 
(DTG) curves in Fig. 5.18 reveal the weight loss of the HAP/Gr 

Fig. 5.17  D and G band region in Raman spectrum of the HAP/Gr coating 
(reprinted from [48] with permission from Elsevier)
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Fig. 5.18  (a) TG curves of the HAP/Gr and HAP coatings; (b) DTG curves of 
the HAP/Gr and HAP coatings (reprinted from [48] with permission from 
Elsevier)
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coating in the observed temperature range (25–1000  °C). 
Interestingly, even the low loading of Gr changed the thermal 
pattern of the HAP/Gr coating (Fig. 5.18a). The total weight loss 
for the HAP/Gr coating in the temperature range of 25–1000 °C 
was 5.28 wt%, confirming the greater thermal stability of gra-
phene-based HAP coating compared to pure HAP coating, which 
lost 7.16 wt%. The HAP/Gr coating decomposed in a three-step 
weight loss process, as is clearly seen in Fig.  5.18b. The first 
stage occurred up to 150 °C, as observed by the sharp peak in the 
DTG curve at 68 °C. This stage is usually assigned to desorption 
of adsorbed water molecules on the crystallite surface. In the sec-
ond stage, corresponding to the temperature range from 150 to 
350 °C, a peak in the DTG curve appears at 241 °C that is attrib-
uted to the release of crystalline water that represents the begin-
ning of HAP dehydroxylation [44, 45] and unstable carbon in the 
Gr structure [127]. The third stage, observed between 350 and 
750 °C, is revealed in a peak in the DTG curve at 445 °C that 
originates from decomposition of the remaining unstable carbon, 
shown in the literature for different Gr composites [127, 128]. 
The third stage can also be attributed to the dehydroxylation and 
early slow decomposition of HAP [44]. At temperatures between 
750 and 1000 °C, HAP decomposition occurs.

The pure HAP coating decomposed in a manner similar to its 
HAP/Gr counterpart. The first stage, up to 150 °C with a sharp 
peak in the DTG curve at 57  °C, is assigned to desorption of 
water molecules adsorbed on the crystallite surface. The second 
stage, from 150 to 350  °C with a peak in the DTG curve at 
230 °C, corresponds to the release of crystalline water, i.e., the 
onset of HAP dehydroxylation. The third stage, between 350 
and 750 °C, could be attributed to the complete dehydroxylation 
of HAP followed by its initial decomposition. Above 750  °C, 
HAP decomposes. An important distinction in the thermal pat-
tern is observed in the peak in the DTG curve for the HAP/Gr 
composite coating at 445 °C indicating the decomposition of the 
remaining Gr. That peak is not evident for the pure HAP coat-
ing, as expected.

All experimental results obtained from SEM, FT-IR, XPS, and 
TGA analyses confirm the mechanism of the formation of the com-
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posite HAP/Gr coating, as follows. According to Liu et  al. [129] 
there is no obvious evidence indicating the chemical reaction 
between HAP and graphene sheets at their interfaces. It is instead 
very likely that HAP and graphene sheets are connected by Van der 
Waals bonding. Nucleation of HAP crystals probably originates on 
either the graphene wall or the cross-section of graphene multish-
eets, followed by subsequent crystal growth along or perpendicular 
to the surface of the graphene sheet. They proved that the (300) 
plane of HAP crystals is very likely parallel to the surface of gra-
phene walls. According to the atomic structure of HAP, its (300) 
plane contains Ca atoms at each corner of the rectangle and the dis-
tance between each pair of Ca atoms is 0.9418 and 0.6884  nm, 
whereas the distance between two neighboring Ca atoms in plane 
(100) is 0.9418 and 0.3442  nm, respectively. In addition, it was 
revealed that the distance between adjacent graphene sheets is 
0.347  nm. In fact, single-layer graphene is constituted by carbon 
atoms arranged periodically in a hexagonal manner, and the nearest 
distance between two carbon atoms is 0.142  nm. Multilayer gra-
phene sheets contain several graphene monolayers with the inter-
wall distance of 0.34 nm. On the other hand, the lattice spacing of 
the (002) plane of HAP is 0.344 nm. Since (300) plane takes priority 
over the (100) plane to match with the surface of graphene sheets, 
and the open ends of graphene multisheets form relatively stronger 
interfaces with the (002) plane of HAP crystals than other planes 
like (211), it can be considered that the (300) plane of HA forms a 
naturally strong and coherent interfacial bond with the surface of the 
graphene wall and the cross-section of graphene builds with the 
(002) plane of HAP crystals a stronger interface due to the smaller 
lattice mismatch. As a consequence, the less cracked morphology 
and greater thermal stability of our HAP/Gr coating were noticed in 
comparison to pure HAP coating.

5.4.1.1  �Mechanical Properties

The mechanical properties of the HAP/Gr and pure HAP coat-
ings deposited on the Ti surface by EPD were examined using 
nanoindentation test and load-penetration depth curves 
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(Fig.  5.19, Table  5.10). The HAP/Gr composite coating was 
more resistant to indentation and had a higher load than HAP at 
the same indentation depth. For the HAP/Gr composite, the 
mean hardness, H, was 14.8 ± 2.0 GPa, almost twice as high as 
the measured hardness values of pure HAP (7.4 ± 3.3 GPa). The 
mean reduced elastic modulus, E

r
, of the HAP/Gr composite was 

190.9 ± 18.0  GPa, an increase of almost 50 % (HAP 
E

r
 = 132.2 ± 25.5  GPa). The differences in the nanomechanical 

behaviors of these two coatings could also be revealed from 
Fig. 5.19. It can be clearly observed that the HAP/Gr composite 
coating with higher hardness has much lower penetration depth 

