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Preface

Biomaterials science is the study of the application of materials to problems in
biology and medicine. It is a field characterized by medical needs, basic research,
and advanced technological developments. Tissue engineering is a relatively new
field which began as a sub-field of biomaterials, and is described as an interdis-
ciplinary field that applies the principles of engineering and life sciences to the
development of biological materials that restore, maintain, or improve tissue
function or a whole organ. Drug delivery is the method or process of administering
a pharmaceutical compound to achieve a therapeutic effect in humans or animals.
Controlled release systems, such as microspheres, have been developed and
studied in order to enable release of bioactive agents in a controlled desired
manner for periods of time which range from several days to several years. These
systems serve for various biomedical applications, such as treatment of cancer,
treatment of infections, enhancing tissue growth, etc.

When the three above-mentioned fields, i.e. biomaterials, tissue engineering
and drug delivery are combined, a new approach in the field of implants and
scaffolds for tissue regeneration is achieved. In this regard, biomedical implants
with improved clinical performance have recently been developed and studied.
The current book focuses on such new emerging novel implants, termed active
implants, which are actually drug or protein-eluting implants that induce healing
effects, in addition to their regular function. It is the first book to describe a broad
range of active implants in terms of matrix formats, incorporated drugs and their
release profiles from the implants, as well as cell-implant interactions and
functions.

This book contains 18 chapters which are divided into four sections. The first
section focuses on drug-eluting implants, namely stents, wound dressings, bio-
adhesives and RNA interference enhanced implants, which release hydrophilic or
hydrophobic active agents to the surrounding tissue. The second section is dedi-
cated to scaffolds for bone regeneration. A broad range of polymeric structures,
composites and nanostructured scaffolds are described. The third section focuses
on scaffolds based on natural polymers, such as alginate, hyaluronic acid and
chitosan derivatives and fucoidan, for soft tissue regeneration. The last part
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describes unique synthetic polymeric systems that can be beneficial for active
implants. These include new polylactones, thermosensitive polymers, mucoadhe-
sives and intrinsically conducting polymers. The 18 chapters in this book were
written by well-known experts in the field of biomaterials, tissue engineering and
drug delivery, who conduct their work in 10 different countries. They present the
frontier of knowledge in active implants and scaffolds for tissue regeneration.

Prof. Dr. Meital Zilberman
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Part I
Drug-Eluting Implants



Novel Composite Antibiotic-Eluting
Structures for Wound Healing
Applications

Jonathan J. Elsner, Israela Berdicevsky, Adaya Shefy-Peleg
and Meital Zilberman

Abstract There are various wounds with tissue loss. These include burn wounds,
wounds caused as a result of trauma, diabetic ulcers and pressure sores. Every year
in the United States more than 1.25 million people experience burns and 6.5
million experience various chronic skin ulcers. In burns, infection is the major
complication after the initial period of shock and it is estimated that about 75% of
the mortality following burn injuries is related to infections. Wound dressings aim
to restore the milieu required for skin regeneration by protecting the wound from
environmental threats, including penetration of bacteria, and by maintaining a
moist healing environment. A wide variety of wound dressing products targeting
various types of wounds and different aspects of the wound healing process are
currently available on the market. Ideally, a dressing should be easy to apply and
remove, and its design should meet both physical and mechanical requirements;
namely water absorbance and transmission rate, handleability and strength.
Although silver-eluting wound dressings are available for addressing the problem
of infection, there is growing evidence of the deleterious effects of such dressings
in delaying the healing process due to cellular toxicity. In this chapter wound
dressings with controlled release of bioactive agents are discussed. Our novel
biodegradable antibiotic-eluting wound dressings are described in details and the
engineering aspects in the design are emphasized. The composite material which is
based on a biodegradable fibrous polyglyconate mesh bonded with a porous Poly-
(DL-lactic-co-glycolic acid) matrix, is designed to protect the wound until it is no
longer needed, after which it dissolves away by chemical degradation into
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non-toxic products. These new composite wound dressings are advantageous in
that they provide better protection against infection, enable faster wound healing
and reduce the need for frequent dressing changing.

1 Introduction

The skin is regarded as the largest organ of the body and has many different
functions. Wounds with tissue loss include burn wounds, wounds caused as a result
of trauma, diabetic ulcers and pressure sores. The regeneration of damaged skin
includes complex tissue interactions between cells, extracellular matrix (ECM)
molecules and soluble mediators in a manner that results in skin reconstruction.
The moist, warm, and nutritious environment provided by wounds, together with
diminished immune functioning secondary to inadequate wound perfusion, may
allow build-up of physical factors such as devitalized, ischemic, hypoxic, or
necrotic tissue and foreign material, all of which provide an ideal environment for
bacterial growth [34].

Infection is defined as a homeostatic imbalance between the host tissue and the
presence of microorganisms at concentrations that exceeds 105 organisms per gram
of tissue or the presence of beta-hemolytic streptococci [74, 82]. The main goal of
treating the various types of wound infections should be to reduce the bacterial load
in the wound to a level at which wound healing processes can take place. Otherwise,
the formation of an infection can seriously limit the wound healing process, can
interfere with wound closure and may even lead to bacteremia, sepsis and multi-
system failure. Evidence of bacterial resistance is on the rise, and complications
associated with infections are therefore expected to increase in the general
population.

Various wound dressings aim to restore the milieu required for skin regeneration
and to protect the wound from environmental threats and penetration of bacteria.
Although traditional gauze dressings offer some protection against bacteria, this
protection is lost when the outer surface of the dressing becomes moistened by
wound exudates or external fluids. Furthermore, traditional gauze dressings exhibit
low restriction of moisture evaporation which may lead to dehydration of the
wound bed. This may lead to adherence of the dressing, particularly as wound fluid
production diminishes, causing pain and discomfort to the patient during removal.
Most modern dressings are designed according to the well-accepted bilayer
structural concept: an upper dense ‘skin’ layer to prevent bacterial penetration and a
lower spongy layer designed to adsorb wound exudates and accommodate newly
formed tissue. Unfortunately, dressing material adsorbed with wound discharges
provides conditions that are also favorable for bacterial growth. This has given rise
to a new generation of wound dressings with improved curative properties that
provide a local antimicrobial effect by eluting various germicidal compounds.

Local delivery of antibiotics and disinfectants addresses the major disadvan-
tages of the systemic approach, namely poor penetration into ischemic and
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necrotic tissue typical of post-traumatic and postoperative tissue, renal and liver
complications, and need for hospitalized monitoring [59, 65] by maintaining a high
local antibiotic concentration for an extended duration of release without causing
systemic toxicity [26, 70, 84]. The effectiveness of such devices is strongly
dependent on the rate and manner in which the drug is released [81]. These are
determined by the host matrix into which the antibiotic is loaded, the type of drug/
disinfectant and its clearance rate. If the agent is released quickly, the entire drug
could be released before the infection is arrested. If release is delayed, infection
may set in further, thus making it difficult to manage the wound. The release of
antibiotics at levels below the minimum inhibitory concentration (MIC) may lead
to bacterial resistance at the release site and intensify infectious complications
[24, 25]. A local antibiotic release profile should therefore generally exhibit a
considerable initial release rate in order to respond to the elevated risk of infection
from bacteria introduced during the initial shock, followed by a sustained release
of antibiotics at an effective level, long enough to inhibit latent infection [65]. This
chapter introduces types of cutaneous wounds and then describes the main features
of wound dressings based on both synthetic and natural polymers. Part of it then
focuses on our new concept of antibiotic-eluting composite structures for wound
healing applications.

2 Cutaneous Wounds

The primary function of the skin is to serve as a protective barrier against the
environment. The skin has two anatomic layers, each with a separate function.
The superficial, epidermal layer is a barrier to bacteria and vapor (moisture loss).
The dermal layer deep to the epidermis provides protection from mechanical
trauma and the elasticity and mechanical integrity of the skin. Blood vessels
providing nutrition to the epidermal layer run within the dermis. After skin loss,
epidermal cells regenerate from deep within dermal appendages, such as hair
follicles and sweat glands. The skin’s function as a barrier to infection and fluid
loss is lost with injury. Loss of the integrity of large portions of the skin as a result
of injury or illness may lead to major disability or even death. Every year in the
United States more than 1.25 million people experience burns and 6.5 million
experience chronic skin ulcers caused by pressure, venous stasis, or diabetes
mellitus [69]. The treating physician must compensate with appropriate fluid
management and local wound care.

2.1 Burns

It is estimated that 1.25 million burn injuries occur every year in the US.
Approximately 450,000 of these cases visit hospital emergency departments and
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4,500 die annually of thermal related injuries (American Burn Association). Burn
injuries are among the most complex and harmful physical injuries to evaluate and
manage. The multiple treatment algorithms for burn wounds and resuscitation
require quantification of the extent of the burn. Although many new modalities are
becoming available to assess burn depth, such as laser Doppler and dielectric
measurements, assessment by an experienced practitioner is currently the most
reliable judge of burn depth. A simplistic description of burn type and depth is
presented in Table 1.

The two most important problems encountered clinically with burn victims are
dehydration and infection. Despite considerable advancements in burn wound care
and infection control practices, infection remains the leading cause of death in this
group of patients an it is estimated that about 75% of the mortality following burn
injuries is related to infections rather than to osmotic shock and hypovolemia
[38, 61].

Clearly the best coverage for wounds requiring serious reconstruction is natural
skin taken from the individual himself (an autograft). However, in clinical practice
this is not always possible, particularly in large total body surface area burns, as
there is often an insufficient amount of skin for autografting available at the time of
burn excision, or the physiological condition of the patient precludes the har-
vesting of skin. Allografts and xenografts can be used to provide temporary wound
coverage, but there are issues with graft rejection, availability, and the possibility
of disease transfer.

Although burn wound surfaces are sterile immediately following thermal
injury, colonization with autogenous microorganisms (originating from the
skin, gastrointestinal and respiratory flora) or through contact with the
contaminated environment (water, air, and healthcare workers) generally
occurs within 48 h [1, 20]. The typical burn wound is initially colonized
predominantly with Gram-positive organisms, which are replaced by
antibiotic-susceptible Gram-negative organisms within approximately 1 week
after the burn injury. If wound closure is delayed and the patient becomes
infected, thus requiring treatment with broad-spectrum antibiotics, these floras
may be replaced by yeasts, fungi, and antibiotic-resistant bacteria [68].
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeru-
ginosa) are the most frequently isolated organisms in most burn units [68].
Systemic treatment against infection is limited by inadequate wound perfusion
which restricts migration of host immune cells and the delivery of antimi-
crobial agents to the wound. In this case the local concentration of the
antibiotics may be insufficient and may lead to bacterial resistance. The
widespread application of a topical antimicrobial agent on the open burn
wound surface can substantially reduce the microbial load and risk of
infection [50]. However, it requires frequent changes of the dressing material
which causes inconvenience to the patient and comprises a financial burden to
the healthcare system.

6 J. J. Elsner et al.



Table 1 Classification of burns based on depth characteristics [27, 77]

Burn
severity

Cause/appearance Treatment Healing time

First
degree

Caused by flame flash or
ultraviolet exposure.
Red, swollen, and painful.
The burned area whitens
(blanches) when lightly
touched but does not
develop blisters
Epithelium is intact

Require no specific care Necrotic epidermis will
generally slough within 1
or 2 days, revealing intact
epidermis

Second
degree

Caused by scald (spill), flame,
oil, grease.
Pink or red, swollen, and
painful, blisters that may
ooze a clear fluid. The
burned area may blanch
when touched.
Loss of the epidermis and
a portion of the dermis.

Superficial burns generally
heal spontaneously with
local wound care.
Deep burns should be
treated like 3rd degree
burns

Superficial burns heal within
10–14 days.
Deep dermal burns
usually take more than
3 weeks to heal.

Third
degree

Scald (immersion), flame,
steam, oil, grease,
chemical, high-voltage
electricity
Usually not painful. skin
may be red, white, waxy
or charred black
Loss of the tissue through
the dermis including the
hair follicles and sweat
glands and extending into
the hypodermis Notable
absence of tissue edema
compared with
surrounding second-
degree burned area

Surgical debridement
(removal of dead skin).
Treatment with skin
graft or other skin
replacement.

Small third-degree wounds
(those of\2 cm) may heal
spontaneously by
ingrowth from the wound
edges, requiring 6 weeks,
and the wound may never
heal completely and
always result in a
generous scar. Larger
wounds will not heal
without surgery

Fourth
degree

Direct exposure of skin to
open flame. Electrical,
electrical shock

Full thickness wound
extending through the
subcutaneous soft tissue
to tendon, muscle or
bone

Associated with limb loss or
the need for complex
reconstruction

Novel Composite Antibiotic-Eluting Structures for Wound Healing Applications 7



2.2 Ulcers Associated with Pressure and Arterial and Venous
Diseases

An ulcer is an area of loss of the epithelium, with acute or chronic inflammation in
the underlying connective tissue. In an acute ulcer, the epithelium is lost and there
is edema, congestion, and polymorphonuclear leukocyte infiltration in the under-
lying tissue. In a chronic ulcer, there may be exuberant proliferation of young
capillaries with plump fibroblasts and chronic inflammatory cells including
lymphocytes and macrophages (granulation tissue).

Ulceration of the lower limb affects 1% of the adult population and 3.6% of
people older than 65 years [46]. Venous disease, arterial disease, and neuropathy
cause over 90% of lower limb ulcers. Venous ulcers most commonly occur above
the medial or lateral malleoli. Arterial ulcers often affect the toes or shin or occur
over pressure points. Neuropathic ulcers tend to occur on the sole of the foot or
over pressure points. Apart from necrobiosis lipoidica, diabetes is not a primary
cause of ulceration but often leads to ulceration through neuropathy or ischaemia,
or both. Ulcers are usually treated with elastic compression bandaging with a
simple non-adherent dressing underneath. The bandages should be changed once
or twice a week, and the healing rate depends on the initial size of the ulcer, but
65–70% of ulcers heal within 6 month [46].

2.3 The Biology of Wound Healing

Wound healing is a dynamic, interactive process involving soluble mediators, blood
cells, ECM, and parenchymal cells. Wound healing has three phases: inflammation,
tissue formation, and tissue remodeling—that overlap in time [4, 28]:

(i) Inflammation
The first stage of wound repair occurs immediately after tissue damage, and

components of the coagulation cascade, inflammatory pathways and immune
system are needed to prevent ongoing blood and fluid losses, to remove dead and
devitalized (dying) tissues and to prevent infection. Haemostasis is achieved ini-
tially by the formation of a platelet plug, followed by a fibrin matrix, which
becomes the scaffold for infiltrating cells as demonstrated in Fig. 1a. Neutrophils
are then recruited to the wound in response to the activation of complement, the
degranulation of platelets and the products of bacterial degradation.

(ii) New tissue formation
The second stage of wound repair occurs 2–10 days after injury and is char-

acterized by cellular proliferation and migration of different cell types. The first
event is the migration of epithelial cells and fibroblasts to the injured area to
replace damaged and lost tissue. These cells regenerate from the margins, rapidly
growing over the wound under the dried scab (clot) (Fig. 1b).
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The proliferative phase occurs almost simultaneously or just after the migration
phase (Day 3 onwards) and basal cell proliferation, which lasts for between 2 and
3 days. Granulation tissue is formed by the in-growth of capillaries and lymphatic
vessels into the wound and collagen is synthesized by fibroblasts giving the skin
strength and form. By the fifth day, maximum formation of blood vessels and
granulation tissue has occurred. Further epithelial thickening takes place until
collagen bridges the wound. The fibroblast proliferation and collagen synthesis

Fig. 1 Schematic
representation of the phases
of wound healing:
a infiltration of neutrophils
into the wound area,
b invasion of wound area by
epithelial cells, c epithelium
completely covers the wound,
and many of the capillaries
and fibroblasts, formed at
early stages have all
disappeared [28]
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continues for up to 2 weeks by which time blood vessels decrease and oedema
recedes. In the later part of this stage, some of the fibroblasts are stimulated by
macrophages differentiate into myofibroblasts. Myofibroblasts are contractile cells
that, over time, bring the edges of a wound together. Fibroblasts and myofibro-
blasts interact and produce ECM, mainly in the form of collagen, which ultimately
forms the bulk of the mature scar.

(iii) Remodeling
Remodeling begins 2–3 weeks after injury and lasts for a year or more. During

this stage, all of the processes activated after injury wind down and cease. Most of
the endothelial cells, macrophages and myofibroblasts undergo apoptosis or exit
from the wound, leaving a mass that contains few cells and consists mostly of
collagen and other extracellular-matrix proteins (Fig. 1c). In addition, over
6–12 months, the acellular matrix is actively remodeled from a mainly type III
collagen backbone to one predominantly composed of type I collagen. This pro-
cess is carried out by matrix metalloproteinases that are secreted by fibroblasts,
macrophages and endothelial cells, and it strengthens the repaired tissue. However,
the tissue never regains the properties of uninjured skin.

3 Wound Dressings with Controlled Release of Antibacterial
Agents

A range of dressing formats based on films, hydrophilic gels and foams are
available or have been investigated [86, 88]. Films and gels have a limited
absorbance capacity and are recommended for light to moderately exudating
wounds, whereas foams are highly absorbent and have a high water vapor trans-
mission rate and are therefore considered more suitable for wounds with moderate
to heavy exudation [4]. The characteristics of the latter are controlled by the foam
texture, pore size, and dressing thickness.

3.1 Wound Dressings Based on Synthetic Polymers

Wound dressings that provide an inherent antimicrobial effect by eluting germi-
cidal compounds have been developed to respond to the aforementioned problems
associated with conventional topical treatments with ointments and creams.
Wound dressings that incorporate iodine (Iodosorb� by Smith & Nephew),
chlorohexidime (Biopatch� by Johnson & Johnson) or most frequently silver ions
(e.g., Acticoat� by Smith & Nephew, Actisorb� by Johnson & Johnson and
Aquacel� by ConvaTec) as active agents are available on the market. Such dressings
are designed to provide controlled release of the active agent through a slow but
sustained release mechanism which helps avoid toxicity yet ensures delivery of
a therapeutic dose to the wound. Acticoat� (Smith and Nephew), for instance, is a
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3-ply gauze dressing made of an absorbent rayon polyester core, with upper and
lower layers of a nano-crystalline silver-coated high density polyethylene mesh. It is
applied wet and is then moistened with water several times daily to allow the release
of the silver ions so as to provide an antimicrobial effect for 3 days [21].

Despite frequent usage, there is growing evidence that silver is highly toxic to
keratinocytes and fibroblasts and may delay burn wound healing if applied
indiscriminately to healing tissue areas [7, 13, 57]. In order to address this issue,
the silver in Actisorb� (Johnson & Johnson) is impregnated into an activated
charcoal cloth, after which it is encased in a nylon sleeve which does not enable
the silver in the product to be freely released at the wound surface but nevertheless
eradicates bacteria that adsorb onto the activated charcoal component.

Another substantial disadvantage of the majority of the available synthetic
wound dressings is the fact that similarly to textile wound dressings, the necessary
change of dressings may be painful and increases the risk of secondary contam-
ination. Bioresorbable dressings may successfully address this shortcoming, since
they do not need to be removed from the wound surface once they have fulfilled
their role. Biodegradable film dressings made of synthetic lactide-e-caprolactone
copolymers [35] are available for clinical use under the brand names of Topkin�

(Biomet, Europe) and Oprafol� (Lohmann & Rauscher, Germany). During the
hydrolytic degradation process the pH shifts towards the acidic range, with pH
values as low as 3.6 measured in vitro [35]. Although these two dressings do not
contain antibiotic agents, it is claimed that the low pH values induced by the
polymer’s degradation help reduce bacterial growth [78] and also promote
epithelialization [14]. Furthermore, local lactate concentrations may stimulate
local collagen synthesis [32]. Film dressings are better suited for small wounds,
since they lack an absorbing capacity and are impermeable to water vapors and
gases, which may cause accumulation of wound fluids on larger wound surfaces.

3.2 Wound Dressings Based on Natural Polymers

Only a handful of natural materials: collagen [66], chitosan/chitin [48] and alginate
[75] are already available on the market as either main or additional components to
the dressing structure which are able to impact the local wound environment
beyond moisture management and to elicit a cellular response. Collagen is the
main structural protein of the ECM, and was one of the first natural materials to be
utilized for skin reconstruction and dressing applications. Collagen-based products
have been available commercially for over a decade. They come in a variety of set-
ups ranging from gels, pastes and powders to more elaborate sheets, sponges, and
composite structures [66]. Biological materials such as collagen and chitosan have
been reported to perform better than conventional and synthetic dressings in
accelerating granulation tissue formation and epithelialization [8, 64, 71]. Chitosan
has also been documented as displaying considerable intrinsic antibacterial activity
against a broad spectrum of bacteria [51].
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Gentamicin-eluting collagen sponges have been found useful in both
partial-thickness and full-thickness burn wounds. Collatamp� (Innocoll GmbH,
Germany), Sulmycin�-Implant (Schering-Plough, USA) and Septocoll� (Biomet
Merck, Germany) are examples of such products which have been found to
accelerate both granulation tissue formation and epithelialization. Because these
products elute gentamicin, they also protect the recovering tissue from potential
infection or re-infection [64, 65]. A comprehensive clinical study of gentamicin-
collagen sponges demonstrated their ability to induce high local concentrations of
gentamicin (up to 9,000 lg/mL) at the wound site for at least 72 h while serum levels
remained well below the established toxicity threshold of 10–12 lg/mL [65].
However, the release of antibiotics directly from natural polymers suffers from
several disadvantages. First, most natural polymers are hydrophilic and cannot
counteract rapid release of the small antibiotic molecules upon water uptake, unless
they are highly cross-linked. Second, natural polymers undergo in vivo degradation
by proteases. The incorporated drug is thus released by a combination of diffusion
and natural enzymatic breakdown of the protein, and is dependent on the bio-
chemical wound setting. Consequently, the active agent is rapidly released from
these materials [39, 71].

Simple collagen sponge entrapment systems are characterized by high drug
release upon the wetting of the sponge, typically within 1–2 h of application.
Sripriya et al. [71] have suggested improving the release profile of such systems by
using succinylated collagen which can create ionic bonds with the cationic antibiotic
ciprofloxacin so as to restrain its diffusion. It is claimed that in this way ciprofloxacin
release corresponds to the nature of the wound in line with the amount of wound
exudates absorbed in the sponge. Effective in vitro release from their system was
found to last 5 days, and was proven successful in controlling infection in rats. Other
studies have aimed to better control drug release or improve wound healing prop-
erties by combining collagen with other synthetic or natural biodegradable elements.
Prabu et al. [58] focused on achieving a more sustained release of the antimicrobial
agent and described a dressing made from a mixture of collagen and PCL loaded
with gentamicin and amikacin, whereas Shanmugasundaram et al. [67] chose to
impregnate collagen with alginate microspheres loaded with the antibacterial agent
silver sulfadiazine (AgSD).

Other studies which focused on improving wound healing capabilities tried
to incorporate tobramycin, ciprofloxacin [56] and AgSD [44] into collagen–
hyaluronan based dressings. The two latter studies did not show conclusive
evidence of improved healing properties compared to their control. However,
hyaluronan, a structure-stabilizing component of the ECM, is thought to play a role
in several aspects of the healing process with hyaluronan-based dressings, and
exhibited promising results in the management of chronic wounds such as venous
leg ulcers [11, 76].

A wide range of studies describe the employment of the polysaccharide
chitosan and its partially deacetylated derivative chitin as structural materials
analogous to collagen for wound dressings. Both materials offer good wound
protection and have also been found to promote wound healing without excessive
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granulation tissue and scar formation [10]. Chitosan has also been documented as
displaying considerable intrinsic antibacterial activity against a broad spectrum of
bacteria [51]. Ignatova et al. [33] reported the electrospinning of chitosan with
PVA into non-woven nano-fiber mats with good in vitro bactericidal activity
against S. aureus and Escherichia coli (E. coli). Another interesting fibrous form
which combines the polysaccharides chitosan and alginate was reported by Knill
et al. [41], who developed a composite structure of calcium alginate filaments
coated with chitosan, utilizing the cationic interaction of chitosan with the anionic
nature of alginate to bond the two together. It has been suggested that the core
alginate fiber may manage excess exudates whereas chitosan would provide
antibacterial, haemostatic and wound healing properties. In this case too, anti-
bacterial testing of the fibers demonstrated an antibacterial effect. Several attempts
to improve the chitosan dressing’s antibacterial capabilities by incorporating
various agents such as AgSD [48], chlorhexidine diacetate [63] and minocycline
hydrochloride [2] have been reported.

3.3 The Relevant Antibacterial Agents

Silver ions, which are the most commonly used topical antimicrobial agent in
burn wound care products, do not discriminate between cells involved in the
healing process and pathogenic bacteria. Several recent tissue culture studies
have shown that silver ions can cause lethal damage to both keratinocytes and
fibroblasts [7, 53, 55, 57]. Such tests are probably a severe estimate, since rapid
inactivation by chloride and protein occur in the wound, in the clinical envi-
ronment [57]. However, the inactivation of silver ions concomitantly reduces
their antibacterial potency. Since the bacterial and cellular toxic silver dose is
within a similar range (7–55 mg/mL) [57], it has been suggested that silver-
based products should be used with caution in situations where rapidly prolif-
erating cells may be harmed, such as in superficial burns and the application of
cultured cells [55, 57].

Despite growing evidence of bacterial resistance, antibiotics still represent an
effective and selective treatment option against bacterial infections. The incor-
poration of broad-spectrum antibiotics such as gentamicin, ceftazidime or mafe-
nide acetate in wound dressings can help reduce the bio-burden in the wound bed
and thus prevent infection and accelerate wound healing. Aminoglycosides such as
gentamicin are often used as prophylaxis when skin excisions and transplantation
are undertaken. However, aminoglycosides have a narrow therapeutic index and
are known for their potential nephro- and ototoxicity when used systemically, such
that frequent drug and renal function monitoring are mandatory [79]. Ceftazidime
is a third generation cephalosporin antibiotic that is very active against Gram-
negative bacteria, including P. aeruginosa, and is a suitable antibiotic for the
prophylaxis and therapy of bacterial infections in patients with severe burns
[73, 79]. Mafenide is particularly appropriate in cases of burn wounds, since it
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exhibits excellent antimicrobial activity and the best eschar penetration of any
antibacterial agent [72]. However, mafenide causes severe side effects, especially
when applied to large areas [52]. The controlled release of this antibiotic, alone or
in combination with the other antibiotics reported in this study, may help prevent
the occurrence of complications associated with conventional topical antibiotic
treatment. The physicochemical properties of three these water soluble antibiotics
are brought in Table 2. Their release directly to the wound, and in a controlled
manner, should enable reaching a high local concentration while avoiding sys-
temic toxicity, and therefore we chose to use them in our study which is presented
in the following sub-chapter.

4 Novel Composite Antibiotic-Eluting Wound Dressings

The previous section shows that there is currently no available synthetic dressing
that combines the advantages of occlusive dressings with biodegradability and
intrinsic topical antibiotic treatment. In order to obtain this combination of
properties we have recently developed and studied a composite wound dressing
based on the concept of core/shell (matrix) composite structures. Its characteristics
are described here.

Composites are made up of individual materials, matrix and reinforcement. The
matrix component supports the reinforcement material by maintaining its relative
positions and the reinforcement material imparts its special mechanical properties
to enhance the matrix properties. Taken together, both materials synergistically
produce properties unavailable in the individual constituent materials, allowing the
designer to choose an optimum combination. In our application, a reinforcing

Table 2 Physicochemical properties of the antibiotics used in the study [6]

Antibiotic agent Molecular
weight (g/
mol)

Water
solubility
(mg/mL)

Antibacterial spectrum

Gentamicin
sulphate

477.6 100 Effective against a broad spectrum of Gram-
positive and Gram-negative bacteria

Ceftazidime
pentahydrate

546.6 5 A third-generation cephalosporin which displays
a broad spectrum activity against Gram-
positive and Gram-negative bacteria. Unlike
most third-generation agents, it is active
against Pseudomonas aeruginosa

Mafenide
acetate

246.3 250 Bacteriostatic for many Gram-negative and
Gram-positive organisms, including
Pseudomonas aeruginosa and certain strains
of anaerobes. Mafenide is highly soluble and
diffuses into and through eschar producing a
marked reduction in the number of bacteria
present, even in avascular tissue of second-
and third-degree burns
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polyglyconate mesh affords the necessary mechanical strength to the dressing,
while the porous Poly (DL-lactic-co-glycolic acid) (PDLGA) binding matrix is
aimed to provide adequate moisture control and release of antibiotics in order to
protect the wound bed from infection and promote healing. Both structural con-
stituents are biodegradable, thus enabling easy removal of the wound dressing
from the wound surface once it has fulfilled its role. This new structural concept in
the field of wound healing is presented in Fig. 2.

The freeze-drying of inverted emulsions technique which was used to create the
porous binding matrix is unique in its ability to preserve the liquid structure in the
solid state [85]. The viscous emulsion, consisting of a continuous PDLGA/chlo-
roform solution phase and a dispersed aqueous drug solution, formed good contact
with the mesh during the dip-coating process. Consequently, an unbroken solid
porous matrix was deposited by the emulsion following freeze-drying (Fig. 2b).
The freeze-drying of inverted emulsions technique has several advantages. First, it
enables attaining a thin uninterrupted barrier, which unlike mesh or gauze alone
can better protect the wound bed against environmental threats and dehydration.
Second, it entails very mild processing conditions which enable the incorporation
of sensitive bioactive agents such as antibiotics [15, 87] and even growth factors
[85] to help reduce the bio-burden in the wound bed and accelerate wound healing.

Fig. 2 The structure of the biodegradable composite wound dressing composed of polyglyconate
fibers surrounded by a continuous PDLGA porous matrix: a Photograph of the wound dressing,
b cross-sectional cryo-fractured SEM image showing two fibers and the binding matrix between
them, c, d the microstructure of the porous matrix [18]
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Third, the microstructure of the freeze-dried matrix can be customized through
modifications of the emulsion’s formulation to exhibit different attributes, namely
different porosities or drug release profiles. Such structuring effects are described
in this chapter. The mechanical and physical properties of these new wound
dressings and their biological performance are also presented. Finally, a guinea pig
model was used to evaluate the effectiveness of these antibiotic-eluting dressings
and the main conclusions are brought here.

4.1 Structure-Controlled Release Effects

The controlled release of antibiotics from wound dressings is challenging, since
various related design considerations need to be addressed. Specifically, porosity
which is desired to provide adequate gaseous exchange and absorption of wound
exudates [48] may act as a two-edged sword; allowing rapid water penetration
which typically leads to a rapid release of the water soluble active agent within
several hours to several days [40, 71]. Structural effects on the controlled release of
gentamicin and ceftazidime from our composite structures were extensively
studied [15, 17] and the most important results are presented here.

The emulsion’s formulation parameters which determine the porous matrix
structure and also the resulting properties are the organic:aqueous (O:A) phase
ratio, the drug content in the aqueous phase, the polymer content in the organic
phase, the polymer’s initial molecular weight (MW) and also surfactants incor-
porated in the emulsion so as to increase its stability. The characteristic features of
our studied samples are presented in Table 3. The basic formulations were used for
the microstructure-release profile study. A highly interconnected porous structure
poses almost no restriction to outward drug diffusion once water penetrates the
matrix, and drug release in this case is most probably governed by the rate of water
penetration into the matrix. Hence, the antibiotic release from our reference for-
mulation (formulation 1, Fig. 3a, open circle) clearly demonstrates the prominent
effect of pore connectivity on the burst release of the antibiotics, i.e. release of
drug within the first 6 h. Samples with relatively low emulsion’s O:A phase ratio
(up to 8:1) typically demonstrate much pore connectivity (Fig. 3b) and their in
vitro release patterns display a burst release of approximately 95% (Fig. 3a, open
circle). In contradistinction, porous shell structures derived from higher O:A phase
ratios (for example 12:1), display reduced pore connectivity and a lower pore
fraction (Fig. 3c and Table 3), resulting in a significant half-fold decrease in the
burst release of antibiotics to approximately 45% (Fig. 3a, open triangle).

An increase in the polymer’s MW from 100 to 240 kDa resulted in a tremen-
dous effect on the shell microstructure. The porosity of the shell in this case was
reduced to only 16% (Fig. 3d and Table 3). Since high viscosity increases the
shear forces during the process of emulsification and also reduces the tendency of
droplets to move, it is expressed in a significantly smaller pores and relatively
thick polymeric domain between them. These changes in microstructure reduced
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Fig. 3 a Controlled release of the antibiotic drug ceftazidime from composite structures based
on various formulations. open circle—the reference formulation (formulation 1): 5% w/w
ceftazidime and 15% w/v polymer (75/25 PDLGA, MW = 100 kDa), O:A = 6:1, open
triangle—formulation 2: increased O:A phase ratio (12:1), open square—formulation 3:
increased polymer MW (240 kDa), and open diamond—formulation 4: increased polymer
content in the organic phase (20%). b–e SEM fractographs showing the effect of a change in the
emulsion’s formulation parameters on the microstructure of the binding matrix for formulations
1–4, respectively [16]
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the burst release of the encapsulated antibiotics to approximately 30% and enabled
a continuous moderate release over a period of 1 month (Fig. 3a, open square).

Finally, an increase in the emulsion’s polymer content to 20% w/v also resulted in
a dramatic decrease in the burst release (Fig. 3a, open diamond). A higher polymer
content in the organic phase results in denser polymer walls between pores after
freeze-drying (Fig. 3e) and therefore poses better constraint on the release of drugs
out of pores. Interestingly, samples containing a 20% polymer content exhibited a
three-phase release pattern: an initial burst release, a continuous release at a declining
rate during the first 2 weeks until release of 50% of the encapsulated drug, followed
by a third phase of release of a similar nature reaching 99% release after 42 days. The
second phase of release is governed by diffusion, whereas the third phase is probably
governed by degradation of the host polymer which enables trapped drug molecules
to diffuse out through newly formed elution paths. In other cases described thus far,
drug release was governed primarily by diffusion, since almost the entire amount of
drug was released before polymer degradation would in fact be able to affect the
release profile. Thus, when drug diffusion out of the shell is restricted as in the case of
high polymer content, and a considerable amount of drug still remains within the
porous matrix, polymer degradation will contribute to further release the antibiotics,
which leads to an additional release phase.

Other modifications to the emulsion formulation included the addition of
surfactants. Surfactants promote stabilization of the emulsion by reduction of
interfacial tension between the organic and aqueous phases, resulting in refinement
of the microstructure. We examined three matrix formulations loaded with
surfactants (listed in Table 3), which display distinctly different micro-structural
features (Fig. 4a–c and Table 3). The effect of the O:A phase ratio was examined
on formulations containing bovine serum albumin (BSA) as surfactant. As
expected, a higher O:A phase ratio, i.e., lower aqueous phase quantity, resulted in a
smaller porosity of the solid structure. However, both microstructures were
homogenous and characterized by a similar average pore size. The stabilization
effect of Span 80 was even higher than that obtained using BSA, and therefore
resulted in a smaller pore size (Table 3). The release profile of antibiotics from
wound dressings varied considerably with the changes in formulation (Fig. 4d).
Ceftazidime release from the dressings based on the BSA1 formulation was rel-
atively short, reaching almost complete release of the encapsulated drug within
24 h. An increase in the emulsion’s O:A phase ratio from 6:1 to 12:1 reduced the
burst release. Specifically, burst release values of 97 and 57% were recorded after
6 h for formulations BSA1 and BSA2, respectively, after which the release of the
antibiotics from BSA2 dressings continued for 5 days at a decreasing rate. The
ceftazidime release profile from the SPAN formulation was totally different.
It exhibited a low burst release of 6% during the first 6 h of incubation and then a
release pattern of a nearly constant rate for 10 days. Surfactant incorporation can
contribute to the achievement of more than merely a stabilizing effect, by binding
to antibiotics and thus counteracting drug depletion. We have found, for instance,
that dressings containing mafenide in combination with albumin as surfactant
display a lower burst release and a moderate release rate [15].
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In summary, we demonstrated the release of antibiotic contents at high ([90%),
intermediate (40–60%) and low (*5%) burst release rates and release spans
ranging from several days to three weeks. The versatility of the drug release
profiles was obtained through the effects of the inverted emulsion’s formulation
parameters on the porous structure. In particular, lower burst release rates and
longer elution durations can be achieved through structuring towards a reduced
pore size, pore connectivity and total porosity.

4.2 Physical and Mechanical Properties

4.2.1 Moisture Management

Successful wound healing requires a moist environment. Two parameters must
therefore be determined: the water uptake ability of the dressing and the water

Fig. 4 a–c SEM fractographs demonstrating the microstructure of wound dressings based on
formulations BSA1 (filled circle), BSA2 (light shaded filled square) and SPAN (filled triangle),
respectively. d The controlled release of the antibiotic drug ceftazidime and e water loss,
corresponding to each sample, together with water loss from a dense (non-porous) PDLGA (50/50,
MW 100 kDa) film (dark shaded filled square) and from an uncovered surface (open square) [16]
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vapor transmission rate (WVTR) through the dressing. An excessive WVTR may
lead to wound dehydration and adherence of the dressing to the wound bed,
whereas a low WVTR might lead to maceration of healthy surrounding tissue and
buildup of a back pressure and pain to the patient. A low WVTR may also lead to
leakage from the edges of the dressing which may result in dehydration and
bacterial penetration [4, 60]. It has been claimed that a wound dressing should
ideally possess a WVTR in the range of 2,000–2,500 g/m2/day, half of that of a
granulating wound [60]. In practice; however, commercial dressings do not nec-
essarily conform to this range, and have been shown to cover a larger spectrum of
WVTR, ranging from 90 (Dermiflex�, J&J [80] to 3,350 g/m2/day (Beschitin�,
Unitika [48]). Clearly, the WVTR is related to the structural properties (thickness,
porosity) of the dressing as well as to the chemical properties of the material from
which it is made.

In this part of the study, we examined the specific emulsion formulations that
included surfactants (BSA1, BSA2, SPAN, see Table 3). These were chosen based
on emulsion stability and resultant microstructure (Fig. 4a–c), and also on drug
release profiles (Fig. 4d). Evaporative water loss through the various dressings
(Fig. 4e) was linearly dependant on time (R2 [ 0.99 in all cases), resulting in a
constant WVTR, between 480–3,452 g/m2/day, depending on the formulation
(Table 4). These results demonstrate how the WVTR can be customized based on
modifications of the porous matrix’s microstructure. The lowest value is similar to
that reported for film type dressings (e.g. Tegaderm, 491 ± 44 g/m2/day) [42],
while the highest value is similar to that of foam type dressings (e.g. Lyofoam,
3,052 ± 684 g/m2/day) [42]. Further investigation of O:A phase ratios between 6:1
and 12:1 with albumin may generate a WVTR specifically in the 2,000–2,500 g/m2/
day range. A WVTR of 2,641 ± 42 g/m2/day which was achieved for 12:1 O:A with
the surfactant Span 80 (formulation 7) is close to this range and seems the most
appropriate.

Water uptake by the wound dressing may occur either as the result of water
entry into accessible voids in the porous matrix structure (hydration effect), or as
the polymer matrix material gradually uptakes water and swells (swelling effect).
Our water uptake patterns for wound dressings based on formulations (5) and (6)
demonstrated both these effects (Fig. 5). Both types of wound dressing demon-
strated a 3-stage water uptake pattern. Examination of the water uptake process
through temporal micro-structural changes in the polymeric matrix sheds light on
these stages, as follows:

Table 4 Water vapor
transmission rates, calculated
for various wound dressings
[16]

Dressing type WVTR (g/m2/day)

Dense (nonporous) film 356 ± 106
BSA1 3,452 ± 116
BSA2 480 ± 69
SPAN 2,641 ± 42
Open surface 6,329 ± 765
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Stage 1. (governed by hydration): during this stage of water uptake a quick flux
of water associated with hydration of the porous structures was measured within
6 h after immersion in PBS for both types of dressings, as demonstrated in Fig. 5a.
Water content then plateaued at values of 65% for the BSA1 formulation with the
higher porosity (63%) and 55% for the BSA2 formulation with the smaller
porosity (35%).