Fig. 5.19  Load-penetration depth curves for indents on HAP and HAP/Gr 
coatings (reprinted from [48] with permission from Elsevier)

Table 5.10  The values of mean hardness, H, mean reduced elastic modulus, 
E

r
, and E

r
/H ratio obtained from the nanoindentation testing of HAP and HAP/

Gr coatings

Coating H (GPa) E
r
 (GPa) E

r
 (H)

HAP 7.4 ± 3.3 132.2 ± 25.5 17.86

HAP/Gr 14.8 ± 2.0 190.9 ± 18.0 12.90
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than that of the HAP coating. Moreover, the higher reduced 
modulus of the HAP/Gr composite coating can be reflected from 
Fig. 5.19, since the slope of the initial portion of the unloading 
curve for the HAP/Gr composite coating is obviously higher 
than that for the HAP coating. These results are a definite dem-
onstration that the introduction of graphene effectively improves 
the mechanical properties of HAP, even at a very low concentra-
tion. This can be attributed to the proposed toughening mecha-
nism and grain bridging by graphene nanosheets that act by 
inhibiting crack propagation along the grain boundary. The E

r
/H 

ratio indicates fracture toughness [47, 87]. For pure HAP and 
HAP/Gr coatings, the E

r
/H ratios were 17.86 and 12.90, respec-

tively, indicating that Gr reinforcement caused decrements in 
the value of E

r
/H, implying that toughness increases with Gr 

addition as a result of crack bridging, deflection, and grain 
bridging by the Gr nanofiller.

Although it is well known that the mechanical properties of the 
metals and alloys used for implantation are not well matched with 
those of bone, resulting in stress-shielding effects, and stress 
shielding phenomenon can lead to severe clinical issues such as 
implant loosening and reduced stimulation of new bone growth 
[130, 131], there are few points that need to be considered espe-
cially for long-term implantation since the effect of biological 
compatibility has a greater bearing than the mechanical compati-
bility. The biological responses to implant materials strongly 
depend on the implant’s surface properties since the interaction 
between the cells and biomaterials takes place at the tissue–
implant interface. That is why the bioactivity of HAP/Gr compos-
ite coating was thoroughly tested by two standard different 
methods: by the immersion of the material in simulated body fluid 
(SBF) and by using a cell culture test for examining cell prolifera-
tion and differentiation. Moreover, the HAP/Gr composite coat-
ing can provide a Ti-based implant with not only the bioactivity 
and biocompatibility for facilitating chemical bonding with living 
bone tissues [67], but also a combination of high hardness and 
high modulus can enhance the wear resistance of the base mate-
rial to prevent from formation of wear debris from the implant 
surface [132].
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5.4.1.2  �In Vitro Bioactivity

The bioactivity of the HAP/Gr composite coating was assessed by 
immersion in SBF solution, at 37  °C for 7 days. XRD patterns, 
taken before and after immersion in SBF, are shown in Fig. 5.20. 
High-intensity HAP peaks at crystal planes (002), (211), (112), 
and (300), 2θ = 25.8, 32.0, 32.9, and 34.1°, perfectly match the 
HAP pattern. As predicted, the Ti substrate is mainly present in its 
pure form on the coating interface. According to a report by 
Sharma et al. [133], thermally reduced Gr showed a broad (002) 
peak at 2θ = 23–26°. However, HAP diffraction peaks mostly 
shielded that peak. In addition, the specific broad peak at 2θ = 22° 
observed for pure Gr is also overlapped by diffraction peaks origi-
nating from HAP.  Finally, the carbon peak at 2θ = 26.6°, as it 
appears in diffractograms, is attributed to starting carbon material. 
The XRD results along with FT-IR (Fig.  5.16) and Raman 
(Fig. 5.17) verified the successful Gr transfer along with HAP by 

Fig. 5.20  XRD patterns of the HAP/Gr coating before and after immersion in 
SBF at 37 °C for 7 days (reprinted from [48] with permission from Elsevier)
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EPD in the HAP/Gr coatings. The formation of a bone-like apatite 
layer on the surface of bioactive materials has been reported after 
soaking those materials in a biomimetic system such as SBF. The 
shift of characteristic HAP peaks at crystal planes (002), (211), 
and (300) toward higher angles is evident after immersing the 
HAP/Gr composite coating in SBF for 7 days (Fig. 5.20). Those 
findings were attributed to carbonate ions in the crystal lattice and 
confirmed the growth of carbonated HAP. Therefore, the shifting 
of diffraction peaks is typical for weak crystalline, carbonated 
HAP, as it is found in bone. Using the X-ray Line Profile Fitting 
Program (XFIT) with a fundamental parameters convolution 
approach for generating line profiles [134], the coherent domain 
sizes and microstrain of the HAP/Gr composite coating were cal-
culated using the (002), (211), (112), (300), (202), and (301) crys-
tal planes. The crystallite domain size is calculated to be 18.9 and 
33.7 nm, before and after immersion in SBF, respectively. The dif-
ference between the crystallite size before and after immersion is 
probably due to the incorporation of CO

3
2− ions into the apatite 

lattice by occupying the OH− sites or the PO
4

3− position [75].
The FE-SEM microphotograph in Fig. 5.21a displays the sur-

face homogeneity of the HAP/Gr composite coating before immer-
sion in SBF. Individual rod-like HAP grains, less than 50 nm in 
size, can be distinguished. In Fig. 5.21b, the FE-SEM image of the 

Fig. 5.21  FE-SEM micrographs of the HAP/Gr coating before (a) and after 
(b) immersion in SBF at 37 °C for 7 days (reprinted from [48] with permission 
from Elsevier)
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HAP/Gr coating after soaking in SBF, the newly formed apatite 
layer containing plate-shaped HAP crystals is clearly visible under 
high magnification (×100,000). The mineralization area ultimately 
penetrates the whole surface of the HAP/Gr composite. The mor-
phology of the mineralization product varies dramatically with 
incorporation of Gr into the HAP matrix. Easily distinct are curled, 
plate-shaped apatite forms on the HAP/Gr composite coating. 
Also, the observed highly porous surface structure after soaking is 
beneficial for better cell adhesion, as it enables better connection 
between the implant and the bone.

The high bioactivity of the HAP/Gr composite coating is con-
firmed by the formation of an apatite layer after just 7 days soaking 
in SBF, as proven by XRD and FE-SEM analysis. According to the 
mechanism proposed by Zhang et al. [98], the mineralization pro-
cess proceeds in three stages: (1) dissolution-controlled stage, (2) 
precipitation-controlled stage, and (3) formation of bone-like apa-
tite. In the first stage, dissolution of phosphate and calcium ions 
occurs. Calcium ion dissolution is governed by grain refinement 
and accelerates on the surface of the HAP/Gr coatings due to the 
suppression of HAP grain growth caused by adding Gr on the 
grain boundaries. As a result, the smaller grain size of the compos-
ite leads to increased specific area and improved interaction with 
SBF. In the second step, precipitation of an apatite layer occurs on 
the negative surface of the HAP/Gr coating as a consequence of 
the dissolution of calcium ions and subsequent emergence of 
nucleation sites. These events, elevated concentration of calcium 
ions in SBF, higher negative charge, and more available nucleation 
sites, allow the HAP/Gr composite coating to form a Ca-rich layer 
penetrating the whole sample surface. The third stage is the final 
formation of apatite as the Ca-rich layer attracts phosphate ions 
from the SBF and forms bone-like apatite clusters.

The corrosion stability of HAP/Gr and HAP coatings was evalu-
ated in SBF solution by EIS measurements [48] to predict bone 
implant behavior after an implantation period in a human body and 
study corrosion caused by the hostile environment. To study corrosion 
stability and resistance of the biocomposite HAP/Gr coating, as well 
as a HAP coating as a reference, impedance spectra during different 
exposure times in SBF at 37 °C are presented in Fig. 5.22a, b.
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Fig. 5.22  The Nyquist plots of the HAP/Gr (a) and HAP coatings (b) after 
different immersion times in SBF at 37 °C (dash line—fitting) (reprinted from 
[48] with permission from Elsevier)
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Fitting of the Nyquist plots was accomplished using the equiva-
lent electrical circuits (EECs) shown in Fig. 5.11a, c. The fitted 
curves for different periods of immersion in SBF are shown in 
Fig. 5.22, and the obtained fitting values for each EEC parameter 
are presented in Table  5.11 for both the HAP/Gr and HAP 
coatings.

As clearly seen in Table 5.11, the n
c
 and n

ox
 values are higher 

than 0.80 for both coatings; therefore CPE
c
 can be considered the 

coating capacitance, C
c
, and CPE

ox
 can be considered the capaci-

tance of the oxide film on the Ti surface beneath the coating, C
ox

. 
The EEC shown in Fig. 5.11a was used for fitting the Nyquist 
plots of the HAP/Gr composite coating over 14 days, and the 
EEC in Fig. 5.11c was used for fitting the Nyquist plot for the 
15th day of SBF exposure, when coating adhesion loss had 
occurred. The R

c
 for the HAP/Gr composite coating decreased 

slightly during the first 2 days, indicating that the SBF solution 
diffused into the coating pores and filled it out during the initial 
48  h. After the third day, increasing values of R

c
 indicate the 

beginning of the biomineralization process to form a new apatite 
layer onto the HAP/Gr surface. Finally, the calculated value of R

c
 

was 34.2 kΩ cm2 (Table 5.11) after 14 days of immersion in SBF 
solution. The high value of the coating pore resistance denotes 
improved bioactivity, which suggests that the HAP/Gr composite 
coating surface represented a site of nucleation and growth for a 
new apatite layer recognized as carbonated HAP, as confirmed 
by XRD (Fig. 5.20) and FE-SEM (Fig. 5.21). According to the 
literature, the transformation of HAP to a bone-like apatite in the 
human body certainly induces stable bonding to natural bone 
[86]. On the other hand, the pure HAP coating loses its corrosion 
stability after just 24 h, as evidenced by the diminishing semi-
circle in the Nyquist plot (Fig. 5.22), whereas the HAP/Gr com-
posite retained its protective attributes. The obtained Nyquist 
plots for the pure HAP coating during the initial exposure of 8 h 
in SBF were fitted by the EEC in Fig. 5.11a. The values of R

c
 and 

C
c
 (Table 5.11) increased slightly during the initial 8 h period, 

indicating new apatite layer formation. However, after 24 h, fit-
ting could only be done with the EEC in Fig. 5.11c that considers 
CPE

ox
, indicating coating adhesion loss. Based on the EIS data, it 

is evident that the composite HAP/Gr composite coating exhib-
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Table 5.11  Fitting values of equivalent electrical circuit parameters and 
goodness of fit (GOF) for the HAP/Gr and HAP coatings

t (h)
R

s
 

(Ω cm2)
R

c
 

(kΩ cm2)
CPE

c
 

(μF cm−2) n
c

CPE
ox

 
(μF cm−2) n

ox

Goodness 
of fit 
(GOF)