Stage 2. A small decrease in water content during days 2–4, probably due to
gradual shrinkage of pore walls and reorganization of the porous matrix (Fig. 5b–d).
Such changes could be provoked by a combined effect of the polymer’s glass
transition temperature which is very close to the incubation temperature (37�C) in
combination with a softening effect of water on the polymer. It has been shown, for
instance, that amorphous electrospun PDLGA fibrous mats undergo drastic

Fig. 5 a Water uptake by two dressing formulations containing: 5% w/w ceftazidime, 15% w/v
polymer (50/50 PDLGA, MW 100 kDa), stabilized with 1% w/v BSA: (filled circle) BSA1
(O:A = 6:1) and (filled square) BSA2 (O:A = 12:1), b–e E-SEM fractographs of BSA1,
recorded during the water uptake experiment at 0 (b), 2 (c), 4 (d) and 14 days (e). In addition,
larger domains of (b) and (e) are presented [17]
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shrinkage after 1 day of in vitro incubation due to the relaxation of extended
amorphous chains [89]. A 26% decrease in the void fraction of the polymer matrix
(Fig. 5e) evidently caused a reduction in the water volume contained within the
matrix (*20%) during this phase.

Stage 3. (governed by swelling): After the fourth day of immersion in the
aqueous medium, water uptake increased gradually and similarly for both types of
dressing over the duration of 3 weeks, ultimately reaching a two-fold increase. The
process of swelling is dependent on the polymer’s water affinity. Since PDLGA is
not as hydrophilic as hydrogels or natural polymers used in this application,
swelling occurred slowly. It is believed that the swelling effect was enhanced over
time as hydrophilic end groups became more abundant due to polymer degradation
by hydrolysis. This stage is also characterized by gradual thickening of the
polymer walls due to the increased water uptake and creation of larger voids in the
matrix due to polymer degradation (Fig. 5e). The combination of these two
changes, which occurred in parallel, resulted is a coarser microstructure.

4.2.2 Mechanical Properties

The mechanical properties of a wound dressing are an important factor in its
performance, whether it is to be used topically to protect cutaneous wounds or
as an internal wound support, e.g. for surgical tissue defects or hernia repair.
Furthermore, in the clinical setting, appropriate mechanical properties of
dressing materials are needed to ensure that the dressing will not be damaged
by handling. Porous structures typically possess inferior mechanical properties
compared to dense structures, yet in wound healing applications porosity is an
essential requirement for diffusion of gasses, nutrients, cell migration and tissue
growth. Most wound dressings are therefore designed according to the bi-layer
composite structure concept and consist of an upper dense ‘‘skin’’ layer to
protect the wound mechanically and prevent bacterial penetration and a lower
spongy layer designed to adsorb wound exudates and accommodate newly
formed tissue. Our new dressing design integrates both structural/mechanical
and functional components (e.g., drug release and moisture management) in a
single composite layer [17]. It combines relatively high tensile strength and
modulus together with good flexibility (elongation at break). It actually dem-
onstrated better mechanical properties than most other dressings currently used
or studied, as demonstrated in Table 5.

The initial mechanical properties of natural polymers such as collagen or
gelatin can be satisfactory. However, considerable degradation of these properties
is expected to occur rapidly due to hydration [62] and enzymatic activity [43]. The
results of the 3 weeks degradation study of our wound dressings show a significant
decrease only in Young’s modulus (Fig. 6). The maximal stress and strain of our
composite wound dressing (24 MPa and 55%, respectively) are dictated mainly by
the mechanical properties of the reinforcing fibers which fail first during breakage.
At these time periods they are not subjected to considerable degradation, which
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explains the constancy in these properties. In contradistinction, the Young’s
modulus of the dressings is considerably affected by the properties of the binding
matrix that makes up the largest part of the cross-sectional area. The degradation
of the matrix material which is clearly in progress after 2 weeks of exposure to
PBS (Fig. 5e) thus leads to a decrease in Young’s modulus. The mechanical
properties of our wound dressings are superior to those reported before, and remain

Fig. 6 a Tensile stress–strain curves for wound dressings immersed in water for 0 (–0–), 1 (–1–)
2 (–2–), and 3 (–3–), weeks, b Young’s modulus, c tensile strength and d maximal tensile strain
as a function of immersion time. Comparison was made using ANOVA and significant
differences are indicated (asterisk) [17]

Table 5 Mechanical properties of various wound dressings [17]

Material/format Elastic
modulus
(MPa)

Tensile
strength
(MPa)

Elongation at
break (%)

BSA1 (composite polyglyconate mesh, coated with
PDLGA porous matrix)

126 ± 27 24.2 ± 4.5 55 ± 5

Electrospun poly-(L-lactide-co-e-caprolactone)
(50:50) mat [45]

8.4 ± 0.9 4.7 ± 2.1 960 ± 220

Electrospun gelatin mat [45] 490 ± 52 1.6 ± 0.6 17.0 ± 4.4
Electrospun collagen mat [62] 11.4 ± 1.2
Resolut� LT regenerative membrane (Gore).

Glycolide fiber mesh coated with an occlusive
PDLGA membrane [49]

11.7 20

Kaltostat� (ConvaTec) Calcium/sodium alginate
fleece [9]

1.3 ± 0.2 0.9 ± 0.1 10.8 ± 0.4
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good even after 3 weeks of degradation (Young’s modulus of 69 MPa, maximal
stress 24 MPa and maximal strain 61%), as demonstrated in Fig. 6.

It should also be mentioned that delamination of the fiber-matrix interface may
affect the integrity of the wound dressing as well as barrier properties. We have
therefore examined the effect of degradation on the interface and found that the
dressing material maintained its integrity for the duration of at least 2 weeks
exposure to aqueous medium, despite a gradual ongoing process of degradation of
the matrix component. SEM observations (Fig. 7) showed high quality fiber-
matrix interface, i.e. contact between the two components still exists as degra-
dation proceeds [17].

In summary, the mechanical properties of our wound-dressing structures were
found to be superior, combining relatively high tensile strength and ductility,
which changed only slightly during 3 weeks of incubation in an aqueous medium.
The parameters of the inverted emulsion as well as the type of surfactant used for
stabilizing the emulsion were found to affect the microstructure of the binding
matrix and the resulting physical properties, i.e., water absorbance and water vapor
transmission rate.

4.3 Biological Performance

4.3.1 Bacterial Inhibition

The strategy of drug release to a wound depends on the condition of the wound. After
the onset of an infection, it is crucial to immediately respond to the presence of large
numbers of bacteria ([105 CFU/mL) which may already be present in the biofilm
[30], and which may require antibiotic doses of up to 1,000 times those needed in
suspension [12, 23]. Following the initial release, sustained release at an effective
level over a period of time can prevent the occurrence of latent infection. We have
shown that the proposed system can comply with these requirements (sect. 4.1).

The time-dependent antimicrobial efficacy of these antibiotic-eluting wound
dressing formulations was tested in vitro by the following two complementary
methods:

1. The corrected zone of inhibition test (CZOI) [18], which is also termed the
disc diffusion test. According to this method presence of bacterial inhibition in an
area that exceeds the dressing material (CZOI [0) can be considered beneficial.
This method gives a good representation of the clinical situation, where the
dressing material is applied to the wound surface, allowing the drug to diffuse to
the wound bed. The results from this method are dependent on the rate of diffusion
of the active agent from the dressing, set against the growth rate of the bacterial
species growing on the lawn, and are highly dependent on the physicochemical
environment.

2. A release study from selected wound dressings in the presence of bacteria
was also performed, in order to study the effect of drug release on the kinetics of
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residual bacteria [18]. This method, which is termed viable counts, provide
valuable information on the kill rate, which is a key comparator for different
formulations and physicochemical conditions.

The bacterial strains S. aureus, Staphylococcus albus (S. albus) and
P. aeruginosa were used in this study. The results for wound dressings stabilized
with BSA are presented in Figs. 8, 9 and 10. Wound dressings containing
gentamicin demonstrated excellent antimicrobial properties over 2 weeks, with

Fig. 7 SEM fractographs
demonstrating the interface
between the reinforcing fiber
and porous matrix for
specimens based on
formulation BSA1, immersed
in aqueous medium for:
a start point, b 1 week, and
c 2 weeks [17]
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bacterial inhibition zones extending well beyond the dressing margin at most times
(Figs. 8 and 9). Interestingly, inhibition zones around dressing materials con-
taining gentamicin remained close to constant over time and for the different
drug loads. The largest CZOI were measured for the Gram-positive bacteria
(S. aureus. and S. albus) and especially for S.albus. Despite having the low-
est minimal inhibitory concentration (MIC) (Table 6), The Gram-negative
P. aeruginosa was least inhibited, and exhibited the smallest CZOI (Figs. 8 and 9).
This was not the case for ceftazidime-loaded materials, for which CZOI were found
to decrease over time, and with lower drug loads. In contradistinction to gentamicin-
loaded materials, ceftazidime was found to be most effective against P. aeruginosa and
less effective against S. albus and S. aureus, and in good correlation with their MIC’s
(Table 6).

The CZOI was also evaluated for dressing materials with a reduced burst
release, stabilized by Span, focusing on the mid-range 10% antibiotic loading
ratio. Samples containing gentamicin exhibited similar inhibition zones to those
shown when BSA was used as surfactant. In contradistinction, both the magnitude
and the duration of the inhibition effect of ceftazidime-loaded materials were
reduced [18].

Fig. 8 The inhibition of P. aeruginosa, S. albus and S. aureus growth around wound dressings
based on the emulsion formulations containing 10% gentamicin or 10% ceftazidime and
stabilized with 1% BSA, PBS incubation times prior to the test are indicated next to each sample
[18]
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Fig. 9 Histograms showing the effect of drug release on corrected zone of inhibition (CZOI)
around (1% w/v) BSA loaded wound dressings (n = 3) containing 5% (w/w) (filled square),
10% (w/w) ( ) and 15% (w/w) (open square) drug, as a function of pre-incubation time in PBS:
a–c—gentamicin-loaded wound dressings, d–f—ceftazidime-loaded dressings. The bacterial
strain (P. aeruginosa, S. albus and S. aureus) is indicated [18]

Table 6 Minimum inhibitory concentrations of antibiotics [18]

Microorganism MIC (lg/mL)

Gentamicin Ceftazidime

Pseudomonas aeruginosa 2.5 6.3
Staphylococcus albus 3 12.5
Staphylococcus aureus 6.3 12.5
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The purpose of the viable counts experiments was to monitor the effectiveness
of cumulative antibiotic release from the wound dressings in terms of the residual
bacteria compared to initial bacterial inoculations of 107–108 CFU/mL which
correspond to severe infection. This investigation focused on samples based on

Fig. 10 Number of colony
forming units (CFU) versus
time, when initial
concentrations of 107–
108 CFU/mL were used:
a P. aeruginosa, b S. albus
and c S. aureus. The releasing
wound dressing discs
(D = 10 mm) were derived
from 1% (w/v) BSA-
stabilized emulsions
containing 10% (w/w)
gentamicin (filled square) or
10% (w/w) ceftazidime (filled
circle). Bacteria in the
presence of PBS only served
as control (asterisk) [18]
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BSA-stabilized emulsions containing 10% antibiotics. Bacteria present in PBS
only served as the control. Curves describing the decrease in the number of
bacteria due to antibiotic release also demonstrate the superiority of gentamicin-
loaded dressing materials over ceftazidime (Fig. 10). High bacterial inoculations
of 107–108 CFU/mL were decreased by 99.99% after 1 (P. aeruginosa and
S. albus) to 3 days (S. aureus) in the presence of the gentamicin-loaded wound
dressing material. Under similar conditions, the ceftazidime-loaded dressing
material demonstrated a 99% decrease in P. aeruginosa and S. albus only after
3 days, and its effect on S. aureus was even lower.

4.3.2 Cell Cytotoxicity

In order to complete the results of bacterial inhibition, it is also necessary to ensure
that the dressing material we developed is not toxic to the cells that participate in
the healing process. Previous studies have shown that dressing materials may
impose a toxic effect on cells, caused by the dressing material itself, its processing,
or due to the incorporation of antimicrobials [13, 55]. We assessed cell viability by
observations of cell morphology, and by use of the Alamar-Blue assay, which
is comparable to the MTT assay in measuring changes in cellular metabolic
activity [29]. This method involves the addition of a non-toxic fluorogenic redox
indicator to the culture medium. The oxidized form of AB has a dark blue colour
and little intrinsic fluorescence. When taken up by cells, the dye becomes reduced
and turns red. This reduced form of AB is highly fluorescent. The extent of the AB
conversion, which is a reflection of cell viability, can be quantified spectropho-
tometrically at wavelengths of 570 and 600 nm. The AB assay is advantageous in
that it does not necessitate killing the cells (as in the MTT assay), thus enabling
day by day monitoring of the cell cultures. The AB assay was performed on human
fibriblast cell cultures before introducing the dressing materials and then every
24 h for 3 days.

We saw no difference in the appearance of the cell cultures over the 3 days
during which they were exposed to the dressing material devoid of antibiotics. The
AB assay also shows a stable preservation of cellular viability. Thus, we are
assured that the dressing material itself and its processing by freeze-drying of
inverted emulsions do not inflict a toxic effect. Similar results were obtained for all
the dressing materials containing antibiotics. No more than a 10% reduction in the
metabolic activity of cell cultures was measured and in most cases metabolic
activity even increased as the cells became more confluent (Fig. 11). These results
are promising, when compared to studies reporting the similar testing of com-
monly used silver-based dressing materials. Burd et al. [7] and Paddle-Leinek et al.
[55] have reported that such dressings induce a mild to severe cytotoxic effect on
keratinicytes and fibroblasts grown in culture, which correlated with the silver
released to the culture medium. Specifically, it was shown that commercial
dressings such as Acticoat

TM, Aquacel� Ag and Contreet� Ag reduce fibroblast
viability in culture by 70% or more [55]. All silver dressings were shown to delay
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wound reepithelialization in an explant culture model, and Aquacel� Ag and
Contreet� Ag were found to significantly delay reepithelialization in a mouse
excisional wound model [7]. These findings emphasize the superiority of the
proposed new antibiotic-eluting wound dressings over dressings loaded with
silver ions.

Fig. 11 Histograms demonstrating changes in the viability of dermal fibroblast cultures (Alamar
Blue assay) in the presence of wound dressing discs (D = 10 mm): a BSA-stabilized wound
dressings (n = 3) containing 5 or 15% (w/w) gentamicin, b BSA and Span stabilized wound
dressings containing 5 or 15% ceftazidime. Dressing materials devoid of antibiotics and pristine
cell cultures served as control [18]
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In summary, both types of microbiological studies showed that the investigated
antibiotic-eluting wound dressings are highly effective against the three relevant
bacterial strains. Despite severe toxicity to bacteria, the dressing material was not
found to have a toxic effect on cultured fibroblasts, indicating that the new anti-
biotic-eluting wound dressings represent an effective and selective treatment
option against bacterial infection.

4.4 In vivo Study

The guinea pig is often used as a dermatological and infection model [3, 36, 54, 83].
Research on guinea pigs has included topical antibiotic treatment [5], delivery of
delayed-release antibiotics [22], and investigation of wound dressing materials
[37, 47]. A deep partial skin thickness burn is an excellent wound model for the
evaluation of wound healing, not only for contraction and epithelialization of
the peripheral area such as in third degree burns, but also for evaluation of the
recovery of skin appendages, to serve as the main source for the re-epithelization,
which completes the healing process. The metabolic response to severe burn injury in
guinea pigs is very similar to that of the human post-burn metabolic response [31].
Furthermore, bacterial colonization and changes within the complement component
of the immune system in human burn victims is analogous to guinea pigs affected by
severe burns [3]. Such a model was therefore used in the current study to evaluate the
effectiveness of our novel composite antibiotic-eluting wound dressing.

Our in vivo evaluation of the antibiotic-eluting wound dressings in a contam-
inated wound demonstrated its ability to accelerate wound healing compared to an
unloaded format of the wound dressing and a non-adherent dressing material
(Melolin�). Faster epithelialization of the wound was measured in both release
strategies, fast antibiotic release (such as in Fig. 4d, filled square) and slow anti-
biotic release (such as in Fig. 4d, filled triangle), but was significantly better for
animals treated with the slow release rate. The results are described in detail
elsewhere [19 (submitted)]. From a practical aspect, faster epithelialization leads
to less pain to the patient, shorter hospitalization, a better healing quality. The new
current dressing material shows promising results. It does not require bandage
changes and offers a potentially valuable and economic approach for treating the
life-threatening complication of burn-related infections.

5 Conclusion

This chapter presents an overview of wound dressings with controlled release of
antibacterial agents. These include wound dressings based on both types of poly-
mers, synthetic and natural. A special part of this chapter focused on our novel
biodegradable occlusive wound dressings, based on a polyglyconate mesh and a
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porous PDLGA binding matrix. These composite dressings were prepared by dip-
coating woven meshes in inverted emulsions, followed by their freeze-drying. Their
in vitro investigation focused on the microstructure, mechanical and physical
properties and the release profiles of the antibiotic drugs and their effects on bacterial
inhibition. The main results were brought here, with emphasis on engineering
aspects related to wound dressings. Our new composite structures demonstrated
combination of good mechanical properties with desired physical properties and
adjustable controlled release of the antibiotic drugs from the binding matrix, which
resulted in impressive bacterial inhibition effect and biocompatibility. Hence, these
new wound dressings are potentially very useful as burn and ulcer dressings with
enhanced protection against infection and reduce the need for frequent dressing
changing. Furthermore, we have shown that modifications in the emulsion formu-
lation enables adapting the desired properties to the wound characteristics, and may
thus enhance wound healing. New designs based on structured wound dressings may
thus advance the therapeutic field of wound healing.
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Tissue Adhesives as Active Implants

Boaz Mizrahi, Christopher Weldon and Daniel S. Kohane

Abstract Tissue adhesives are substances that hold tissues together, and could be
broadly applicable in medicine and surgery. In appropriate circumstances, such
materials could be attractive alternatives to sutures and staples since they can be
applied more quickly, causes less pain and may require less equipment. In addi-
tion, there is no risk to the practitioner from sharp instruments (Singer et al., Acad.
Emerg. Med. 5(2):94, 1998), and they may obviate the need for suture removal
(Coulthard et al., Cochrane Database Syst. Rev. 5:CD004287, 2010). An ideal
surgical tissue adhesive should allow rapid adhesion and maintain strong and close
apposition of wound edges for an amount of time sufficient to allow wound
healing. It should not interfere with body’s natural healing mechanisms and should
degrade without producing an excessive localized or generalized inflammatory
response (Mobley et al., Facial Plast. Surg. Clin. North Am. 10(2):147, 2002). The
clinical and scientific potential of adhesives can be enhanced by a variety of
functionalities that may not be directly related to their function as glues or seal-
ants. Here we will review adhesives in general, with an emphasis on enhancements
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that render those otherwise passive materials ‘‘active’’. We note that some glues
also have intrinsic secondary functionalities that can be direct or indirect conse-
quences of their primary function, but that is not the focus of this chapter.
(For example, they may augment local hemostasis directly, or by improving tissue
apposition, without affecting clotting mechanisms (Reece et al., Am. J. Surg.
182(2 Suppl):40S, 2001)).

1 Categories of Adhesives

Tissue adhesives hold tissues together (and therefore are glues) but also can serve
as barriers to leakage (and therefore can be sealants) when used for wound closure
[74]. Achieving a strong bond (Fig. 1) is dependent upon obtaining close contact
between the tissue(s) to be bonded and the glue (adhesive strength), and on the
integrity of the glue (cohesive strength of the material) [47]. Consequently the
causes of glue failure [67] can include: (1) adhesive failure—where the material
detaches from the tissue and (2) cohesive failure—where the adhesive fails within
itself. Even if the glue functions well, the tissue itself may tear; this may occur
when both adhesive and cohesive forces are too strong.

Tissue adhesives can be divided into three main chemical categories: cyano-
acrylates, fibrin sealant, and other cross-linkable polymers. They can be admin-
istered for a variety of clinical indications including wound closure [26], fistula
repair, including in the bowel, blood vessels and bronchi [70], retinal fixation [30]
and others. Cyanoacrylates are the strongest (*68 kPa, [2]) and are widely used
for wound closure. Fibrin based materials, being weaker (*13 kPa, [2]) are
applied as a sealant in many surgical procedures in conjunction with suturing.
Hydrogels, collagen compounds, peptides and polyethylene glycol (PEGs)-based
materials are also considered weak (4–17 kPa, [2]) and are therefore used as
topical wound dressings or as sealants where mechanical properties are of less
concern than with internal injuries (where wound dehiscence could be disastrous).

Below we detail a number of compounds used as glues. The list is not intended
to be exhaustive but to provide a framework for the subsequent discussion of
active glues.

Fig. 1 Types of glue
strength: adhesive strength
between the glue and the
tissue (black arrow), and
cohesive strength within
the glue (red arrow)
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1.1 Cyanoacrylates

Cyanoacrylates were first synthesized in 1949 [3] and were first reported as tissue
adhesives ten years later [18]. They are produced synthetically by condensation
between cyanoacetic acid and a suitable alcohol followed by the Knoevenagel
reaction [68]. The alcohol group will determine the nature of the final monomer by
controlling the length of the side chain (e.g. by using methanol or octanol,
2-methyl cyanoacrylate or 2-octyl cyanoacrylate will be formed, respectively). The
cyanoacetate oil formed is reacted with paraformaldehyde to form cyanoacrylate
oligomers. High vacuum (*0.7 mm Hg) and heat (150–180�C) are applied and
depolymerization is carried out to produce clear and colorless liquids monomers.
Usually, further purification by repeated vacuum distillations is utilized to get a
medical grade material [33]. Since these monomers are highly reactive, poly-
merization inhibitors are added at this stage to prevent the monomers from
hardening (polymerize) while being stored. Although polymerization may occur
by one of three mechanisms—anionic (Fig. 2), zwitterionic or free radical—the
first two mechanisms mentioned are strongly favored in vivo [86] by hydroxide or
amine groups presented in the body, ultimately resulting in strong chains holding
the two tissues’ surfaces together.

Although cyanoacrylates are considered very strong and effective, their use—
particularly within tissues—is limited by tissue toxicity, including necrosis,
which occurs in the immediate vicinity of the cyanoacrylates. The toxicity of
cyanoacrylate glues has been attributed to several factors including:

Fig. 2 The polymerization
of cyanoacrylate tissue glue
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direct toxicity of monomers such as methyl-2-cyanoacrylate [39] or of
byproducts such as cyanoacetate and formaldehyde [87], insufficient tissue
vascularization [2], and the heat from the exothermic nature of the reaction
[21]. In addition, it has been postulated that the polymerization of the mono-
mers may be initiated by the -NH2 groups of glycosides or amino acids present
on cell surfaces [42] thus damaging membrane lipids [84]. A second concern
limiting the use of cyanoacrylates in tissues stems from the fact that they are
hard and brittle, hence they may have insufficient flexibility for the dynamic
nature of in vivo conditions [40]. As a result, cyanoacrylates are currently
limited to external or temporary applications.

In general, the smaller the molecular weight of the side group, the quicker the
rate of degradation. Accordingly, it has been shown that monomers with higher
molecular weights may result in slower production of byproducts with resultant
decreased inflammatory response [38]. This difference may be reflected in the fact
that n-2-butyl cyanoacrylate (Histoacryl�), a monomer with a four carbon alkyl
side chain, was not approved for the US market, while 2-octyl cyanoacrylate
(Dermabond�), a monomer with an eight carbon alkyl side chain, was approved
for use in the United States after it proved to be less toxic than cyanoacrylates with
shorter side chains [79].

Cyanoacrylate tissue glues have found multiple uses. They have been used in
the management of corneal perforations, corneal melts and wound leaks [2]. The
cornea glue may also improve visual outcomes by obviating the need for sutures,
which are associated with inducing astigmatism. In addition, they may create a
more watertight seal, decreasing the risk of infection, thus reducing the chance of
devastating intraocular infections such as endophthalmitis [5]. In dermatology,
cyanoacrylate glues provide a flexible water-resistant coating with improved
cosmetic outcomes. It was also found that patients, in particular children, prefer
the concept of being ‘‘glued’’ over sutures and clips [9]. Recently, Dermabond was
found to be superior for skin closure after repairing congenital cleft lip with or
without associated palate defects [17]. In mammoplasties, Dermabond� was
effective, safe, and had better cosmetic results than sutures [77]. Operative times
and costs were also decreased, while patient satisfaction increased compared to
traditional techniques.

1.2 In Situ Cross-linking Polymers

1.2.1 Fibrin Glue/Sealant

Fibrin tissue glue was first introduced in 1909 as an hemostatic agent, and was first
used as an adhesive material in 1940 [78]. Fibrin based tissue adhesives are com-
posed of purified fibrinogen and thrombin, and form a bond via the physiological
cascade of coagulation (Fig. 3). Some additives such as Factor XIII, fibronectin,
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calcium chloride and the anti-fibrinolytic aprotinin may also be added to inhibit
tissue fibrinolysis, and to control gelling time [4, 11, 89].

Since fibrin tissue adhesives are prepared from pooled human blood, there has
been concern for potential viral transmission, in particular of hepatitis and human
immunodeficiency virus (HIV) [24]. However, parvovirus (B19) has been the only
documented virus transmitted from fibrin sealants to date [36]. Nowadays, these
products are carefully screened so that the risk of viral transmission is considered
minuscule compared to the risk with other biomaterials taken from donors [70 ].

Although fibrin glues are considered less toxic than cyanoacrylates their low
adhesive strength limits their use in many surgical procedures [2]. For example,
the strength of cystotomy closure with fibrin glue and 2-octyl cyanoacrylate were
compared in a porcine model [50]. At 4 weeks postoperatively, the bladders were
filled with saline to 200 mm Hg pressure and the cystotomy scars inspected for
evidence of leakage. Four of six of the pigs treated with fibrin glue leaked, while
none in the cyanoacrylate group had evidence of wound compromise. Ultimately,
three pigs treated with fibrin glue died from urine leakage.

As a sealant, however, fibrin glue is very successful, especially in conjunction
with sutures or clips. It has been used clinically in many settings including: anal
fistulae closure to preserve sphincter function [94], prevention of esophageal
leakage and stricture after esophageal reconstruction from caustic injury [75],
prevention of cerebral spinal fluid leakage after durotomy during lumbar spinal
surgery [35], hernia repairs [62], posterolateral spinal fusions [96], nerve anasto-
moses [90] and in cardiovascular surgeries [6].

1.2.2 Other In Situ Cross-linking Polymers

Water soluble polymers forming a three dimensional (3D) network at the site of
injection have been used as tissue adhesives due to their safety, mechanical prop-
erties and ease of application. Cross-linking prevents early dissolution of the
material in the body, and maintains cohesive integrity. Since it may be desirable that
tissue adhesives degrade after healing has occurred, these compounds will fre-
quently contain labile bonds in their backbone or in the cross-linking domains [28].

Several polymers, synthetic and natural, have been proposed for tissue adhe-
sion, including poly(ethylene glycol) (PEG) [19], chitosan [43], laser- and

Fig. 3 Formation of cross-linked fibrin from fibrinogen
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non-laser-activated protein solders [1], porcine gelatin, glutaraldehyde mixed with
collagen [49, 53] to name but a few examples. In situ cross-linking polymer
systems can form non-self assembling systems (e.g. UV-light/irradiation) or can
form spontaneously without the need of external triggers [85]. The bond formed
between the two polymeric chains (cross-linking) can be covalent or can depend
on weaker bonds, such as hydrogen bonds, van der Waals forces, ionic interactions
or a molecule’s side chain interactions [71]. Similarly, adhesive forces between the
gel and the tissue can be due to covalent bonds formed between functional groups
on one of the polymers (e.g. aldehyde) or by weak van der Waals or hydrogen
bonds interactions (e.g. PEG compounds).

BioGlue� (Cryolife, Kennesaw, GA) is a surgical adhesive used in cardiovas-
cular surgery, approved by the FDA and the EU as an adjunct in human vascular
and pulmonary repair surgery [29]. It is composed of purified bovine serum
albumin (BSA) and glutaraldehyde. The two components are dispensed by a
delivery system comprised of a double-chambered syringe and an applicator
apparatus. Once dispensed, the components are mixed within the applicator tip
(a mixer) where the cross-linking begins. The glutaraldehyde molecules bond with
the BSA molecules and, upon application to the tissue create an elastic seal
independent of the body’s clotting mechanism [48]. A pilot study [31] aimed to
determine the feasibility of using BioGlue� to achieve hemostasis and to prevent
urine leakage suggested that this glue provides adequate hemostasis during renal
surgery, and decreased blood loss, transfusion rates and operative times.

Another two-component system [59] is made of aminated star-PEG (a star-
shaped poly[ethylene glycol]) and high-molecular-weight dextran-aldehyde
(Fig. 4). The two polymers are administered as viscous aqueous solutions that are

Fig. 4 Oxidized dextran
(aldehyde is indicated by an
arrow) and aminated star-
shaped polyethylene glycol
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delivered through a dual-chambered syringe connected to a single injection needle,
thus separating the compounds until the time of administration. Upon mixing,
imide bonds are spontaneously formed through a Schiff-base reaction between the
amine groups in the PEG molecule and the aldehyde groups of the dextran moi-
eties. As a result, a network is formed in seconds. Cohesion strength is created by
cross-linking between polymer chains, while adhesion forces are created by the
reaction between the aldehyde and the amine groups in tissue. The aldehydes of
the dextran are in excess of the amine groups in the star-PEG since they are
responsible for both cohesion and adhesion. The adhesive mechanics of this glue
varied with aldehyde content and with tissue type. For example: increasing
aldehyde content from 8.8 to 14 and 20% resulted in moduli of 100, 500 and
744 kPa, respectively. Likewise, when moduli were measured for different tissues
using a dextran with 20% aldehyde content, the highest modulus was measured in
the duodenum, followed by the liver, heart and lung (724 ± 86 kPa, 431 ± 15, 296
± 60 and 72 ± 7 kPa, respectively). Thus, it was concluded that different tissues
may require specific surgical sealants when applied.

PEG-based sealants have gained interest in recent years because they are
considered safe, easy to apply, and very effective in sealing suture lines when
cross-linked [19]. In order to provide a tight seal, PEGs can be cross-linked by
chemical agents or by visible light. An example is the commercial product
FocalSeal� (FocalSeal, Focal, Inc., Lexington, MA) which is composer of an eosin
primer and an aqueous polymeric solution [69]. The primer is applied first, is
absorbed by the tissue, and auto-cross-links. A polymeric solution composed of
PEG is applied and cured by visible light (450–550 nm) [2]. FocalSeal�was
effective in minimally invasive cardiac surgery, where limited exposure and tight
quarters make accurate suturing difficult. This product was also found to be
effective for sealing bronchial and parenchymal air leaks [37] and preventing
leakage from the cut pancreas (the pancreatic stump) [83].

The preceding systems formed glues spontaneously upon application or mixing.
Some, such as chitosan containing azide groups and lactose moieties [63] employ a
triggering agent. After ultraviolet light (UV) irradiation, an aqueous solution of
this material was used to glue two pieces of sliced ham to each other [65]. The
binding strength of the chitosan hydrogel prepared from 30 to 50 mg/mL solutions
was similar to that of fibrin glue. However, it was more effectively in sealing air
leakage from pinholes on isolated small intestine, aorta, and from incisions on the
isolated trachea. Neither the tested gel nor its pre-crosslinked solution showed any
cytotoxicity in cell culture of human skin fibroblasts, coronary endothelial cells,
and smooth muscle cells. In vivo, all mice survived for at least 1 month after
implantation of 200 lL of photocrosslinked chitosan gel or intraperitoneal
administration of the pre-crosslinked solution.

The catechol functionality of L-3,4-dihydroxyphenylalanine (DOPA) is thought
to be responsible for the ability of marine mussels to form strong bonds with a
range of substrates, a property shared by DOPA-coated surfaces [44]. DOPA
moieties have been conjugated to polymers and peptides in efforts to develop
tissue adhesives [81, 88]. However, the adhesive strength of these biomaterials
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have not shown higher adhesive strength than that of fibrin sealant This is believed
to be the result of two major factors: (1) low adhesion forces due to intra- and/or
intermolecular cross-linking reactions rather than with the surrounding tissue [45],
and (2) the soft, flexible nature of hydrogel networks [66] that limits the cohesion
forces within the material.

2 Active Tissue Glues

2.1 Tissue Adhesives Releasing Drugs

Tissue adhesives, in addition to being utilized as glues or sealants, can be used as
drug delivery systems. The architecture of the material can be engineered to
release its contents in the desired pattern directly to the target site. Local release by
the glue enables the administration of controlled dosages, reducing the risk of
adverse drug effects. Moreover, patient compliance with these drugs is assured as
the agents are delivered at the time of the procedure and then released without the
need for active participation on the patient’s part. The release and the clinical
benefits of several drug classes have been investigated utilizing this model,
including antibiotics, chemotherapy, analgesics, growth factors, and gene vectors
to name but a few. In some of these applications the adhesives are not used as
glues or sealants, but simply as drug delivery (depot) systems.

2.1.1 Antibiotic Impregnated Glues

High local antibiotic concentrations at a wound site could prevent local infections
(e.g. of surgical wounds) by providing local drug concentrations far in excess of
what could be achieved by conventional dosing methods. A variety of formulations
have been developed to achieve that goal. For example, vancomycin, teicoplanin,
cephalothin and gentamicin added to the thrombin component of a fibrin glue [51]
were released from that matrix for over 96 h in vitro, and exhibited antibacterial
activity against clinical isolates of S. epidermidis. Similarly, amikacin released
from a fibrin sealant/polyurethane mixture implanted subcutaneously in the ante-
rior abdominal region of rats [60] was detectable in blood for 24 h, while the same
dose given intravenously cleared after only 4 h. Moreover, peak local concen-
trations of amikacin in tissue near the glues were 210 times higher than when the
drug was given systemically. A glue composed of aldehyde-modified dextran and
poly (L-lysine) was able to reduce bacterial counts in adjacent subcutaneously
implanted Dacron grafts inoculated with methicillin-resistant S. aureus [16, 56].
About 95% of the total antibiotic was released over 72 h (Fig. 5), and the local
tissue concentration of vancomycin remained above the minimum inhibitory
concentration throughout this period.
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2.1.2 Release of Local Anesthetics from Fibrin Glue

A combination of fibrin glue and the local anesthetic lidocaine was developed to
treat postoperative breast pain after subpectoral breast augmentation [97].
Although breast pain was observed for 1 week postoperatively for all groups, pain
reported by patients in the group treated with the combination was significantly
lower than that reported by patients who received lidocaine or fibrin glue alone. No
complications were observed in any of the patients who participated in this study.
Similarly, a fibrin glue containing lidocaine was used to relieve pain after ton-
sillectomy [41]. Tonsillar fossae were covered with fibrin glue containing lido-
caine (dissolved in the thrombin solution) immediately after tonsillectomy.
Patients began to eat normally after 3.78 days in the group administered with
regular fibrin sealant compared to 2.83 days when the fibrin with lidocaine was
used. In addition, the mean postoperative period for which analgesic administra-
tion was necessary decreased from 4.91 to 2.88 days when lidocaine was incor-
porated in the glue.

2.1.3 Release of Chemotherapy from Photocrosslinkable Chitosan Tissue
Adhesives

In the management of cancer patients, local delivery may provide a high local
concentration of anti-tumor drugs with decreased incidence of the side effects
observed with systemic therapy [23]. A photocrosslinkable chitosan tissue adhe-
sive (see Sect. 1.2.2 of this chapter) has been developed to deliver the antineo-
plastic drug paclitaxel [27, 63]. About 40% of the paclitaxel was released from the
hydrogel into media (phosphate buffered saline) within 1 day in vitro, after which
gradual release occurred for 3 days. The paclitaxel-containing hydrogel inhibited
the growth of subcutaneous tumors induced with Lewis lung cancer (3LL) cells
more effectively than those treated with plain chitosan gel or free paclitaxel
injected subcutaneously at the tumor, for at least 11 days. Furthermore,

Fig. 5 Percentage of
vancomycin remaining in
aldehyde-modified dextran
and poly (L-lysine) disks at
time points after
subcutaneously implantation.
Reproduced with permission
from Elsevier [56]
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the paclitaxel-containing chitosan hydrogel markedly reduced the number of
CD34-positive vessels in subcutaneous 3LL tumors, indicating a strong inhibition
of angiogenesis.

2.1.4 Delivery of Growth Factors and Genetic Material from Tissue
Adhesives

Although producing a system that releases biomacromolecules from a tissue
adhesive can seem relatively simple (e.g. mixing one in the other), the macro-
molecules may have complex interactions with the surrounding matrix [80]. For
example [13], when transforming growth factor beta-1 (TGF-b1) was added to
fibrin sealant, release was much slower when fibrinogen concentrations were
increased, suggesting a binding affinity of TGF-b1 with the fibrinogen. Varying the
thrombin concentration though, had a lesser effect.

A matrix to promote wound healing has been developed by incorporating
recombinant human epidermal growth factor (rhEGF) into a photocross-linkable
mixture of glycidyl methacrylated chitooligosaccharide and di-acrylated Pluronic
F127 [15]. When this hydrogel was administered to dorsal burn wounds in the rat,
epidermal differentiation was significantly enhanced compared to plain hydrogel.
The in vitro release profiles of rhEGF were dependent on the degradation rates of
the hydrogels (Fig. 6).

Fibrin sealant has also been used to release nerve growth factor (NGF) into the
site of end-to-end sutured peripheral nerve. Stained sections revealed significantly
increased regenerated nerve fibers distal to the anastomosis compared to groups
that received NGF or fibrin sealant alone. Similarly, fibrin sealant containing glia-
derived neutropic factor (GDNF) had a greater in vivo effect on neuron growth
than did the free factor or the sealant alone [14, 91].

Fibrin sealant has been used to release adenoviral vectors encoding ß-galac-
tosidase [7]. Vectors released from fibrin resulted in higher numbers of rabbit
cartilage cells expressing ß-galactosidase in vivo than with vector alone.

2.2 Intrinsic Activities of Glues

2.2.1 The Anti-bacterial Properties of Cyanoacrylates

The antimicrobial properties of cyanoacrylate tissue adhesives were first reported
in 1983 [25]. A link has been established between the polymerization process and
the antimicrobial properties, in particular against Gram-positive microorganisms
[72], perhaps by action against the bacterial cell wall [22, 76]. Similarly, 2-ethyl
cyanoacrylate monomers applied onto the surface of bacteria cultures [73] inhibit
the growth of S. aureus and S. pneumoniae (both Gram positive). A possible
explanation to the higher sensitivity of the Gram-positive bacteria might be the
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strong electronegative charge on the cyanoacrylate monomer that reacts with the
positively charged carbohydrate capsule of Gram-positive organisms [34]. While
cyanoacrylates have less effect on Gram negatives, 2-ethyl cyanoacrylate
monomers did kill Escherichia coli [73].

Fig. 6 Release profiles of
rhEGF from a mixture of
glycidyl methacrylated
chitooligosaccharide and di-
acrylated Pluronic F127 with
photo-irradiation times of
2 min (a), 5 min (b), and
10 min (c). The polymeric
concentration of all hydrogels
was 20% (w/w). Reproduced
with permission from John
Wiley and Sons [15]
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2.2.2 Anti-bacterial Barriers

2-octyl cyanoacrylate films have been shown to be effective barriers to bacteria,
fungi, and yeast in vitro [58]. The barrier property of cyanoacrylate bandage was
also seen in a wound model in swine [52]. S. aureus or Pseudomonas aeruginosa
were inoculated on one side of a test bandage placed over a wound. Significantly
lower numbers of inoculated bacteria were found among the cyanoacrylate ban-
dage group compared with other groups treated with standard or hydrocolloid
bandages.

2.2.3 Glues with Wound-Healing and Other Tissue-Active Properties

Photocrosslinkable chitosan is strong, elastic and is considered more effective in
sealing air leakages than fibrin glue [64]. It can stop bleeding within 30 s of
UV-irradiation and firmly adhere the cut edges of two pieces of skin [32]. It can
also induce wound contraction and accelerate wound closure and healing [10].
Histological findings suggest that chitin and chitosan stimulate the migration of
mononuclear and polymorphonuclear cells and accelerate angiogenesis and the
formation of connective tissue [55]. Other studies [46, 61] suggest that chitosans
posses antibacterial properties, owing to the cationic amines interacting with
negatively charged residues on the bacterial cell surface [95].

Experiments performed in our lab [92] suggest that some caution may be
advisable in using chitosan and UV-cross-linkable chitosan in some contexts.
Although in vitro experiments showed neither attractive interactions between the
gels and the cells nor a proliferative or marked toxic effect, the same material
applied in the peritoneal cavity of rabbits caused a granulomatous reaction in all
animals, with resultant adhesion formation (‘‘adhesion’’ in this context meaning an
undesirable sticking together of tissues). Although chitosan’s adhesive and other
proinflammatory properties may be beneficial in some biomedical applications,
this may not be true in all contexts.

Chitin and chitosan gels have inhibitory effects on tumor angiogenesis and
metastasis [12, 57], and can inhibit tumor cell proliferation by inducing apoptosis
[57].

2.2.4 Glues for Islet Cell Immobilization

There is a great need for medical adhesives that effectively function on wet tissue
surfaces with minimal tissue and cell response. A star shape PEG core with DOPA
endgroups was suggested as a system for cell immobilization [8]. When aqueous
solutions of this polymer were oxidized with NaIO4, each DOPA endgroup
covalently attached to a neighboring DOPA, forming a 3D hydrogel structure.
Donor islet cells were placed into the PEG-DOPA aqueous solution which was
then oxidized. The encapsulated cells were then implanted in type 1 diabetic mice
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(Fig. 7). This adhesive material maintained an intact interface with the supporting
tissue for up to 1 year. The cells encapsulated within were able to maintain
normoglycemia for over 100 days.

3 Conclusions and Future Directions

Surgical adhesives are attractive alternatives to sutures and staples [20]. They
allow rapid adhesion and maintain strong and close apposition of wound edges
[54]. In some cases, the tissue glues themselves contribute directly to the process
of wound healing. A major potential advantage of tissue glues is their ability to
release drugs directly to the wound. In this chapter, we presented the release of
several drugs from various classes of tissue adhesives, with emphasis on the
chemical and the physical properties of each system.

There is a great variety of adhesives, to which a range of active properties can
be imparted. Further studies will be required to determine whether these new
materials will translate into the clinical arena. The potential to modify these
materials has barely been tapped. For example, the incorporation of nanomaterials
[93] and/or of components that would allow triggered release of compounds [82]
could further enhance their properties.
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Electrospun Drug-Eluting Fibers
for Biomedical Applications

Mădălina V. Natu, Hermínio C. de Sousa and Maria H. Gil

Abstract Electrospinning is a simple and versatile method to produce fibers using
charged polymer solutions. As drug delivery systems, electrospun fibers are an
excellent choice because of easy drug entrapment, high surface area, morphology
control and biomimetic characteristics. Various drugs and biomolecules can be
easily encapsulated inside or on fiber surface either during electrospinning or
through post-processing of the fibers. Multicomponent fibers have attracted special
attention because new properties and morphologies can be easily obtained through
the combination of different polymers. The factors that affect the drug release such
as construct geometry and thickness, diameter and porosity, composition, crys-
tallinity, swelling capacity, drug loading, drug state, drug molecular weight, drug
solubility in the release medium, drug–polymer–electrospinning solvent interac-
tions are discussed. Mathematical models of drug release from electrospun fibers
are reviewed and strategies to attain zero-order release and control of burst stage
are considered. Finally, some results concerning release control in bicomponent
fibers composed of poly(e-caprolactone) and Lutrol F127 (poly(oxyethylene-b-
oxypropylene-b-oxyethylene) are presented. The properties of the bicomponent
fibers were studied in order to determine the effect of electrospinning processing
on crystallinity, hydrophilicity and degradation. Acetazolamide and timolol
maleate were loaded in the fibers in different concentrations in order to determine
the effect of drug solubility in polymer, drug state, drug loading and fiber
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composition on morphology, drug distribution and release kinetics. Such elec-
trospun drug eluting fibers can be used as basic elements of various implants and
scaffolds for tissue regeneration.

1 What is Electrospinning?

Electrospinning is a method of producing fibers with diameters ranging from
micrometer to nanometer scale by accelerating a jet of charged polymer solution/
melt in an electric field. Recently, this technology has been expanding due to the
simplicity of the process and the various materials that can be used. Fibers can be
produced from either natural or synthetic polymers. Such fibers have diverse
applications including filtration, catalysis, textiles, composite materials, biomed-
icine (wound dressings, drug delivery, tissue engineering, cosmetics), sensors,
electronic devices, liquid crystals, photovoltaic cells and much more [1, 2].

Usually, the experimental set-up consists of a high voltage power supply
connecting an electrode with needle-like geometry (through which the polymer
solution is ejected) to the collector electrode. The polymer solution is pumped at
the desired flow rate using a syringe pump. A diagram presenting the most
common electrospinning set-up is shown in Fig. 1.

Recent works suggest that the most important mechanism of electrospinning is a
rapidly whipping/bending fluid jet [3]. The jet instability is produced by the
competition between surface tension and charge repulsion, in which the destabi-
lizing effect of charge repulsion is responsible for the stretching of the fluid jet and
simultaneous decrease in the jet diameter. Surface tension has a stabilizing effect
leading to the cessation of stretching and attaining a limiting terminal jet diameter.
The process can be decomposed into five components: fluid charging, formation of
the cone-jet, thinning of the steady jet, onset and growth of jet instabilities and fiber

Fig. 1 Basic electrospining
set-up
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collection [4]. Several process parameters (voltage, nozzle to collector distance,
polymer flow rate, spinning environment) and solution parameters (concentration–
viscosity, conductivity, surface tension, solvent volatility) can be manipulated in
order to obtain the desired properties of the fibers such as fiber diameter and
morphology. Moreover, the fibers can be collected with a multitude of collectors
producing fiber mats that contain either aligned or unoriented fibers [5].

2 Electrospun Fibers as Drug Delivery Systems

Electrospun fibers have been shown to function as drug delivery systems because
of high surface area (which enhances mass transfer), similar topography and
porosity to the extracellular matrix making them ideal candidates as active
implants/scaffolds. The easy control of the macrostructure (oriented or arranged
randomly, fiber mat porosity) and the microstructure (individual fiber porosity)
will determine both the bulk physico-chemical properties and the biological
response to the implant/scaffold. Variuos drugs ranging from low molecular agents
to proteins and even cells [6] can be easily encapsulated inside or on the surface of
the fibers depending on the application. Some disadvantages include drug loading
that is limited by the drug solubility in the electrospining solution or burst effect
due to surface deposited drug.

Drug delivery systems can be classified according to different criteria [7, 8].
The most common one is to classify with respect to the rate control mechanism.
These classifications may also be applied to drug-containing polymeric fibers:

• Drug diffusion controlled systems: diffusion can take place either through the
bulk polymer as in bicomponent mixed fibers or through a barrier as in core–
shell fibers

• Solvent diffusion controlled systems: drug release is determined by the rate of
polymer swelling

• Chemically controlled systems: either polymer erosion or enzymatic/hydrolytic
polymer degradation control the drug release rate

• Regulated systems: the application of a magnetic field or another external
stimulus can trigger the release (as in composite fibers containing magnetic
particles)

The active ingredient can be loaded either during electrospinning or during
post-processing of the electrospun fibers. In the former case, the drug is either
co-dissolved with the polymers in the electrospinning solution or the drug is
loaded in particles that will be co-electrospun with the polymers [9–11]. The later
case includes various modalities of drug loading: fiber soaking in the drug solu-
tion, drug impregnation using supercritical fluids technology [12], loading in
previously molecular imprinted fibers [13, 14], functionalization of the fiber sur-
face through grafting copolymerization [15] and subsequent drug/protein binding
[16, 17].
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By electrospinning, the drug is usually entrapped as solid particles inside or on
the surface of the fibers. According to the type of solid–solid or polymer–drug
mixture, the drug loaded fibers can be classified as:

• Solid solutions: the drug is dissolved at molecular level in the polymer
• Solid dispersions: the drug is distributed in the polymer as either crystalline or

amorphous aggregates
• Phase-separated systems or reservoir systems: the drug is contained inside the

core of the fiber or encapsulated in particles, that are surrounded by a polymer
shell (as in core–shell constructs or composite fibers, see Sect. 2.1)

2.1 Multicomponent Fibers

Multicomponent fibers have attracted special attention because new properties can
be obtained through the combination of different materials. Synthetic polymers
with good processability and good mechanical properties can be mixed with
natural hydrophilic polymers producing an increase in cellular attachment and
biocompatibility [5]. Unfortunately, sometimes the solvent that is used to dissolve
both polymers can damage the structure of the natural polymer or phase separation
can worsen the mechanical properties. One possible solution is to incorporate
function-regulating biomolecules (DNA, growth factors) in synthetic polymers to
increase bioactivity [17] or to modify the structure of the polymer before elec-
trospinning [18].

Multicomponent fibers can be obtained mainly by two techniques [19, 20] as
shown in Fig. 2: electrospinning of polymers solution in a single-needle config-
uration (if a mixture of polymers is co-dissolved in the electrospinning solution) or
a multi-needle configuration (in which the polymer solutions are separated in
parallel or concentric syringes) and post-treatment of the electrospun fibers (which
can include either coating with other inorganic/polymer layers [16, 21], grafting
[15], crosslinking [22], chemical vapour deposition [23] or functionalization with
other (bio)polymers [17]).

In addition to the combination of physico-chemical properties that arise from
using various components, there can be obtained a variety of fiber morphologies as
presented in Fig. 3 such as core–shell fibers, micro/nanotubes, interpenetrating
phase morphologies (matrix dispersed or co-continuous fibers) [24, 25], nanoscale
morphologies (spheres, rods, micelles, lamellae, vesicle tubules, and cylinders)
obtained by self-assembly of block copolymers [26], multilayers (either with
different composition or different fiber diameter) [27, 28]. Moreover, the fiber
morphology can be further controlled after electrospinning by selective removal of
one component using thermal treatment [29] or dissolution [30].

Many of the fiber constructs are supposed to work as implants/tissue scaffolds
besides functioning as drug delivery devices. Good mechanical properties are
required in order to preserve the structural integrity of the implant. Crosslinking
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[31], thermal interfiber bonding (accomplished near the melting temperature of the
electrospun polymer and impregnated with a hydrogel that maintains the structure
of the scaffold against shrinkage) in order to improve biomechanical properties

Fig. 2 Preparation methods for multicomponent fibers

Fig. 3 Various fiber constructs types

Electrospun Drug-Eluting Fibers for Biomedical Applications 61



[32] or continuous alignment of electrospun fiber yarn obtained by self-bundling
electrospinning and further treated by drawing and annealing to improve tensile
strength [33] are just some of the available post-processing techniques.

2.2 Release Control of Drug Loaded Fibers

Fibers can be easily loaded with drug in a similar fashion as multicomponent fibers
(Sect. 2.1), the drug being an extra component. By blend electrospinnning, the
drug or drug vehicle (such as microspheres [9], nanoparticles [10, 11]) is mixed or
phase-separated with the polymer phase and by coaxial electrospinnning, the drug
is contained either in the core or in the shell. The advantage of encapsulating the
drug in the core or in a vehicle is that usually burst release is minimized/avoided
since the drug has longer diffusional paths [11] and the protection of active agents
(such as proteins) that are sensitive to organic solvents can be achieved. Moreover,
it does not require good interaction between the polymer and drug, but it must
show sufficient interfacial compatibility in order to prevent delamination [34]. In
contrast, for the cases of drugs loaded by blend electrospinning, poor interaction
between the drug and polymer affects the drug distribution in the polymer matrix
and consequently the release behavior [35, 36]. Incorporation of bioactive agents
that are usually water soluble and can not be dissolved in the same solvent as the
polymer (usually organic solvents) can be performed by emulsion electrospining
[35, 37].

Various post-treatment modalities exist in order to further control the fiber drug
release. These can be grouped in two main categories: physical and chemical. The
first category includes functionalization of electrospun fibers with biomolecules
using coating [16], subcritical carbon dioxide impregnation of electrospun fibers
with which it is possible to load drugs and obtain more sustained release profiles in
comparison to loading through soaking in drug solution [12]. The second category
consists of coating electrospun fiber by chemical vapour deposition in order to
prolong the release and avoid burst effect [23], molecular imprinting of fibers
(either by loading the template molecule [13] or by loading molecularly imprinted
particles [14] inside the fibers during electrospinning) that can selectively rebind
the target molecule (biological receptor molecule) and produce targeted drug
delivery.

Drug delivery systems are intended to deliver well controlled amounts of drug
between the minimum effective level and the toxic level during a predetermined
time interval [7]. Control of burst effect is essential either to avoid toxicity or to
ensure immediate action at the targeted location (as in the case of antibiotics [38]).
These are the reasons why the factors that affect the release rate should be con-
sidered when designing a new fiber drug delivery system:

• Fiber construct geometry (fiber mats or multilayers) and thickness: the drug
deposited in single layers is released faster than from multilayers either because
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the drug layers are intercalated with non-drug layers that function as barrier to
drug release [39] or because the inner layers are not equally exposed to the
release medium [40]

• Fiber diameter and porosity: a thinner or more porous fiber implies a bigger
surface and consequently accelerates the release [41]. However, thicker, but
more porous fibers release drug faster than thinner, less porous fibers [42]

• Fiber composition: the choice of a degradable polymer will allow release control
through a hydrolytic [40] or enzymatic mechanism [36]. Besides, blending
various components leads to modulating release capacity [42] either by
improving fiber wetting properties (using hydrophilic polymers [43, 44]) or
aiding incorporation of drug. In this case, it is possible to avoid burst effect by
blending polymers with amphiphilic copolymers which can be compatible with
both the drug and the initial incompatible polymer [38]

• Fiber crystallinity: initial polymer crystallinity influences the drug release
(it blocks the release of the drug from the crystalline domains due to limited
water uptake). When the release of drug from the amorphous domains or from
the fiber surface is finished, no more drug is released [45]. Moreover, there is an
increase in crystallinity during drug release (the drug works as a plasticizer, the
polymer chains gain more mobilility and as it is leached out, they crystallize),
which decreases the release of residual drug [46]

• Fiber mat swelling: water uptake by fibers or by the (macro)pores created
between fibers will speed up drug release [47] as the dissolution of drug mol-
ecules is the initial step in the release process [48]

• Drug loading: higher loadings will produce faster release ([41, 46, 47, 49, 50]);
on one hand, at high loadings, there is more surface segregated drug that dis-
solves fast and on the other hand, there is an increase in porosity during drug
elution proportional to the initial amount of drug [46, 41]

• Drug state: in general, drug release was shown to be more sustained, when drug
is incorporated in amorphous state [50, 51], than when drug is loaded in crys-
talline state [52]. Moreover, it was shown that, even when the drug is in
amorphous state, the drug release was faster from the solid solution than from
the amorphous dispersion [53]

• Drug molecular weight: drugs with smaller volumes will be released faster since
they diffuse faster through the aqueous pores created by the water uptake in the
fiber [42, 54]

• Drug solubility in the release medium: usually, the higher drug solubility, the
faster the release [42]

• Drug–polymer–solvent interaction: solubility and compatibility of drugs with
the polymer and/or the electrospinning solvent is essential since it ensures
proper drug incorporation inside the fibers and not on the fiber surface [35, 47,
36]. Phase separation between the drug and polymer will produce amorphous or
crystalline drug at the fiber surface leading to faster release [55]. Moreover, the
interaction between drug and the polymer can block the crystallization of the
drug in the fibers, if so desired [53] and can even determine sustained release of

Electrospun Drug-Eluting Fibers for Biomedical Applications 63



drugs that are present in crystalline state because of hydrogen bonding to the
polymer [54]

However, in order to predict the outcome of drug release from fibers, it is
important to consider the interaction among the various factors in such a complex
system. We have already discussed how the drug state controls drug release.
However, sometimes high drug loadings are needed for long term applications.
Usually, at high loads, the drug will crystallize and/or phase-separate from the
polymer and form conglomerates that will produce a heterogeneous distribution of
the drug inside the fibers [35, 56] or deposition on the fiber surface [55]. Thus, in
long term release applications where high amounts of loaded drug are required, a
compromise must be found between loading and release rate that change in con-
trary directions [57]. Careful consideration should also be paid when selecting best
pair of polymer and drug, although some applications require material properties
that may not match in terms of compatibility the drugs used in the treatment of the
targeted diseases.

2.3 Release Modeling

As summarized in Table 1, a multitude of drug/biomolecules loaded fibers have
already been produced. They have been produced either from polymers (synthetic
and natural) or inorganic compounds. Most of the release mechanisms were
attributed to drug diffusion (as it is the case for most non-biodegradable, non-
erodible polymers), solvent diffusion (as in the case of natural polymers that are
usually hydrophilic [58]), polymer erosion (as in the case of erodible (bio)poly-
mers [53, 54]), polymer degradation (as for hydrolytic or enzymatic degradable
polymers) or external triggers (like a magnetic field). In the release system gov-
erned by drug diffusion, one has to consider two cases, one in which the diffusion
takes place through the bulk of polymer (bulk diffusion) or through a membrane/
layer (barrier diffusion, similar to the reservoir devices as in the case of core–shell
fibers, composite fibers or multilayered constructs). There are cases in which
several mass transport mechanisms superpose. However, in most cases, there is
only one that is the ‘‘rate-limiting’’ step. For example, in the case in which dif-
fusion is coupled with chemical reaction (in most cases, hydrolysis), if diffusion is
faster than the chemical reaction, then mass transfer is controlled by the polymer
degradation [59] and when diffusion is not much faster than reaction, then diffu-
sion and degradation superpose [40]. In some systems, the release process is
composed of sequential stages, with each stage being controlled by a different
phenomenon. For example, in the first stage you can have the drug release con-
trolled by the polymer erosion and subsequent diffusion, followed by polymer
degradation control stage [60].

Related to core–shell fibers, we can consider two controlling phenomena: dif-
fusion through the polymer shell (barrier diffusion) or partition of the drug from
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the core to the shell. The diffusion through the shell polymer should not be too
slow, otherwise this diffusion will be rate-limiting step. In this instance, the system
behaves as monolith fibers and not core–shell fibers (reservoir system). Shell
porosity must also be carefully controlled since the drug from the core will be
released through water-filled channels rather than through the barrier/shell poly-
mer [34]. Composite fibers that contain drug vehicles such as microspheres and
nanoparticles (see Sect. 2.2) are also a type of reservoir system (double barrier
system) in which the drug molecules have to diffuse through longer pathways: the
polymer comprising the vehicle and the ‘‘shell‘‘ polymer [11].

Drug diffusion (more precisely solid state diffusion) was mentioned earlier as
one of the most common mechanisms of drug release. There are models that
consider diffusion of solutes in polymers insignificant in comparison with diffusion
in water-filled spaces in between polymer chains, so they assume that water uptake
and subsequent solubilization of the drug is an important step in the release process
and it is the solvated molecule that is actually diffusing [61]. This is the
assumption behind biphasic diffusion that includes an initial diffusion phase
through the polymer (either amorphous or semi-crystalline) and a second diffusion
phase through water-filled pores formed in the fiber due to polymer swelling/chain
rearrangement or polymer recrystallization [55, 62].

The power law equation, which was developed considering that the main
mechanism for drug release is drug diffusion through the polymer or solvent
diffusion inside the polymer that produces polymer relaxation/chain rearrangement
(Eq. 1) is the most widely used equation in works concerning drug release:

mt

mtot

¼ a0 þ ktn ð1Þ

where mt=mtot is the fractional release of the drug at time t;a0 is a constant,
representing the percentage of burst release, k is the kinetic constant and n is the
release exponent, indicating the mechanism of drug release (which can either be
Fickian drug diffusion or polymer relaxation or an intermediate case combining the
two [63]).

Other models consider different phenomena that control the release such as
desorption due to the fact that under the assumption of diffusion control, 100%
release of the drug is expected, but this was not verified experimentally. In the
desorption model, the release is not controlled by diffusion, but by the desorption
of the drug from fiber pores or from the fiber surface. Thus, only the drug on the
fiber and pore surfaces can be released, whereas the drug from the bulk can only be
released when the polymer starts to degrade. These assumptions are similar to the
theory of mobile agent, that can be released by diffusion and the immobilized
agent, that can be released through degradation [59].

The Eq. 2 is based on a pore model, in which the effective drug diffusion
coefficient, Deff is considered and not the actual diffusion coefficient in water, D
(with Deff=D� 1) because desorption from the pore is the rate limiting step and
not drug diffusion in water, which is relatively fast.
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mt

mtot

¼ a 1� exp � p2

8
t

sr

� �� �
ð2Þ

where the porosity factor a ¼ ms0=ðms0 þ mb0Þ\1; with ms0 and mb0 being the
initial amount of drug at the fiber surface and the initial amount of drug in the fiber
bulk, respectively; mt is the drug amount released at time t, while the total initial
amount of drug in the fiber is mtot ¼ ms0 þ mb0 and sr is the characteristic time of
the release process [73].

Various release kinetics exist and the most desirable one is the zero-order
kinetics in which the drug is released at constant rate, independent of concentration
gradient (see Fig. 4). Usually, zero-order kinetics is achieved for reservoir systems
such as core–shell fibers or composite fibers (see Table 1) in which the drug is
properly encapsulated in the core of the fiber or in other vehicles (micro/nanop-
artilces). Burst stage in this kind of system is diminished (or non-existent) because
there is no drug deposited on the surface of the fibers. As the controlling release
phenomena is drug partition from one phase to another and not diffusion, there is
no decrease in release rate over time as expected in a diffusion-controlled system
(the release rate depends on the concentration gradient and on the length of dif-
fusion path; as release proceeds, the concentration gradient decreases and the
diffusion length increases and both contribute to slowing down the release rate).

Other strategies to attain zero-order release include polymer degradation con-
trolled release (either accompanied by erosion or not) because then drug is
released due to polymer chain cleavage [36, 40]. The drug is released either
because the diffusion paths are shortened as degradation takes place (surface
degradation) or because porosity is increased due to the leaching of degradation
products (bulk degradation) [7]. Another strategy to obtain constant release rate is
the use of multilayered constructs [39], in which sequential electrospinning is used
to obtain drug loaded layers surrounded by barrier layers.

Burst effect can be determined by fiber porosity [34], poor drug solublity in
electrospinning solvent [47], poor drug solubility in polymer [36], high drug sol-
ubility in release medium [42], heterogeneous drug distribution [35] or surface
segregated drug [45]. Most of the times, the selection of the polymer and of the drug
depends on the properties of the fiber mat and the targeted disease. Thus, the burst

Fig. 4 Types of release
kinetics
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stage can only be controlled in unicomponent/monolith fibers by manipulating the
process parameters and not by the material choice. Ensuring a homogeneous drug
distribution [49] (usually by encapsulating drug in amorphous state [50, 46]), low
drug loadings [50], or coating the drug loaded fibers [16] are some simple tech-
niques to diminish burst if so desired.

3 Results

In this chapter we are presenting some results concerning release control in
bicomponent fibers composed of poly(e-caprolactone), PCL and Lutrol F127
(Lu, poly(oxyethylene-b-oxypropylene-b-oxyethylene)), both semi-crystalline
(co)polymers. The properties of the bicomponent fibers were studied in order to
determine the effect of electrospinning processing on crystallinity, hydrophilicity
and degradation. As both polymers are semi-crystalline, we could test the effect of
such organization on the loading and release of drugs. Acetazolamide and timolol
maleate were loaded in the fibers in different concentrations (below and above the
drug solubility limit in polymers) in order to determine the effect of drug solubility
in polymer, drug state, drug loading and fiber composition on fiber morphology,
drug distribution and release kinetics. A diffusion model and a desorption model
(see Sect. 2.3) were fit to the release data in order to determine the release
mechanism.

3.1 Fiber Mat Degree of Crystallinity, Drug Solubilitity in Polymer
and Drug State

Solid-state drug polymer solubility and miscibility were shown to influence the
drug encapsulation and correlate to drug release [74]. Timolol maleate (experi-
mental water solubility =2.74 mg/ml [75]) and acetazolamide (experimental water
solubility =0.98 mg/ml [76]) were chosen because of different hydrophilic/
hydrophobic character that would allow us to understand how the interactions
between the drug and polymers contribute to drug release. The drug solubility is
expected to influence the loading and the state of the drug in the fibers as a higher
solubility ensures higher loading of drugs in amorphous state. Thus, fibers with
low and high drug loadings were prepared corresponding to drug percentages
below and above the drug solubility limit, respectively. As a measure of drug–
polymer interaction [77], the drug solubility in polymers was determined by dif-
ferential scanning calorimetry (DSC) method and the obtained results are pre-
sented in Table 2. Acetazolamide had higher solubility than timolol maleate in all
fiber compositions probably because of enhanced interaction with the hydroxyl/
carboxyl groups of the polymers. Furthermore, a tendency of increase in solubility
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was noticed when PCL ratio was increased. An opposite trend was observed for
timolol maleate when an increase in solubility was obtained with decrease in PCL
content. We will discuss in Sect. 3.4 how the solubility affects the drug release.

The polymer degree of crystallinity is known to play an important role in
determining water uptake and drug release. Drug release is faster from amorphous
than from crystalline regions for semi-crystalline polymers because the lamellae
behave as barriers to the diffusion of water and drug [45, 79]. In the case of
amorphous polymers, the drug can act as a plasticizer and as it is leached out, the
mobile polymer chains rearrange themselves and crystallize [46]. The crystallized
matrix becomes microporous [78] and the subsequent drug diffusion takes place
through water-filled pores. The polymers used in this work are semi-crystalline and
the obtained fibers are expected to be semi-crystalline too. DSC analysis confirmed
this hypothesis showing a single or two melting peaks corresponding to the
melting of either PCL or Lu. The relative degree of crystallinity of drug loaded
fibers is presented in Table 2, where it can be seen that the fibers showed similar
degrees of crystallinity regardless the type of loaded drug. The drug appeared to be
in amorphous state in fibers with low drug loadings as proven by the absence of
drug melting peak (images not shown). In fibers with high loadings, part of the
drug was in crystalline form as confirmed by morphological analysis (Sect. 3.2),
while the DSC scans of these sample were not conclusive because the peak

Table 2 Degree of crystallinity and drug solubility in polymer(�, no processing)

Sample Loading
(%, w/w)

Tmð�CÞ Rel. degree of
crystallinity (%)

Drug
solubility (%)

Acetazolamide – 271.14 –
Timolol maleate – 205.60 –
PCL 0 60.06 (0.29) 51.37 (0.84) –
25/75 Lu/PCL 0 51.65 (1.37),

59.38 (0.20)
50.97 (2.03) –

50/50 Lu/PCL 0 52.36 (0.67),
59.50 (0.17)

54.83 (1.90) –

Lu� 0 55.57 (0.64) 68.51 (2.12) –
PCL, timolol 0.88 (0.01) 60.28 48.22 (0.86) 4.48 (1.11)
25/75 Lu/PCL,

timolol
0.86 (0.02) 56.22 54.71 5.14 (0.94)

50/50 Lu/PCL,
timolol

0.88 (0.04) 55.48 (0.21),
61.28 (0.26)

59.89 (0.24) 6.97 (1.86)

PCL, acetazolamide 1.24 (0.28) 59.99 (0.15) 49.76 (2.87) 16.53 (2.1)
25/75 Lu/PCL,

acetazolamide
1.55 (0.60) 57.64 (2.98),

58.15 (2.93)
55.04 (0.29) 15.94 (4.81)

50/50 Lu/PCL,
acetazolamide

1.16 (0.20) 54.19 (0.08),
60.20 (0.00)

58.94 (0.06) 14.81 (0.8)

PCL, timolol 7.60 (0.32) 60.52 45.96 –
25/75 Lu/PCL,

timolol
6.99 (0.19) 54.36 (0.61),

60.94 (0.21)
52.82 (4.27) –

25/75 Lu/PCL,
acetazolamide

12.67 (0.35) 53.69 (0.87),
60.93 (0.22)

48.15 (4.03) –
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corresponding to drug melting was masked by fiber degradation process (that starts
at around 250�C).

3.2 Morphological Analysis and Drug Mapping

Morphological differences between samples loaded with the two drugs above or
below the solubility limit were assessed by scanning electron microscopy (Fig. 5).
In Fig. 5a and b surface images of fibers that contain acetazolamide above solu-
bility limit are shown. As the loaded mass of drug was above the solubility limit in
the polymer, the drug was expected to be in crystalline form as confirmed by the
images where drug crystals were visible outside or inside the fibers. On the other
hand, no crystals were observed in the fibers that contain drug in low loadings
(Fig. 5c) suggesting that the drug was in amorphous state in the fibers in agree-
ment with DSC analysis results (Sect. 3.1).

Electron probe microanalysis was performed in order to assess the drug dis-
tribution inside the fiber mats. The surface mapping of timolol loaded fibers
(Fig. 6b, c) showed relatively homogeneous drug distribution regardless of com-
position, while the surface mapping of acetazolamide fibers (Fig. 6a) indicate the
presence of drug conglomerates probably due to higher loading. When the drug is
above the solubility limit, it will phase-separate and crystallize [56, 35].

3.3 Water Contact Angle, Swelling Capacity and Mass Loss

Water contact angle is determined by both chemical composition and surface
morphology [80]. The surface roughness of the fibrous mat results in air entrap-
ment between fibers, and as such the fiber mats usually present higher contact
angle than films with the same composition [81]. Swelling takes place in two
different regions of porosity (Fig. 7): water diffuses first in the pores between
fibers and later in the fibers themselves.

In a fiber mat there are regions in between the fibers that can be occupied by
water molecules, while in films or compacts these regions have significantly
smaller surface. PCL fibers were highly hydrophobic (a water contact angle of
123.18 (0.98)), while the bicomponent fibers were highly hydrophilic (25/75 Lu/
PCL had a water contact angle of 18.28 (4.07), while 50/50 Lu/PCL had one of
16.25 (2.16)). These results were surprising since in a previous work films with the
same compositions presented contact angles in the range 50 to 62� [82]. In
bicomponent fibers, the trapped air between the fibers and pores at the fiber surface
is easily removed by the incoming water molecules because the water soluble
component (Lu) is leaching out. In PCL fibers that showed an increase in water
contact angle from 62 (for films) to 123, probably the hydrophobic nature of
surface chemical groups (PDLLA was shown to enrich its fiber surface with
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Fig. 5 SEM micrographs of various drug load fibers. a, b 25/75 Lu/PCL, acetazolamide, high
load; c, d 25/75 Lu/PCL, acetazolamide, low load; e, f PCL, timolol, high load; g, h PCL, timolol,
low load
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hydrophobic groups [80]) and the trapped air create a barrier to water penetration.
Consequently, PCL fibers absorbed water gradually (see Fig. 8a, while the
bicomponent fibers presented a sudden increase in water content during the first
day (79.0% for 50/50 Lu/PCL and 68.5% for 25/75 Lu/PCL), followed by a
constant value thereafter as Lu content in the fiber was diminished due to
dissolution.

The mass loss plot (Fig. 8b) showed an initial increase in mass loss for
bicomponent fibers (42.5% for 50/50 Lu/PCL and 16.6% for 25/75 Lu/PCL), while
PCL fibers presented insignificant mass loss (0.45%). Mass loss of PCL is
detectable only after the molecular weight reaches a value of 10,000 g/mol [83]

Fig. 6 Sulphur mapping of high loading fibers. a 25/75 Lu/PCL, acetazolamide; b PCL, timolol
(reprinted from [57]); c 25/75 Lu/PCL, acetazolamide (reprinted from [57]), (the scale bar
represents a gradient from 0% (pink) to 100% (red) sulphur content
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and thus the initial high mass loss of the bicomponent fibers can only be attributed
to the dissolution of Lu as the sample with higher Lu content had the highest mass
loss.

The morphology of aged fibers (immersed in PBS during 3 days) was also
investigated in order to determine the change in fiber structure. In Fig. 9a, it can be
noticed the smooth surface of the fibers, while in Fig. 9e pores were observed that
were formed due to the dissolution and leaching of Lu. A different appearance was
shown by 25/75 Lu/PCL fiber mat (Fig. 9f), where the fibers appeared more
wrinkled in comparison with the initial ones and no pores were visible, probably
because of lower Lu content.

3.4 Drug Release

We previously showed how the fiber morphology and drug deposition were
affected by the drug state in the fibers: when drug was in amorphous state, it was
incorporated inside the fibers, while the drug present in amounts above the solu-
bility limit crystallized inside and on the fiber surface (as shown in Fig. 5b). In
Fig. 10a and b, the cumulative percentage of released acetazolamide and timolol
maleate from fibers with low drug content is presented, while in Fig. 11a, the
released drug for fibers with high loadings is shown. It was noticed that fibers with
high drug loading presented burst release in contrast with low drug content fibers
that showed a more sustained release. The former contained drug crystals at the
fiber surface or inside the fibers that were not totally encapsulated and were
instantaneously ‘‘released’’, suggesting that the predominant mechanism of release
was drug dissolution. On the other hand, in the low loadings fibers, the drug was
amorphous and dissolved in the fiber, and as such the release was governed by
diffusion.

Fig. 7 Regions of porosity
in a fiber mat
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Drug solubility in polymer as well as drug solubility in solution are important as
they control the partitioning of the drug from the polymer toward the elution
medium [48]. For the same type of fibers, higher percentages of timolol maleate
were released in comparison with acetazolamide (for example, in the case of PCL
fibers, a ¼ 45:96 (2.92) for timolol and a ¼ 35:14 (1.43) for acetazolamide). This
can be explained by the combined effect of lower polymer solubility and higher
water solubility of timolol maleate in contrast with acetazolamide that has higher
polymer solubility and lower water solubility. High drug loading and sustained
release were observed for formulations using drugs with higher solubility in the

(a)

(b)

Fig. 8 Water uptake a and
mass loss b of black square
PCL, black lozenge 25/75 Lu/
PCL, black triangle down 50/
50 Lu/PCL
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polymer [74]. The compatibility between drug and polymer is indeed important as
it ensures sustained release when the drug is completely encapsulated and
dissolved in the fiber [45].

Fiber composition influenced the release kinetics as drug was slowly released
from PCL fibers when compared to bicomponent fibers regardless of the drug type
(lower a and k for PCL fiber with timolol than for 25/75 Lu/PCL and 50/70 Lu/
PCL fibers with timolol, see Table 3). Certainly, as erosion was very fast
(see Sect. 3.3), various pores were created and the drug was released through

Fig. 9 SEM micrographs of a initial 50/50 Lu/PCL (reprinted from [57]), b initial 25/75 Lu/PCL
(reprinted from [57]), c 50/50 Lu/PCL after 2 days, d 25/75 Lu/PCL after 2 days, e 50/50 Lu/PCL
after 3 days (reprinted from [57]), f 25/75 Lu/PCL after 3 days (reprinted from [57])
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water-filled pores much faster than from amorphous and crystalline regions of PCL
fibers that presented lower porosity [34, 55, 62].

A steady state was attained (after approximately 10 days for bicomponent fibers
and after 20 days for PCL fibers) without total release of loaded drug (cumulative
release percentages smaller than 100%). A fraction of the drug was desorbed from
the pores surface and then it diffused through water filled pores, while another
portion of the drug was trapped between crystalline areas [49, 50] (and

(a)

(b)

Fig. 10 Cumulative release
of acetazolamide a and timolol
maleate b from filled square
PCL, blacklozenge 25/75
Lu/PCL, blacktriangledown
50/50 Lu/PCL
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inaccessible to water) and can only be released by polymer degradation (which is
insignificant during the time scale of release experiment) [73, 59]. This was not the
case for the high drug loading fibers where release was almost complete in the time
frame of the experiment. At high loadings, only a small portion of drug was
trapped (approximately 10% in the case of PCL, see Fig. 11a). As drug was in
higher amount, additional regions of porosity were created after drug dissolution
and diffusion besides those created by water uptake and polymer erosion,
increasing surface area and enhancing drug release [46, 41].

The release kinetics and regression analysis results suggested a three stage
release mechanism, with different steps depending on fiber composition. Disso-
lution of the surface deposited drug (this stage triggered burst release) was fol-
lowed by drug desorption and subsequent diffusion through water-filled pores
(created either due to Lu leaching or polymer recrystallization [78]), while the last
stage was controlled by polymer degradation. In bicomponent fibers, the polymer
erosion stage was dominant during the initial part of the drug release and it was
replaced by the above-mentioned three stage mechanism as soon as Lu was lea-
ched out from the fibers.

4 Summary and Conclusion

Electrospinning is a method of obtaining fibers by stretching a polymer droplet
using an electrical field. This technology has being expanding due to its simplicity
and versatility. In the field of drug delivery, electrospun fibers are an excellent
choice because of easy drug entrapment, high surface area, morphology control

Table 3 Drug loading and model parameters determined by non-linear regression (�, high drug
loading samples)

Sample Desorption model Power law

a s (days) Adj R2 a0 k(day�n) n Adj R2

PCL, timolol 45.96 (2.92) 7.94 (0.03) 0.86 5.08 (3.63) 11.51 (3.23) 0.37 (0.06) 0.92

25/75 Lu/PCL,
timolol

50.41 (2.95) 0.87 (0.76) 0.00 26.93 (2.71) 12.58 (2.72) 0.26 (0.05) 0.90

50/50 Lu/PCL,
timolol

64.60 (2.99) 1.10 (0.40) 0.33 26.34 (3.74) 25.97 (4.09) 0.15 (0.03) 0.90

PCL, timolol� 87.29 (0.46) 0.02 (6.51) 0.55

25/75 Lu/PCL,
timolol�

98.55 (0.27) 0.01 (8.66) 0.40

PCL,
acetazolamide

35.14 (1.43) 4.11 (0.05) 0.92 0.00 (4.76) 17.09 (4.88) 0.24 (0.06) 0.82

25/75 Lu/PCL,
acetazolamide

40.59 (0.62) 0.37 (1.48) 0.96 1.16 (1.66) 36.60 (1.92) 0.03 (0.01) 0.98

50/50 Lu/PCL,
acetazolamide

30.50 (1.16) 0.91 (0.46) 0.54 10.99 (1.06) 14.49 (1.18) 0.12 (0.02) 0.96

25/75 Lu/PCL,
acetazolamide�

98.08 (0.24) 0.05 (0.59) 0.99
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and biomimetic characteristics. Multicomponent fibers have attracted special
attention because new properties can be obtained through the combination of
different materials. There are several factors that can be manipulated in order to
control the drug release from electrospun fibers. Fiber construct geometry and
thickness, fiber diameter and porosity, fiber composition, fiber crystallinity, fiber
swelling capacity, drug loading, drug state, drug molecular weight, drug solubility
in the release medium, drug–polymer–electrospinning solvent compatibility are
some of the process variables that can be optimised during method development.

(a)

(b)

Fig. 11 Cumulative release
of high loadings fibers a from
black square 25/75 Lu/PCL
with acetazolamide,
blacklozenge PCL with
timolol, blacktriangledown
25/75 Lu/PCL with timolol
and cumulative release of low
loadings fibers and curves
corresponding to non-linear
fit of Eq. 2) b from
blacksquare PCL with
acetazolamide, blacklozenge
PCL with timolol,
blacktriangledown 25/75 Lu/
PCL with timolol
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We presented in this chapter how drug release control can be achieved in
bicomponent fibers through the manipulation of drug solubility in polymer, drug
state and loading. The restraint of burst stage is essential in order to avoid toxicity
at the implantation site and to ensure long-term delivery. Fibers were obtained by
electrospinning of two semi-crystalline (co)polymers, PCL and Lu, and were
loaded with two drugs, acetazolamide and timolol maleate, in concentrations
below and above the drug solubility limit in polymer. Morphological analysis
showed that fibers with high drug loadings (above solubility limit) had drug
crystals inside and outside the fibers, while fibers with low drug content (below
solubility limit) had drug encapsulated in amorphous form.