HAP/Gr

1 20.6 12.5 60.4 0.80 131 0.87 1.57e−4

3 21.7 11.5 58.4 0.81 209 0.93 1.38e−4

5 21.7 9.3 56.0 0.81 213 0.91 6.52e−5

7 22.7 7.6 53.2 0.82 215 0.90 6.27e−5

24 36.1 3.9 47.8 0.85 227 0.90 2.37e−5

48 38.2 3.7 48.7 0.84 194 0.90 3.65e−4

72 21.6 5.0 49.8 0.84 180 0.86 1.75e−4

120 42.2 6.5 53.8 0.83 146 0.85 2.09e−4

168 45.8 9.3 58.2 0.82 117 0.84 2.66e−4

216 66.6 15.1 58.1 0.82 96 0.85 2.33e−4

264 18.9 27.5 57.9 0.81 65 0.87 3.16e−4

312 48.9 34.2 57.7 0.82 58 0.85 5.10e−4

360 81.6 – – – 49 0.86 7.37e−3

HAP

1 26.5 12.7 61.5 0.87 81 0.80 5.21e−4

2 27.3 13.6 60.1 0.88 115 0.82 4.32e−4

4 27.4 15.1 58.5 0.88 169 0.86 4.00e−4

6 27.6 15.6 57.4 0.88 190 0.86 2.88e−4

8 27.3 15.0 56.6 0.88 202 0.87 2.14e−4

24 39.6 – – – 55.7 0.90 2.84e−3

Reprinted from [48] with permission from Elsevier

ited biomimetic mineralization superior to its pure HAP counter-
part. This is an additional confirmation of the proposed 
mechanism of enhanced precipitation of a newly formed apatite 
layer, evidenced also by FE-SEM.
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5.4.1.3  �Cytotoxicity and Antibacterial Activity

Cell survival in the presence of HAP/Gr composite coatings on Ti 
was determined using a standard MTT test [48]. Cell survival of 
PBMCs, calculated according to Eq. (5.2), was 72.3 ± 4.3 %. 
Examination of the cytotoxic effects showed a mild decrease in the 
survival of healthy immunocompetent PBMC compared to the 
control cell sample. According to a classification found in the lit-
erature [70], HAP/Gr composite coating can be considered noncy-
totoxic within the margin of error against target PBMC.

The antibacterial activity of HAP/Gr coating was tested against 
S. aureus TL and E. coli (ATCC 25922) in suspension using the 
spread-plate method [48]. Figure 5.23a, b depicts the antibacterial 
activity of Ti samples coated with HAP/Gr against strains of S. 
aureus TL and E. coli in PB, respectively. The antibacterial activ-
ity of Gr itself is controversial and demands further investigation. 
No antimicrobial activity of the HAP/Gr composite coating could 
be noticed immediately after inoculation of samples. Cell viability 
remained at the same level as observed up to 3 h postincubation 
when compared to the initial number of cells in suspension. After 
24 h of exposure noticeable bacterial growth was evident in case 
of both bacteria. Based on the presented data, HAP/Gr coatings 
exhibited no reduction of S. aureus TL or E. coli after 24 h. The 
same behavior of S. aureus TL was reported for a pure HAP coat-
ing [46]. These results expand on the mixed opinions regarding an 
antibacterial effect of graphene.

Silver-Doped Hydroxyapatite/Graphene Coatings 
Electrodeposited on Titanium Substrate

Biocomposite Ag/HAP/Gr coatings were electrodeposited on 
titanium using EPD process, in order to obtain the bioactive coat-
ings with antimicrobial activity aimed for hard tissue implants 
[49]. A nanosized Ag/HAP powder was prepared utilizing modi-
fied chemical precipitation method that involves reaction of cal-
cium oxide, phosphoric acid, and silver nitrate [44, 45]. Silver ion 
concentration was kept at 0.4 ± 0.1 wt% in the final powder.

The microscopic view of the Ag/HAP/Gr coating surface mor-
phology after air drying is shown in Fig. 5.24a. Compared to the 
Ag/HAP coating (Fig. 5.24b), the Ag/HAP/Gr composite coating 
had fewer cracks.
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Judging by FE-SEM analysis, addition of nanoreinforcement 
filler strongly prohibits resurfacing and crack propagation. 
Graphene nanosheets are shown to prevent crack propagation by 
frictional pull out, crack deflection, and crack bridging [98]. The 
less cracked morphology of graphene-based coating can be 
explained by the bonding mechanism between HAP lattice and 
graphene sheets, as was explained for HAP/Gr coating (Sect. 4.1).

Fig. 5.23  Reduction of viable cell number of S. aureus (a) and E. coli (b) 
after contact with the HAP/Gr coating for 0, 1, 3 and 24 h in PB as compared 
to the control w/o samples (reprinted from [48] with permission from Elsevier)
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Raman spectroscopy was performed in order to confirm the 
incorporation of graphene in composite Ag/HAP/Gr coating. The 
D peak at 1260 cm−1 corresponding to edges, other defects, disor-
dered sp3-bonded carbon atoms and impurities, and G-peak at 
1588  cm−1 corresponding to ordered sp2-bonded carbon atoms 
(Fig. 5.25a) confirmed the graphene structure in its pure form.

FT-IR analysis was employed to shed light on the Gr presence 
in the composite coating and possible bonding within. In Fig. 5.25b 
the most prominent bands at the wave numbers 1089, 1024, 962, 
601, 560, and 470 cm−1 are attributed to stretching and bending of 
phosphate groups in hydroxyapatite. The low intensity band at 
875 cm−1 is assigned to acidic phosphate group, HPO

4
2− ions [119]. 

The band at 630  cm−1 corresponds to structural OH− groups of 
HAP lattice [118]. The stretching vibrations of CO

3
2− ions in HAP 

are evidenced by the absorbance bands (1500–1200) cm−1 that cor-
respond to ν

3
CO

3
2−. Analyzing this spectrum, the exact position of 

the CO
3

2− bands indicates prevalence of B-type hydroxyapatite 
advantageous in the human bone due to excellent bioactivity and 
osteoinductivity [120]. Absorption bands located at ~1540 cm−1 in 
the FT-IR spectrum of the composite correspond to the skeletal 
vibration of Gr [121, 122].