The high loadings fibers showed higher extent of burst and shorter periods of
release than low drug content fibers, suggesting that loading and drug encapsulation
in either crystalline or amorphous form are interrelated and control the release rate,
especially in the burst stage. Thus, in long term release applications where high
amounts of loaded drug are desirable, a compromise must be found in order to
balance the loading and release rate that seem to vary in opposite directions
according to the present study. Timolol maleate was released faster than aceta-
zolamide in the same type of fibers and at similar loadings, indicating that drug
solubility in polymer influenced the partition of drug between polymer and elution
medium. The fiber composition also controlled drug release, since release was
slower from PCL fibers than from bicomponent fibers regardless of the drug type.
By choosing the polymers making up the bicomponent fibers and their ratio, the
magnitude of the various release stages can be controlled, attaining the desired
release kinetics.
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Novel Coating Technologies of Drug
Eluting Stents

Dennis Douroumis and Ichioma Onyesom

Abstract In the last decade, drug eluting (DES) stent have been introduced as a
useful tool in modern interventional cardiology. A wide variety of stent platforms
are already in the market or under development undergoing clinical evaluation.
The stent characteristics including stent design, coating strategies and pharma-
cological agents are related to different rates of restenosis. In this chapter we
emphasise the current coating technologies employed for drug and delivery-
vehicle material deposition onto the stent surface. A discussion about the existing
platforms, recent developments and clinical outcomes is also included.

1 Introduction

Drug eluting stents (DES) have played a key role in interventional cardiology for
the treatment of vascular diseases in the last 20 years. One of the most common
vascular diseases is atherosclerosis which is a leading cause of death in the western
world. Atherosclerosis is characterized by narrowing and/or occlusion of the
arteries that supply blood to tissues of the heart [26, 80, 90] where a necrotic core
of foam cells, dead cells and fat is formed, surrounded by a fibrotic cap of smooth
muscle cells, proteoglycans, collagen, and calcium in the intima of large and
medium size arteries. The development of these lesions will finally lead to artery
narrowing and consequently in reduction of oxygen and blood to the heart causing
patient inschemia and angina pectoris (chest discomfort, pain, tightness or
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pressure) and further may result to heart attack, stroke or kidney failure [53]. When
this blockage occurs in the coronary artery it can lead to myocardial infraction and
death.

One of the main treatments to cure atherosclerosis is the implementation of a
procedure called percutaneous transluminal coronary angioplasty (PCTA) that can
restore the obstruction or the narrowing of a blood vessel. In this procedure the stent
which is mounted in a balloon catheter is inserted into the artery placed at the site of
the initial blockage. Balloon angioplasty was introduced in 1979 when Andreas
Gruentzig [36, 45] successfully achieved the first PCTA using a balloon catheter.
However, PCTA can cause injury to the blood vessels termed restenosis and par-
ticularly in-stent resteonosis [59, 62] as occasionally some patients develop a re-
narrowing after coronary stenting. Restenosis is developed by the implantation of
the stent and it is mainly characterized by neoitimal proliferation where prolifer-
ating cells grow inmost to the vessel and elastic recoil of the vascular wall [18, 55].

Several studies have demonstrated the efficiency of DES to reduce vessel
blockage due to restenosis by delivering therapeutic agents [74, 111, 112]. The DES
can provide localized drug delivery and ensure the delivery of the effective dosage
on the target site due to the direct contact with the vessel walls. The Cypher�

stent developed by Cordis was the first DES that reached the market [105, 127] and
it was approved in 2003 by the Food and Drug Administration (FDA). Its break-
through technology was proved advantageous compared to the bare metal stents
(BMS) that caused thrombogenic effects and high mortality to patients receiving
BMS. Indeed the RAVEL trial (randomized study with the sirolimus-eluting
Velocity balloon-expandable stent in the treatment of patients with de novo native
coronary artery lesions) performed on 238 patients and SIRIUS (a multicenter,
randomized, double-blind study of the sirolimus-eluting balloon expandable stent
in the treatment of patients with de novo native coronary artery lesions)
(n = 1,100) trials showed significant reduction of neointimal growth [75, 99].
These large scale randomized trials confirmed the antirestenotic effect of DES.

The successful development of DES requires the involvement of a multidisci-
plinary group of scientists and can be simplified in three basic components: stent
design, coating strategies and pharmacological agent [107]. The stent coating is an
important factor for stent design affecting both angiographic and clinical data [48].
The existence of a coating substrate on the strut surface influences thrombogenicity
as a result of delayed healing and hypersensitivity reactions [76, 124]. Thus the
stent surface has a major impact on vascular responses such as platelet and leuko-
cyte deposition at stent sites, smooth muscle cell migration, proliferation, produc-
tion of cellular matrix and at the end of neointimal hyperplasia formation [40]

Research efforts are now directed at coating strategies for prevention of reste-
nosis and coating strategies for improving biocompatibility [1]. The first direction is
related to the applied coating techniques since several approaches have been used to
coat the drug on the stent surface and control the release kinetics. In order to
develop effective DES, it is important to precisely control the drug release kinetics
to avoid bulk release and the drug must be in an effective dosage form at the target
site. It is now evident that antirestenotic drugs need to be delivered in 3 weeks to
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prevent smooth muscle cell migration and proliferation [3, 118] since the initiation
of both processes takes place a day after balloon angioplasty for at least 2 weeks
[115]. Therefore, a drug carrier, usually a polymer, has to be blended and coated on
the stent strut to deliver the active substance directly to the endothelial walls
approximately for 3 weeks [46, 52]. This chapter will discuss the features and
applications of various stent coating methods including novel approaches that have
been employed from industry and researchers to improve the quality of DES. We
will also focus on the novel coating materials (e.g. polymers, inorganic materials)
with anti-inflammatory, anti-thrombogenic activity and improved biocompatibility.

2 Drug Eluting Stents

2.1 What is Drug Eluting Stent?—Stent Structure

A DES can be defined as a localized small expandable, slotted metal tube (Fig. 1)
inserted into a vessel coated with pharmacological agent that is used to provide
structural support for a vessel after the intervention and to allow slow release of that
particular drug at the stent implantation site [25]. The rationale behind the devel-
opment of DES is: (a) to control and reduce smooth muscle cell growth and
migration and (b) to prevent inflammatory response which is the cause of in-stent
restenosis and neointimal proliferation [1, 61]. The advantages offered by DES
include clinical benefits such as avoiding excessive exposure of drugs with systemic
toxicity by providing effective drug concentrations in the surrounding tissues [61,

Fig. 1 The cobalt chromium
NEMOTM reservoir stent
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65]. Additionally, DES bypass first pass metabolism facilitating administration of
higher concentration of drug with no significant side effect (Intravascular stent).

The physical structure of the stent can have an impact on DES performance.
Three primary performance factors [13, 65, 89, 107] drive stent design: radial
strength to minimize vessel recoil, flexibility to facilitate stent delivery and con-
formability to improve vessel wall opposition. The last factor has become par-
ticularly important as it plays a significant role on uniform delivery of
antirestenotic drugs to the diseased vessel segment.

The radial strength is important since displaying or compressing plague with
only a balloon may leave the artery susceptible to vessel recoil or acute closure. A
stent provides scaffolding to prevent vessel’s recoil and helps maintain luminal
diameter and one of the key attributes to determining stent ability to resist vessel’s
recoil is its metal composition. Currently available stents use a composition of
metal alloys which include stainless steel (liberte stent), cobalt chromium (CoCr)
(vision stent) and cobalt nickel (driver stent). The selection of specific metal
composition often involves a performance standard. For example, stainless steel
maybe selected for improved biocompatibility, strength and durability but may not
have the same radiopacity of other alloys. Specific benefits from one alloy to
another are not quite clear at the moment although they might impart benefits. The
radial strength and vessel recoil resistance are also a function of stent geometry
and strut thickness [12, 82]. Over the last decade the stent strut thickness has been
decreased by 40% and many DES now feature struts less than 0.0038–0.003200.

Another benefit of the evolution of stent design is the improvement of stent
flexibility [67, 107]. Over time, stents have been moved from highly connected
closed patterns to more open structures with fewer strut connections. The initial
closed designs were extremely strong but stent were difficult to deliver. To
improve stent flexibility and deliverability the shape and the connections of the
stent strut became the focus. The gradual decrease of the stent struts and their
connections resulted improved flexibility. A new innovative hybrid design fea-
turing unique geometric shapes was introduced to further minimize vessel recoil.
These hybrid designs use thinner struts to uniformly distribute compressive forces
and reduce vessel recoil. In essence these hybrid designs helped to deliver a
combination of radial strength, low stent profile and excellent flexibility. Another
important property was the more uniform vessel coverage, an important factor in
DES design. Many of the open cell designs present large areas between struts
which may improve flexibility over closed cell designs but may also lead to gaps
or areas of inconsistent vessel coverage. Stents with small cell areas may help to
improve vessel coverage and promote uniform drug distribution.

2.2 Importance of DES Coating

There is an enormous number of coating technologies applied on the surface of
DES, some of them already used for commercial products and others under
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development. DES are usually coated by polymers [1] incorporating a pharma-
cological agent to reduce adverse effects mentioned previously.

The implemented coating technology should provide a safe, uniform, repro-
ducible, accurate and cost effective coating on the stent surface for a wide range of
carriers and active agents. Incomplete coating on the strut surface results in
roughening of stent surface, increase strut thickness and lack of uniformity that
consequently can lead to increased risk of restenosis as it was observed in gold
coating [51, 103]. Another concern is the bridging which is the forming of a film
across the open space (slots) between structural members of the device and occurs
when coating stents with less open construction. The bridging is undesirable
because it can interfere with the mechanical performance of the stent such as
expansion during deployment in a vessel lumen. The created brides may rapture
upon expansion and provide sites that activate platelet adhesion by creating flow
disturbances in the adjacent heamodynamic environment or pieces of the film may
break off and cause further complications. Bridging of the open slots may also
prevent cell migration thus complicating the endothelial cell encapsulation of the
stent.

In some cases the coating technologies could be problematic in that there is a
significant amount of material lost during the process when most of the incorpo-
rated active agents are quite costly. Similarly the same technologies can limit the
coating level failing to achieve high drug loading. The coating method can itself
exclude a class of pharmaceutical agents due to the operational principles. For
example, many coating devices operate by using organic solvents to dissolve the
polymers and water insoluble active agents. Hence, it is impossible that can
be used for loading of water soluble drugs. The coating technology should be
suitable to control accurately the coating thickness, along to the longitudinal axes
of the tubular wall, to optimize the release of the active substance. There are quite
a few occasions where the amount of the active substance has to be increased in
the end sections of the stent surface as compared to the middle part to reduce the
risk of restenosis. The coating of both the abluminal and luminal or only the
abluminal surface of the stent body requires the employment of the appropriate
technique. As we will discuss later reservoir systems are designed to deliver more
than one drugs in a controllable manner in different time intervals.

In a study reported by Virmani et al. and Hwang et al. [47, 128] a case of late-
stage thrombosis of a patient who had two overlapping CypherTM stents was
described. The analysis showed thrombus at the entrance of the distal stent with
evidence of inflammatory cells in the subluminal tissue. Interestingly, in the
proximal stent, a few small polymer pieces were found separated from the stent
surrounded by giant cell. It was not unclear whether this was due to the preparation
procedure the authors concluded that localized hypersensitivity to the polymer was
responsible for the occlusion. However, the existence of separated polymers on the
stent surface is a strong indication of incomplete coating.
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2.3 Polymer and Drug Aspects

In addition to stent design, the polymer technology is proven to be a key aspect on
DES performance. Originally polymers have not been used as a necessary com-
ponent of DES. In the first DES generation only anti-restenotic active substances
were coated directly on the stent surface [47, 99]. The lack of a protecting polymer
layer caused the drug layer to crack and delaminated from the stent with significant
impact on the quality and consistency of the clinical results. The polymer coatings
were added to DES to protect the drug during the manufacturing, delivering to the
lesion and expansion [47]. For instance, some drugs may degrade or lose their
activity when exposed to the blood flow for a period of time. Another reason was
to allow consistent drug dose to be applied to the entire stent and control the drug
amount/time that is released from the stent.

Although polymers are an essential component of DES they vary in their
mechanical characteristics. The ideal coatings for DES require mechanical
integrity in a smooth uniform fashion and vascular compatibility to avoid addi-
tional inflammatory response or vessel injury. The polymer should also be
designed and manufactured to deliver the drug loading in a controlled, consistent
manner. Briefly, two different approaches, for storing and releasing anti-restenotic
drugs have been explored: reservoir [22, 56, 107] and matrix systems. In the
reservoir systems the drug is loaded in voids and the polymers may be mixed with
the drug or used to coat the drug by tailoring the drug release from the stent.
Alternatively, matrix systems incorporate the drug into the polymer during the
polymer process distributing the drug through the entire thickness of final polymer
coating.

The clinical efficacy of DES has been evaluated in relation to the polymer
properties. In a study, five degradable and three non-degradable polymers were dip
coated to study the inflammatory responses [124]. The study revealed that poly
(ortho ester), poly (caprolactone), poly (hydroxy butyrate valerate), as well as the
non-degradable poly (urethane) and poly (dimethyl siloxane) caused severe
inflammatory reactions. Only in the case of the biodegradable PLGA, a copolymer
of poly (ethylene oxide) and poly (butylenes terephthalate) less severe responses
were observed. A number of polymers used in DES showed extensive inflam-
matory responses after implantation in coronary arteries and only high molecular
weight, slow degradable polymer such as poly-l lactic acid showed acceptable
heamocompatibility and histocompatibility in porcine and human coronary arteries
[64, 96].

A variety of drugs used in DES includes immune-suppressive agents (sirolimus,
tacrolimus, biolimus B9, everolimus and zotarolimus), cellular proliferation agents
(paclitaxel, actinonycin D), anti-inflammatory agents (dexamethasone), antibodies
and prohealing agents. For most of the active agents the mechanism of action has
been studied and it is well know. Rapamycin (sirolimus) is a macrocyclic lactone
with immune-suppressive properties and it is known to inhibit proliferation and
migration of smooth muscle cells. On a subcellular level rapamycin inhibits the
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mammalian target of rapamycin by binding to the FK-binding protein 12. As a
result rapamycin increases thrombin and tumor necrosis factor-a [109, 110]. For
these reasons rapamycin has been incorporated in the commercial Cypher stent
(Cordis, Warren, New Jersey) with clinical studies showing almost complete
abolition of neointimal growth [105]. The profound effect on restenosis and
revascularization in several clinical trials (RAVEL, SIRIUS, E-SIRIUS, and
C-SIRIUS) has confirmed the efficacy of Rapamycin in DES.

Paclitaxel is a lipophilic diterpenoid that acts as an immune-suppressive and anti-
proliferative agent and it also a well know in cancer treatment. It is a potent an-
timicrotubule agent that binds to the b-subunit of the tubulin heterodimer, promoting
tubulin polymerization, cell cycle arrest, and ultimately, inhibition of vascular
smooth muscle cell migration and proliferation [20, 104]. The latter takes place by
blocking cell proliferation in the G1- or M-phase of the cell cycle. Furthermore,
paclitaxel activates the c-JunNH2-terminal kinase [108, 132] an important mediator
of endothelial and monocytic tissue factor induction. Therefore, paclitaxel enhances
tissue factor expression and activity in endothelial when introduced in DES [28].
Paclitaxel has been incorporated as the active component in several available
commercial stents such as TAXUSTM (Boston Scientific, Natick, Massachusetts).

Similarly, Everolimus and Zotarolimus which are Rapamycin synthetic ana-
logues with similar activity have been successfully used as antirestenotic agents in
DES [50, 69, 95]. Both substances bind to cytosolic FK-506 binding protein-12
and inhibit the proliferation of smooth muscle cells and T-cells. The Xience V
(Abbott Vascular, Santa Clara, California) everolimus-eluting stent (EES) and the
Endeavor (Medtronic Vascular, Santa Rosa, California) zotarolimus-eluting stent
(ZES) both consist of a CoCr platform loaded with a non-erodible polymer and
with a permanent polymer (phosphorylcholine) respectively, are two examples of
commercial DES with proved clinical efficacy. A wide variety of DES are already
in clinical use or under investigation while research is focused in the development
of the stent platform, the pharmacological agent, the drug carrier vehicle and the
coating technology.

3 Coating Technologies of DES

3.1 Dip Coating

Stents are typically coated by simple dip coating of the stent in a single drug/
polymer(s) solution [138]. In a simplistic approach a drug solution is prepared in
an organic solvent miscible with the polymer carrier solution at a concentration
range. The polymers can both be biodegradable or non-biodegradable with the
appropriate adhesion on the metal surface and rate controlling properties. Alter-
natively, the stent is modified to contain micropores or channels [137] and is
dipped into the drug solution of a volatile organic solvent (acetone, methylene
chloride) for sufficient time to allow solution to permeate into the pores. The
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dipping solution can be further concentrated to improve the loading efficiency.
After solvent has been allowed to evaporate the drug coated stent is dipped for a
short time. In the final step a polymer solution is applied to the stent be repeating
the dipping process. This outer layer of polymer acts as diffusion controller for the
drug release.

However, the above dipping methods were accepted for early stent designs that
were of opened construction fabricated from wires [135] or ribbons. The reason
was that these approaches could provide relatively low coating weights (about 4%
polymer) without bridging the open space between structural parts of the stent. In
addition, the application of multiple dip coats from low concentration solutions
often has the effect of reaching a limiting loading level as equilibrium is reached
between the solution concentration and the amount of coating, with or without
pharmaceutical agent, deposited on the stent. There also cases where the stent
coating requires high concentration coatings (about 15%) or multiple polymer
layers. Thus, the dip-coating method was developed to allow coating thickness of
10–15 lm by Ethicon Inc. (New Jersey, US).

The stent is positioned on an undersized mandrel after been cleaned by soni-
cation in an organic solvent. A small amount of the drug/polymer solution is
dropped on the stent surface to coat thoroughly the stent. Once the mandrel motor
turns on, the mandrel rotates at high speed for a few seconds to through off any
excess solution from the stent and to provide the proper distribution of the coating
solution on the stent surface. The stent is then moved into a new, clean position on
the mandrel to remove the surplus solution from the inner stent walls. The process
is repeated a few times, after which time the conformal coating is already dry and
non-sticky. In terms of the process, important polymer solution parameters include
viscosity, solvent evaporation rate and several others. Finally, a coating cure step
takes place within 24 h and the stent is placed in a saturated water atmosphere
under vacuum at ambient temperature.

This approach [135] has been employed to coat the CypherTM stent developed
by Cordis Corporation (Miami US). It was the first drug-eluting stent that obtained
commercial approval by the US FDA granted in April 2003 aiming to improve
coronary luminal diameter in patients with symptomatic ischemic disease due to
discrete de novo lesions of length B30 mm in native coronary arteries with a
vessel diameter of C2.5 to B3.5 mm. The device components consists of the BX
VELOCITY balloon expandable coronary stent premounted on a delivery system
the RAPTOR over the wire or the RAPTORRAIL rapid exchange. The approved
drug eluting stent contains a nominal sirolimus content of 70–314 lg while the
inactive ingredients contain a subcoat of parylene C and a basecoat of two non-
erodible polymers polyethylene-co-vinyl acetate (PEVA) and poly n-butyl meth-
acrylate (PBMA). The hydrophobic parylene C subcoat is applied on the stent
surface by chemical vapour deposition method that requires high temperature and
low pressure conditions. The rationale of this primer coating is to develop stent
elasticity and long lasting adherence. The FDA has already approved Parylene C
(Class VI polymer) for medical implants [39] due to its excellent biostability and
biocompatibility [32, 92]. The PEVA and PBMA polymers are mixed with
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sirolimus at a ratio of 67 and 33%, respectively, and this subcoat is applied to the
parylene treated stent. A drug free topcoat solution of PBMA polymer is applied
onto the drug reservoir layer to provide a slow-release formulation. The presence
of the topcoat renders the Cypher stent a diffusion controlled device.

Dip coating has been used to apply the phosphorylcholine polymer drug carrier
on the BiodivYsioTM (Biocompatibles Ltd. UK), ZoMaxx (Abbott Vascular, US)
and EndeavorTM (Medtronic Inc. US). The phosphorylcholine polymer drug car-
rier [16], known simply as PC-1036 or PC, is neutral, zwitterionic, naturally
occurring phospholipid polymer, composed of the polymers 2-methacryloyloxy-
ethyl phosphorylcholine (MPC), lauryl methacrylate (LMA), hydroxypropyl
methacrylate (HPMA), and trimethoxysilylpropyl methacrylate (TSMA) in the
molar ratios of MPC (23%), LMA(47%), HPMA(25%), and TSMA(5%). It not a
biodegradable polymer but it is biostatic and biocompatible [134], being a natural
component of the cell membrane. PC-polymers are typically applied to a medical
device through a simple dip or spray coating process using organic or aqueous
solvent systems. This allows for application of a suitably soluble active by either
applying a mixture of the active with the coating, or, because the polymers are
hydrogels, simply swelling the coating in a solution of the drug after application.
As the polymers may be cross-linked through a curing process, post coating, it is
possible to incorporate materials of widely different solubility properties into the
coating and to control the elution of the active. The ZoMaxx stent uses the Tri-
Maxx stainless steel–tantalum stent platform to deliver zotarolimus 10 lg/mm via
the PC technology. After 9 months, the ZoMaxx stent clinical studies showed high
rate implantation success (99%), low rates of subacute (0.5%) and late (0%) stent
thrombosis. It also showed less neointimal inhibition than the Taxus stent, as
demonstrated by higher in-stent late loss and restenosis by QCA and neointimal
volume obstruction by intravascular ultrasound. The second-generation Endeavor
ZES uses the CoCr Driver stent platform loaded with PC polymer which releases
95% of zotarolimus, within 14 days. The superiority of ZES [29] compared with
BMS was demonstrated in the, randomized ENDEAVOR II Study (n = 1,197),
which reported significantly lower in-stent late loss and angiographic binary
restenosis at 9 month follow-up with ZES and significantly lower target lesion
revascularization (TLR) out to 5 years of follow-up. Rates of death, myocardial
infraction, and stent thrombosis remained comparable between both stents
throughout follow-up. In the comparison with other DES, data have indicated a
relatively poorer performance of ZES compared with paclitaxel (PES) and sirol-
imus (SES) eluting stent at short-term follow-up, as indicated by significantly
higher late loss and numerically greater TLR. Further follow-up outcomes have
been more supportive after the observed reductions in the absolute difference in
TLR between ZES and SES/PES. For instance, in the ENDEAVOR III study, the
2.8% absolute difference in TLR between ZES and SES at 1 year was reduced to
1.6% at 5 years, whereas in the ENDEAVOR IV study, the absolute difference in
TLR between ZES and PES was 1.3 and 0.5% at 1 and 3 years, respectively.
Although at only medium term follow-up, these results suggest the absence of the
‘‘late-catch’’ phenomenon with ZES.
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An alternative dipping process [83] is the preparation of an aqueous polymeric
emulsion where the stent is dipped and then is removed to evaporate water until a
uniform coating is formed. The emulsion is mainly produced by emulsion poly-
merization process at 75–100�C by combining polymer monomers, initiators and
surfactants. The active substance is usually dissolved in the emulsion or it is
dispersed if it is not water soluble. The dipping process is repeated several times to
adjust the desired coating thickness while the aqueous phase of the emulsion does
not dissolve the coating layers upon successive dipping. Although dip coating has
been used extensively it can be problematic as polymeric coatings are applied from
solutions of one or more polymers in one or more organic solvents in order to
control the release of the active agent. These solvents prevent repeated dipping to
build up the desired amount of coating as the solvent will re-dissolved the coating
applied during the previous dipping.

3.1.1 Polymer Free Dip Coating

A polymer free drug eluting stent [44], Debiostent�, developed by Debiotech to
overcome polymer coated associated pitfalls. The coating consists of biocompat-
ible nano-structured ceramic material such as TiO2, Al2O3 or IrO2 combining
different types of porosities disposed in a fully controllable mode at the stent
surface. Because of the highly porous coating, a high drug loading efficiency is
achieved with full controllable drug elution kinetics or even selective drug loading
options. The coating layer acts as drug reservoir representing up to 30% of the total
coating volume and drug loading can reach up to 10 mg/mm2. By adjusting the
layer thickness, pore size and turtuosity then elution times can be then controlled
to provide the desired patterns. The stent coating is conducted using Debiotech’s
proprietary technology for example by depositing a pre-coating a soft hydrophilic
layer followed by deposition of the temporary particles. The deposition process for
the final coating depends on the coating precursors and also the desired coating
properties. In all case the coating is deposited in several sub-layers and the coating
precursors (e.g. water) are removed with thermal treatment. This approach allows
formation of thicker and crack-free coatings. It is preferable to use nano-powders
or sol–gel approaches because they reduce the application of high temperatures for
obtaining crystalline coatings. As a result metal stents do not undergo phase
transitions that could have an effect on the mechanical or shape memory
properties.

The obtained inorganic coatings are built upon a network of cavities with sizes
varying from nanometer to micrometer scales. The particles are linked together by
multiple channels of particles with highly accurate particle size. The drug loading
is conducted by dip coating of the stent in the appropriate solution. Because of the
controllable pore size different actives can be loaded depending on their molecular
size. For example layers with different porosities can be coated that will allow
selective drug adsorption. The developed porous Debiostent� stent is expected to
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offer a new DES platform with desirable drug elution properties and favorable
clinical outcomes. At the moment is has not been under clinical evaluation.

3.2 Spray Coating

Spray coating of DES is among the most common approaches to apply a drug/
polymer matrix on the strut surface [1]. A typical spray coating system includes a
spray nozzle and a pump that supplies the coating material from the reservoir to the
nozzle. The drug/polymer or polymer solution is ejected from the nozzle in the form
of microdroplets applied to the surface of the stent. For example, a block copolymer
and the drug can be dissolved in a mixture of organic solvents (e.g. toluene,
tetrahydrofuran) to a final concentration of 1%. The solution is placed in a syringe
pump and fed to a spray nozzle while the stent device is mounted on a rotated
mandrel. To ensure a uniform coating the nozzle moves along the stent surface
while spraying for one or more passages until the desired coat thickness is achieved.
The coated stent is then cured in a preheated oven for 3 h at 65–70�C.

Such a spray coating device [87] was employed to coat the commercial
TAXUSTM EXPRESS2TM paclitaxel (PTx) eluting stent (Boston Scientific, Natick,
Massachusetts). The TAXUS technology consists of discrete PTx nanoparticles
(1 mcg/mm2) embedded in a thermoplastic elastomer poly(styrene-b-isobutyl-b-
styrene) (SIBS) called TransluteTM [88]. This stent also incorporates a stainless
steel platform where PTx is released from the Translute polymer matrix directly
into arterial walls without going through the rate-controlling membrane, providing
a diffusion controlled matrix system. The in vitro release studies demonstrated
various release patterns depending on the PTx loading amounts (Fig. 2). The
TaxusTM family of stents were the second DES platform approved by the FDA in
March 2004 in the US [127] and the drug contents of the stents were approxi-
mately 50–200 lg. The clinical performance of the TAXUSTM stent system has
been widely studied [17, 35, 111, 112] and it was found to have a profound effect
on reducing restenosis rates compared to BMS models. The TAXUS IV trials
presented a dramatic reduction in restenosis rates when compared to BMS after
9 months, 7.9 versus 26.6%, respectively [127].

The aforementioned coating methods in some cases have been proved ineffi-
cient and unreliable as they produce defective coatings with a damaged or waving
or uneven strut layers. In addition, a significant coating amount is lost during the
spray process. Therefore, more sophisticated spray coating devices have been
employed for stent coating such the one described below from Abbott Cardio-
vascular Systems (Santa Clara, CA) [125]. Initially, the uncoated stent is weighted
through an automated system on a microbalance and then it is placed for aligning
on a conical shape support. By using a digital image recorder the stent is aligned at
the appropriate position. The reason is that while the coating substance is ejected
by the spray nozzle it is not uniformly distributed in the cloud of the spray nozzle.
The concentration of the coating substance is higher in the area along or near the
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longitudinal axis of the nozzle. As the distance from the axis of the nozzle
increases, the concentration of the coating substance decreases. Thus it is desirable
to place the stent in a cloud area that has the highest concentration in order to
increase the coating efficiency. The stent alignment will facilitate coating effi-
ciency and prevent inconsistent or uneven patterns on the stent surface. The
coating is applied be feeding a gas and a liquid through a nozzle that consists of a
gas-assisted mixing atomizer. The nozzle deposits the coating materials onto the
stent in the form of fine droplets. Process parameters that affect droplet size include
the viscosity of the solution, surface tension of the solvent, solution feed rate and
atomization pressure. During the coating operation the stent rotates about its
central longitudinal axis and can also translate axially or linearly though the
spraying cloud. After a selected number of passes through the spraying cloud the
deposited coating substance is aloud to dry or subjected to further spraying. The
spraying and drying steps can be repeated until a desired amount (or thickness) of
coating materials is deposited on the stent. This helps to avoid excessive appli-
cations of coating material and create a plurality of coating layers. The drying
process depends on the solvent nature and various energy sources such as con-
ventional or infrared or UV ovens are used to remove residual solvents.

This spray coating process has been used to coat the XIENCE V� everolimus-
eluting coronary stent system (Abbott Vascular, Santa Clara, CA, USA). The
XIENCE V� is consists of either the MULTI-LINK VISION� or the MULTI-
LINK MINI VISION� coronary stent system coated with a formulation containing
everolimus, the active ingredient, embedded in a non-erodible polymer mixture.
This mixture consists of PBMA, a polymer that adheres to the CoCr stent and drug
coating, and PVDF-HFP, which is comprised of vinylidene fluoride and hexa-
fluoropropylene monomers as the drug matrix layer containing everolimus.
PBMA is a homopolymer with a molecular weight (Mw) of 264–376 kDa and
PVDF-HFP is a non-erodible semi-crystalline random copolymer with a molecular
weight (Mw) of 254–293 kDa. The drug matrix copolymer is mixed with ever-
olimus (83%/17% w/w polymer/everolimus ratio) and applied to the entire PBMA

Fig. 2 In vitro kinetic drug-
release profiles of PTx from
SIBS polymer stent coatings
containing 8.8, 25, and 35%
PTx (w/w) over 14 days in
PBS–Tween20 at 37�C. Data
are an average from three
stents at each time point (with
permission from Ranade et.al
2004)
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coated stent surface. The drug load is 100 lg/cm2 without the presence of a layer.
In 2008 a pivotal clinical trial SPIRIT II was designed to compare the XIENCE V
and TAXUS EXPRESS2 in US and Japan. The results demonstrated that angio-
graphic in-segment late loss was considerably less for the Xience V stent com-
pared to the Taxus stent. In addition a significant reduction in major adverse
cardiac events for the Xience V than for the Taxus stent with 43.2 and 41.7% after
9 and 12 months, respectively [113].

An advanced spray coating technology [126] has been developed by Biosensors
International Ltd. to produce accurate and precise coatings to avoid imperfections
such as excessive coating, creation of meniscus or bridging on the stent surface.
Similarly to the previous device the stent is placed on a support element while a
dispensing head (nozzle) moves along the axis of the rotating stent applying the
coating material. Prior stent coating the stent is placed on a mandrel and then
positioned in focus under an imaging system. A line camera is used to produce a
two-dimensional image that will be further processed. The imaging system is
connected to a control unit which operates by using a series of algorithms. For this
purpose a step sequence is introduce to apply (i) a segmentation algorithm to
determine the area occupied by the stent elements, (ii) a skeletonization algorithm
to determine the points of intersections of the stent skeletal elements, (iii) a path-
traversal algorithm to determine the paths along the skeletal elements and (iv) a
speed and position algorithm to determine the relative speeds and positions of the
dispenser head as it travels along the stent.

In essence, the main functions of the operating system is to determine the
traversal paths by which the dispenser head is moved over the stent elements and
also to determine the speed and position variations in order to optimize the
deposited coating. The imaging system supplies a signal information in the form of
light transmition followed by a segmentation process (histogram based pixel
classification) to produce a grayscale image. This image is used for the scelet-
onization process to reflect the stent structure and then the skeleton image is
translated into an in-memory sequence of points to define the traversal path. The
speed and position algorithms play also a major role in the coating process as they
control a number of key functions. For example, they control the coating
parameters such as motion speed, dispensing flow rate and number of passes. They
also used to adjust the coating thickness between links and bands by controlling
the number of layers. An important function of these algorithms is the variation of
the coating trajectories over wider struts. When the strut becomes wider the
algorithms enable multiple passes by deviating the trajectory of the dispensing
head from the centre of the strut and shifting it closer to either edge of the strut.
Another feature of the operating system is the ability to control the distance
between the tip (typically 20–60 lm) of the dispensing nozzle and the stent in
order to affect the coating deposition. When there is a requirement for less coating
on specific strut areas e.g. thinner parts, sharp turn or stent crowns, the operating
system is programmed to increase the motion speed without altering the flow rate.

This unique precision automated coating approach was implemented to coat
Biomatrix FlexTM a new generation (Grube et al. 2006) DES developed by
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Biosensors International. An improved mechanical stainless steel platform was
coated with an abluminal biodegradable polylactic acid (PLA) polymer and Bi-
olimus A9TM (Fig. 3). The improved flexibility, trackability (ability of the stent
plus delivery system to navigate through the vessel to reach the lesion) and larger
initial cell opening (i.e. the area between the struts when fully extended) due to the
employment of curved connectors achieves reduced turbulence and arterial wall
injury. The active agent Biolimus is a highly lipophilic, semi-synthetic sirolimus
analogue with an alkoxy-alkyl group replacing hydrogen at position 42-O [33]. At
a cellular level, biolimus presents similar pharmacological effects to sirolimus
where it forms a complex with intracellular FKBP-12, which binds to the mam-
malian target of rapamycin and reversibly inhibits cell-cycle transition of prolif-
erating smooth muscle cells. The abluminal coating of PLA is absorbed with
6–9 months (Fig. 4) as polymer degrades over time [19, 34] to lactic acid. Biol-
imus is more lipophilic than sirolimus presenting faster cellular uptake with
excellent immunosuppressant and anti-inflammatory properties. The 1 and 3 years
randomised clinical trials LEADERS [97, 136] suggested that the Biomatrix
FlexTM showed improved safety and efficacy compared to Cypher SelectTM (J&J).
When compared to both 1 and 3 years results there was a diverging trend towards a

Fig. 3 Abluminal coating of
Biomatrix FlexTM a coated
with biodegradable PLA and
Biolimus BA9, b Juno stent
platform (courtesy of by
Biosensors Int.)
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lower rate of MACE (15.7 vs. 19.0%; P value for superiority = 0.09) in patients
treated with BioMatrix Flex versus those treated with Cypher Select. In addition,
the very late thrombosis (VLST) was reduced to 0.2% for BioMatrix Flex out to
3 years, compared with 0.9% for Cypher Select observed within the same period.

3.2.1 Polymer Free Coatings

An innovative coating system called Transluminal Stent Coating Machine (SCM),
[8] has been developed by Transluminal GmbH (Germany) for polymer free coating
DES. Interestingly, this is the only technology reported up to date that can be used for
individual stent coating a few moments prior to stent implantation and for immediate
use. An important advantage is that the device allows physicians to decide as to
which active substances and which dose are to be applied to coat the stent depending
on the patient’s particular situation. The SCM device consists (Fig. 5a, b) of a
reusable base station, an exchangeable cartridge mounted in a drive unit within the
station, a holder and a spray nozzle. The whole process takes place within the
cartridge which is placed in the station. A catheter with a stent at the front end is fitted
into the cartridge. The cartridge can be sealed in a sterile manner during the stent
coating to prevent contamination. A transport carriage is connected with the spray
nozzle and moves on the longitudinal axis to spray the inserted stent. Furthermore,
the selected active agent is filled in a syringe which can travel simultaneously with
the spray nozzle pressed by a piston. The coating process is initialized by the
advancement of the drug into a mobile, positionable ring containing three jet units,
which allow for uniform delivery of the drug onto the stent surface. At the end of the
coating process the stent is dried by applying compressed air. The stents are usually
coated with 0.5, 1.0 and 2.0% rapamycin solutions. An additional advantage of the
technology is that the syringe can be replaced by a new one which contains a different
pharmacological agent. Moreover, SMC provides short coating times with freshly
coated stents without the need for long term storage.

The SCM was employed to coat the Yukon ChoiceDES+ stainless steel (316
LVM) stent with sirolimus in the absence of polymer. In the Yukon platform the
stent surface contains micro-pores to enable adsorption of various active sub-
stances. The coating solution fills the pores by creating a uniform layer after
evaporation of the solvent. Clinical studies carried out to evaluate the safety and
efficiency of these polymer free stents compared to BMS [43, 133] of polymer

Fig. 4 Abluminal coating of
Biomatrix FlexTM absorbed
after 6–9 months (courtesy
of by Biosensors Int.)
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coated stents (Byme et al. 2009; [72]. Patients were treated with commercially
available permanent-polymer (Cypher and Taxus stent) and polymer-free
(Translumina). The results showed an ongoing late luminal loss (LLL) beyond
6–8 months after the index procedure was observed following DES implantation
with 0.12 ± 0.49, 0.17 ± 0.50, 0.01 ± 0.42, and 0.13 ± 0.50 mm in permanent-
polymer RES, polymer-free RES, and permanent-polymer PES groups, respec-
tively. The absence of permanent polymer from the DES platform appeared to
militate against this late reduction in antirestenotic efficacy [14].

In another randomized clinical trial [72] patients received polymer-coated
rapamycin-eluting stents (Cypher, Cordis) and nonpolymer rapamycin-eluting
stents (Yukon, Translumina) to examine neointimal thickness, stent strut coverage,
and protrusion at 90 days. The mean neointimal thickness for the polymer-coated
rapamycin-eluting stent was significantly less than the nonpolymer rapamycin-
eluting stent but as a result coverage was not homogenous, with [10% of struts
being uncovered. High-resolution imaging allowed development of the concept of
the protrusion index, and [25% of struts protruded into the vessel lumen with the
polymer coated rapamycin-eluting stent compared with \5% with the non poly-
mer rapamycin-eluting. Nevertheless, the placement of polymer-free stents coated
on-site with rapamycin was proved feasible and safe with a dose-dependent effi-
cacy in restenosis prevention.

3.2.2 Ultrasonic Atomizing Spray Coating

The usage of ultrasonic atomizing spray nozzles is an innovative approach to
deliver continuous and uniform stent coatings (Fig. 6). This is a technology
developed by Sono-Tek Corp. (New York, US). There are two principal ultrasonic
nozzle designs [9, 58] that can be used for stent coating (Fig. 7a–d). Both designs
rely on the use of a high frequency ultrasonic atomizing nozzle combined with a
low-pressure gas stream to shape the low velocity drops into a narrow, soft spray
beam. The operating frequency of both designs is approximately 120 kHz. In the
first design (nozzle A—AccuMist Stent) compressed gas, typically at 1 psi, is
introduced into the diffusion chamber of the gas shroud, which produces a

Fig. 5 a The Yukon Stent Coating Machine (courtesy of Transluminal GmbH), b Schematic
overview of the Yukon disposable stent cartridge holding a premounted microporous stent (with
permission from [133]
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uniformly distributed flow of air around the nozzle stem. The ultrasonically pro-
duced spray at the tip of the stem is immediately entrained in the gas stream. An
adjustable focusing mechanism on the gas shroud allows complete control of spray
width. The spray envelope is conical with a slight bow or hourglass shape and by
moving the focus-adjust mechanism the width of the bow can be manipulated to
optimize the spray pattern. The distance between nozzle and substrate varies from
a few millimetres to approximately a few centimetres. The narrowest beam
diameter achievable at the focal plane is approximately 1.75 mm and the median
diameter from 13–70 lm.

The second design (nozzle B—MicroMist Nozzle) delivers feeding liquid to the
atomizing surface through an externally mounted isolated hypotube. The gas is fed
through the nozzle orifice and the gas stream creates a very narrow spray beam of
about 0.5 mm. An important feature of this nozzle design is that the liquid feed is
external and completely isolated from the nozzle vibrations up to the time that
atomization occurs. As a result, high degree of spray stability and a greater degree
of reproducibility from one spray cycle to the next is achieved. The size of the
produced microdroplets depends on the operating frequency, varying from
13–38 lm. The droplets achieved with ultrasonic spray have a very tight drop
distribution size, allowing better penetration of complex stent geometries and
therefore more uniform coverage of all strut surfaces.

Unlike pressure nozzles, ultrasonic nozzles allow for independent control of
flow rate, spray velocity and drop size. Very low flow rates can be achieved while
maintaining a high degree of repeatability and without compromising spray per-
formance. These tighter process controls maximize the effectiveness and quality of
production volume stent coating processes.

Ultrasonic atomization can take place when a liquid film is placed on a smooth
surface that is set into vibrating motion perpendicular to the surface. The liquid
d absorbs some of the vibrational energy, which is transformed into capillary
waves. The ampltitude of the vibrations is increased until acritical amplitude is
eventually reached. At this point the capillary waves collapse and liquid droplets
are ejected from the nozzles of the degenerating waves normal to the atomizing

Fig. 6 Drug loaded coated
stent by ultrasonic
atomization spray (courtesy
of Sono-Tek Corp)
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surface. The number median drop diameter (DN,0.5) is inversely proportional to the
vibration frequency (f) to the two-thirds power according to Eq. (1):

D0:5 ¼ 0:34
8pr
qf 2

� �1=3
ð1Þ

where r is surface tension of the liquid, and q is its density. As a result, the
droplets formed in this atomization process exhibit a mathematically defined size
that is based on the kHz of a given nozzle. The vibrational energy of the nozzle
provides inherent non-clogging benefits as agglomerated particles are broken up
during the atomization process and solutions are kept homogenously mixed during
the coating process, further improving uniformity and functionality of coatings on
small surfaces.

In a typical experimental setup the sprayed liquid consists of the polymer/drug
system dissolved in a suitable organic solvent (e.g. THF, acetone, DMAC, toluene,
chloroform) and diluted to approximately 0.5–2% by weight. Preferably, high

Fig. 7 a Accoumist nozzle configuration, b micromist nozzle configuration, c micromist stent
coating process, d medicoat sinus coating device used for stent coating (courtesy of Sono-Tek
Corp)
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vapour pressure solvents are used to facilitate the drying process. By varying
rotational speed, distance of the spray from the stent, and number of traverses (and
therefore flow rate), a process can be optimized to produce the best coatings and
maximum material transfer efficiency. In some instances stent coating is conducted
in a nitrogen environment due to the better liquid flow characteristics such as
lower surface tension of the liquid as it contacts the stent surface.

Ultrasonic spray coating has been reported in several studies of coated stents.
A parylene C-primed Driver stent (Medtronic Inc., US) was coated using ultra-
sonic spraying [120] with a blend of newly synthesized polymers (n-butyl
methacrylate, N-vinyl pyrrolidinone and n-hexyl methacrylate and zotarolimus
(65/35 w/w). The cytotoxicity and porcine coronary artery model studies con-
ducted by Udipi et al. showed robust coating and flexibility along with excellent
zotarolimus deliverability. Studies of cumulative elution over a 28-day period have
shown that an initial burst of drug is released from the drug–polymer complex
over the first 48 h which slows asymptotically to a sustained release rate over
subsequent weeks (Fig. 8). The results were also confirmed by-vivo studies.

In another study 316L stainless steel stents were coated with curcumin and
PLGA at three different doses by ultrasonic spray [84]. Surface morphology
studies showed that the coating was very smooth and uniform without cracks or
webbings between struts but also had the ability to withstand the compressive and
tensile strains (absence of delamination or destruction) imparted without cracking
from the stent during the expansion process. After loading curcumin in the PLGA
coating, the roughness of the stent was greater than for the PLGA-only-coated
stent, with an average roughness of curcumin-eluting stent about 0.55 nm. How-
ever, no drug particles can be seen on the stent surfaces from the SEM and AFM
images indicating that curcumin can be mixed with PLGA at the molecular level
using an ultrasonic atomization spray method. The same researchers (Pan et al.)
developed rapamycin/curcumin-loaded PLGA (poly(d,l-lactic acid-co-glycolic
acid)) stents by using again ultrasonic atomization in another study [85] to obtain
again fine coatings without any webbings and ‘‘bridges’’ between struts. Recently,
[86] developed an emodin/PLGA eluting stent by using ultrasonic atomization

Fig. 8 Elution profiles of
zotarolimus drug from
coatings based on C10 (r)
and C19 (j) polymers and
C10:C19 (30:70) (m) and
C10:C19:PVP (27:63:10) (d)
polymer blends (with
permission from Udipi et al.
2007)
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similar to the MediCoatTMPSI. Although the surface analysis of the emodin coated
stents showed rough surface due to drug polymer incompatibility, the coatings
retained their physical integrity after balloon expansion tests.

3.2.3 ElectroNanospray

ElectroNanosprayTM (ENS) is a proprietary Nanocopoeia’s Inc. Technology that
produces precise, ultra-pure nanoparticles varying from 2–200 nm. This technol-
ogy [24] allows coating of polymer and pharmacological agents on the surface of
stents. ElectroNanosprayTM technology operates in a ‘cone jet’ mode and produces
airborne nanoparticles from a solution or colloidal suspension of drug loaded
nanoparticles to target and coat stent struts. A device comprises of a syringe pump
is used to feed the solution in microcapillary tubes exposed to high electric field.
The field is established between the tip of the capillary, and the stent that is
grounded or oppositely charged. The applied voltage creates non-uniform electric
field causes the liquid meniscus to form a conical shape created by the balance
between the surface tension force and the electrical force on the cone. The sprayed
particles are fragmented due to the instability of the liquid jet and form positively
charged nanoparticles that repulse each other in the gas phase facilitating solidi-
fication as discrete nanometer-sized objects. The produced particles are highly
uniform and the spraying device can process a broad range of chemical and
biological agents irrespectively of the solvent phase. Preliminary coating studies
carried out with polyisobutylenepolystyrene (arbIBS) block copolymer and si-
rolimus sprayed on a stainless steel stent surface by ENS. Real-time imaging
analysis showed that the smooth film has a highly mobile drug phase consistent
with nano-sized particles. It was also observed that nanoparticles from domains
with higher drug concentrations contribute to the initial burst release.

3.3 Plasma Coatings

Chemical vapour deposition (CVD) is a state of the art chemical process used to
produce high purity and performance solid materials. The CVD process is often
used for the fabrication of thin films of integrated circuits in the semiconductor
industry. When the process involves thin film deposition from a gas state to a solid
state on a substrate is called plasma-enhanced chemical vapour deposition
(PECVD). The aim of the process is to use gaseous agents of the deposited
elements through the creation of a plasma (ionized gas) that promotes chemical
reactions on the substrate surface. Typically, PECVD of inorganic materials
requires high temperatures and/or high powers to generate the appropriate electric
field. However, polymer CVD approaches have also been reported to modify
surfaces with thin coating of insoluble polymers such as methacrylate polymers
[15] or other electrically conductive polymers [6]. Plasma coatings have been
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employed as an alternative coating technology for DES either with inorganic
materials or organic polymers especially in case where solutions cannot be used. It
is out of the scope of this chapter to emphasize the PECVD process and the
technology as it can be found elsewhere [10, 11]. However, a few details of the
processing will be described in the various approaches below.

3.3.1 Silicon Carbide Coatings

Silicon carbide SiC is an amorphous n-doped hydrogenated semiconductor and it
appears to be a promising material to improve the biocompatibility of metal stents
[1, 121]. It is well know for the antithrombogenic properties including reduced
platelet deposition, leukocytes and monocytes after stent coating [71, 94]. It is
known that blood proteins adsorb at the surface of BMS to induce thrombosis due
to degradation. One of the main reaction mechanisms is the interaction of fibrin-
ogen which decomposes into fibrin monomers on the metal surface. As a result an
electron transfer process from fibrinogen to the stent surface induces the release of
fibrinpeptides and thrombus formation.

A method called PROBIO� coating, developed by Biotronik (Germany), uti-
lises the PECVD technique [41] to deposit a thin film (*80 nm) to coat a variety
of metal stents such as stainless steel, nitinol (Astron�) and super alloy cobalt
chromium (L-605, PRO-kinetic). In the case of silicon carbide the cracking
components, consisting of silane (SiH4), methane (CH4) and phosphine (PH3), are
chemically activated and bound to the surface. The activated molecules react at the
stent’s surface to form a-SiC:H film which covers completely the struts and hides
the underlying stent surface. The application of the silicon carbide coating pre-
vents the diffusion of nickel (90% compared to uncoated stents) and other sub-
stances into the blood and surrounding tissue [93]. In addition SiC coatings
improve hemocompatibility and endothelialisation. The SiC stents developed by
Biotronik are not DES and clinical trials showed mixed results. In a 6-month
clinical follow up the SiC stents showed the presence of endothelialisation [49]
while in a latter study a greater neointimal hyperplasia was observed [114]. Further
to this, a comparison between SiC stents with 316L NIR stents (Boston Scientific,
US) concluded low rate of major adverse coronary events with no explicit supe-
riority [1, 122]. Thus, the development of DES with inorganic coating is a pre-
requisite for superior clinical outcomes as described next.

3.3.2 Diamond-like Carbon

Diamond-like carbon (DLC) is another promising coating that has attract attention
as candidate for thromboresistant coating on metal stents due to its high hardness,
low frictional coefficient chemical inertness, high electrical resistivity, excellent
smoothness and especially for the tissue biocompatibility [91].

A uniform coating of the inner and outer stainless steel surface with DLC by a
specially developed plasma-induced cold deposition technique (PICDT) was
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introduced from PlasmaChem GmbH (Germany) to develop a DLC stent called
BioDiamond� DLC. This approach provides high quality ultra-thin (50–150 nm),
uniform coating which is extremely sturdy, smooth and flexible. By overcoming
the Faraday cage effect the PICDT technology allows the generation of diamond-
like surfaces (Fig. 9) in the inner lumen of the stent compared to other sputtering/
plasma approaches. As a result the diamond-like coated surface of the BioDia-
mond stent builds up a barrier against the heavy metal ions diffusion of nickel and
chromium ions into the surrounding tissue and the blood stream. In addition the
stent is constructed for high flexibility and low recoil due to the ‘‘Flexible’’ and
‘‘Dense’’ segments (F- and D-segments) were F-segments are responsible for
stent’s flexibility and D-segments for high stability after expansion. The BioDia-
mond�. DLC stent presents another two unique features. It is made from non-
annealed steel which is mechanically much stronger than any annealed one which
allows using very thin walls (30–50 lm instead of standard 100 lm). The stent is
‘‘asymmetrically’’ polished thus it is much thinner in the middle as at both ends
thus it begins to open from the middle not from the ends as any other stent and
provide no ‘‘thorn trauma’’ by end-pins. The next generation of BioDiamond�

family stent is the DES BioDiamond�-TRIO where drug layers, separated by ultra-
thin biodegradable membranes, are assembled onto DLC platform. Such approach
allows the ‘‘programmed’’ sequential release of different drugs.

A Biodiamond stent includes four coating layers consisting of a first adhesive
layer that binds on the stent, a second semi elastic layer that absorbs any
mechanical or thermal expansion stress, a third DLC layer and finally a biocom-
patible anti-thrombogenic heparin-like, top-layer, which comes in direct contact to
the blood/tissue. In vitro studies demonstrated that there is a remarkable reduction
of thrombogenic potential and increase of the time until stent occlusion (TSO) by
the addition of the heparin coating. The top-layer is also loaded with a water
soluble antibiotic that is delivered within a few hours in the artery walls. The
rationale behind this approach is to take an advantage of the deep cracks formed in
the vessel walls during the stent implantation. These cracks are consider as
‘‘transporting channels’’ to deliver the water soluble drug deep into the vessel wall
(Adventium) which is responsible for restenosis but which is normally is not
approachable for eluted drug. After few hours these channels are healed and

Fig. 9 Three dimensional
structure of Diamond Like
Carbon (courtesy of
PlasmaChem GmbH)
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closed. After relatively rapid release of the top-layer, the under-layer which is
loaded with a lipophilic drug is activated to initiate slowly release of the second
drug. In a model study on mini-pigs with over-stretched vessels it was shown that
the application of a second layer is approximately 30–40% more effective com-
pared to a single layer of a lipophilic drug (PlasmaChem unpublished data).

5The presence of the DLC layer inhibits the release of cytotoxic and allergenic
heavy metal ions from metal surface resulting reduced thrombogenicity [37] and
enhanced biocompatibility [117]. The clinical trial results indicated that major
adverse cardiac events (MACE) were significantly reduced with DLC stents in
6 months follow-up and no acute thrombosis or restenosis could be observed [5].

The Janus tacrolimus-eluting CarbostentTM system (Sorin Biomedica, Italy) is a
unique DES coated with a CarbofilmTM coating that imparts excellent
biocompatibility and thromboresistance [4]. The metal stent has multiple reservoir
grooves or sculptures on the external surface loaded with tacrolimus. A thin carbon
film is applied by triode sputtering vacuum deposition at relatively low tempera-
ture [123]. In the triode sputtering device, an ionization chamber generates a
plasma beam of an inert gas containing positively charged ions of high energy. The
carbon atoms sputtered from the pyrolitic turbostatic carbon source by the bom-
barding ions of the plasma beam are deposited on the stent surface. To avoid
exposure to high temperatures generated from the plasma, the stent is insulated
from the ionization chamber. Tacrolimus is loaded into the reservoirs by a melting
process without the need for a polymeric coating [119]. The drug is protected
under the sculptured stent design and variable dose distribution is achieved by
filling the sculptures with different amount of drug(s). Animal studies showed 50%
release of tacrolimus in a month and maximum artery concentration in the first few
days. In Jupiter I clinical trials the Janus CarbostentTM demonstrated reduced
neointinal proliferation and inflammation [4, 73].

3.3.3 Plasma Polymerized Polymer Coatings

Recent developments of plasma enhanced chemical vapor deposition (PECVD)
revealed the applicability of the technology on stent coating. This method has been
reported for parylene and its derivatives know as poly(para-xylylene) [31]. Par-
ylene has found several applications as conformal insulator and especially as a
sub-coating on Cypher� stent. This is Class IV polymer with excellent biocom-
patibility and negligible toxicity. The advantages of PECVD technology include
the formation of substrate independent, dry and smooth thin organic layers on the
stent surface. Early plasma polymerization studies of 2-chloroparacyclophan
showed a decrease of platelet adhesion at 20% compared to 85% of the BMS [57].
The ultra thin polymeric coating was further treated with sulfur dioxide plasma to
obtain a more hydrophilic surface and new functional groups. In a latter study, a
radio-frequency plasma polymerization process, with oxygen as the carrier gas to
deposit poly-butyl methacrylate (PPBMA) on a 316L stainless steel stent surface
[140]. The coated stents showed improved blood compatibility with reduced
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platelet adhesion. The PPBMA coating was found intact and strong enough to
withstand external forces after stent expansion.

A smart approach of PECVD coating involves protein immobilization or other
biomolecules by covalent attachment onto the stent polymer coated surface. In a
recent study tropoelastin was immobilized on a stainless steel surface [139].
Tropoelastin is an extracellular matrix protein and a precursor of elastin that
mediates endothelial cell growth and regulates smooth cell infiltration. A thin
acetylene film was plasma polymerized on stainless steel surfaces and a horse-
radish peroxidase was used as a probe to covalently attach tropoelastin. The results
showed improved biocompatibility by promoting endothelial cell attachment and
proliferation relative to uncoated stainless steel and polymerized controls. The
experimental findings of this study clearly indicate that immobilization of bio-
molecules on stent surfaces is feasibly.

In a latest study, pulsed plasma polymerization of polymeric allylamine (P-
PPAm) was employed to coat stainless steel stents and prepare heparin immobi-
lized strut surfaces [7]. Polymeric P-PPAm possesses high density of primary
amine groups which can facilitate covalent immobilization with biomolecules. On
the other hand, heparin is a strong anticoagulant and antithrombotic molecule that
can successfully improve stent hemocompatibility [129]. The plasma polymeri-
zation process was further developed though a negative bias voltage to improve the
cross linking degree. In addition, NH3 was mixed with allylamine vapour as a
precursor gas to compensate the decrease of amine groups caused by the vacuum
thermal treatment. Coated allylamine films showed high density of amine groups,
resistance in hydrolysis and resistance on stent expansion. The films were suffi-
ciently flexible and no cracking or peeling was observed. The in vitro hemo-
compatibility was assessed by estimating the hemolysis ratio (\1%) and platelet
adhesion which was remarkably reduced. Further evaluation was followed by
implanting bare 316L SS disks and Hep–Th–P-PPAm coated disks in dog for 30
and 90 days. The results indicated that the heparin-immobilized P-PPAm surface
successfully inhibits thrombus formation by growing a homogeneous and intact
shuttle-like endothelium on its surface.

3.4 Electrostatic Stent Coatings

3.4.1 Electrostatic Dry Powder Deposition

The electrostatic application of powder material is already know. Methods have
been developed in the fields of electrophotography, electrography, paintings and
plastics. This approach has been applied to coat DES by depositing a dry poly-
meric layer on the stent surface followed by fusion to produce a uniform and
smooth layer. Some of the advantages of the electrostatic application are the
ability to coat both the luminal and abluminal surfaces, accurate and reproducible
deposited amounts or multiple coating layers to create a specific release profile.
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The active substances ca n be applied in a separate layer or with the polymeric
material as a blend or encapsulated microparticles. However, the technology is
limited by the heat resistance of the active substance especially when elevated
polymer fusion temperatures are required.

A novel electrostatic dry powder deposition technology (EDPDT) has been
developed by Phoqus Pharmaceuticals Ltd. (UK) [38]. The technology can be used
for any stent type as metal substrates present high conductivity. The powder
material is electrostatically charged while an electric field of the same potential is
present in the region between the stent and the coating device. According to this
platform the powder particle size should be in the range of 10–20 lm. Usually the
electrostatic charge is applied by triboelectric charging or corona charging and the
electric field is provided by a bias steady DC voltage. Further development of the
electric field is achieved by superimposing of an alternative voltage. The stent is
placed in a distance of 0.5–5 mm from the charged powder. Once the stent is
placed at a fixed position at earth potential the bias voltage (1–2 kV) generates an
electric field between the stent and the dry powder. The powder is then driven onto
the stent surface by the interaction of the electric field and builds up an electric
charge by reducing the field. The coating process continues until the electric field
is so small that the driving of the powder on the stent surface is substantially
terminated. At the end of the coating process the dry powder is converted into a
coherent film by heating using infrared radiation or convection heating.

Recently, the EDPDT was introduce to coat bare metal Cypher� stents with
sirolimus encapsulated polymeric microspheres [77]. The aim of this study was to
compare the EDPDT coated stent with the commercial Cypher� in terms of dis-
solution patterns and hemocompatibility. In contrast to Phoqus coating method-
ology, a spray gun (Sure Coat�, Nordson Ltd. UK) is used for the coating studies.
By regulating operating parameters such as voltage, atomizing air flow rate, and
coating times the rapamycin polymeric microparticles are coated on the stent
surface. The applied voltage generates a high-strength electrostatic field between
the electrode in the nozzle and the grounded stent. An electrically charged cloud is
then created by spraying the microparticles. A continuous and uniform layer is
formed by applying infrared radiation at 80–100�C.

Microparticles were prepared by a supercritical aerosol solvent extraction
system (ASES) using a combination of supercritical N2 and CO2 fluids. Optimi-
zation of the ASES process produced particles with 2.5–3.5 lm and high sirolimus
drug loading (DL) of 28–30%. ASES provided microparticles free of emulsifiers
and negligible residual solvents. By applying the appropriate coating, the authors
were able to present coatings with thickness of 6.2 lm interestingly, the fusion
temperatures did not have an effect on sirolimus structure and no isomeric
transformation was observed after 1H NMR studies. The EDPDT approach gave
similar release patterns to Cypher� stent even in the absence of a topcoat (Fig. 10).
However, the most important finding of this study was the reduced platelet
adhesion of the EDPDT coated stents similar to the commercial product. These
results suggesting that EDPDT could efficiently used for the development of DES.
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3.5 Ink-jet Coating

In the last decade, ink-jet printing technology has being used in a wide range of
manufacturing applications such as electrical,optical, sensors, medical diagnostics,
drug delivery and packaging [130]. Although ink-jet technology is know for the use
in office printers, the controllable microdespensing of fluids renders it attractive for
coating applications on medical devices. The main feature of the technology is the
production of controllable and reproducible droplets in a jet stream that can be
directed to exact locations on the stent surface. Thus, it can be advantageous
especially for DES where the active substances are very expensive and the wastage
should be negligible. Ink jet technology produces very complex coatings that could
be multilayer, with different drug and polymer solutions in each layer. The layer
thickness can be varied to produce different release kinetics at different locations
along the stent. Ink jetting can tightly control and maintain dug concentration on the
luminal surfaces crating a fine layer without webbings or bridges.

The ink jet technologies fall in two main categories called continuous mode and
demand mode. In the continues mode, the pressurized fluid is forced through an
orifice (50–80 lm diameter) to create a liquid jet that breaks up in small droplets due
to surface tension (Rayleigh instability). The application of a single frequency dis-
turbance to the jet, at the correct frequency, generates droplets of reproducible size
and velocity. The disturbance is amplified by a piezoelectric dispenser that creates
pressure oscillations in the fluid. To control the droplet uniformity and size an
electrostatic field is created through a chargeable electrode. The electrode is located
near the orifice and induces a charge on the produced droplet by applying a high
voltage. This type of ink-jet printing is called ‘‘continuous’’ because the droplets are
continuously produced with various trajectories depending on the applied charge.
The droplets are formed in 80–100 kHz with a particle size from 20 to 150 lm.

In the drop-on-demand ink jetting the fluid is maintained at ambient pressure
and the piezoelectric transducer produces a drop only when needed. The

Fig. 10 Release profiles of
EDPDT-coated (j) and
Cypher� stents (m),
respectively, n = 3 (with
permission from Nukala et. al
2009)

112 D. Douroumis and I. Onyesom



transducer creates pressure waves through volumetric changes in the coating fluid.
The pressure waves travel to the orifice and then are converted to fluid velocity
that creates an ejected droplet from the orifice [2, 23]. In this mode the formed
droplets have a particle size diameter similar to the orifice that varies from 20 to
120 lm while the operational frequency is in the 4–12 kHz range.

A continuous mode ink jetting was applied to coat zotarolimus (ABT-578) and
phosphorylcholine-linked methacrylate tetracopolymer (PC polymer) on a stain-
less steel stent [116]. The stent was placed on a rotatable mandrel and the jet
stream was positioned to be tangent to the cylindrical surface that passes through
the centre of the strut thickness. The authors used an ‘‘off-axis’’ and ‘‘on-axis’’
coating technique to avoid tight dimensional tolerances and part to part exactness
in positional accuracy. The jetting nozzle produced droplets of 60–70 lm when
isobutanol was used as solvent and 50 lm for ethanol. The stent rotated around its
longitudinal axis and translated along its length to create helical patterns. By using
ink jet coating an accurate amount of 100 lg ABT-578 (± 0.6 lg) was loaded on
the stent surface with a yield efficiency of 91% (± 2%). To demonstrate the
capability of the ink-jet technology, a stent was totally coated by the same group
with paclitaxel-PC solution containing coumarin. The same stent was coated only
on the struts wrapping towards the right using a solution containing rhodamine red.
In this way individual drops were dispensed at the desired locations and the stent
was coated with different drug amounts per unit area (for details see,
http://www.microfab.com/techtexolowanology/biomedical/Stents.html).

The ink jet coating technology was applied to coat the MedstentTM, paclitaxel
DES made by Conor Medsystems (Palo Alto, US) [27]. A polymer/drug solution
consisted of polylactide co-glycolide (PLGA) and palcitaxel was shot through a
piezoelectric microdispenser with a 40 lm orifice on a special designed stainless
steel stent. Two biodegradable PLGA grades with lactic acid to glycolic acid ratios
of 50:50 and 85:15 were dissolved at 5% for PLGA 85:15 and 10% for PLGA
50:50, while paclitaxel concentrations varied from 1–3%. This unique stent design
(Fig. 11) presents ductile hinges that connect the stent struts to sinusoidal
‘‘bridges’’. The ductile hinges carry the stent deformation during the balloon
expansion and the struts do not deform. The struts act as passive elements and
hence can be cored with holes or cavities for drug delivery without affecting the
strut strength. The passive struts can be filled with drug containing polymers in
various configurations to control the release kinetics. For example, different lactic
acid/glycolic acid ratios, polymer top coats, number of layers layer thickness or
even solvent were found to influence kinetics. Paclitaxel kinetics were chosen to
simulate first and zero order release kinetics where 60% (95 lg total) of the drug
was release in 24 h and the rest by 15–20 days.

Clinical studies were undertaken to evaluate CoStar in humans using six different
formulations. In the PISCES (paclitaxel in-stent controlled elution study) [100]
clinical study patients (n = 244) with de novo lesions received BMS or one of the
six formulations. The formulation varied on paclitaxel dose, duration of elution ad
directionality (bidirectional or monodirectional abluminal). In the 6 months follow-
up, no improvement was observed for a period of 10 days over BMSs. The
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directionality of paclitaxel release did not show any significant effect and the
superior inhibition of neointimal hyperplasia was attributed to the longer release
duration.

The ink jet coating technology was applied to Conor/CoStar� stent (Cobalt
chromium) a later version of the MedstentTM platform. Clinical studies on the
Costar stent named EuroSTAR (European Cobalt Chromium Stent with Antipro-
liferative for Restenosis Trial), concluded equivalent results to the current DES
[98]. The Conor reservoir platform was acquired by Cordis in 2007 to develop the
NEVOTM drug eluting stent. NEVOTM contains sirolimus as the pharmacological
agent that can be released in various patterns (multiple bi-directional and multiple
or single luminal). This reservoir design (Fig. 12) allows drug delivery from a
stent with a surface that is 75% bare metal upon insertion and which becomes
purely bare metal following drug delivery and polymer bioresorption in approxi-
mately 3 months.

In a recent 6 months randomized clinical trial [81], the NEVO sirolimus-eluting
coronary stent had significantly lower in-stent late lumen loss compared to Taxus
Liberte�. Specifically, late lumen loss was reduced by 64% in the NEVO arm as
compared to the Taxus Liberte� arm (0.13 mm compared to 0.36 mm, p \ 0.001).
In-stent late lumen loss, which is tissue growth within a stent, reduces the diameter

Fig. 11 A, 3/15 mm Conor stent metallic backbone. B, SEM of section of stent. s indicates struts
with laser-cut holes, two thirds of which are filled PLGA polymer inlays; h, ductile hinges, and b,
sinusoidal bridges. C and D, Finite element analysis of diameter expansion of stents with
honeycombed struts without (C) and with (D) ductile hinges. Stent unexpanded (black and white)
and stent expanded (color). Color-coded units are Von Mises shear stress (with permission from
[27]
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of the lumen thus restricting blood flow through the stent and can potentially lead
to major adverse coronary events, also known as MACE. In addition, NEVO also
showed superior angiographic results to the Taxus Liberte� Stent in reducing
restenosis at 6 months. Angiographic restenosis was reduced 86% (1.1% in the
NEVO arm compared to 8.0% in the Taxus Liberte arm, p \ 0.002). NEVO also
reduced the incidence of MACE (major adverse coronary events) by more than
40% compared to the Taxus Liberte stent (4.1 vs. 7.0%, respectively; p = 0.226)
and presented lower rates of events with respect to target lesion revascularization
(1.6% for NEVO vs. 3.2% for the Taxus Liberte stent; p = 0.33)

3.6 Electrochemical Deposition (Electrocoating)

Electrocoating is another process that has been reported for stent coating. This
electrochemical process requires a conduction surface such as stent for deposition
of the desired material. More specifically, stent coating can be achieved by elec-
tropolymerization which engages the electrochemical oxidation of a monomer,
such as pyrrole or phenol, resulting the deposition of an organic polymer coating
on the metal surface. This coat can be conducting or insulating depending on the
polymer that is formed. This is a relatively new approach for stent coating and
there a few studies reported up to date.

Recently Shaulov et al. [102] reported an electrochemical reduction of
4-(2-bromoethyl) benzenediazonium tetrafluoroborate (BrD) on a SS stent and the

Fig. 12 a The NEVO cobalt chromium stent, which has an open-cell design and unique
reservoirs that contain a biodegradable polymer and sirolimus mix that b completely biodegrades
within 90 days (with permission from Garg and [97]
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formation of a carbon–metal covalent bond. The reduction produces parasubsti-
tuted phenyl radicals that are highly reactive species and tend to bind to a wide
range of metals and carbonaceous materials. In a second step, methyl methacrylate
was polymerized onto the grafted surface by atom-transfer radical to form
poly(methyl methacrylate) (PMMA) brushes. A drug-in-polymer matrix [poly(n-
butylmethacrylate) (PBMA)/poly(ethylene-co-vinyl acetate) (PEVA)/paclitaxel]
was spray coated on the polymerized layer. This covalently attached layer was
found to improved significantly the drug-in-polymer matrix adhesion to the SS
stent backbone providing a durable and stable DES.

In another study [60] by the same group diazonium salt 4-(1-dodecyloxy)-
phenyldiazonium tetrafluoroborate (C12-phenyldiazonium) was electrocoated on
stainless steel and CoCr stents. This material was applied as basecoat and found to
be a superior adhesive promoter for polymeric coatings applied onto metallic
stents. The electrocoated metallic stents were spray-coated with a second poly-
meric film of single-layer coating SIBS/paclitaxel matrix, or double-layer coating
PBMA/PEVA/paclitaxel matrix. C12-phenyldiazonium was synthesized and
electrocoated on metallic stents and plates to produce an insulating layer. The
electrodiposition takes place through an irreversible reaction forming a covalently
attached ultra thin layer ranging from 5–10 nm. In vivo and in vitro evaluation
showed very good biocompatibility and absence of substantial adverse effects.

Similar electrocoating studies conducted by the same group to deposit non-
biodegradable polymer coating based on N-(2-carboxyethyl)pyrrole (PPA) and
butyl ester of PPA (BuOPy) [78] and blend of three different pyrrole derivatives N-
methylpyrrole (N-me), N-(2-carboxyethyl)pyrrole (PPA), and the butyl ester of N-
(2-carboxyethyl)pyrrole (BuOPy) [79]. These studies demonstrated that electro-
plolymerization can be used to apply adhesive basecoats to develop durable DES
but further evaluation is required to prove the clinical safety of electrodiposition.

3.7 Layer-by Layer Stent Coatings

New developments in nanotechnology have found ground for applications on
coating and drug delivery of DES. In this instance thin polymeric coatings in the
nanometer scale can be applied on the stent surfaces through a layer-by-layer
assembly (LBL) technology. LBL technology has been used to immobilize mac-
romolecules on stents by absorption of oppositely charged polymers and drugs
[21]. Some of the advantages of LBL assemblies include easy preparation,
adhesion on strut surfaces, adaptable shapes and sizes but most importantly
improved biocompatibility.

An excellent example of LBL assembly is the Carmeda� Bioactive Surface
(CBAS�, Carmeda AB, Sweden) heparin based surface-modification technology
with clinically proved non-thrombogenicity, hemocompatibility and long term sta-
bility. In this water based process a layer by layer base matrix of a cationic amino
polymer (polyethyleneimine) is absorbed to the metal surface followed by a an
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anionic polymer (dextran sulfate) and another polyethyleneimine layer. Potentially,
further layers are applied to optimize functional characteristics and surface coverage
of the stent struts. A reactive aldehyde group of partially degraded heparin is
covalently attached to the functional amino groups of the third layer. Heparin is
attached by a single bond at one terminus (end point) and thus the immobilized
molecules that extend from the surface into the liquid phase interact with blood
components. The heparin activity of the coated stent is measured according to its
ability to bind antithrombin III with high affinity and were approximately 15% of the
end point-attached heparin molecules will carry the high affinity antithrombin III-
binding site [42]. CBAS technology has already found application in two commercial
Cordis Corp. products, the PALMAZ-SCHATZTM Balloon-Expandable Stent and
the BX Velocity� stent with Hepacoat. The BElgian NEtherlands STENT
(BENESTENT) Study [101] clinical trial analyzed the outcome of elective stent
implantation compared to balloon angioplasty in both large and small vessels.
Despite the highly successful outcome with aggressive angioplasty and bailout
stenting in this study, the relative risks of angiographic restenosis (0.54%), major
cardiac events at 6 months (0.66%), and target-lesion revascularisation (0.60%) in
the patients assigned clinical but not angiographic follow-up confirm the substantial
superiority of stenting to angioplasty in this population. In the HOPE clinical trial
[66] (HEPACOAT coating) the primary end point of stent thrombosis at 30 days
occurred in 2 of 200 patients (1%): in one after blunt chest trauma and in the other in
the setting of essential thrombocytosis. Major adverse cardiac events (death, myo-
cardial infarction, target lesion revascularization, and coronary artery bypass graft-
ing) were observed at 30 days in 5 of 200 (2.5%) patients. These clinical outcomes
confirmed that heparin provides additional protection against stent thrombosis.

The LBL assemblies have been investigated by various research groups to
enable naked plasmid DNA coating on heparin layers [131], immobilization of
chitosan/heparin layers [68], anti-CD34 antibody functionalized multilayer of
haparin/collagen [54] and plasmid pDNA coating on derivitized hyluronic acid
[63].Further in vivo evaluation proved that LBL assemblies could significantly
promote re-endothelialization demonstrate, inhibited neointimal hyperplasia and
improved anticoagulation properties. Thus, LBL coating can be used as a robust
and viable coating approach for the development of DES.

4 Conclusion and Future Aspect

Although DES have been proved beneficial in modern interventional cardiology
concerns have been raised regarding their long–term safety [30]. In this chapter we
describe several stent platforms including DES with biodegradable polymers, DES
with non-erodible polymers, DES with inorganic coatings and DES with novel
coatings. Recent trends also suggest the development of fully biodegradable
polymeric or metallic stents with early promising results. Nevertheless, the science
behind these new technologies should be developed and further clinical evaluation
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is required. An abundance of clinical data evidently indicates the superiority of
DES to bare-metal stents in reducing the rate of restenosis without increased risk for
stent thrombosis. However, the polymers on the stent struts are believed to cause
late-stent thrombosis, since stent struts or drug(s) alone are not likely to cause this
late phenomenon. The reason is that stent struts of current DESs are usually made
from the same materials used for BMSs, and the amount of the pharmacological
agent(s) on the struts is generally negligible after 1 year after stenting. Hence,
future developments of DES could include new bioresorbable and biocompatible
polymers that can deliver new active substances or combinations of those. Reser-
voir DES seems to be a promising DES due to the ability to deliver multiple drugs in
a specified sequence, and the ability to program the timing and spatial distribution
patterns of drug release. Furthermore, DES with inorganic coatings or porous
surfaces are likely to promote enhanced endothelialisation. These DES platforms
could possibly address the phenomenon of late thrombosis and deliver superior
clinical outcomes. Finally, the application of the previously described novel coating
technologies has a noticeable effect on the coating quality and release mechanism.
Coating uniformity, smoothness and thickness are fully controlled by the afore-
mentioned technologies. Most importantly, the freedom to choose a combination of
pharmacological agents at the desired dosage depending on the patient character-
istics is an attractive feature for interventional cardiologists.
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Abstract Bioresorbable vascular scaffolds may revolutionize the field of inter-
ventional cardiology and to optimize the clinical outcome it is critical to select
coating materials that can control the drug release, maintain coating integrity, and
have long term biocompatibility. Polyesteramides have great coating properties,
have shown promise in biomedical applications, and their thermo-mechanical
properties are easily modified by changing the molecular structure. In this paper a
series of polyester amides with various chemical structures, specifically synthe-
sized to optimize the everolimus release rate and the mechanical integrity of drug
eluting stent coatings are reported. The obtained data shows that the drug release
rate of a lipohilic drug is highly dependent on the molecular structure and
more specifically to the polarity, water uptake, and the molecular mobility of the
polymer used. The effect on drug release of both the molecular weight and the dry
and wet glass transition temperatures of the polymer was demonstrated. In addi-
tion, it was demonstrated that minimal changes in a polymers molecular structure
showed significant impact on the drug release rate.
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1 Introduction

The successful formulation of drug eluting stents has so far mainly been combi-
nations of anti-proliferative drugs, such as paclitaxcel or rapamycin derivatives,
with a polymeric drug eluting reservoir in the form of a coating [1]. The formu-
lation of a drug eluting stent may at first, seems as a relatively simple task, but in
fact considerable development and innovation has been required to find polymer
coatings with the desired combination of biological, chemical, physical and
mechanical properties [1–5].

Bioabsorbable polymers are commonly used in controlled drug delivery
applications in the form of particles, gels, coatings, etc. [6, 7] and have recently
received a lot of attention in the field of drug eluting bioresorbable vascular
scaffolds (BVS). The family of lactic acid, glycolic acid, and caprolactone homo-
and co-polymers (PLA, PLGA, PCL) are commonly used in medical products and
are the preferred materials in many of these applications because of their proven
biocompatibility, tunable degradation, and the possibility to control their synthesis
[7–12]. Numerous synthetic methods have been developed to control the prepa-
ration of advanced polymer architectures using these monomers [11–18]. How-
ever, tuning release of highly lipophilic drugs and peptides from a-hydroxy acid
polyesters such as PLA and PLGA is difficult due to the chemical nature and low
water uptake of these polymers [1–4, 6–10, 19, 20].

Polyester amides (PEA) form an alternative class of bioabsorbable polymers, in
which the molecular structure readily is altered, Scheme 1 [21–34]. Katsarava has
outlined how various electrophilic diacid monomers can be combined with
nucleophilic amino acid monomers to form PEA with various glass transition
temperatures [21, 22] and also shown that the incorporation of L-phenyalanine [23, 24]
or dianhydrohexitoles [25] are potential ways of altering the degradation rate of
this class of polymers. Work with unsaturated polyesteramides [26, 27], and more
recently hyperbranched polyesteramides [28, 29] synthesized from commercially
available dicarboxylic acids and multi-hydroxyl primary amines have been
reported as novel biodegradable materials. The use of PEA in medical applications
such as polymer coated stent has been evaluated [30], and recently microencap-
sulation [31] as well as model drug-release studies from non-covalent nano-
adducts of PEA in combination with poly(ethylene glycol) were reported [32].
Numerous studies have also been focused on combining PEA polymers with
various aliphatic polyesters [33, 34].

In this manuscript we present the development of PEA with high glass tran-
sition temperatures ([45�C) specifically designed to be used in drug eluting stent
coatings. The possibility to easily alter the chemical structure of PEA allows
simultaneous optimization of coating integrity post sterilization and drug release
properties. Ideally, these coatings should be thin to reduce both degradation time
and build up of degradation products in the arteries. In addition, we will discuss
the intrinsic properties required to control drug release from a polymer material.
The influence of polymer polarity, water uptake, drug/polymer miscibility,
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and polymer rigidity on controlling drug release will be discussed. The polymer
polarity as well as the polymer rigidty, are both controlled by the size of side
groups and the connector chain lengths. The polymer rigidity can also be modified
by altering the ratio of linear and cyclic units in the main chain without affecting
the polymer polarity, which will shine more light on the mechanism of hydro-
phobic drug release from a thin polymer coating.

2 Experimental Methods

2.1 Materials

Everolimus (40-O-(2-hydroxy)ethyl-rapamycin) was delivered from Novartis.
Bare metal stents (3.0 mm 9 12 mm) were supplied internally at Abbott Vascular.
PEA polymers were synthesized in house according to previously published
methods using di-p-nitrophenyl esters of dicarboxylic acids and di-p-toluene sul-
fonic acid salts of bis (a-amino acid) alkylene diesters, Scheme 1 [22, 23]. The
monomers were carefully purified by repeated re-crystalizations from ethanol or
methanol and carefully dried for 48 h under vacuum. The purified monomers were
mixed in perfect stochiometric amounts, to generate high molecular weight
polymers, with a minimal amount of DMF as the solvent, and a small excess of
triethylamine, which was used as the base during the room temperature poly-
merization. All raw materials were purchased from Sigma–Aldrich.