The thermogravimetric (TG) and differential TG (DTG) curves 
of Ag/HAP/Gr coating over temperature range of 25–1000 °C are 
shown in Fig. 5.26.

Similarly to HAP/Gr coating, from DTG curve can be clearly 
seen that thermal decomposition occurred in three steps. The first 
stage is evident from 25 to 150 °C, with 3.39 wt% mass loss and 

Fig. 5.24  FE-SEM micrographs of the Ag/HAP/Gr (a) and Ag/HAP (b) coat-
ings, magnification ×1000 (reprinted from [49] with permission from Elsevier)
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Fig. 5.25  D and G band region in Raman spectrum (a) and FT-IR spectrum in 
the wavenumber range of 400–1800  cm−1 (b) of the Ag/HAP/Gr coating 
(reprinted from [49] with permission from Elsevier)
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sharp peak in DTG curve at 46 °C. This stage is assigned to desorp-
tion of adsorbed water from the crystallite surface. Second stage 
(150–350 °C), with 2.62 wt% mass loss and peak in DTG curve at 
239 °C, is attributed to the finalization of crystalline water release 
process and the beginning of HAP dehydroxylation [44, 45] and 
decomposing of unstable carbon in graphene structure [127]. Finally, 
the third stage (350–750 °C) with 1.11 wt% mass loss and peak in 
DTG curve at 584 °C, originated from decomposition of remaining 
unstable carbon, also evidenced in literature for different graphene 
composites [127, 128]. Also, this stage can be attributed to early 
slow decomposition of HAP that also continues above 750 °C. Total 
weight loss for the Ag/HAP/Gr coating in the temperature range of 
25–1000 °C was 7.12 wt% (Fig. 5.26), confirming the greater ther-
mal stability of graphene-based Ag/HAP compared to Ag/HAP as 
reference, 7.90  wt% [135]. The thermal stability of Ag/HAP/Gr 
composite was substantially improved as a consequence of bonding 
mechanism between graphene sheets and hydroxyapatite lattice.

The surface elements of Ag/HAP/Gr coating as well as Ag/
HAP coating as reference were characterized by XPS [49]. Survey 
spectrum of Ag/HAP/Gr coating is shown in Fig. 5.27.

Fig. 5.26  TG (inset) and DTG curves of the Ag/HAP/Gr coating (reprinted 
from [49] with permission from Elsevier)
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The XPS narrow scan spectra of Ag element are present in 
both Ag/HAP and Ag/HAP/Gr coatings [49]. The peak for 
Ag3d peak (BE = 369.5 eV) agrees well with the literature data 
[136]. Observation of main peak O1s at binding energy of 
531.3 eV for Ag/HAP/Gr coating is attributed to the presence 
of PO

4
3− groups incorporated within apatite lattice [91]. Survey 

spectra of the Ag/HAP/Gr coating revealed graphene incorpo-
ration, while no trace of C1s was detected for the Ag/HAP 
sample (Table 5.12). The C1s peak corresponding to the bind-
ing energy of 285.0 eV could be attributed to aromatic hydro-
carbons [124], actually C=C sp2 bonds in the graphitic network. 

Fig. 5.27  XPS general spectrum of the Ag/HAP/Gr coating (reprinted from 
[49] with permission from Elsevier)

Table 5.12  Atomic 
percentage of carbon and 
Ca/P ratio at Ag/HAP/Gr and 
Ag/HAP coatings surface

Coating C1s/at.% Ca/P

Ag/HAP/Gr 12.05 1.52

Ag/HAP – 1.50
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Based on the survey spectra Ca/P ratio for the Ag/HAP/Gr 
composite coating was calculated to be 1.52 (Table  5.12). 
Since stable HAP phases have been found to exist over a range 
1.3–1.8 [61], graphene provided an optimal Ca/P ratio in the 
composite thus enabling successful bone integration with 
biomaterial.

5.4.1.4  �Mechanical Properties

Nanoindentation testing was conducted to investigate the effect 
of added graphene to mechanical properties of the Ag/HAP/Gr 
coating (Table 5.13). For the Ag/HAP/Gr composite coating, the 
mean hardness, H, was 15.5 ± 3.3 GPa, which is approximately 
10 % increase compared to measured hardness values of Ag/
HAP (14.5 ± 5.8 GPa). The mean reduced elastic modulus, E

r
, of 

the Ag/HAP/Gr composite was 183.0 ± 21.9 GPa, an increase of 
almost 10 % (Ag/HAP, E

r
 = 172.1 ± 36.9  GPa). Overall the 

mechanical properties of Ag/HAP/Gr are improved due to addi-
tion of Gr as nanofiller even at low concentration. The impact of 
Ag addition is revealed by comparing Ag/HAP and pure HAP 
coating, as observed Ag contributed to the increase of both E

r
 

(172.1 vs. 132.2 GPa) and H (14.5 vs. 7.40 GPa) [47].
An evaluation of E

r
/H value is a prerequisite for the evaluation 

of fracture toughness [47, 87]. In the case of pure HAP and Ag/
HAP coatings, E

r
/H ratios were 17.86 and 11.87, respectively, 

while in the case of HAP/Gr and Ag/HAP/Gr coatings E
r
/H ratios 

were 12.90 and 11.81, respectively, indicating that Ag reinforce-
ment caused decrements in the value of E

r
/H, implying that tough-

ness increases with Ag addition [47].