O
H2N

O

R

O
NH2

O

R

O
H2N

O

R

O
NH2

O

R

O
H2N

O

R

O
NH2

O

R

O

O

O

O

O2N

NO2

O

O

O

O

O2N

NO2

O

O

O

O

O2N

NO2

Diacid Monomers

Amino Acid Monomers

Scheme 1 Schematic over view of the polyesteramide polymerization method using di-
pnitrophenyl esters of dicarboxylic acids (Diacid Monomers) and di-p-toluene sulfonic acid salts
of bis (a-amino acid) alkylene diesters (Amino Acid Monomers)

Polyesteramide Coatings for Drug Eluting Stents 129



2.2 Methods

Drug and polymer were dissolved in ethanol and spray-coated in multiple passes to
achieve the specific drug dose and coating thickness (D:P 1:5, drug dose 56 lg,
coating thickness 5 lm). PEA structures were confirmed by the analysis of 1H
NMR. Molecular weight (Mw) data was acquired by GPC method using poly-
styrene standard. Glass transition (Tg) was measured by differential scanning
calorimetry (DSC). Scanning electron microscopy (SEM) was used to evaluate the
coating integrity, and drug release rates were measured by HPLC utilizing a
United States Pharmacopeia Type VII apparatus in porcine serum media using sink
conditions. The release rate results are the average result of three samples, each
sample was measured in duplicates. Swelling measurements were made by
recording the weight increase of drug- and polymer-coated stents after they were
immersed in saline at 37�C. The wet Tg measurements were performed after
exposing polymer coated substrates for various humidity conditions for 24 h at
37�C.

3 Results and Discussion

3.1 Leucine Based PEA

Scheme 2 outlines the structures of four new PEA polymers with various glass
transition temperatures (Tg). Common building blocks for all polymers are leucine
and adipate (four methylene units), although PEA-II is made from sebacinate
(eight methylene units) and PEA-III is based on phenylalanine. Three different
diols, propanediol, hexanediol, and cyclohexanediol were used. As observed in
Table 1 all these polymers have a similar molecular weight and the only polymer
with a Tg outside the range of 42–49�C is PEA-III, which is made from 100%
cyclic diols. All other changes of molecular structure has little influence on the
glass transition temperature and this correlates well with results reported by
Katsarava for PEA structures with only linear segment in the main chain [21].

Interestingly, although the structures of the four polymers are fairly similar, the
amount everolimus released after 24 h in porcine serum from the various polymers
vary dramatically, from 0.8% (PEA-III) to 99.5% (PEA-I), Table 1.

The very rapid burst release observed in PEA-I likely indicate that the drug and
the polymer are not ideally mixed. This could be due to poor miscibility of the two,
or be related to their relative solubility in ethanol, which was used as the spray
coating solvent. However, from the results observed for the other polymers, it is
clear that increasing hydrophobicity of the polymer helps to control drug diffusion
and achieve a more sustained drug release. Alternatively, drug diffusion can be
controlled by reducing polymer chain mobility or more simply explained by
increasing the glass transition temperatures. PEA-III has a significantly higher Tg
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due to the higher percentage of cyclic structures in the polymer main chain and as
a result drug release is slowed down. The short linkages in the main chain gives
PEA-III a high glass transition temperature (82�C) and as result it becomes more
brittle and less suitable as a stent coating, Fig. 1.

An ideal polymer from a release rate perspectives is therefore likely more
similar to PEA-II or PEA-IV. PEA-IV synthesized from a mixture of cyclo-
hexanediol and hexanediol, has worse coating integrity then PEA-II but provides
an opportunity to tune release by combining cyclics with a hydrophobic structure.
The drug release from PEA-IV is too fast for an ideal DES coating [1–5], where
the target release after 3 days is in the range of 20–40% to allow for an elution of
approximately 80% after 4 weeks when a limus drug is used. The structure of

Table 1 Molecular weight
(kD), Tg (�C), and
everolimus release rates (%)
after 1- and 3-days from four
different PEA polymers

Polymers Mw (kD) Tg (�C) 1-Day RR (%) 3-Day RR (%)

PEA-I 48.0 48.5 95.5 99.7
PEA-II 52.7 42.5 44.3 64.6
PEA-III 43.1 82.0 0.8 7.2
PEA-IV 61.0 45.5 41.8 70.9
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PEA-IV was therefore changed by altering the ratio of the flexible units (hexane
diol) and the more rigid cyclic units (cyclohexane diol), as well as by using a more
hydrophobic linker, sebacinate instead of adipate.

The new polymers (PEA-V, PEA-VI, PEA-VII, PEA-VIII), were synthesized
using different ratios of cyclohexanediol and hexanediol (m/n), Table 2, and as the
data in Table 3 show, the ratio of cyclic to linear units has a significant impact on
the glass transition temperature and also on the drug release rate once the dry glass
transition temperature starts to approach physiologic temperature.

The glass transition temperatures reported in Table 3 are for the dry polymers
and does thus not take into account any plasticization caused by swelling in the
drug release media. Although the PEA polymers have an in general hydrophobic
nature the water uptake is significant as observed by swelling measurements. The
swelling for PEA-VI and PEA-VIII when applied as drug coatings on a stent was
measured over time and found to be 6 and 3%, respectively after 24 h and 15 and
6%, respectively after 7 days, Fig. 2. These measurements do not exclude any loss
of drug in these coatings, which means that the true swelling of the polymers in
reality should be slightly higher. As expected this type of water uptake plasticizes
the polymer and as a result reduces the glass transition temperature of the polymer
and the coating. The reduction of the Tg was measured at various humidity levels
for PEA-V, PEA-VI, and PEA-VIII and for the latter two the Tg were in

Fig. 1 Coating integrity and glass transition temperatures, Tg (�C), of PEA-III after crimping,
and of PEA-I, PEA-II, and PEA-IV after crimping, sterilization, passing through a tortuous path,
expansion, and simulated use for an hour at 37�C in physiologic buffer solution (PBS)
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Table 2 Hexanediol and cycylohexanediol ratios for PEA-V, PEA-VI, PEA-VII, and PEA-
VIII
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Polymer Hexane diol—n (%) Cyclohexane diol—m (%)

PEA-V 75 25
PEA-VI 50 50
PEA-VII 25 75
PEA-VIII 0 100

Table 3 Molecular weight (kD), Tg (�C), and everolimus release rates (%) after 1- and 3-days
for PEA-V, PEA-VI, PEA-VII, and PEA-VIII

Polymer Hexane/cyclohexane (%) Mw (kD) Tg (�C) 1-Day RR (%) 3-Day RR (%)

PEA-V 75/25 83.8 31 n/a n/a
PEA-VI 50/50 50.0 55 12.5 24.2
PEA-VII 25/75 68.7 72 4.7 7.1
PEA-VIII 0/100 52.3 83 4.6 7.2

The bold values are part of the name/structures of the polymers and not measured values
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Fig. 2 Swelling of PEA-VI (black triangle) and PEA-VIII (black square) DES coatings in PBS
over time
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the range of physiological temperature at 100% humidity while the wet Tg for the
more flexible PEA-V was found to be slightly below 20�C, Fig. 3.

As this data suggest the molecular mobility, observed as a change in glass
transition temperature for the dry polymers, seems to have a significant impact on
the drug release rate. This can be concluded as all the polymers in Table 2 have a
very similar macroscopic polarity. They all have basically the same type and
concentration of functional groups and a very similar ratio of atoms in the main
chain. They also have a very similar molecular weight and the only real difference
between the three polymers is the molecular mobility around the main chain
provided by altering the ratio of hexane diol and cyclohexane diol building blocks.
This change in molecular mobility is observed and confirmed by the variation in
glass transition temperature, Table 2.

The coating integrity for this group of polymer after simulated use can be
observed in Fig. 4, which shows that both PEA-VI and PEA-VII have outstanding
mechanical properties and are ideal from that perspective to be used as drug
eluting stent coatings. PEA-VIII on the other hand is too brittle with its high
concentration of cyclics for this application, as coating defects are potential risk
for thromboembolic events. The reduction of Tg observed for PEA-VIII in contact
with blood or water is kinetically too slow for having a useful effect prior to the
deployment of the stent in the vasculature.

3.2 Alanine Based PEA

The molecular mobility around a polymers main chain can alternatively be
modified by altering the size of the pendant groups. Leucine, which provides
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Fig. 3 Change in glass transition temperatures, Tg (�C), for PEA-V (black triangle), PEA-VI
(black diamond), and PEA-VIII (black square) coatings after being exposed to various relative
humidity levels (%) for 24 h
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the PEA polymers with pendant iso-butyl groups was therefore replaced in PEA-
VI (PEA-Leucine) by alanine, which provides the PEA with pendant methyl
groups. Two new polymers were synthesized, one which had 100% alanine (PEA-
Alanine) and one which had 50% alanine and 50% leucine (PEA-50:50 Alanine-
Leucine), Scheme 3. In the PEA-50:50 Alanine-Leucine all leucine monomers
also contained hexanediol, while all alanine monomers were made from
cyclohexanediol.

To understand the influence of this side group modification the two new
polymers were compared to PEA-VI, Table 4. Also, the molecular weight of the
polymer were targeted to be in the same range (100–140 kD) and in addition
similar glass transition temperatures ranging from 45 to 55�C were observed,
which indicate that the molecular mobility should not have been significantly
changed. Figure 5 shows that the small change in polymer structure had minor

Fig. 4 Coating integrity and
glass transition temperatures,
Tg (�C), of PEA-VI, PEA-
VII, and PEA-VIII after
crimping, sterilization,
passing through a tortuous
path, expansion, and
simulated use for an hour at
37�C in physiologic buffer
solution (PBS)
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effect on the DES coating integrity, although the PEA-Alanines seems to swell
somewhat more, which is confirmed by the data in Table 5.

However, most interestingly this small change in molecular structure, which
had little impact on the mechanical properties of the coating, had a very dramatic
impact on the everolimus release rate. The drug release rate observed for the pure
alanine polymer was significantly faster than for the corresponding leucine poly-
mer (PEA-VI), while the polymer with a 50:50 ratio of alanine and leucine had a
drug release rate right in between the two other polymers, Fig. 6. The more
lipophilic PEA-VI with pendant iso-butyl groups releases only 5% of the drug
after 24 h, while the less lipophilic PEA Alanine with pendant methyl group
released more than 90% of the drug during the same time frame using the same
drug dose and drug:polymer ratio. Table 5 suggest that this rapid release of the
drug for the Alanine PEA is driven by a high degree of water uptake, which is 45%
after 24 h at 98% relative humidity of 37�C, while for PEA-Leucine the same
uptake is approximately 14%. These water uptakes result in wet Tg’s of 0 and
37�C for PEA-Alanine and PEA-Leucine, respectively.

The variation of the polymer architecture possible by altering the concentration
of alanine and leucine monomers, allows the molecular mobility to stay relatively
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Scheme 3 The chemical structures of PEA-Alanine and PEA-50:50 Alanine:Leucine

Table 4 Methyl/iso-butyl ratio, molecular weight (kD), Tg (�C), and everolimus release rate (%)
after 1-day for PEA-Leucine (PEA-VI), PEA 50:50 Alanine-Leucine, and PEA-Alanine

Polymer Methyl/iso-butyl ratio Mw (kD) Tg (�C) 1-Day RR (%)

PEA-Leucine (PEA-VI) 0/100 135.0 55 5
PEA 50:50 Alanine-Leucine 50/50 145.3 51 39
PEA-Alanine 100/0 104 55 99

The bold values are part of the name/structures of the polymers and not measured values
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Fig. 5 Coating integrity of
PEA-Alanine, and PEA-
50:50 Alanine-Leucine after
crimping, sterilization,
passing through a tortuous
path, expansion, and
simulated use for an hour at
37�C in physiologic buffer
solution (PBS)
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Fig. 6 Everolimus release profile in porcine serum from DES coatings based on PEA-Leucine
(PEA-VI) (black square), PEA 50:50 Alanine-Leucine (black triangle), and PEA-Alanine
(black diamond), formulated with a drug/polymer ratio of 1:5 and a total dose of 100 lg/cm2
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constant as observed by the dry Tg, while changing the polymer polarity indicates
that water uptake and drug polymer miscibility is an extremely critical parameter
for controlling drug release. These three polymers provide a useful tool to separate
the effect of molecular polarity from the effect of molecular mobility with respect
to drug delivery.

3.3 Adipate Based PEA

The impact of polymer drug miscibility was also partly the rationale to why the
sebacinate linker was selected over the shorter and less lipophilic adipate linker to
be used in the polymers for DES coating applications. Figure 7 shows the ever-
olimus release rates for a family of PEA polymers synthesized in our laboratory.
All polymers in Fig. 7 had very different molecular structures but were except for

Table 5 Water uptake after
24 h exposure to various
relative humidity levels at
37�C for PEA-Leucine
(PEA-VI), PEA 50:50
Alanine-Leucine, and
PEA-Alanine

Relative
humidity (%)

Water uptake (%)

PEA-Leucine
(PEA-VI)

PEA 50:50
Alanine-Leucine

PEA-Alanine

11 0 3 1
43 1 4 10
75 12 16 17
98 14 22 45
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Fig. 7 Everolimus release profile in porcine serum from DES coatings based on various PEA-
adipate (black square), and PEA-sebacinate (black diamond). All coatings were formulated with
a drug/polymer ratio of 1:5 and a total dose of 100 lg/cm2
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two all made using sebacinate. The other two polymers had adipate linkers and the
impact of this difference was very clear with respect to the drug release rate as can
be observed in Fig. 7.

To understand the impact of using adipate versus sebacinate in more detail two
new polymers were synthesized, PEA-IX and PEA-X. In PEA-X all the sebacinate
used in PEA-VI were replaced with adipate, and in PEA-IX 50% of the sebacinate in
PEA-VI were replaced by adipate. To make the comparison possible the molecular
weight was kept in the same range, 100–150 kD. Different from the alanine modi-
fication the adipate/sebacinate change increased the Tg a few degrees when the
shorter adipate linkers were used, Table 6. Comparing the drug release rate for these
three polymers confirmed the observation that the more lipophilic structure is pre-
ferred to control the drug release rate of lipophilic drugs such as everolimus.

The change to adipate increases the release rate dramatically even though the
molecular mobility is actually reduced as observed with the higher Tg. The lower
molecular mobility is likely responsible for the initially slower water uptake
observed for PEA-X (adipate) relative to PEA-VI (sebacinate), Fig. 8. However,
the less hydrophobic nature of the adipate polymer results in a higher water uptake
32 versus 14% for the sebacinate polymer after 24 h at 98% humidity at 37�C,
Table 7. The higher water uptakes makes drug release less controllable from

Table 6 Adipate/sebacinate
ratio, molecular weight (kD),
Tg (�C), and everolimus
release rate (%) after 1-day
for PEA-VI, PEA-IX, and
PEA-X

Polymer Adipate/sebacinate
ratio

Mw (kD) Tg (�C) 1-Day
RR (%)

PEA-VI 0/100 135.0 55 5
PEA-IX 50/50 153 60 10
PEA-X 100/0 100 68 50

The bold values are part of the name/structures of the polymers
and not measured values
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Fig. 8 Change in glass transition temperatures, Tg (�C), for PEA-VI (black diamond), PEA-IX
(black square), and PEA-X (black triangle), coatings after being exposed to various relative
humidity levels (%) for 24 h
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adiapte polymers and as pointed out above the adipate polymers are also less
flexible than the sebacinate polymers, which makes them less suitable for DES
applications with respect to coating integrity as well.

3.4 Molecular Weight of PEA

The data in Table 2 also indicate that the molecular weight may have an impact on
the drug release rate. This was further demonstrated by synthesizing PEA-V with
the 50/50 ratio of cyclohexanediol/hexanediol with various molecular weights. As
can be observed in Table 8, although the molecular weight of PEA-V varied from
50 to 146.8 kD no significant change in glass transition was observed. However,
although the glass transition temperature was held constant, a significant impact on
the drug release was observed as a function of the molecular weight and in par-
ticular as the release started to be more restricted at higher molecular weights. This
observation correlates well with the result above (Table 2) and confirms the
hypothesis that molecular mobility of the polymer chains or the polymers free
volume has a significant impact on the drug release rate. A higher molecular
weight is less mobile than a lower molecular weight and provides a method to
control the drug release for system where the drug and the polymer have good
miscibility.

Since molecular weight in addition provides an impact on both the mechanical
integrity and the resorption rate of a bioabsorbable material, it is necessary to
carefully optimize this attribute to generate an ideal bioresorbable DES coating.
Table 9 confirms that the molecular weight was stable throughout these studies for
PEA-VI and that hydrolysis of the polymer backbone should not have had an
impact on any of these experiments.

Table 7 Water uptake after
24 h exposure to various
relative humidity levels at
37�C for PEA-VI, PEA-IX,
and PEA-X

Relative humidity (%) Water uptake (%)

PEA-VI PEA-IX PEA-X

11 0 10 2
43 1 15 6
75 12 18 16
98 14 19 32

Table 8 Molecular weight
(kD), Tg (�C), and
everolimus release rates (%)
after 1- and 3-days of PEA-
VI polymers with different
molecular weights

PEA-VI

Mw (kD) Tg (�C) 1-Day RR (%) 3-Day RR (%)

50.0 55 12.5 24.2
73.4 49 9.2 19.9
100.8 55 13.8 21.1
146.8 55 5.4 12
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4 Conclusion

It was demonstrated that PEA can be designed to have outstanding coating and
controlled release properties that can potentially be used for complex medical
application such as a drug eluting stent coatings. By modifying the molecular
structure of PEA it was shown that they provide an excellent ability to tune water
uptake and to control the release of small lipophilic drugs. In addition, the influ-
ence of polymer polarity and polymer rigidity on controlling drug release was
demonstrated. By altering the molecular structure of PEA it provides a unique
toolbox to understand the intrinsic mechanism of what controls hydrophobic drug
release from thin polymer coatings, small polymer particles, and likely polymer
gels.
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RNA Interference Enhanced Implants

Morten Østergaard Andersen and Jørgen Kjems

Abstract RNA interference (RNAi) has in the last decade seen ever increasing use
in cell biology as both a tool with which most cell functions can be modulated and
as a natural mechanism through which cells regulate their gene expression. As
RNAi can be used to direct stem cell differentiation, enhance tissue development,
modulate inflammation and control other cellular phenomenon relevant to implant
medicine the potential for using RNAi to enhance regenerative medicine is huge.
Unfortunately, there are a number of obstacles and special concerns that need to be
addressed before the use of RNAs on scaffolds and implants can go into clinical use.
A number of studies have recently started to address these problems and demon-
strate both the current limitations and the great promise of the technique. In this
chapter we will discuss the basic principles of RNAi, it’s applications in regener-
ative medicine and approaches to functionalize implants. We will describe various
delivery methods for the inducer of RNAi, small interfering RNAs, in conjunction
with scaffolds and how the application determines the delivery strategy. Finally, we
describe how natural RNAi, mediated by microRNAs, can be manipulated by
similar delivery techniques.

1 Introduction

Regenerative medicine is widely expected to be a corner stone of future medicine.
The most common definition was coined in 1993 by Langer [57]: ‘‘Tissue engi-
neering is an interdisciplinary field that applies the principles of engineering and
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the life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function’’ and does so by bringing together ‘‘Isolated
cells, cell supporting matrices and tissue inducing substances such as growth
factors and their delivery vehicles’’ which still accurately describes the aim and
ingredients of the field. Regenerative medicine could potentially alleviate many of
the problems associated with current tissue and organ transplantation therapy,
including risk of rejection and disease transmission, insufficient supply and lifelong
immunosuppressant therapy with associated problems of infections and cancer.
Furthermore, living tissue engineered organs could potentially replace mechanical
implants when they can be created in sufficient numbers and quality. The obvious
goal of tissue engineering is to grow personalized tissues and organs using cells
derived from the patient (which are, therefore, immunocompatible). This is typi-
cally accomplished [97] (Fig. 1) by extracting, purifying and expanding cells from
a patient. These are then seeded into a three dimensional support (commonly a solid
scaffold or a gel) which works as a temporary artificial extracellular matrix.
The cells are induced to produce the correct extracellular matrix, and, if stem cells
are involved, to differentiate into the correct cell type(s) either before or after they
are implanted back into the patient. Variations on the theme exist. Sometimes the
cells are implanted without a support and migrate to and lodge at their site of action

Fig. 1 Approaches to Tissue Engineering. In tissue engineering, cells are commonly extracted
from the patient (1) where after the cells of interest are purified, expanded (2), and re-implanted
into the patient undifferentiated (3) or after ex vivo differentiation (5). These approaches are
known as cell therapy. Alternatively, the cells can be seeded in a supportive structure (4) which
can be implanted without further manipulation (6). However, the cellularized scaffolds are
commonly differentiated (5) before implantation (6). Finally scaffolds without cells (7) can be
implanted after which the scaffold is colonized by migrating host cells
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which usually is referred to as cell therapy [86]. Another approach is to simply
inject progenitor cells on a matrix, but without cues, and let them differentiate
according to cues provided by the in vivo environment [53]. Finally, implants can
be implanted without cells and get colonized by migrating host cells [33].

Several types of organs and tissues have been grown using tissue engineering
techniques. Notable examples that have been tested with success in patients include
bladders [5] and airways [64]. However, the tissues and organs previously engi-
neered successfully were all relatively simple, and included only one or two cell
types. The regenerated airway consisted of a decellularized matrix cylinder seeded
with chondrocytes on the outside and epithelial cells on the inside while the bladder
consisted of a decellularized matrix or collagen/poly-glycolide sphere seeded with
urothelial cells on the inside and smooth muscle cells on the outside. In both
examples two cell types could be applied, since they were separated physically by a
wall. In most tissues such as liver, skin, kidney, pancreas, and the central nervous
system many cell types are in contact with each other but still separated in distinct
structures. Although previous attempts have been made to create skin tissue by
seeding different cells in layers it was found that the cells migrated and mixed [76].
Therefore, in order to create such tissues, other approaches are needed. One reported
strategy utilizes ‘‘printing’’ different cell types in spatially different locations using a
bioplotter [31, 59]. An obvious advantage of this approach over traditional loading of
cells onto a structure is that high throughput as well as complex geometries can be
achieved. Several problems, however, are connected with this approach [67] such as
the adverse effects the printing process may have on the cells [93]. Furthermore, by
seeding pre-differentiated cells on a scaffold one can miss the important functions
that some stem cells perform while differentiating, such as depositing extracellular
matrix, an ability cells sometimes loose when fully differentiated [6]. There is,
therefore, a need for active implants that can influence the differentiation of cells
spatially in a scaffold.

Other major obstacles affecting the success rate of implants is acquiring enough
cells in the implant, to ensure their survival and to prevent the immune response
mounted by the patient against an implant (known as the foreign body response).
Few strategies address the multitude of challenges a cellularized implant is met
with. One extremely versatile technique that enables control over differentiation
and other cellular processes, is the potential for over expressing genes from
exogenously added plasmids or silencing specific gene expression by RNAi. This
chapter will focus on the latter possibility; however, many of the delivery methods
are applicable to plasmids as well.

2 RNA Interference

RNAi was first discovered in plants [9] and lower animals [32] and has since been
identified in higher animals including humans [29] (Fig. 2). It has subsequently
become a primary tool to dissect gene function in vitro and in vivo and is being
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investigated as a therapeutic strategy for many diseases [21]. While RNAi is found
in all higher eukaryotes there is considerable difference in the exact mechanisms in
different species. This chapter will consider the application of RNAi to mamma-
lian cells.

The mediators of RNAi are largely based on two types of molecules; microRNA
(miRNA) and small interfering RNA (siRNA), although, it is becoming difficult to
distinguish between the two categories [20]. Originally it was thought the siRNAs
acted through cleavage of the target mRNA while miRNAs acted through inhibition of
translation and destabilization of the target mRNA. However, exogenously introduced
siRNAs with incomplete complementarity to an mRNA are able to repress through the
latter mechanisms of translational inhibition and mRNA destabilization while
endogenously expressed miRNAs with complete complementarity to an mRNA can
repress it through the former mechanism of strand cleavage [102].

The active component of RNAi is small interfering RNAs (siRNAs) that,
upon transfection into the cytoplasm will cause specific degradation of comple-
mentary mRNAs. A problem plaguing all siRNA based knockdown strategies is

Fig. 2 RNA Interference. Pri-miRNA is transcribed in the nucleus and processed to pre-miRNA
by DROSHA and DGCR8. The pre-miRNA is exported to the cytoplasm where it (or a DICER
Substrate siRNA) is processed by DICER into a siRNA which can also be introduced externally
as non-DICER Substrate siRNA. The DICER/siRNA complex forms the RISC loading complex
together with AGO2 and TRBP. This complex transfers one of the siRNA strands to AGO2
forming the RISC complex. The loaded strand can subsequently guide RISC to mRNAs with a
complementary sequence. These mRNAs are translationally inhibited, destabilized or cut
(if completely complementary). The RISC complex can be reused. For a detailed review see [20]
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the off target effect which is thought to occur when the siRNA is partially com-
plementary to untargeted mRNAs and thus inhibits these through inhibition of
translation and destabilization [77]. One strategy to avoid off target effects is to
avoid high siRNA concentration and by chemically modifying the RNA strands at
strategic positions [16].

MicroRNAs are used extensively by eukaryotes to control mRNA activity. It is
estimated that 30% of the genes in humans are under miRNA control [60] and
nearly 1,000 miRNA have been characterized in humans. microRNAs are nor-
mally expressed as longer primary transcripts by Pol II and then subsequently
processed in two steps into mature miRNA. Most miRNAs in mammals are not
completely complementary to their mRNA targets, and therefore, repress them
through translational inhibition and mRNA destabilization [66].

3 Applications to Tissue Engineering

Tight control of gene expression involved in proliferation, differentiation and the
immune response are key parameters for tissue engineering. The high level of
specificity provided by the RNAi technology and the potential of constraining
siRNA particles to predetermined position in a scaffold make them an excellent
tool for manipulating these events [22, 100].

3.1 Proliferation and Apoptosis

Controlling cell proliferation and apoptosis is particular important in the initial phase
of regeneration where the cell concentration is low. However, it is important that
these processes are temporary, since escape from the cell cycle and apoptosis are
important processes in the later stages of tissue development [17]. Non-viral RNAi
induced knockdown is usually temporary, and therefore, provides an ideal method
for increasing cell numbers and survival short term. For example, silencing of the cell
cycle regulator p21 has been shown to increase cellular proliferation in monolayer
and scaffold culture of mesenchymal stem cells while not adversely affecting their
differentiation capability [75]. In another study Bax-2 silencing in allografted neu-
ronal precursor cells was shown to reduce apoptosis during the critical first 24 h after
transplantation which led to an increase in cell numbers and transplant size [104].

3.2 Differentiation

Differentiation occurs when a stem cell specializes into a more mature cell type. It
typically takes place in steps and is driven by several sequential transcription
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factors. Usually a master transcription factor acts as a switch and, when expressed,
drives the differentiation alone. Examples of such switches are PPARc2 in adi-
pogenic differentiation [89] and RUNX2 in osteogenic differentiation [54]. In line
with this it has been demonstrated that osteogenic differentiation and adipogenic
differentiation can be repressed by silencing the main transcription factor
responsible for those pathways, RUNX2 [62] and PPARc2 [96], respectively.
Enhancement of differentiation is a more complicated matter but can be accom-
plished by silencing a repressor of a differentiation pathway. Although a large set
of such genes have been characterized (Table 1), caution should be taken when
using RNA interference to control differentiation as siRNAs may induce adipo-
genic differentiation non-specifically [95].

Silencing a single gene is usually not sufficient to induce full differentiation,
necessitating supporting differentiation media. BCL2L2 knockdown, for example,
was found to induce osteogenic gene expression but not mineralization [103]. The
latter was enhanced when the BCL2L2 knockdown was combined with osteogenic
media containing ascorbic acid, dexamethasone and beta-glycerol-phosphate. It
appears, however, that certain siRNAs can replace specific factors in the chemical
induction cocktails and still drive full differentiation. The adipogenic media
components dexamethasone and IBMX can, for example, be replaced by silencing
TRIB2 and Krox24, respectively [15, 70]. This indicates that a cocktail of siRNAs,
at least in some instances, may be found to replace all the chemical inducers of
differentiation and thus drive differentiation alone. In addition, studies that
investigate the effect of combining knockdown of several inhibitors of a pathway
find that much greater stimulation of differentiation can be achieved this way. For
example, combining SLC12a2 and KCNT1 knockdown was found to enhance
osteogenic differentiation more efficiently than if the genes were silenced indi-
vidually [103].

3.3 Multi-Lineage Differentiation

Most tissues in the body are composed of different cell types arranged in highly
organized geometries [72]. Constructing implants with multiple cell types is thus
of great interest in tissue engineering [40]. The traditional approach to accomplish
this is to seed different pre-differentiated cell types in separated regions of an
implant. A different strategy is to seed one stem cell population and let the implant
exert different differentiation stimuli in spatially distinct regions.

The latter concept has recently been explored using different strategies. One
method is to deposit a gradient of nucleic acid over a scaffold before cell seeding.
When stem cells are seeded a gradient of differentiated and undifferentiated cells
develop [73]. A second method is to print nucleic acids and stem cells to different
areas of a scaffold although this has so far not been tried with multiple drugs at the
same time [24, 94]. We have recently developed a third method [2] (Fig. 3) where
separate parts of an implant are loaded with siRNAs against either BCL2L2 or
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Table 1 RNA interference targets for enhancement of differentiation

Target Differentiation Organism Molecule Vector Ref.

GSa Osteogenic H. Sapiens DNA
antisense

Etoxylated PEI [61]

WISP1 Hepatogenic H. Sapiens siRNA RNAiFect [82]
WISP2
NRSF Neurogenic H. Sapiens shRNA Lentiviral Vector [98]
GAS6 Chondrogenic M. Musculus siRNA Lipofectamine 2000 [69]
SOX9 Adipogenic H. Sapiens siRNA ‘‘Transfection Reagent’’ [91]

Osteogenic
TRIB2 Adipogenic M. Musculus shRNA Retroviral Vector [70]
TRIB3 Adipogenic M. Musculus shRNA Lentiviral Vector [88]
KROX24 Adipogenic M. Musculus shRNA Retroviral Vector [15]
NOTCH1 Neurogenic M. Musculus shRNA siPORT Lipid [99]
TWIST1 Osteogenic M. Musculus siRNA Lipofectamine 2000 [38]
HDAC7 Osteogenic M. Musculus shRNA Retroviral Vector [52]
HDAC1 Osteogenic R. Norvegicus shRNA Retroviral Vector [58]
MENIN Myogenic M. Musculus shRNA pSilencer [7]
BCL2L2 Osteogenic H. Sapiens siRNA Extreme siRNA

Transfection
Reagent

[103]

BCL2 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

P2RY11 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

ADK Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

ADCY8 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

GDBR1 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

SLC12a2 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

KCNT1 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

DUSP6 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

BIRC4 Osteogenic H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]

GNAS Osteogenic/
Adipogenic

H. Sapiens siRNA Extreme siRNA
Transfection
Reagent

[103]
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TRIB2 promoting osteogenesis or adipogenesis, respectively. The scaffold is then
seeded with stem cells and placed into complex differentiation media containing
factors that support the differentiation pathways dictated by the siRNAs. Alter-
natively, the scaffold could be implanted after cellularization in which case
differentiation happened in vivo.

3.4 Host Response

Implant induced inflammation is a major concern in tissue engineering [4]. The
acute inflammation phase is triggered by the adsorption of blood proteins onto the
surface of the material where they establish a provisional blood derived matrix.
These proteins can function as anchors and bind immune cell surface receptors.
Neutrophils and mast cells are the first immune cells to infiltrate the biomaterial
structure and their excretion of chemoattractants such as the monocyte chemoat-
tractant protein 1 (MCP-1) trigger subsequent infiltration by macrophages and
other immune cells [25]. If not treated the situation usually inters a chronic
inflammation phase characterized by the presence of degradative monocytes and
macrophages. This phase may be followed by the formation of granulation
tissue composed of fibroblast and macrophages surrounding the biomaterials.
The granulation tissue then becomes a fibrous capsule effectively isolating the

Fig. 3 Multilineage
differentiation. The figure
demonstrates the approach to
multilineage differentiation
developed in our group [2].
First casts are made wherein
PCL solution is cast, frozen
and lyophilized to produce
scaffolds which are then
surface modified and cut into
smaller building blocks. These
are then loaded with
nanoparticles containing
siRNAs against either
BCL2L2 or TRIB2. The
scaffolds parts are then
assembled into the desired
structure which is
subsequently loaded with stem
cells. A tissue containing
adipocyte- and osteoblast-like
cells in separate parts can then
be grown in vitro or in vivo
directed by the included
siRNAs
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biomaterial. Collectively these processes are known as the foreign body response.
Decellularized extracellular matrix is particularly vulnerable to inflammation [8]
as antibodies may be raised against foreign proteins or carbohydrates remaining in
the product. Xenogenic matrix is especially susceptible because it contains the
x-gal-epitope which is a carbohydrate present on glycoproteins and glycolipids.
Humans do not have this carbohydrate and around 1% of the circulating human
IgG is directed against the epitope severely limiting the potential of xenogenic
scaffolds. Together these problems restrict the clinical use of decellularized tissue
engineered products [84].

As mentioned, macrophages are major players in the foreign body response [3].
They secrete chemoattractants sustaining the cellular response and pro-inflam-
matory cytokines such as interleukin 1 and tumor necrosis factor alpha (TNFa).
Furthermore, macrophages are responsible for the degradation of the biomaterial.
They accomplish this by releasing degradative enzymes, acid and reactive oxygen
species as well as by phagocytising material. Cytokines such as TNFa can act
detrimental to the implant in several ways. They can act as chemoattractants
further increasing immune cell infiltration [35], as stimulators of phagocytosis,
oxygen radical production and degranulation, which degrade the implant [12], or
they can interfere with stem cell differentiation [42, 56]. As macrophages are
stimulated to express cytokines when they come in contact with biomaterials [27]
they present very attractive targets for therapies that seek to reduce inflammation
and prevent degradation of tissue engineered structures. However, one must apply
such strategies carefully as immune cells, and other cells derived from haemato-
poietic precursors such as osteoclasts, play a major role in removing tissue dam-
aged during implantation [37] and in remodelling the implant to achieve the
correct tissue structure and composition [28]. While RNAi provides an effective
means to control the production of cytokines such as TNFa in macrophages after
injection in vivo [46] or if grown on substrates pre-coated with anti-TNFa siRNA
particles [1] it remains to be established whether siRNA delivery from scaffolds or
other implants can control the foreign body response in vivo. An alternative
method for preventing implant encapsulation and failure could be to silence
mTOR in fibroblasts [87]; however, such a method would require preferential
delivery of siRNAs to fibroblasts instead of invading immune cells which may
prove difficult. Based on these findings we suspect that RNAi will play a major
role in controlling the foreign body response to implants in the future.

3.5 Other Applications

Since siRNAs can be used to target virtually any pathway there are numerous other
ways in which siRNA coating could be used to enhance the function of the cells
seeded on an implant. In neural injury, for example, a major problem is axonal
degeneration due to factors secreted by the damaged tissue, these factors act
through the neuronal gene RhoA that, therefore, represents an attractive siRNA
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target for enhancing neurite outgrowth. Indeed, polymeric implants coated with
chitosan/siRNA nanoparticles targeted to RhoA have been shown to reduce RhoA
expression in seeded PC12 neural cells and the particles were able to enhance
neurite outgrowth in the presence of myelin [68]. Hence, siRNA coated scaffolds
may prove valuable as guides for joining damaged neuronal axons in the future.

4 Combining RNA Delivery and Implants

There are three strategies to combine cells, siRNA/plasmid and scaffolds (Fig. 4).
Cells may be transfected with nucleic acids prior to seeding them into the scaffold
or cells can be seeded first and then transfected via the scaffold or culture medium.
All three strategies present certain advantages and disadvantages

Fig. 4 Delivery strategies. RNAi can be applied to cells that are destined for implantation on a
tissue engineering scaffolds in three ways. The cells can be transfected before being seeded onto a
scaffold (left). Alternatively, the cells can be seeded onto the scaffold and the scaffold can then be
placed in medium containing the RNA (center). Finally, the nucleic acids can be applied to a
scaffold before cell seeding; the cells then take up the RNA when they are seeded onto the
scaffold (right)
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Transfecting cells prior to scaffold seeding [22] is the easiest approach as it
involves a standard transfection procedure and requires little formulated siRNA or
plasmid, however, concern has been raised that transfection could leave the cells
too fragile to survive the process of scaffold seeding [19]. This could especially be
a problem if a seeding method that induces additional strain, such as cell printing,
is used.

Alternatively, cells may be seeded first in the scaffold and subsequently trans-
fected by adding siRNA/plasmid formulations to the culture medium [19]. This
approach is essentially a standard transfection procedure and it is, therefore, rela-
tively straight forward, however, it might result in uneven transfection efficiency
with cells on the surface of the scaffold being more efficiently transfected than those
in the centre of the scaffold. The severity of this problem depends on the diffusion
rate within the scaffold and on how quickly the transfection reagent binds to the cells.
The diffusion rate of medium within scaffolds can be increased using dynamic
culturing methods such as spinner flasks or flow cells [23], however, these methods
require large volumes of medium which would make the use of this strategy pro-
hibitively expensive for siRNA delivery. Alternatively, a slowly acting transfection
reagent could be employed giving it time to reach the centre of the scaffold before it
interacts with cells. Unfortunately, most commercially available transfection
reagents are designed to bind to cells as quickly as possible, and therefore, new
delivery systems may have to be developed in order to utilize such a strategy. One
could, for example, imagine a delivery system that has been partly coated with
polyethylenglycol (PEG) which is known to reduce particle–cell interaction [92].

Finally, cells within the implant can be transfected by releasing the siRNA or
plasmids from the matrix itself (Fig. 4). In this case the nucleic acids can either be
coated onto the surface of the polymer structure were it is readily available to the
cells [2] or be encapsulated within the implant during preparation [55] and be
released over prolonged periods. This strategy limits the amount of drug that has to
be used compared to options mentioned above. Furthermore, the cells can attach
and proliferate prior to transfection which may reduce adverse effects from
transfection reagent. However, delivering siRNA or DNA from a scaffold requires
the interfacing of the delivery system with the structure and this usually represents
another challenge that we will address below.

4.1 Delivery Methods for Scaffolds

From a pharmaceutical stand point siRNA delivery pose a number of obstacles
[45]. For example, RNA is susceptible to degradation by serum nucleases and
hydrolytic cleavage and siRNAs are large anionic molecules incompatible with
crossing cell membranes. These problems are typically overcome by using carriers
(vectors) to protect and deliver nucleotide based drugs to the cellular interior. In
the case of nucleotide delivery from scaffolds, the scaffold material itself may
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carry out functions ordinarily performed by the vectors. Figure 5 illustrates some
of the delivery routes that can be used in tissue engineering.

In general carriers are divided into viral vectors and non-viral vectors. Viral
carriers typically used together with scaffolds are based on retroviruses [26], ade-
noviruses [79] and adeno-associated viruses [10]. While viral vectors are generally
considered more efficient than non-viral vectors they are also more cumbersome to
produce and have safety issues. Retroviruses can causes insertional mutagenesis and
cancer [11] while adenoviruses can cause severe immune reactions [65]. Non-viral
carriers exist in a multitude of variants but vectors used for scaffold delivery are
typically based upon lipids [18] or polymers [47]. Lipid carriers are primarily in the
form of nucleic acid entrapping liposomes or electrostatic complexes between cat-
ionic lipids and nucleic acids (lipoplexes). Polymer based delivery is based on either
dynamic polyelectrolyte complexes, known as polyplexes, formed through elec-
trostatic interaction between a polycation and a nucleotide or on solid particles
composed of a polymer matrix which can encapsulate or adsorb the nucleic acid [44].
Electrostatic complexes made with mixtures of lipids, polymers and siRNA are also
used (lipopolyplexes) [78]. Lipid and polymer based vectors are also associated with
various problems such as toxicity but these issues can to a certain extent be ame-
liorated by adjusting the chemical structure of the carrier [63].

It is important to bear in mind that most carrier systems are designed to deliver
nucleotides to cells grown in monolayer culture. Interfacing such systems with
implants may radically alter their properties such as transfection efficiency [39],
onset of silencing [90] and duration [43]. Such behaviour is likely to depend on the

Fig. 5 Delivery methods. Nucleic acid carrying particles can be delivered to cells sitting on
implants through three different routes. If a standard transfection is carried out, through the
medium surrounding the scaffold, the particles will diffuse through the structure until they adsorb
onto and are internalized by the cells they encounter (left). Alternatively, the carriers can be
adsorbed onto the structure before cell seeding (center). In this case the cells can internalize the
particles directly from the wall where they attach (known as reverse transfection). Depending on
the strength of the interaction between the scaffold and the particles, the carriers may
alternatively resuspend and transfect the cells from the medium (as in the left panel). Finally, the
nucleic acids may be encapsulated within the scaffold polymer (right). In this case they are
released continually as the matrix breaks down, the scaffold polymer may play a part in the
uptake of the nucleic acids or it may be purely driven by the carrier in which case it works like
reverse transfection

156 M. Ø. Andersen and J. Kjems



carrier and scaffold properties and the method of incorporation. Limited work has
been done with siRNA delivery from implants but important lessons can be learnt
from the research on scaffolds loaded with DNA. However, one most bear in mind
that siRNA primarily function in the cytoplasm, whereas, plasmids need to
translocate to the nucleus to be expressed.

4.2 Lessons from DNA Delivery

DNA has been delivered from scaffolds successfully into cells as part of viral
vectors [83], polyplexes [39] and as a naked plasmid [50]. Interestingly adsorbing
[14, 30], and encapsulating [51, 81]; naked plasmid into scaffolds appears to have
an effect in several studies, despite the fact that delivery of naked plasmid is
usually considered highly inefficient unless it is performed under increased
hydrodynamic pressure or with electroporation [41]. Conceivably the plasmids
could be carried on eroding fragments of the scaffold polymer that can then
facilitate cellular binding, uptake and endosomal escape. In this case one would
expect the delivery efficiency to be highly dependant on the scaffold material.

To improve delivery, polymeric DNA nanoparticles have been used extensively
on scaffolds and shown great promise. Studies have shown that absorbed plasmid
can be released over time [49] and greatly reduces the amount of nucleic acids
needed to achieve transfection compared to delivery through the surrounding
medium. The dissociation rate appears to be dependant on the polymer to plasmid
ratio of the complex probably due to increased ionic interactions between the
carrier and scaffold at higher carrier to DNA ratios. Furthermore, transfection
efficiency was found to increase while cell proliferation decreased with higher
polymer to DNA ratios.

A study [71], comparing scaffolds coated with naked plasmids with scaffolds
coated with or encapsulating chitosan/plasmid nanoparticles showed that naked
plasmid is released fastest and encapsulated nanoparticles slowest. The study
further showed that adsorbed carriers induced a slightly higher toxicity compared
to encapsulated material and that the formulation of plasmid DNA with chitosan
increased expression. Therefore, for most purposes encapsulation may seem like
the most attractive strategy to interface plasmid and scaffold Fig. 6.

Partly because DNA transfection has to bypass an additional barrier (the nuclear
membrane) compared to siRNA transfection the percentage of transfected cells is
typically lower when using DNA delivery systems [105]. This is especially true for
non-dividing cells where the nuclear membrane remains intact. It would, therefore,
generally be insufficient to use plasmids affecting only the transfected cells to control
the development of tissue on an implant. This is especially true in applications where
undifferentiated stem cells might pose a risk of oncogenicity [13]. However, when
using a gene encoding payload, transfecting a small fraction of the cells may cause a
major effect if the vector encodes secreted growth factors which affects the neigh-
bouring non-transfected cells. While this strategy is useful for generating single cell
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type tissues it is not ideal for multi-lineage differentiation applications as the forced
over expression and secretion of growth factors inducing a certain type of differ-
entiation could diffuse into a section of an implant where a different type of differ-
entiation is desired. Delivery of siRNA only affects the transfected cells and as it is

Fig. 6 Controlled release
from scaffolds. The release of
nucleic acids from a scaffold
depends on the method of
incorporation [71]. This
figure shows the cumulative
release of plasmid DNA that
had been incorporated in
three different ways into
scaffolds made from
poly(lactic-glycolic)acid and
three different amounts of
hydroxyapatite (1–3).
Unprotected anionic nucleic
acids adsorbed onto the
anionic scaffolds are released
fastest as they are most likely
repelled from the surface [top
(A1–A3)]. Cationic chitosan/
nucleic acid complexes
adsorbed onto the anionic
scaffolds are released slower
probably due to electrostatic
interactions between the
complexes and the scaffold
[center (B1–B3)]. Finally,
chitosan/nucleic acid
complexes that were
encapsulated into the scaffold
are released slowest,
presumably because the
scaffold has to breakdown
before the complexes are
released [bottom (C1–C3)]
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more efficient than DNA delivery, approaching 100% [2], therefore it presents an
ideal method for controlling multi-lineage differentiation.

4.3 Temporally and Spatially Controlled RNA Delivery

While one of the advantages of the siRNA is that the effect is temporary, and
therefore, more easily controlled there are also drawbacks. Results indicate that
temporary silencing of a differentiation repressor gene is enough to greatly
enhance differentiation [2]; however, extended silencing would be necessary
in certain cases. Furthermore, a delayed knockdown of a late repressor could
probably be beneficial under many circumstances. In such a case one could, for
example, silence first BCL2L2 to induce osteogenic differentiation and then HTRA1
to enhance mineralization in the resulting osteoblasts [36]. To achieve these effects a
two phasic release system is necessary. While such a system still is to be developed
for siRNA delivery there are results performed with proteins that can be used as
inspiration. For example, it has been shown that two different proteins can be
released sequentially from a multi-polymer composite scaffold if they are incor-
porated into polymers with dissimilar degradation rates [34, 101]. We believe a
similar mechanism could be used with siRNA, however, one must take care that the
RNA is sufficiently chemically protected to survive the duration until release.

Multilineage differentiation is possible when different siRNAs are delivered from
spatially distinct regions of an implant. Achieving this effect depends on the
retention of the nucleic acid carriers until they are delivered to the seeded cells. This
requires an interaction between the vectors and the scaffolding material. Materials
can be bound onto implants in various ways such as by covalent linkage [74], by
electrostatic or hydrophobic interactions [2] or by embedding the drug into the
scaffold polymer [71]. We believe any of these methods could be used together with
siRNA. A conceivable alternative to using temporally delayed release in a multi-
lineage differentiated implant would be to use a targeted delivery system to deliver
the RNA cargo to a specific cell type at a later stage. For example, one could use the
siRNAs loaded on a scaffold initially to start differentiation of seeded stem cells such
as MSCs into tissue precursor cells such as pre-osteoblasts and pre-adipocytes. If, at
this stage, a different RNA is needed to, for example, drive terminal differentiation of
one of these cell types it could be delivered using a delivery system targeted to a
receptor expressed solely on one of the precursor cell types.

5 MicroRNA Enhanced Scaffolds

The number of characterized miRNAs that appear to have a role in phenomenons
important to implant function such as stem cell differentiation [48] and inflam-
mation [85] is steadily increasing. Just like siRNAs, miRNAs are capable of
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repressing or enhancing differentiation pathways, for example, miR27a and
miR489 downregulates osteogenic differentiation of mesenchymal stem cells
while miR148b upregulates it [80]. They can be, therefore, be used to direct cell
specialization in a similar way as the siRNAs described in this chapter. Further-
more, the similar structure of miRNA precursors and a siRNA duplex mean that
they can be delivered using the same delivery systems. miRNAs may in fact turn
out to be superior to siRNAs for controlling cell functions as miRNAs are naturally
playing an important role in these processes. The development of efficient miRNA
inhibitors (anti-miRs), which are chemically modified oligonucleotides comple-
mentary to specific miRNAs, also opens up for the possibility of inhibiting miRNA
function in differentiation processes. Therefore, we expect that miRNA/antimiR
delivery from scaffolds will be used in the future for growing tissues.

6 Conclusion and Future Perspectives

RNAi presents an extremely attractive solution to the obstacles facing implant
medicine in general and tissue engineering in particular. The delivery of siRNAs
and miRNAs from scaffolds provides a versatile method for controlling stem cell
differentiation, tissue functions and inflammation. Furthermore, the technique is
well suited to generate complex tissues composed of multiple cell types. There are
many different strategies and methods for using RNAi together with implants, a
specific application may benefit from a simple transfection with one RNA but, if
needed, complex delivery modes of multiple nucleic acids have been demon-
strated. The number of characterised RNAs that regulate various cell functions is
continually increasing, underlining the need for improved RNA delivery methods
from scaffolds. In conclusion, we predict that RNAi will become as powerful a tool
in implant medicine and tissue engineering as it has been for manipulating
monolayer cell culture.
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Nanostructured Scaffolds for Bone Tissue
Engineering

John Igwe, Ami Amini, Paiyz Mikael, Cato Laurencin
and Syam Nukavarapu

Abstract The field of tissue engineering is an emerging discipline that applies
basic principles of life sciences and engineering for the repair and restoration of
human tissues and organs. Among many tissue types, bone has attracted much
attention since it is the second most transplanted tissue in clinics. Bone is a
complex tissue where organic and inorganic components interact to maintain an
appropriate physio-chemical balance to allow for its cellular and structural func-
tions. Treating bone loss via tissue engineering approach requires the design,
fabrication and characterization of biodegradable scaffolds that display similar
characteristics as the bone. Scaffolds for bone tissue engineering should have nano/
micro structural features similar to the bone extracellular matrix to mimic the bone
environment and support the bone cell adhesion, proliferation and differentiation.
This chapter mainly focuses on the 3D nanostructured scaffold fabrication tech-
niques and the scaffold characterization for in vitro and in vivo bone tissue
engineering. Further, the chapter highlights the various effects of nanofeatures on
bone forming cell performance, as well the signaling cascades induced by
nanotopography.

J. Igwe � A. Amini � C. Laurencin (&) � S. Nukavarapu (&)
Orthopaedic Surgery, University of Connecticut, Farmington, CT, USA
e-mail: laurencin@uchc.edu

S. Nukavarapu
e-mail: syam@uchc.edu

P. Mikael � C. Laurencin � S. Nukavarapu
Chemical, Materials and Biomolecular Engineering, University of Connecticut,
Storrs, CT, USA

Stud Mechanobiol Tissue Eng Biomater (2011) 8: 169–192 169
DOI: 10.1007/8415_2010_60
� Springer-Verlag Berlin Heidelberg 2011
Published Online: 8 February 2011



1 Introduction

In the past three decades, tissue engineering has become one of the leading areas in
the academic and industrial world, with over 33 thousand articles published on a
broad range of advances and challenges in the field. The field of tissue engineering
arose from the need of many clinicians and healthcare specialists to address a long
standing challenge in medicine. Tissue engineering has been defined as ‘‘the
application of biological, chemical, and engineering principals toward the repair,
restoration, or regeneration of living tissue by using biomaterials, cells, and factors
alone or in combination’’ [31]. Three main strategies are commonly used in tissue
engineering namely, infusion of isolated cells, treatment with tissue-inducing
growth factors, and implantation of scaffolds with or without the tissue-specific
cells and growth factors [30, 41]. Based on the tissue type, one of the above listed
strategies is preferred over other. For example, cell therapy has become a popular
method to regenerate cartilage tissue. As far as bone regeneration is concerned,
there is a strong need to have a three-dimensional and porous architecture, referred
to a scaffold, which not only supports bone-forming cell proliferation, migration
and mineralization, but also mechanically supports the bone tissue regeneration
process. In addition, scaffolds are also designed to have interconnected porosity
that allow for cellular ingrowth, tissue infiltration and eventually, new bone tissue
formation [32].

Bone is a complex tissue that varies in arrangement and structure that work in
concert and accommodates for all of its mechanical, biological and chemical
functions. The unique combination of materials and structure, as well as the ability
to continually regenerate, makes bone a smart material. However, when bone is
fractured beyond the critical range, it fails to regenerate and repair itself. There-
fore, the need to find a compatible treatment has been the focus and driving force
for the researchers in the field of tissue engineering. Recent advances in materials
technology have led to the fabrication of many biodegradable (natural and syn-
thetic), three-dimensional porous scaffolds that are capable of adapting to the
biological and mechanical needs of the repairing bone tissue. Scaffolds require
several features in order to closely mimic the native bone environment. One of the
important features is the scaffold topography, which is required to duplicate the
ECM environment. It is becoming increasingly clear that cells on scaffolds look
for topographical cues that they normally receive from the surrounding ECM and
basement membranes [44, 46]. Therefore, the creation and utilization of nano-
structured scaffolds is vital for the success of bone tissue engineering. In this
chapter, we present an overview of currently available methods to fabricate nano-
structured scaffolds and the scaffold performance evaluation using bone forming
cells in vitro and pre-clinical studies will be presented.
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2 Overview of Bone Morphology

2.1 Bone Tissue

Bone is a dynamic and highly vascularized tissue with a rich hierarchy. It consists
of mineralized matrix and bone-forming cells. The mineralized matrix is com-
posed of bone mineral (i.e., hydroxyapatite) and extracellular matrix (ECM).
Overall, bones provide many functions including mineral homeostasis, support for
the softer tissues, provide points of attachment for skeletal muscles, and loco-
motion. Bones also play a major role in hematopoiesis (i.e., blood cells produc-
tion). Hematopoietic stem cells (HSC) reside in the medulla of the bone and give
rise to different types of mature blood cells when necessary. In addition, its unique
ability to regenerate and remodel throughout developmental stages makes bone the
ultimate smart material [5].

To fulfill all of its various functions, bone has evolved into a highly specialized
composite of natural materials that has an anisotropic characteristic and exhibits a
rich hierarchical cellular structure consisting of up to seven levels of organization.
The different hierarchical levels of bone include macrostructure, microstructure,
sub-microstructure, and the ultrastructural level [49]. The basic bone hierarchical
level (as shown in Fig. 1) is at the whole bone and in most parts of the body it

Fig. 1 Illustration of the two basic hierarchical structures of bone. A cross-sectional image
showing compact and trabecular regions of the bone tissue. http://www.personal.psu.edu/staff/m/
b/mbt102/bisci4online/bone/bone4.htm
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consists of an external compact cortical region, which makes up 80% of total
skeleton and an internal spongy trabecular region, which makes up 20% of total
skeleton [29].

The cortical bone primarily consists of the Haversian system, which in turn is
comprised of concentric lamella of bone matrix, osteons and a central Haversian
canal, where blood vessels and nerves pass. The Haversian canals are intercon-
nected by Volkmann canals. Within the bone matrix exists structures called
lacunae, each of which contains an osteocyte (Fig. 1). Canaliculi are fine tunnels in
between the lacunae, and allow for osteocytes communication.

2.2 Extracellular Matrix

Although bone is made up of different cell types, such as osteoblasts, osteocytes
and osteoclasts, the majority, more than ninety percent, of cortical and trabecular
bone is composed of a matrix. This matrix is best explained at the microstructure
level, where mineralized collagen fibrils are arranged in planar sheet or lamellae,
each approximately 3–7 lm wide. Trabecular bone is composed of irregular,
sinuous, convolutions of lamellae, whereas the cortical bone is composed of
regular, cylindrical shaped lamellae, 3–8 sheets, called the osteons [6, 7, 14, 27].
The osteons are about 200–250 lm diameter and can be arranged parallel or
perpendicular to the long axis of bone or in a less well-organized fashion with no
distinguished pattern as in woven bone. These arrangements play a major role in
the unique properties of bone.

The final level of bone hierarchy is the nanostructure (as shown in Fig. 2),
where the collagen fibers are surrounded and infiltrated with mineral. The primary
mineral in bone is hydroxyapatite, which grows within discrete areas on the

Fig. 2 Hierarchical structure of compact bone. Fibrous, laminar, particulate and porous structure
is present at different size scales. Adapted from Lakes et al. [22]
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collagen fibers in plate-like crystals. The apatite crystals are about 2–3 nm and
mainly composed of calcium and phosphate, which contribute to its molecular
formula, Ca5(PO4)3(OH).

As previously mentioned, ECM occupies the majority of the osseous tissue,
and therefore, is considered a major element that influences bone cell behavior
and development. It is well established that cells receive topographical cues
from the surrounding ECM [54]. Such cell–ECM interactions spread and reach
out to include neighboring cells providing a neat systematic network. The
systematic network is enhanced by the diversity of molecules and receptors that
constitutes the ECM such as, transmembrane glycoproteins, proteoglycans, and
glycolipids.

3 Biodegradable Scaffolds

3.1 Scaffolds for Bone Tissue Engineering

As described in pervious sections, the ECM is a complex material that has a rich
hierarchy of arranged collagen and laminin fibrils at the micrometer scale, and
glycoproteins, proteoglycans and glycolipids at the nanometer scale. One of the
strategies for bone regeneration utilizes biodegradable scaffolds, which can serve
as a temporary matrix for tissue in growth. A scaffold is nothing but a three-
dimensional and porous structure that supports tissue regeneration with degrada-
tion rate matching the defect healing rate. This way, the scaffold will disappear by
the time the defect is completely healed. With the scaffold-based bone regenera-
tion, the extent of tissue regeneration depends on how well the tissue forming cells
adhere and grow on a biodegradable scaffold. The cell compatibility of a scaffold
can be very well achieved by just duplicating the native tissue ECM structure.
Therefore, it is important to design scaffolds with ECM-like features. In addition,
scaffolds for bone regeneration should also satisfy the general scaffold properties
such as tissue compatibility and tissue matching mechanical properties.

Many synthetic polymers, such as poly lactic acid (PLA), poly glycolic acid
(PGA), poly(lactide-co-glycolide) (PLGA), polyphosphazenes and polyanhydrides
and natural polymers, such as chitosan, hylouroic acid, and alginate have been
extensively studied as biodegradable materials. These materials are fabricated
into 3D scaffolds through many different techniques, which include freeze
drying, solid free-form fabrication, solvent casting, particulate leaching, gas
foaming and microsphere sintering [38]. Although all these techniques produce
three-dimensional and porous scaffolds adequate to support cellular adhesion and
proliferation, they still lack the topographical features that simulate the native
tissue ECM matrix. In the next section, a brief description of few methods used to
fabricate 3D, nano-featured scaffolds that closely mimic the natural environment
of the bone tissue will be discussed.
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3.2 Methods to Fabricate Nano-Structured Scaffolds

A variety of fabrication techniques have been developed to achieve nano-featured
scaffolds for bone tissue engineering applications. These techniques can be pri-
marily classified into two different approaches (Table 1). The first approach
involves scaffolding methods that are capable of producing three-dimensional and
porous matrices with nano-features throughout the structure. Electrospinning,
phase separation and self-assembly are some of the techniques often utilized.
In particular, electrospinning technique has attracted wide attention due to its
applicability for a variety of synthetic and natural polymers. In the latter approach,
nano-features can be introduced onto any pre-fabricated scaffold via physical or
chemical methods. Although, this is relatively an easy approach, the introduced
nano-features are only limited to scaffold surface. The following is a brief
description of some of the important nano-featured scaffold fabrication methods.

3.2.1 Electrospinning

Electrospinning is a spinning method to generate submicron to nanometer scale
fibers from polymer melts or solutions. It is a physical process to obtain fibers from
a bulk polymer of interest under the applied electric field. The spinning setup
consists of a syringe pump, high-voltage power supply and collector. During
electrospinning the applied electric potential (order of kilovolts), between the
syringe pump and collector, induces charge separation in the polymer drop that is
sitting at the tip of the syringe pump. When the charge separation and the asso-
ciated electrostatic force overcome the polymer’s surface tension, the polymer
droplet will be drawn into micro- and nano-size fibers towards the collector.
During this process the solvent used to dissolve the polymer of interest will
evaporate and ultimately the polymer fibers are deposited onto collector. These

Table 1 Approaches and specific methods to create nano-featured scaffolds for bone tissue
engineering

Approaches Specific methods Advantages/disadvantages

Scaffolding methods Electrospinning Nano-fibrous
Ability to make bone like

composition
Thermally induced phase

separation
Bulk approach

Self assembly Mechanically not compatible
to bone

Pre-fabricated scaffold
modification methods

Physical
Printing
Lithography

Can address the mechanical
compatibility by choosing a
weight-bearing scaffold

Chemical
Selective etching
Chemical patterning

Limited to surface
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fine fibers are collected and shaped according to the desired geometry. In this
process, the fiber size is controlled by changing spinning parameters, such as
polymer concentration, solvent selection, applied voltage and distance between the
syringe pump and collector. While generating nanostructured scaffolds, the elec-
trospinning technique has also been utilized to encapsulate bone specific growth
factors (BMP-2, BMP-7, VEGF) and antibacterial agents (tetracycline, gentamycin
sulphate) [45]. Although electrospinning seems like an ideal fabrication technique
to create nano-structured scaffolds, the technique has limitations in terms of the
scaffold size and shape required for clinical applications [47].

3.2.2 Phase Separation

Another method that is used to fabricate nano-featured 3D porous scaffolds is
phase separation, specifically, thermally induced phase separation (TIPS). TIPS
method is briefly described as dissolving the polymer of interest in a solvent at
high temperature. Then, the phase separation into two phases is induced by low-
ering the temperature of solution, where one has a high polymer concentration and
the other has a low polymer concentration. To make a porous scaffold, the low
polymer concentration phase is removed by exchange, evaporation, or sublimation
of solvent, leaving behind the high polymer concentration phase as a 3D construct.
Therefore, as one can predict, porosity and fiber size can be controlled by varying
the amount of solvent, temperature, and/or polymer concentration. However, this
technique is limited to only highly crystalline polymers, such as PLLA [36].

3.2.3 Molecular Self Assembly

Self assembly is the spontaneous building of biologically friendly molecules into a
structurally stable and well-organized motif/construct. The molecules interact with
each other through hydrogen bonding, ionic bonding, hydrophilic interactions, or
van der Waals interactions. Some commonly used molecules include peptides,
proteins, and lipids. Although molecular self-assembly method is useful to produce
biocompatible, nano-fibrous scaffolds with nano-topography that mimics to a
certain degree to the natural ECM in its size and functionality, the design of self-
assembling peptide fragments require complex combinatorial chemistry approa-
ches [67].

The above described scaffolding methods have been successfully utilized to
create nano-featured scaffolds. These scaffolds have clearly supported osteoblast
growth and in vitro bone formation significantly higher than the control scaffolds
with no nano-features. However, majority of the nano-fibrous scaffolds lack the
mechanical strength required to physically support the bone regeneration. On the
other hand, a set of physical and chemical methods have been proposed to
introduce nano-features onto a variety of biomaterial surfaces. Furthermore, some
of the methods used in creating nanofeatures on 3D scaffolds are also useful for
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delivering bioactive molecules. For instance, Wei et al. showed that recombinant
BMP-7 can be encapsulated into poly (lactide-co-glycolide) (PLGA) nanospheres
with an average diameter of 300 nm. This nanosphere containing growth factor
was then immobilized on poly (L-lactic acid) (PLLA) 3D scaffolds with inter-
connecting pores using a combination of sugar sphere template leaching and phase
separation techniques. The modified biomaterial surfaces have been employed to
understand and establish feature size and feature density effects on osteoblast cell
behavior [44, 63]. As a separate strategy, patterning or printing techniques are
currently proposed to apply on to pre-fabricated and mechanically bone compat-
ible scaffolds for effective bone tissue engineering.

4 Cell Interactions with Nanotopography

4.1 Cells that Participate in Bone Formation

4.1.1 Osteoblast Lineage Cells

Osteoblasts are the main bone-forming cells, and have been the focus of bone
tissue engineering research aimed for studying bone cell interactions with bio-
materials and scaffolds. The ability of many biomaterials to support osteoblast
growth and differentiation is currently used as yardstick for measuring osteo-
compatibility of many engineered scaffolds for bone repair/regeneration.

The osteoblast lineage cells originate from the mesenchymal stem cells
[2, 3, 39]. Under stimuli from growth factors, such as members of the TGF-b
family and bone morphogenetic proteins (BMPs), the mesenchymal cells begin to
differentiate toward the osteoblast lineage [4], starting with osteoprogenitors,
osteoblasts, and finally to the osteocytes. During osteoprogenitor stage, the
expression of alkaline phosphatase, bone sailoprotein and collagen type I begin to
increase. In addition, core binding factor a1 (cbfa1), also known as RunX-2, are
also up-regulated during osteoblast differentiation [11, 12, 24].

Mature osteoblasts express high levels of osteocalcin, alkaline phosphatase,
collagen type I, osteopontin and bone sialoprotein (BSP). At this stage, they start
to assume a cubodial shape, and can be seen forming a continuous layer of cells on
the surface of bone tissue. The primary role of the osteoblast is to form bone, and
this occurs slowly, but continuously in all living bones. It is believed that more
than half of the osteoblasts that started the process of bone formation are lost due
to apoptosis [18]. As the bone matrix is being mineralized, some osteoblasts are
trapped within the matrix; these cells are termed as osteocytes and gradually lose
most of osteoblast specific functions, including the ability to divide and secrete
bone matrix [13]. Osteocytes are characterized by long fine meshwork processes
that serve as a network of communication between osteocytes, and other cells
within the bone tissue. In addition to the primary osteoblast cells, various
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immortalized cell lines, such as MC3T3, MG-63, SaOS-2, have similar gene and
protein expression profiles to osteoblasts, and are commonly used to study in vitro
bone formation [25].

4.1.2 Osteoclasts

Osteoclasts are another important bone cells and are of the monocyte/macrophage
linage [23, 51]. Mature osteoclasts are multinucleated giant cells, responsible
for the bone resorption process [68]. They can vary from 20 to over 100 lm in
size and can contain 2–50 nuclei [48, 51]. Osteoclasts are characterized by
podozomes or filamentous processes, and proteases which are essential for bone
resorption [52]. To resorb bone, osteoclasts attach to the surface of the bone via the
formation of a specialized structure called the sealing zone. This sealing zone is
rich with acidic elements that help to acidify the bone mineral component. The
organic components are then removed by secretion of lysozomal enzymes [21].
Osteoclasts are activated by a combination of factors including growth factors,
hormones and cytokines.

It has been reported that receptor activator of NF-jB ligand (RANKL) and
macrophages colony stimulating factor (M-CSF), which are secreted by osteo-
blasts, are essential for osteoclasts activation. The binding of RANKL to its
receptor, RANK, on the cell surface of osteoclasts is critical for signal transduction
leading to osteoclasts function [26, 61]. Osteoclasts are characteristically positive
for tartrate acid phosphatease staining (TRAP). The traditional role of osteoclast is
in bone remodeling during bone turnover or healing of a micro-fracture. However,
for critical sized bone defects, it is not yet clear if and how osteoclast participates
in the healing process.

4.2 Bone Cell Interactions with Nanotopography

The goal of tissue engineering is to create structures that can support cell growth
and regeneration of damaged tissues or organ. In the case of bone tissue, the
fabricated scaffold needs to mimic the in vivo bone environment closely.
As mentioned previously, the natural bone tissue contains both macro- and nano-
scale structures that influence the function of bone cells. So far the scaffold
fabrication techniques mostly focused on creating three-dimensional -porous
structures that support bone tissue growth. With the emergence of nanotechnology
and better scaffolding methods, scientists are now able to design and fabricate
three-dimensional and porous biodegradable scaffolds with nano-scale features.

Earlier studies on nano-features were carried out on two-dimensional surfaces
basically to understand the effect of nanotopography on bone forming cell adhe-
sion and performance. Zinger et al. made a significant attempt by demonstrating

Nanostructured Scaffolds for Bone Tissue Engineering 177



that an osteoblast derived cell line MG-63 can adhere and extend their filapods on
electrochemically micro-structured surfaces with hemispherical cavities of 30 or
100 lm in diameter arranged in a hexagonal pattern [69]. In addition, Roehlecke
et al. demonstrated that type I collagen-coated titanium alloy exhibits favorable
effects on the initial adhesion and growth activities of osteoblasts, and resulted in a
more rapid formation of focal adhesions and their associated stress fibers [50]. The
results from two-dimensional studies indicate that nano-features can modulate
ostesoblast function. Such studies have led researchers in tissue engineering to
create and characterize three-dimensional structures wearing nano-features for
bone tissue engineering applications.

4.2.1 Cell Interactions with Nano-Featured 3D Fibrous Scaffolds

Fibrous scaffolds are made to mimic the extracellular matrix component of the bone;
these biodegradable materials have diverse properties differing in their surface
physical, chemical and topographical parameters. As described in Sect. 1, elec-
trospining is one of the best techniques to create nano-fibrous scaffolds. Nano-
fibrous scaffolds have good potential for tissue engineering because of their ability
to support adhesion, growth and differentiation of bone cells. Osteoblast cells are
known to attach to surfaces through protein adsorption on the surfaces. Nano-fibrous
scaffolds can provide topographical architecture necessary for protein adsorption as
demonstrated by Kyung Mi Woo et al., who found that scaffolds with nano-fibrous
pore walls adsorbed four times more serum proteins than scaffolds with solid pore
walls [64]. It was further observed that unlike solid-walled three-dimensional
scaffolds, nano-fibrous scaffolds selectively enhanced adsorption of fibronectin and
vitronectin, and allowed [1.7 times of osteoblastic cell attachment than scaffolds
with solid pore walls. Furthermore, a2 and b1 integrins, as well as av and b3
integrins, were highly expressed on the surface of cells seeded on nano-fibrous
scaffolds, which resulted in higher levels of phospho-Paxillin and phospho-FAK in
cell lysates. In contrast, cells seeded on solid-walled scaffolds expressed signifi-
cantly lower levels of these integrins, phospho-Paxillin, and phospho-FAK [65].

Osteoblast attachment is crucial for their function, thus, it is not unexpected that
osteoblasts cultured on nano-fibrous scaffolds exhibit higher alkaline phosphatase
activity and enhanced expression of osteoblast differentiation markers RunX2 and
bone sialoprotein [65]. In addition, human amniotic fluid-derived stem cells
(hAFSCs) cultured on the nanofibrous scaffolds show significantly enhanced
alkaline phosphatase (ALP) activity, calcium content, and higher expression of
osteogenic genes than cultures from the scaffolds bearing no nanostructures [60].
A similar trend was also demonstrated by Smith et al., who established that nano-
featured poly(L-lactic acid) (PLLA) 3D scaffolds improved the osteogenic differ-
entiation of human embryonic stem cells (hESC) with significant expression of
osteocalcin mRNA after 6 weeks of 3-D culture as shown in Fig. 3, hESC-derived
osteogenic progenitor cells cultured on the nano-fibrous matrix expressed higher
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levels of osteogenic markers (i.e., Runx2 and osteocalcin) compared to solid
walled and controls [59]. Increased osteoblastic performance was also observed
with other nano-fibrous scaffolds incorporated with bioactive molecules. Studies
from Wei et al. showed that BMP-7 encapsulated in PLGA nanospheres that were
immobilized on interconnected macroporous scaffolds actively induced new bone
formation throughout the scaffold due to the effect of nanotopography comple-
mented with prolonged delivery of BMP-7. From these studies, it is evident that,
biochemical and topographical cues presented by 3D scaffolds can enhance the
bone formation of seeded stem cells, osteoprogenitor cells or osteoblasts.

4.3 Cell Signaling Cascades Induced by Nanotopography

4.3.1 Focal Adhesion Molecules

Osteoprogenitors adhere to sites of skeletal repair through the interaction of adhesion
molecules present on their cell surfaces and the ECM. Several adhesion molecules
have been reported for their role in cell adhesion. Research in recent years has
focused on integrins, because of their presence on osteoblast surfaces, [10, 15, 16]
and their importance in establishing focal adhesion. Integrins are composed of the
beta and the alpha subunits, which can form several heterodimer complexes. Inte-
grins can interact with the ECM molecules, such as the RGD tripetide motif found in
fibronectin, lamininin, and vitronectin. Binding of ligands to integrins induces
comformational changes that triggers intracellular signaling cascade leading to actin
polymerization and subsequently cell attachment [10, 15, 16].

Cell migration is an important mechanism responsible for guiding bone cells to
specific sites of bone repair or to adhere on three-dimensional scaffolds. Smith et al.
demonstrated that after 2 weeks of osteogenic culture, a2 integrin was differently
expressed (Fig. 4a), and when cells were exposed to a2 integrin antibodies,
decreased expression of Runx2 and osteocalcin was observed on both NF matrix

Fig. 3 Osteogenic differentiation of hESC-derived osteoprogenitors on nano-fibrous matrices
(nano), flat films (solid) and 0.1% gelatin-coated tissue culture plastic (control) using quantitative
PCR for Runx2 and osteocalcin, (OCN) expression. * denotes p-value \ 0.05. ** denotes
p-value \ 0.01. Adapted from Smith et al. [59]
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and flat (solid) films (Fig. 4b and c). This further indicates the positive effect of
nanotopography on a2 integrin expression and consequently, improved osteogenic
differentiation of these cells when cultured on nano-featured scaffolds [59].

4.3.2 Formation of Focal Adhesion Contact

Osteoblasts are anchorage-dependent cells and require attachment to a surface as a
prerequisite for subsequent cellular response. To proliferate or differentiate on a
biomaterial or scaffold, osteoblasts must first establish focal contacts using their
microfilaments. As shown in Fig. 5, nano-topography modulates the attachment of
cells to surfaces by altering their ability to form focal adhesion. Yim et al.

Fig. 4 Shows that a2
integrin mRNA expression
was increased in cells
cultured on nano-fibrous
matrix a. Increased a2
integrin expression was
correlated to increased
expression of Runx2 mRNA
in nano-fibrous matrix
cultures b. * denotes
p-value \ 0.05. ** denotes
p-value \ 0.01. c This
resulted in increased
expression of osteocalcin on
nano-fibrous matrix * denotes
p-value \ 0.05. ** denotes
p-value \ 0.01. Adapted
from Smith et al. [59]
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demonstrated that human mesenchymal stem cells (hMSCs) cultured on 350 nm
gratings of tissue-culture polystyrene (TCPS) and polydimethylsiloxane (PDMS)
displayed decreased expression of integrin subunits alpha2, alpha, alpha V, beta2,
beta3 and beta4 compared to the unpatterned controls [66]. In addition, they
showed that the expression of cytoskeleton and FA components was also altered
by the nano-topography as reflected in the mechanical properties measured by
atomic force microscopy (AFM) indentation.

4.3.3 Signaling Pathways Activated by Nanotopography

Integrin activation and the formation of focal adhesion are crucial events leading to
the attachment of bone cells to substrates. Before the formation of focal adhesion,
some molecular interactions, such as the activation of focal adhesion kinase
(FAK), a cytosolic non-receptor tyrosine kinase, occur. FAK activation is triggered
by integrin signaling that results in the association of FAK with cytosolic signaling
portion of integrin and subsequent phosphorylation of FAK. Once phosphorylated,
FAK induces the activation of several other kinases, such as MAP kinase and PI3
kinase [53]. The role of topography has been documented; Hamilton et al. dem-
onstrated that micro-fabricated topographies stimulated altered focal adhesion
(FA) arrangements, which correlated with regions of increased tyrosine phos-
phorylation. It was also shown that inhibition of JAK-1 using piceatannol atten-
uated the phosphorylation of FAK and ERK1/2 on 30 lm deep grooves, and
inhibited proliferation on all surfaces tested [17]. Furthermore, Kim et al. showed
that osteoblast cells from FAK mutant mice can differentiate and are able to
migrate to sites of skeletal injury [28]. However, the attachment of osteoclasts to
the bone matrix was disrupted in vivo, further demonstrating the importance of
FAK in osteoblast attachment.

Fig. 5 SEM micrographs of osteo progenitor cells derived from hESC cultured on nano-fibrous
thin matrix (nano), flat films (solid), gelatin-coated tissue culture plastic (control). Cell processes
on nanostructured scaffold surface appeared more robust than the solid walled or control cultures,
an indication of the positive effect of nanotopography on these cells. Scale bar = 20 lm (nano &
control), 50 lm (solid). Adapted from Smith et al. [59]
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Thus, scaffold nanotopography can influence the attachment and function of
bone cells by modulating key signaling effects essential for their survival at least
in vitro. Although there has been some progress in this area, the effect of the
nano-feature density, size and feature type (i.e., grooves, islands, pits, etc.), on
osteoblast performance is not well understood. This requires scaffold fabrication
with precise control over the nano-features and, such scaffold characterization with
osteoblasts and bone forming cells for establishing nano-featured scaffold appli-
cability for bone tissue engineering applications. Furthermore, the role of osteo-
clast in bone tissue engineering is only beginning to be appreciated [42]. However,
the effect of nanotopography on osteoclast cells and its implication for bone tissue
engineering will become clearer when more results are made available in the
literature (Fig. 6).

5 Nano-Structured Implants: In Vivo Studies

Current implants utilized in orthopaedic and oral maxillofacial surgeries pose
various clinical problematic issues. Drawbacks include the implant loosening,
wear and limited compatibility with bone in permanent metal implants. Patients
experience increased costs and recovery time as a result of revision surgeries
required by failed implants [58]. Additionally, the aging of the baby-boomer
population and increase in life expectancy have escalated the need to search for
more suitable grafts to improve the short lifetimes of the current implants, thus,
decreasing the burden on patients and health care.

Fig. 6 The importance of integrin signaling in cell proliferation through activation of several
signaling cascades linked to cell survival and migration. Modified from Siebers et al. [57]
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Ideally, in bone tissue engineering, optimal bone regeneration occurs when the
implanted scaffolds mimic the native bone ECM as closely as possible. The structure
of the scaffold should serve as a synthetic replica, and act as a temporary ECM
in order to support cell attachment and guide three-dimensional bone tissue
formation [37]. Since the two main components of bone ECM are Type I collagen
fibrils and hydroxyapatite (HA) crystals, each of which are less than 50 nm in
diameter, nanostructures in tissue engineering are becoming of increasing impor-
tance. Nanostructures, which include scaffolds, and controlled modifications of
surface topography and composition, may help resolve existing limitations of con-
ventional bone tissue engineering approaches and improve healing response.

While nano-featured scaffolds are in the forefront and have gained much
popularity in bone tissue engineering, significant advancements are still necessary
to realize their full potential in clinical use. Many in vitro studies have demon-
strated nano-featured scaffolds to lead to increased osteoblast activity and bone
formation, however, there have been significantly less in vivo studies reported on
this topic thus far.

The following is a review of the in vivo studies conducted on nano-featured
implants for bone tissue engineering. Firstly, studies on the effects of biodegrad-
able, non-permanent nano-featured implants will be discussed. Then, the more
commonly used metal implants with nano-feature modifications used in the fields
of orthopaedic and oral maxillofacial surgery will be reviewed.

5.1 Nano-Featured Biodegradable Implants

As previously mentioned, the growth of replacement bone tissue using tissue
engineering and regenerative medicine is an ideal and effective method for cir-
cumventing the complications of current treatments. Due to the plethora of data
gained from in vitro studies, nano-featured scaffolds that more closely mimic the
ECM of native bone are believed to fulfill the needs of bone tissue engineering.

This concept of textured implant surfaces enhancing the proliferation of oste-
oblasts and promoting bone regeneration is demonstrated by a study conducted by
Harvey et al. Although not on the nano-scale, allografts with a rough surface
texture elicit an increased osseous healing response (Fig. 1). By 6 weeks post-
implantation, the textured allograph shows 450% new bone formation compared
with non-textured allograft. Thus, grafts that display surfaces with similar
roughness to that of a fracture surface have been demonstrated to be more effective
in promoting new bone growth than grafts with smooth surfaces.

Moreover, on the nano-scale note, Appleford et al. investigated the differences
in bone formation and angio-conductive potential of scaffolds coated with either
micro-size HA (M-HA) or nano-size HA (N-HA). Histomorphometric compari-
sons were made between naturally forming trabecular bone, which served as their
control, and defects implanted with scaffolds fabricated with M-HA and N-HA
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ceramic surfaces in a canine segmental defect [1]. Although no significant dif-
ferences were identified between the two HA scaffolds (Fig. 7), there was sig-
nificant bone in-growth observed compared to the control. At 12 weeks,
approximately 44 and 50% of the cross-sectional area was filled with mineralized
bone in M-HA and N-HA scaffolds, respectively. As seen in Fig. 8, the ECM of
the bone in M-HA and N-HA scaffolds was partially organized, and lamellar
collagen fibrils were observed at both 3 and 12 weeks post-implantation. Sub-
stantial blood vessel infiltration, with similar distribution and diameter to that in
the surrounding cortical bone, was identified in the scaffolds. Though this study
did not compare the effects of M-HA and N-HA textured surfaces with a smooth
surface implant, it did demonstrate the potential of textured surface HA scaffolds
for regenerative bone treatments.