Table 5.13  The values of mean hardness, H, mean reduced elastic modulus, 
E

r
, and E

r
/H ratio obtained from the nanoindentation testing of Ag/HAP and 

Ag/HAP/Gr coatings

Coating H/GPa E
r
/GPa E

r
/H

Ag/HAP 14.5 ± 5.8 172.1 ± 36.9 11.87

Ag/HAP/Gr 15.5 ± 3.3 183.0 ± 21.9 11.81
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Representative load–displacement curves of both Ag/HAP 
and Ag/HAP/Gr coatings obtained through nanoindentation are 
shown in Fig. 5.28. The Ag/HAP/Gr coating is more resistant to 
indentation, has higher hardness, and much lower penetration 
depth than the Ag/HAP coating. Also, the higher reduced modu-
lus of the Ag/HAP/Gr coating indicates that the slope of the ini-
tial portion of the unloading curve for the Ag/HAP/Gr coating is 
obviously higher than that for the Ag/HAP coating. The impact 
of graphene reflects on increased contact area with the surround-
ing HAP matrix and as a result, the bonding strength between 
graphene and HAP grains is significantly enhanced. Improved 
mechanical properties stem from increased energy required to 
pull the nanofiller out from the HAP matrix. Graphene as a two-
dimensional component reduces the crack formation within the 
composite by bridging effect between adjacent HAP grains and 
also HAP and nanofiller itself.

According to the proposed bonding mechanism between gra-
phene sheets and hydroxyapatite lattice, graphene nanosheets are 
well bonded to the nearby HAP grains, thus increasing the tough-
ness along grain boundaries and inhibiting crack propagation along 

Fig. 5.28  Load-penetration depth curves for indents on Ag/HAP and Ag/
HAP/Gr coatings (reprinted from [49] with permission from Elsevier)
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the grain boundary. Therefore, enhanced mechanical properties of 
the Ag/HAP/Gr composite coating are result of crack bridging, 
deflection, and grain bridging by the graphene nanofiller.

5.4.1.5  �In Vitro Bioactivity

The bioactivity of Ag/HAP/Gr coating was tested by immersion in 
SBF solution at 37 °C for 7 days [49]. XRD patterns, before and 
after immersion in SBF, are shown in Fig. 5.29a. The diffracto-
gram revealed HAP, but incorporation of Ag in the crystal HAP 
lattice causes a shift of specific peaks to the left, confirming the 
silver substitution for calcium. In addition, Ag was also recog-
nized by appearance of characteristic peak at 2θ = 43.9°. High-
intensity HAP peaks at (211), (112), and (300) crystal planes at 
2θ = 32.0, 32.9, and 34.1° are easily distinguished, as well as pres-
ence of Ti substrate in its pure form on the coating interface. 
Thermally reduced graphene showed a broad (002) peak at 
2θ = 23–26° [133], but strong HAP diffraction peaks at crystal 
plane (002) mostly shield graphene peak. In addition, the specific 
broad peak at 2θ = 22° observed for pure graphene is also over-
lapped by HAP diffraction peaks. Finally, the carbon peak at 
2θ = 26.6° is evidenced.

Upon soaking in a biomimetic system, bioactive materials form 
bone-like apatite layer on their surfaces. After immersion in SBF 
evident is the shift of characteristic peaks for Ag/HAP/Gr coating 
toward higher angles. Carbonated HAP as it appears in diffracto-
gram (shift in HAP diffraction peaks), mimicking bone mineral, is 
especially advantageous. The crystallite domain size is calculated 
to be 17.6 and 22.3 nm, before and after immersion in SBF, respec-
tively. Coherent domain sizes and microstrain of Ag/HAP/Gr coat-
ing were calculated by using (002), (211), (112), (300), (202), and 
(301) crystal planes. Difference between crystallite size before and 
after immersion is due to the CO

3
2– incorporation into the HAP 

lattice by occupying either the OH– or the PO
4
3– sites [75].

Homogenous surface of Ag/HAP/Gr coating before immersion 
in SBF with rod-like HAP grains (≤50 nm in size) is observed in 
FE-SEM microphotographs (Fig. 5.29b). Inset in Fig. 5.29b shows 
the FE-SEM image after soaking in SBF, with a newly formed 

V.B. Mišković-Stanković



439

Fig. 5.29  XRD patterns (a) and FE-SEM microphotographs (b) of the Ag/
HAP/Gr coating before and after immersion in SBF (inset in (b): Ag/HAP/Gr 
coating, 7 days in SBF, 37  °C) (reprinted from [49] with permission from 
Elsevier)
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highly porous apatite layer containing plate-shaped HAP crystals 
beneficial for better cell adhesion. The high bioactivity of Ag/
HAP/Gr coating is confirmed by forming an apatite film after just 
7 days soaking in SBF. The apatite composition of newly formed 
crystals was confirmed by XRD results (Fig. 5.29a).

The corrosion stability of Ag/HAP/Gr coating was studied in SBF 
solution by EIS. The experimental impedance data of Ag/HAP/Gr 
coating and Ag/HAP coating, used as a reference, after different 
exposure times in SBF at 37  °C are presented as Nyquist plots 
(Fig. 5.30). Fitting of Nyquist plots was accomplished by using the 
equivalent electrical circuits (EEC) shown in Fig. 5.11a, c. The fitted 
curves at different times of immersion in SBF are shown in Fig. 5.30, 
while obtained fitting results are presented in Table 5.14.

In Table 5.14, n
c
 values are higher than 0.80, therefore CPE

c
 can 

be considered as coating capacitance C
c
, while CPE

ox
 can be con-

sidered as capacitance of oxide film on titanium surface beneath 
Ag/HAP/Gr and Ag/HAP coatings, C

ox
. EEC shown in Fig. 5.11a 

was used for fitting the Nyquist plots during 21 days of exposure 
to SBF. According to these results, R

c
 slightly decreased during 

first 3 days, indicating that coating pores were filled with 
SBF. However, after 7 days R

c
 values started to increase, indicat-

ing the beginning of new apatite layer formation. Furthermore, 
after 21 days, the calculated value of R

c
 was 73.9 kΩ cm2, indicat-

ing the deposition of a newly formed carbonated HAP, which was 
confirmed also by XRD and FE-SEM (Fig. 5.29). The high value 
of coating pore resistance denotes improved bioactivity. This sug-
gests that the Ag/HAP/Gr coating surface represented the site of 
nucleation and growth of new apatite layer—carbonated 
HAP. After 24 days, the Nyquist plots could not be fitted by the 
same EEC, instead EEC in Fig. 5.11c was used, when coating lost 
its adhesion property.

Correlating the behavior of Ag/HAP coating that looses its cor-
rosion stability after 72 h as evidenced by semicircle diminishing in 
the Nyquist plot (Fig. 5.30b), Ag/HAP/Gr composite retained its 
protective attributes. The obtained Nyquist plots for Ag/HAP coat-
ing during exposure of 24 h in SBF were fitted by EEC in Fig. 5.11a. 
After initial 8 h period when R

c
 and C

c
 (Table 5.14) values were 

kept constant, substantial increase occurred at 24 h indicating the 
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Fig. 5.30  The Nyquist plots of the Ag/HAP/Gr (a) and Ag/HAP coatings (b) 
after different immersion times in SBF at 37 °C (dash line—fitting) (reprinted 
from [49] with permission from Elsevier)
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Table 5.14  Fitting values of equivalent electrical circuit parameters and 
goodness of fit (GOF) for the Ag/HAP/Gr and Ag/HAP coatings

t (h)
R

s
 

(Ω cm2)
R

c
 

(kΩ cm2)
CPE

c
 

(μF cm−2) n
c

CPE
ox

 
(μF cm−2) n

ox

Good
ness of 
fit 
(GOF)

Ag/HAP/Gr

1 38.83 6.12 55.1 0.804 241 0.882 5.84e−4

2 38.87 5.95 53.2 0.808 255 0.887 4.69e−4

4 39.13 5.83 57.7 0.813 264 0.888 3.89e−4

6 39.46 5.84 50.4 0.816 264 0.892 3.87e−4

8 39.63 5.69 49.3 0.819 271 0.898 3.12e−4

24 31.45 3.51 44.6 0.849 299 0.917 3.06e−5

72 15.30 2.48 38.6 0.871 303 0.879 3.08e−5

168 31.08 3.05 35.5 0.883 248 0.913 2.26e−5

264 25.88 4.17 43.6 0.850 197 0.884 3.45e−4

360 68.65 9.42 52.1 0.824 135 0.854 1.07e−4

504 133.2 73.9 51.1 0.816 82 0.823 5.31e−4

576 74.38 – – – 45 0.851 7.67e−3

Ag/HAP

1 30.1 9.50 92.3 0.83 119 0.70 3.90e−4

4 31.0 12.9 91.7 0.83 200 0.80 1.63e−4

8 31.7 12.0 88.6 0.83 223 0.80 1.38e−4

24 37.1 90.3 97.6 0.82 71 0.92 2.43e−4

72 54.7 – – – 153 0.80 3.84e−3

Reprinted from [49] with permission from Elsevier

new apatite layer formation. However, after 72 h, fitting could only 
be done by EEC in Fig. 5.11c that considers CPE

ox
, indicating the 

coating adhesion loss. Based on the EIS data, it is evident that com-
posite Ag/HAP/Gr coating exhibited superior biomimetic mineral-
ization compared to its Ag/HAP counterpart. This is an additional 
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Fig. 5.31  Time dependence of coating pore resistance, R
c
 (a) and coating 

capacitance, C
c
 (b) of the Ag/HAP/Gr coating during exposure to SBF solu-

tion at 37 °C (reprinted from [49] with permission from Elsevier)

5  Biocompatible Hydroxyapatite-Based Composite…



444

conformation of the proposed mechanism of enhanced precipita-
tion of newly formed apatite layer, evidenced also by FE-SEM.

Long-term stability of Ag/HAP/Gr coating is best verified 
through time dependences of coating pore resistance, R

c
 and coat-

ing capacitance, C
c
, as shown in Fig. 5.31a, b, respectively. These 

properties reflect electrochemical properties of graphene-based 
composite coating in SBF solution mimicking in vitro conditions. 
The Ag/HAP/Gr coating pore resistance (Fig. 5.31a) and coating 
capacitance (Fig. 5.31b) remain almost constant over 18 days of 
exposure to SBF solution, indicating the maintenance of good sta-
bility of the Ag/HAP/Gr coating in SBF solution.

5.4.1.6  �Cytotoxicity and Antibacterial Activity

Cytotoxicity was determined by MTT test against healthy 
PBMC. Cell survival of PBMCs, calculated according to Eq. (5.2), 
was 79.6 ± 11.2 %. Examination of cytotoxic effects showed mild 
decrease in survival of healthy immunocompetent PBMC com-
pared to the control cell sample. According to the classification 
found in literature [137] and presented in Table 5.15, Ag/HAP/Gr 
coatings displayed as noncytotoxic against target PBMC.

The antibacterial activity of Ag/HAP/Gr coating was tested 
against S. aureus TL and E. coli (ATCC 25922) by agar diffusion 
method and spread-plate test [49]. The results of qualitative anti-
microbial agar diffusion tests showed that Ag/HAP/Gr affects both 
microorganisms. The average inhibition zone was 2.5  mm for 
Staphylococcus aureus TL.  In the case of Escherichia coli the 
average inhibition zone is much less pronounced, only 0.5 mm. 
Antibacterial activity was also investigated quantitatively by mon-
itoring changes in the viable number of bacterial cells in suspen-
sion. Figure 5.32a, b depicts the antibacterial activity of Ag/HAP/
Gr coating against strain Staphylococcus aureus TL and 
Escherichia coli in PB.

Table 5.15  Cytotoxicity classification

Cell survival (%) ≥100 75–99 50–74 25–49 1–24 0

Classification 0 1 2 3 4 5

V.B. Mišković-Stanković



445

Fig. 5.32  Reduction of viable cell number of S. aureus (a) and E. coli (b) 
after contact with the Ag/HAP/Gr coating for 0, 1, 3, and 24 h in PB as com-
pared to the control w/o samples (reprinted from [49] with permission from 
Elsevier)

As previously reported [46], antibacterial activity of the graphene-
free Ag/HAP coating against S. aureus TL was noticed immediately 
after inoculation and the same trend was clearly evidenced throughout 
the 24 h duration of the experiment. Similar antimicrobial activity was 
noticed for the Ag/HAP/Gr coating. Namely, antimicrobial activity of 
the Ag/HAP/Gr coating (Fig. 5.32a, b) could be noticed immediately 
after inoculation of samples and subsequently one logarithmic unit 
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reduction of cell viability is achieved after only 1 h of incubation. 
Calculations based on initial number of cells in suspensions and 1 h 
postincubation revealed that Ag/HAP/Gr coating exhibited reduction 
of both bacteria, S. aureus TL (72.9 % percentage of cell reduction) 
and E. coli (68.4 % percentage of cell reduction). Graphene-based 
coating exhibited strong antibacterial activity also after 3 h of expo-
sure, therefore suppressing harmful biofilm formation. Exactly as in 
the case of Ag/HAP coating, after 24 h, analyzed Ag/HAP/Gr sam-
ples did not contain any viable cell and visible colony even when 
samples were taken directly from the suspensions. An immediate sil-
ver ion release for both Ag/HAP and Ag/HAP/Gr coatings provided 
for the imminent drop in CFU numbers, which fits well with bacteri-
cidal properties necessary for prevention of biofilm formation [89].

5.5  �Conclusions

Composite HAP/Lig and Ag/HAP/Lig coatings on titanium were 
obtained by electrophoretic deposition and sintered at a tempera-
ture of 900 °C, considerably lower than the usual sintering tem-
perature due to nanosized particle dimension of HAP and Ag/HAP 
powders used for synthesis. The lignin allowed the formation of a 
compact, well adherent, and homogeneous coatings due to the 
establishment of different hydrogen bonds between the functional 
groups of hydroxyapatite and lignin. Based on XRD, ATR-FTIR, 
and XPS results, it was confirmed that lignin concentrations of 
1 wt% and higher protect hydroxyapatite lattice from decomposi-
tion during sintering. Quantitative XPS measurements showed 
that the Ca/P ratio for both HAP/Lig and Ag/HAP/Lig coatings is 
similar to the stoichiometric Ca/P ratio.

The cytotoxicity determined by MTT assay indicates that HAP/
Lig coating with 1 wt% Lig slightly reduced survival of healthy 
unstimulated PBMC and was classified as nontoxic. However, the 
absence of zones of inhibition of bacterial growth around the HAP/
Lig coating with 1 wt% Lig was evident. Immediate and continuous 
release of Ag ions in Ag/HAP/Lig nonsintered coating indicated 
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the optimal inhibitory concentration of antibactericidal agents that 
diminish the growth of bacteria strain S. aureus TL. Cytotoxicity 
testing revealed that Ag/HAP/Lig coating with 1 wt% Lig was clas-
sified as nontoxic against PBMC cell lines. The newly formed 
bone-like plate-shaped apatite crystals observed on the surface of 
the Ag/HAP/Lig coating after soaking in SBF confirmed its bioac-
tivity by FE-SEM, SEM, XRD, and ATR-FTIR results. Spontaneous 
growth on the surface of Ag/HAP/Lig coating of biologically active 
bone-like apatite layer can be tracked by impedance changes during 
soaking in SBF. However, this new apatite does not disturb the sil-
ver ion release from coating material and therefore the combination 
of the two results provides a strong platform for developing materi-
als that are both bioactive and antimicrobial.

Composite HAP/Gr and Ag/HAP/Gr coatings were produced 
by EPD on titanium substrate using constant voltage method. 
Graphene incorporation was evidenced by FT-IR, Raman spec-
troscopy, and XPS spectra, and facilitated more uniform coating 
surface with less microcracks. The calculated Ca/P ratio for both 
HAP/Gr and Ag/HAP/Gr coatings is similar to the stoichiometric 
Ca/P ratio. The greater thermal stability of graphene-based coat-
ings compared to the graphene-free coatings was confirmed by 
TGA, emphasizing improvements brought in by graphene addi-
tion. The nanoindentation results demonstrated that graphene 
nanosheets even at a very low concentration improved the mechan-
ical properties of HAP effectively. EIS, XRD, and FE-SEM analy-
ses clearly confirm the bioactivity of both HAP/Gr and Ag/HAP/
Gr coatings in the formation of an apatite layer after soaking in 
SBF. Based on the EIS data, the graphene-based coatings exhib-
ited superior biomimetic mineralization compared to the graphene-
free coatings.

In vitro cytotoxicity evaluation indicated both graphene-based 
coatings as noncytotoxic against PBMC. No antibacterial effect of 
HAP/Gr coating could be observed against two common types of 
bacteria, S. aureus TL and E. coli, while Ag/HAP/Gr coatings 
exhibited strong antibacterial activity against S. aureus and E. coli 
after only 3 h of exposure, therefore suppressing harmful biofilm 
formation.
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Therefore, the evidence presented here demonstrated that a nano-
sized lignin-based and graphene-based HAP coatings produced by 
electrophoretic deposition on titanium substrate are excellent candi-
dates for future biomedical hard tissue implants.
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