In addition to nano-texture modified scaffolds, nanofibrous scaffolds have also
gained much attention as Type I collagen is the most abundant extracellular
protein of bone and is composed of a nano-scale fibrillar structure in vivo [37].
Nano-fibrous scaffolds are highly porous, have a variable pore-size distribution,
and high surface-to-volume ratio [37]. Also, nanofibers have an ultra-fine, con-
tinuous structure and have been shown to aid in cell attachment, proliferation, and
differentiation.

Many biodegradable materials, such as poly (lactic acid) (PLA), poly(glycolic
acid) (PGA) and poly(e-caprolactone) (PCL), have been extensively studied as
nanofiber systems for bone regeneration. Shin et al. demonstrated that PCL
nanofibrous scaffolds seeded with rat bone marrow stromal cells (rBMSCs) to give
rise to a bone-like appearance with sufficient cell/ECM formation on the surface of

Fig. 7 Microcomputed tomographic (MicroCT) reconstruction of bilateral tibial a smooth
surface, and b textured surface allograft placement of 6 weeks after initial surgery. Adapted from
Harvey et al. [19]
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Fig. 8 MicroCT images of control defect (a, d), implanted M-HA (b, e), and N-HA (c, f)
scaffolds after 3 and 12 weeks post surgery in the canine madible. Radial defect was created
from the lateral surface. Control defect displayed early signs of bridging (arrow), whereas
scaffold groups show early union and bridging with dense cortical tissue. Bone tissue cross
section of control defect stained with Paragon for connective tissue (violet) and Alizarin Red for
mineralized bone tissue (red) after g 3 and i 12 weeks post surgery and N-HA scaffold shown
after h 3 and j 12 weeks with scaffold in black, 380 original magnification; (S, scaffold; M,
mineralized bone). Adapted from Appleford et al. [1]
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the scaffold construct, mineralization, and type I collagen expression in vivo
(Fig. 9) [55].

In addition, nanofibrous scaffolds composed of chitosan, a biodegradable and
non-toxic natural polymer, has also been demonstrated to enhance bone regener-
ation. In a later study, Shin et al. studied chitosan nanofibrous scaffolds and their
potential in regenerating bone in a rabbit calvarial defect model. Upon 4 weeks
post-implantation within a critical-sized defect of a rabbit calvarium, the chitosan
nanofibrous scaffold demonstrated almost full coverage of the defect and bone
formation (Fig. 10) [56]. A significantly greater amount of bone was regenerated
in the chitosan membrane group than in the control group, as seen upon histo-
morphometric evaluation. This study demonstrated nanofibrous membranes, spe-
cifically chitosan, to be another good candidate for a biodegradable scaffold for
bone regeneration, as well as a barrier membrane that can selectively guide hard
tissue growth within areas, such as the periodontal pocket.

Fig. 9 a SEM of PCL
electrospun nanofibers. The
nonwoven fabric was spun
from a 10 wt% PCL solution
in chloroform with an applied
voltage of 13 kV and a flow
rate of 0.1 mL/min. The
overall topography of the
electrospun fibers resembles
that of an extracellular
matrix. b, c Histology cross-
section of the explanted
specimens after 4 weeks of in
vitro culture and 4 weeks of
implantation in the omentum
of rat. b Osteocyte-like cells
embedded in bone matrix are
present (H&E; original
magnification, 93,100).
c Mineralization has occurred
throughout the specimen (von
Kossa; original
magnification, 93,100).
Adapted from Shin et al. [55]
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5.2 Nano-Featured Permanent Implants

Titanium implants serve as a well-established, permanent treatment option,
which includes orthopedic implants and endosseous dental implants used to anchor
dental prostheses. Efforts to modify the surface of permanent implants, such as
roughening and coating of surfaces with nano-sized particles, have significantly
improved the results of clinical operations. Mechanisms responsible for the
enhancement of nano-featured surfaces involves significantly improving the
adsorption of proteins, adhesion of osteoblastic cells and thus, the rate of osteo-
integration and healing time [33, 34, 35].

When comparing micro-rough implant surfaces to smooth implant surfaces,
in vivo studies have demonstrated titanium implants with a micro-rough surfaces
to exhibit a wide range of advantages. For instance, micro-rough surfaced implants
achieve faster bone integration, a higher percentage of bone-implant contact, and a
higher resistance to shear than titanium implants with a smooth surface [43]. The
clinical advantages of implants with rough surface were observed in recently
conducted clinical trials, as a significantly shorter healing time was observed for
micro-rough implants.

In addition, HA coatings on orthopedic and dental implants have gained wide
acceptance. It has been repeatedly demonstrated in clinic that HA coatings have
osteoconductive properties, and that the fixation of HA-coated implants is better
than non-coated implants following optimal surgical conditions. Significant studies
also support the conclusion that the early bone growth and apposition are accel-
erated by implants coated with HA.

Combining the positive properties of HA and nano-featured surfaces devel-
oped for enhancing bone growth, Meirelles et al. were the first to evaluate in vivo

Fig. 10 Histologic view of rabbit calvarial defect covered by chitosan nanofiber membrane after
4 weeks. a Multiple staining (original magnification 920). b Masson-Trichrome-Goldner staining
(original magnification 920). Insert: SEM image of a chitosan nanofiber membrane surface. M:
chitosan nanofiber membrane; arrows: defect margin; NB: new bone. Adapted from Shin et al.
[56]
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bone response to nano-HA featured implants [40]. The effect of nanotopography
on bone formation was examined by comparing the control electropolished (i.e.
un-coated) titanium implants to implants modified with nano-HA particles.
Histomorphometric evaluations showed significantly higher bone contact for the
nano-HA coated implants compared to the unmodified implants after 4 weeks of
healing (Fig. 11). The mean percentage calculated was 9.0% ± 6.1% for the
nano-HA coated implants compared to 3.2% ± 3.6% for the uncoated implants.
In a similar note, Christenson et al. examined the effects of nano-HA coated
implants, specifically porous tantalum, and compared them to porous tantalum
scaffolds coated with conventional grain size HA in vivo [8, 9]. Substantial
osteointegration resulted after 6 weeks of implantation of scaffolds coated with
nano-HA into rat calvaria, in comparison to the scaffolds coated with conven-
tional grain size HA.

Wang et al. examined the in vivo effects of HA-coated implant surfaces created
by two different techniques, plasma-spraying (PSHA) and electrochemical depo-
sition of nano-HA (EDHA) [62]. The titanium implants, either PSHA-coated or
EDHA-coated, were implanted into canine trabecular bone for up to two weeks, in
order to examine the initial bone formation resulting after implantation. Both,
PSHA-coated and EDHA-coated implants were found to accelerate early stage
mineralization of bone tissue formation compared to un-coated implants, but
PSHA-coated were more efficacious and at a much higher rate. By two weeks, the
mineralized tissue apposition ratio and microstructure induced by the PSHA-
coated and EDHA-coated implants were similar in vivo, but a higher surface area
of EDHA-coating implants were observed, and appear to have resulted in better
mechanical integration of the implant and mineralized tissue. These finding concur
with a study conducted by He et al., which evaluated the effects of a EDHA-coated

Fig. 11 Ground section of the implants (209). a Uncoated implant demonstrates less bone
contact than b nano-HA coated implant. Edges of cortical bone (CB) display signs of resorption
and new bone formation (arrows). Osteoblasts activity (*) is strongly observed around the woven
bone (WB). Adapted from Meirelles et al. [40]
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titanium implants on the bone bonding. Removal torque was examined as it cor-
relates to interfacial strength of the implants. The mean removal torque values of
the EDHA-coated implants were a significant 87% higher than those of control
implants after 2 weeks of healing [20]. Thus, the EDHA-coating had a beneficial
effect on interfacial shear strength during the early stages of bone healing.

6 Summary and Conclusion

Advances in scaffold fabrication have led to the creation of biodegradeable scaf-
folds with required size of topographical features. Among them, scaffolds with
nano-sized features have recently attracted much attention because they closely
mimic the bone ECM structure and present native environment for the cells that
participate in the tissue regeneration/repair process. Clearly, the application of
nanotechnology to the scaffold-based bone repair is a new frontier in the bone
tissue engineering research. The preliminary in vivo investigations indicate the
strategy has great potential to improve current orthopedic biomaterials and in the
development of new tissue engineering scaffolds. However, significant advance-
ments in fabricating scaffolds with the precise nano-features and their further in
vitro and in vivo characterization are necessary to realize the full potential of nano-
featured scaffolds for bone tissue engineering applications.
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Abstract Bone tissue, unlike most tissues, has the ability of complete regenera-
tion if provided with precise materials and bioactive agents. Regeneration course,
however, is a highly complex process engrossing significant problems when failed.
Bone grafts are indispensable in orthopedic, craniofacial and periodontal surgeries
to fill the dead space, to provide support for the newly forming tissues, and to
augment regeneration/treatment via its bioactive components. These multifunc-
tional scaffolds can be categorized according to the bioactive agent they supply or
by their carrier material composition. As one group of bioactive agents, growth
factors, cytokines, chemokines, statins, etc. are mainly considered for regeneration
of large bone defects as well as for defects in hosts with impaired regeneration
capacity. The second bioactive group, antibiotics, is mostly used in clinic for
infectious bone disease treatment throughout the regeneration period. They are,
however, still being studied for development of more efficient forms. This chapter
summarizes the most recent studies and trends in scaffolds for bone regeneration
with controlled release of bioactive agents.
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1 State of Art in Bone Regeneration Strategies

The repair of large segmental bone defects due to trauma, osteoporosis, inflam-
mation or tumor still remains a major challenge in orthopaedics. Clinically
accepted therapies for restoring such defects involve grafting procedures and
implanting biomaterials [1, 2]. Although autologous bone is a gold standard
material for reconstruction of skeletal defects, allografts are also commonly used
as graft materials for bone defects and nonunions. Both auto- and allo-grafts
provide host osteogenic cells with osteoinductive factors, and an osteoconductive
matrix essential for bone formation. However, there are critical limitations asso-
ciated with the graft harvest, such as donor site morbidity, prolonged surgery time,
risk of immune rejection, limited supply and late graft fracture [3].

Tissue engineering approach is becoming a promising alternative for grafting in
which a biodegradable scaffold with or without bioactive molecules (i.e. growth
factors, cytokines, antibiotics, etc.) is used alone or in combination with cells to
regenerate a functional bone tissue (Fig. 1) [1, 4, 5]. The main purpose behind
tissue engineering is to mimic natural wound healing cascade by providing suitable
biochemical and mechanical cellular microenvironment which augments the
proliferation and differentiation of recruited host cells or implanted cells at
the defect site. Requirements for an ideal scaffold for bone tissue engineering are

Fig. 1 Schematic representation of an ideal bioactive agent delivering bone scaffold
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summarized in Table 1. Clinically available synthetic substitutes have adequate
osteoconductive properties but have little or no osteoinductivity. Osteoinduction is
a biological process in which the host stem cells migrate towards the carrier and
differentiate into osteogenic lineage for bone formation under the control of var-
ious molecules like growth factors, cytokines, etc. The growth factors have very
short half-lives owing to their susceptibility to biodegradation and easy elimination
from the circulation if not protected. In clinical applications, bolus injections of
bone morphogenetic protein-2 (BMP-2) by single or repeated doses resulted with
loss of the growth factor through leakage and loss of its bioactivity. Additionally,
need of high dose use raises the question of potential toxicity [6]. Controlled
bioactive agent delivery systems can circumvent these problems. These systems
can act as depots and protective environment for growth factors as well as sus-
taining their delivery after implantation. Besides these, in cases when defect region
is contaminated by an already occuring infectious agent, delivery of antimicrobial
agents is an initial must to achieve tissue regeneration. Even in the absence of a
previous microbial disease, delivery of antibiotics for possible implant related
infections would be a favourable approach to increase implant success.

2 Controlled Release of Bioactive Agents from Scaffolds
for Bone Regeneration

Bone regeneration is a coordinated cascade of events regulated by various
bioactive molecules namely cytokines, chemokines, and growth factors whose
concentrations, temporal gradients, spatial gradients, sequence of their release are

Table 1 Scaffold requirements for bone regeneration

Structural requirements
Scaffold should be designable to have desired micro–macro structure considering the variety in

defect sizes and shapes. The components in the scaffold should be applicable to processing
methods like moulding, prototyping [103] or microrobotic deposition [20] for proper design

Scaffold should match the mechanical strength of the surrounding bone tissue at the defect site
[104, 105]

Scaffold should provide multiscale homogeneous, interconnected porosity for proper
osteointegration, vascularization and nutrient supply [20, 106]

Scaffold should be biodegradable, thereby eliminating the need of second surgery. Meanwhile,
its degradation rate should also match with the new bone tissue formation rate [84, 90]

Biological requirements
Scaffold should be biocompatible over all its in vivo lifetime with all its initial and final forms/

products [84, 86]
Scaffold should be suitable to serve as a carrier and controlled delivery system for required

bioactive agents (growth factors, antibiotics, cytokines, etc.) without losing their biological
activities during the desired period [30, 96]

Scaffold should provide osteoprogenitor cells or stem cells when the regeneration capacity is
impaired like in the case of long term chemotherapies [19, 37]
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precisely controlled [7]. Therefore, multifunctional scaffolds with sophisticated
delivery strategies are needed to induce and complete bone regeneration in bone
defects. These scaffolds serve the dual purposes of both cell support and delivery
of bioactive agents. Such carriers are designed to provide maturation of host or
transplanted cells with the delivery of single or multiple factors at the right time,
dose and sequence [8–10]. The delivery of these factors in a sustained way also
ensures the bioavability of bioactive agents by protecting them from degradation
in the biological environment [10].

2.1 Growth Factors

Growth factors are powerful therapeutic agents. They have multimodal action
(i.e., chemotactic, mitogenic, morphogenic, metabolic, apoptotic effects and their
combination) depending on the concentration, exposure time and target cells
[11, 12]. Many growth factors such as BMP-2, BMP-7, TGFb-1, PDGF and FGF
are known for their important role in bone formation process. However, it is
reported that long term supply of these agents in the local environment is needed to
achieve effective bone healing [13, 14]. High or repeated dose injections of these
agents make these therapies expensive and complicated. Besides this, high doses
of these agents were reported to have unwanted side effects like tissue toxicity and
cancerogenicity [15]. Delivery systems, therefore, have attracted the attention of
researchers to overcome these problems. Growth factors can be incorporated into
the biomaterials either during or after fabrication process. Their delivery to the
target tissue can be accomplished in the form of microparticles, nanoparticles
[16–18] or these particles/growth factors incorporated into scaffolds [10, 19, 20].
The main concerns in these systems are the loss of their bioactivity, burst release
and difficulty in sustaining their release from the carriers. Hence, various con-
trolled delivery systems have been developed to modify the bioactive agent release
properties. Some of the basic approaches are examplified in Table 2.

2.1.1 Bone Morphogenetic Proteins

Bone morphogenetic proteins (BMPs) are an important class of growth factors
which can induce differentiation of mesenchymal stem cells into chondrogenic
and osteogenic lineages [21, 22]. BMPs have high osteoinductive activity and they
even can induce bone formation in ectopic locations [10, 14, 23]. Currently, only
BMP-2 and BMP-7 are being used in clinical applications [24, 25]. As all growth
factors, BMP-2 has a very short half-life and rapid in vivo clearance, therefore
necessitating high dose administration. However, as noted above single or mul-
tiple injections at high doses injections result with significant loss of BMP from
the site and/or its bioactivity [6]. Incorporation of BMP-2 into natural and
synthetic biomaterials (collagen, gelatin, demineralized bone matrix (DBM),
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Poly(lactide-co-glycolide) (PLGA), polyurethane, calcium phosphates, etc.) in
different forms (foams, injectable formulations, particulates, particulates incor-
porated in scaffolds) have been widely studied and showed promising results
[14, 26–30]. It should be noted that due to their unstable chemistry, difficulties are
faced for incorporating these factors into proper carriers. BMPs are expensive
molecules, therefore loading efficiency of the scaffolds is important. Apart from
loading dose, obtaining sustained release pattern and retention of their bioactivity
during processing and upon implantation are among the goals seeked by the
researchers.

Collagen is considered as the gold standard as a delivery system for BMPs. It
can be applied as gels, films and sponges. It has high binding affinity for BMPs and
its osteoconductive properties also make it ideal for treating bone defects. Main
concerns related with collagen are the risk of immunogenicity and transmission of
prion or other disease causing agents. Clinical uses of recombinant human BMP-2
(rhBMP-2) on collagen sponges have been approved in USA with strict regulations
for spinal fusion procedures in mature patients with degenerative disks and in
treatment of acute, open fractures and tibial shaft. Similarly, rhBMP-7 with bovine
collagen has obtained Humanitarian Device Exemption FDA approval for appli-
cations in: (1) recalcitrant long bone unions where autograft cannot be used and
alternative treatments have failed, and (2) compromised patients requiring revi-
sional posterolateral lumbar spinal fusion whose bone marrow can not be
harvested or successful fusion is not expected [1].

Demineralized bone matrix (DBM) is suitable for bone regeneration due to its
similarity to human bone matrix as well as for its osteoinductive and osteocon-
ductive properties. DBM has been widely used for healing of large bone defects
and for filling cranial defects [31–33]. Chen et al. [27] engineered rhBMP-2 by
adding a collagen-binding peptide domain (CPD) to N-terminal of the protein and
imprengated into DBM carrier for minimizing the potential adverse effects of high
dose. The retained percentage of rhBMP-2 with CPD was found higher than that of
rhBMP-2 in DBM carrier in accordance with the loading dose. The in vitro
functional assay was in correlation with these results in which the biological
activity of engineered rhBMP-2 was higher than original rhBMP-2. The group
reported that better bone formation took place in comparison to control groups
(DBM, rhBMP-2) both ectopically (subcutaneous implantation in rats) and
orthopically (in critical size defects of rabbit mandibles). In another study of the
group, they used specific binding between anti-polyhistidine antibody covalently
linked to DBM and engineered rhBMP-2 with six histidine tags (hisBMP-2) to
enhance loading capacity and design a controlled delivery system for the growth
factor [14]. The noncovalent binding between antibody and its ligand achieved a
sustained in vitro release of rhBMP-2. Functional in vitro assays proved the
osteogenic differentiation capacity of the his-BMP-2 immobilized in DBM scaf-
folds. Accordingly, in vivo studies showed that the designed system induced more
ectopic bone formation than the control group (hisBMP/DBM scaffold).

BMP-7 with its known osteogenic potential is in clinical use. In the work of
Burastero et al. [9] the bone regeneration potential of in vitro expanded human
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bone marrow derived mesenchymal stem cells (BMMSc) and human recombinant
BMP-7 (hrBMP-7) mixed with Orthoss� was investigated in a critical size seg-
mental bone defect created in hind limbs of athymic rats. They also investigated
whether pretreatment of BMMSc with different doses of cyclic ADP ribose
(cADPR), an intracellular calcium mobilizer (2 or 10 lM) or BMP-7 (0.2 or 1 lg/
ml) affected the differentiation and proliferation of these cells. They found that
rhBMP-7 slightly reduced cell number at two doses whereas cADPR increased
proliferation of these cells in a concentration-dependent manner. An interesting
finding of the study is that the combination of CADPR and hrBMP-7 induced
expression of osteogenic markers (i.e. ALP, osteopontin, Runt-related transcrip-
tional factor-2) in the absence of differentiation factors. The group conducted two
separate sets of in vivo experiments to decide radiographically the minimal
BMMSc cell number (2� 106=graft) and minimum hrBMP-7 dose (80 lg/graft)
for bone formation. With this cell number and rhBMP-7 dose they investigated the
bone regeneration potential of cells and rBMP-7 alone and together. 16 weeks
after transplanation they observed that combining BMMSc with BMP-7 in
Orthoss� improved bone regeneration in defects.

Apart from collagen, synthetic polymers, calcium phosphates, hyaluronic acid,
etc. based carrier systems are often used for in vitro and in vivo studies, but none
has been approved for clinical applications as growth factor carrier yet. The
synthetic polymers can be tailor made according to the need by changing
molecular weights, configuration and conformation of polymer chains, degradation
rates, and delivery forms. However, inefficient binding of growth factors to syn-
thetic polymers, possible inflammatory reactions at the implantation site due to
degradation products, unpredicted in vivo release pattern of growth factors hamper
the clinical use of synthetic polymers as carriers for growth factors. Either com-
posites of different polymers and/or ceramics are used to combine the positive
effects of each to solve the problems associated with polymeric scaffolds [34–36].
Alternatively, polymeric scaffolds can be modified using different chemical,
physical techniques for stable attachment of the growth factors [37, 38]. Kempen
et al. [10] used three polymers (gelatin, PLGA and poly(propylene fumarate)-PPF)
in the design of the carrier to achieve sustained rhBMP-2 delivery for bone
regeneration. rhBMP-2 was incorporated into gelatin hydrogels, PLGA micro-
spheres, PLGA microspheres embedded in PPF scaffolds and microspheres
embedded in PPF scaffolds surrounded by a gelatin hydrogel. PPF, a crosslinkable
linear polyester with suitable mechanical properties was used to prepare a three-
dimensional carrier to control over the rhBMP-2 release from PLGA microspheres.
Among all experimental groups, two composite groups with microspheres showed
significantly more bone formation in a rat subcutaneous implantation model over
12 weeks. This finding was also in correlation with in vitro cell culture studies
conducted with preosteoblast W20-17 cells. In vitro release and bioactivity tests
(alkaline phosphatase activity of cells) showed that prolonged bioactive rhBMP-2
release was observed only from the two composite groups. Embedding rhBMP-2
loaded microspheres in a three-dimensional scaffold with or without a gelatin
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coating enhanced the retention of in vitro and in vivo bioactivity of BMP as well as
ensuring its controlled release.

In another recent study, surface plasma treatment was used to achieve good
binding of rhBMP-2 onto the biomaterial without losing its biological activity at
the same time. Among different plasma treatments, oxygen plasma treatment of
PLGA films for 10 min gave the highest rhBMP binding. It was also reported that
this immobilized rhBMP-2 retained its biological activity in vitro [38].

Calcium phosphate ceramics are also among the promising bone substitute
materials with their osteoconductive property. However, their use is mostly limited
to the nonload bearing bone defect reconstructions [39] due to their low
mechanical strength. Besides that long bioresorption rate raised the questions over
using these materials alone. On the other hand, they have high bonding affinity for
growth factors [40] which makes them suitable for use in controlled delivery
systems. Thus, mean retention time (MRT) of these labile factors increases after
incorporation in this biomaterial. The release of growth factors from these systems
depends on the resorption rate of calcium phosphates which in turn depends on
both implant-related factors (composition such as HA/TCP ratio) and host related
factors (species-specific, implantation site, dimension, etc.) [40]. Therefore, there
is still need of further investigation on calcium phosphate delivery systems for the
large scale clinical applications to be realized.

The action of growth factors are time- and concentration-dependent. The
growth factor gradients created also provide spatial and directional cues in the
extracellular matrix for the cells. Focus in the recent studies with scaffolds and
particulate delivery systems has been put on the control of the loading dose, spatial
distribution and sequential delivery of the growth factors to both understand
natural tissue growth process and to mimick the natural microenvironment for
achieving regeneration [17, 19]. Wang et al. used a gradient making system to
produce single concentration gradients for rhBMP-2 and rhIGF-I or to create
reverse gradients of rhBMP-2/rhIGF-I within alginate gels and porous silk scaf-
folds using growth factor loaded PLGA or silk microspheres. They have also
encapsulated hMSCs homogeneously while developing the gradient distribution of
microspheres within these scaffolds. hMSCs carrying scaffolds were incubated in a
medium containing both osteogenic and chondrogenic components and were
shown to exhibit osteogenic and chondrogenic differentiation along the concen-
tration gradients of rhBMP-2 and reverse gradients of rhBMP-2/rhIGF-I. The
group reported that silk microspheres were more efficient as delivery system for
rhBMP-2 and rhIGF-I to induce hMSC osteogenesis whereas rhBMP-2 and rhIGF-
I singly or dual loaded PLGA microsphere systems were found efficient for
chondrogenic differentiation of hMSCs along their concentration gradients. It was
concluded that alginate gel system did not exhibit an efficient carrier system
property for osteochondrogenesis as porous silk scaffolds did.

For achieving local gradients of growth factors Ionescu et al. [41] recently
developed an approach for the creation of multi-factor delivering anisotropic
nanofibrous PCL scaffolds. The group incorporated PLGA microspheres loaded
with BSA and chondroitin sulfate separately or together into nanofibrous scaffold
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by entrapping them between fibers not within them. This processing technique
involved delivering microspheres in sacrificial PEO fibers after which the fibers
were removed form the scaffold by washing with 50% ethanol. It was shown that
mechanical properties of these scaffolds did not change significantly with the
incorporated microsphere amount and multi-factor release profiles from these
scaffolds were indifferent than those from free microspheres.

Recent developments in the delivery systems involve preparation of carrier
systems which deliver several bioactive agents. One of the earliest example for
dual delivery system was the work of Simmons et al. [37] in which rhBMP-2 and
transforming growth factor-b3 (TGFb3) were incorporated either individually or in
combination into alginate gels. These alginate carriers were covalently modified
with RGD-containing peptides to control cell behavior. The group also used
gamma irradiation to change degradation of the alginate carrier. They transplanted
MSC seeded alginate gel implants subcutaneously that were either gamma irri-
dated or non-irradiated. It was reported that individual delivery of rhBMP-2 or
TGFb3 resulted in negligible bone tissue while growth factors delivered together
at low protein concentrations induced significant bone formation.

In the recent years, to maintain a sustained delivery of the bioactive agents from
the scaffold these agents are encapsulated into particles which then are incorpo-
rated into three-dimensional carrier systems. Patel et al. [42] reported that dual
delivery of vascular endothelial growth factor (VEGF) and BMP-2 from gelatin
microparticles embedded in porous scaffolds had a positive effect on repair of a rat
cranial defect. This work is discussed in detail under Sect. 2.1.2. Considering the
mechanism and timing of actions of BMP-2 and BMP-7 in bone healing, Hasirci’s
group designed combined sequential delivery systems for these two growth fac-
tors. They aimed early BMP-2 release followed by release of BMP-7 [16, 43]. In
the work of Basmanav et al. [44] these growth factors were encapsulated in
microspheres of polyelectrolyte complexes of alginic acid and poly(4-vinyl pyri-
dine) that were crosslinked with different degrees by changing the crosslinking
temperature. These microspheres were then embedded in porous PLGA scaffolds.
They showed the positive effect of co-administration and sequential delivery of
these factors on differentiation of bone marrow mesenchymal stem cells (in terms
of increase in ALP activity with time) in vitro. In their recent work, the group
embedded BMP-2 loaded PLGA and BMP-7 loaded poly(3-hydroxy-co-3-hy-
droxyvalerate) (PHBV) nanospheres into and onto the fibers of wet spun chitosan
and chitosan-poly(ethylene oxide) (PEO) scaffolds. The group reported that
chitosan-based scaffolds with nanospheres made up of two types of polymers with
different protein release profiles ensures the early BMP-2 release and longer term
BMP-7 release. For in vitro cell culture studies, the group encapsulated both BMP-
2 and BMP-7 into PLGA nanospheres and embedded them in alginate-based
scaffolds. They observed that release of BMPs led to the highest ALP level in
MSC but supressed their proliferation.

Choi et al. [30] used a coaxial electro-dropping method by which core–shell
structured microcapsules were prepared using two immiscible polymers, alginate
and PLGA. They included dexamethasone and BMP-2 alternatively either to core
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or shell domain of microcapsules to obtain different release profiles for the two
osteogenic factors (burst release of biomolecule loaded in PLGA core being
suppressed). In vitro studies showed that the gene expression levels of osteogenic
markers of MSC were significantly upregulated when the cells were cultured with
these constructs. It can be seen that dual delivery systems preferably those with a
control on the release rate and pattern of several factors hold promise for bone
tissue engineering.

There is a consensus among researchers that scaffold architecture must have
interconnected macroporosity on the order of at least 100 lm for cellular infil-
tration and nutrient/waste transport in tissue engineering applications. On the
contrary, Lan Levengood et al. [20] recently reported that cells can populate and
form bone in pores significantly smaller than what has been reported in the lit-
erature. The focus of their work was to investigate the effect of rhBMP-2 and
multiscale porosity (macro- and microscales) together on osteointegration. In the
study, rhBMP-2 loaded gelatin microparticles were used for incorporating
the growth factor into biphasic calcium phosphate (BCP) scaffolds having multi-
scale porosity. The group implanted rhBMP-2 free and loaded BCP scaffolds to
noncritical size defects created in porcine mandibulars. They observed that
rhBMP-2 improved osteointegration on the microscale but not at the macroscale.
Both cells and bone formation were observed in the micropores. The group further
concluded that rhBMP-2 was not required for cell migration and bone formation in
the micropores. They proposed that acquired osteoinductivity in the micropores of
BCP scaffolds could be due to biological apatite formation along with coprecip-
itation of endogenous growth factors during the process thus stimulating osteo-
progenitor cell chemotaxis and differentiation. It can be noted that multiscale
porosity has a potential for improving osteointegration of the implants which still
needs further investigation.

Lastly, it should be noted that although BMP-2 has been approved by FDA, its
use in treatments for long term involves high expenses. Therefore, researchers
focus on other agents that induce BMP-2 production by the host cells. For
example, alendronate, one of the most common osteoporosis drug was found to
stimulate the BMP-2 gene activation of adipose derived stem cells seeded onto
PLGA scaffolds to which alendronate was injected for a period [2]. This property
of alendronate has been shown previously on osteoblasts and MSCs. This approach
can lower both the overall treatment budget and minimize unwanted side effects of
the use of growth factors at high doses. Yet, there is no local controlled delivery
system for this drug.

2.1.2 VEGF

Bone is a highly vascularized tissue. Insufficient bone vascularity leads to
decreased bone formation and mass in disease/trauma conditions [44]. Therefore,
angiogenic growth factors such as vascular endothelial growth factor (VEGF) have
gained increasing attention due to its critical role in angiogenesis [45, 46]. VEGF
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is a potent angiogenic growth factor and causes proliferation and migration of
endothelial cells. In vivo half-life of VEGF is given as 50 min [47].

It was shown that apart from physiological angiogenesis, VEGF also plays a
significant role in bone regeneration. VEGF indirectly induces proliferation and
differentiation of osteoblasts by stimulating endothelial cells to produce osteoan-
abolic growth factors such as insulin-like growth factor I (IGF-1) and endothelin-1
(ET-1) [48] which causes chemotaxis [49] and differentiation of osteoblasts [46].

Vascularization is essential for nourishing the biomaterial implantation site
with oxygen, nutrients, soluble factors, and osteoprogenitor cells and to ensure the
removal of metabolites. Especially in large defects, the diffusion process of
nutrients is limited by an effective distance of 150–200 lm from blood vessels
[50]. Hence, bone regeneration strategies involving biomaterials should consider
the issue of angiogenesis.

VEGF was shown to promote vascularization of polymer and calcium phos-
phate based bone substitute materials [51, 52]. The study of Kaigler et al. [52]
reported that VEGF scaffolds had the ability to enhance neovascularization and
bone regeneration in irradiated osseous defects using a mouse critical-sized seg-
mental femur defect model. They demonstrated that combination therapy of
human bone marrow stromal cells (hBMSC) and VEGF in porous poly(DL-lactic
acid) (PLA) scaffolds resulted with significant bone regeneration in contrast to the
PLA and PLA ? hBMSC groups in a mouse critical-sized segmental femur defect
model. The results suggest that this combination therapy can be considered for
treatment of lost and damaged bone tissue of cancer patients after radiation
treatment and resective surgery. Another group coated PLGA and alginate porous
VEGF releasing scaffolds with Bioglass 45S (BG) (both osteoconductive and
osteoinductive) to enhance bone regeneration and integration with the host tissue
[34]. BG-coated scaffolds released roughly over 60% of their VEGF contents
during 1st day and the rest over 2 weeks. BG at low concentrations in the coating
showed angiogenic capacity alone both in vitro and in vivo by a proliferative effect
on endothelial cells. However, it did not result any positive effect on the differ-
entiation of human mesenchymal stem cells in vitro. It was observed that bone
mineral density increased in BG-coated VEGF releasing scaffolds in comparison
to BG-coated scaffolds in vivo with improved blood vessel density. In vivo results
pointed the potentially additive effect of bioactive glass coating of a VEGF
releasing system on angiogenesis and bone regeneration.

The burst release of high amounts of VEGF is not desired after biomaterial
implantation since it increases vascular permeability, causes vessel leakage and
induces the formation of non-functional blood vessels [53]. A recent study by
Wernike et al. [54] showed that both mode and dose of local VEGF delivery are
critical parameters controlling the efficacy of VEGF loaded implants in terms of
proper vascularization and osteointegration. The group used biphasic calcium
phosphate (BCP) ceramics to study the effect of dose and release kinetics of VEGF
for bone regeneration in a critical size cranial defect. They coated BCP discs with
VEGF (1 and 5 lg/ml) either by superficial adsorption or coprecipitation methods.
With coprecipitation, a sustained delivery of VEGF with a minimized burst was
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observed for both doses in comparison to superficial adsorption. In vivo investi-
gations revealed that sustained release of VEGF mediated by osteoclast through
their action on the scaffolds promoted a dose dependent biomaterial vasculariza-
tion, osseointegration, and bone formation. On the other hand, short-term VEGF
release following superficial adsorption resulted in a temporally restricted angio-
genesis and did not enhance bone formation irrespective of the dose used.

Apart from use of angiogenic factors [51] or endothelial cells [5] incorporated
in the scaffolds, prevascularization of the tissue engineered construct inside muscle
tissue of the host is another alternative way of solving the problem of in vivo
vascularization of implants [55, 56]. Tissue enginered bone flaps (TEBFs) prev-
ascularized in muscle tissue are mostly used in mandibular reconstructions. Zhou
et al. [56] incorporated rhBMP-2 in situ into both demineralized freeze-dried bone
allograft (DFDBA) and coralline hydroxyapatite (CHA) carriers prior to implan-
tation into ambilateral latissimus dorsi muscles of Rhesus monkeys inside titanium
meshes. After the validation of ossification and vascularization of the implants by
radiography, angiography and histology, the tissue engineered bone flaps were
removed and reimplanted into segmental mandibular defects within the titanium
meshes. It was shown that apart from successful ossification of the implant, the
prevascularized bone flaps were connected to the host artery and had blood supply
for cells populating the construct. For in vivo applications, the group observed
mandibular reconstruction with bone regeneration in both prefabricated bone flaps
and in situ rhBMP-2 incorporated CHA implants, but not in rhBMP-2 incorpor-
tated or free DFDBA implants. Although the procedure for prefabricated TEBFs is
time-consuming and there is a need for two operations, promising results make it
worthwhile for considering this procedure in cases where bone regeneration is
limited (i.e. treating patients after radiotherapy and/or chemotherapy).

Polymeric multi-growth factor release scaffolds tailored to promote angiogen-
esis and osteogenesis are under evaluation for development to actively stimulate
bone regeneration. Patel et al. [42] recently investigated the effects of combined
delivery of VEGF and BMP-2 locally from biodegradable scaffolds on bone
regeneration in a critical size cranial defect. The experimental group for in vivo
applications consisted of both VEGF and BMP-2 loaded gelatin microparticles
entrapped in porous poly(propylene fumarate) scaffolds. Single factor delivery and
unloaded composite scaffolds were used as controls in this study. Highest amount
of blood vessel formation was observed for VEGF releasing scaffold. However,
there was no significant difference in the vascularization among all groups. The
authors suggested that VEGF dose used could be not enough for proper vascu-
larization. Highest bone formation was found for dual delivery system at week 4
and for both BMP-2 and dual delivery systems at week 12. Additionally, complete
union of the defect was observed at five out of eight rats for the dual delivery
group while BMP-2 showed this result in only three out of eight rats. All of these
results point that there is a synergistic effect of the dual delivery of VEGF and
BMP-2 for early bone formation. It can be concluded that for the doses used in this
study, VEGF does not affect the bone formation by BMP-2 directly and dual
delivery of these two growth factors enhances bone bridging and defect union.
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During normal bone healing, it has been shown that VEGF expression to peak
in the early days while BMP expression was observed in the later following days
[57–59]. Local delivery systems which provide the sequential release of these
growth factors in the order of VEGF followed by BMP-2 would enhance BMP-2
induced bone regeneration. For this purpose, Kempen et al. (2009) prepared a
composite delivery system consisting of BMP-2 loaded PLGA microspheres
embedded in a poly(propylene) scaffold surrounded by a gelatin hydogel loaded
with VEGF. This delivery system provided the initial release of VEGF followed by
BMP-2. The group investigated the in vitro and in vivo release profiles single and
dual composite delivery systems of VEGF and BMP2 and their effects on ectopic
and orthotopic bone formation and angiogenesis in Sprague–Dawley rats. As
expected, the scaffolds exhibited a large initial burst release of VEGF from the
hydrogel compartment within the first 3 days and a sustained release of BMP-2
over 56-day post-implantation period. It was shown that VEGF in combination
with BMP-2 enhanced ectopic bone formation compared to its single use or BMP-
2’s single use. Analysis of orthotropic bone formations revealed that most of
VEGF/BMP-2 composite scaffolds showed circumferential cortical regeneration
(Fig. 2a) with no significant quantitative differences between these groups
(Fig. 2b). As seen in the figure no unions were observed for control groups
(unfilled defect and empty scaffold) and VEGF loaded scaffolds. This work
demonstrates that a sequential angiogenic and osteogenic growth release prefer-
ably with a more prolonged VEGF delivery from a multifunctional composite
scaffold has potential in the enhancement of bone regeneration.

2.1.3 FGF

Basic fibroblast growth factor (bFGF) is one of the important growth factors for
tissue regeneration and has various clinical and pharmaceutical applications owing
to its pleiotrophic potential in various tissues/organs [60]. This growth factor has
been shown to have important roles in osteoblast development, bone formation and
vascularization. It is noted as the product of an early induced gene following
mechanical stress for inducing osteogenesis and proliferation of osteogenic cells
[61]. Furthermore, it has been found that this factor is highly expressed by
osteoblast and mesenchymal cells for callus formation during distraction phase
which was attenuated after maturation of newly formed bone [62]. Marie [63] has
presented that FGF-2 has taken significant role in gene expression related with
bone formation starting from MSC replication and differentiation into osteopro-
genitor cells, followed by formation of mature osteoblasts and their bone matrix
production and ended up in apoptosis of the osteoblasts. Marie has also concluded
that the effect of FGF-2 on apoptosis is related with the differentiation stage. While
it may cause reduction of apoptosis in immature osteblasts (favouring prolifera-
tion), continous signalling may promote apoptosis in more mature osteoblasts in
the same population. This opposite effect depending on the maturation state of
cells suggests that it should not be aimed to deliver FGF-2 from bone scaffolds for
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Fig. 2 Analysis of bone formation in the 5 mm critical size femoral defect model. a Three-
dimensional lCT and 400 lm central slices of the composites in the bone defect. b Quantification
of the bone volume in the 6 mm section between the two middle K-wires (*denotes significant
difference from non-BMP-2-loaded implants at p \ 0.001) [114] (with the permission from
Elsevier)
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long periods, but should be delivered in the acute phase of regeneration. Fur-
thermore, Nakamura et al. [64] showed that FGF-2 (at low doses; 1 or 10 ng)
increased ectopic bone formation induced by BMP-2 carrying collagen sponges,
but had opposite effect (inhibitory effect) at high doses (100 ng or greater).
Similarly, Tsurushima et al. [65] have studied HA ceramics coated with low or
high doses of FGF-2. Different proliferation trend was observed with high and low
doses of FGF2 in the two cell lines used in their study. While proliferation of
fibroblastic cells increased with increasing dose, the proliferation of osteoblast
cells decreased. Thus, it was suggested that the FGF-2 concentration must be
within a certain range to stimulate osteoblast cells. Considering the importance of
control over the dose of FGF-2, transfection of bone marrow mesenchymal stem
cells (BMMSCs) with bFGF gene has been applied for distraction osteogenesis
(endogeneous bone tissue engineering) to provide growth factors at adequate
amounts to required by the target cells. The cells were suggested as a local
delivery system for promoting bone regeneration after distraction. In vivo results
demonstrated more effective enhancement of bone regeneration with these cells
compared to untransfected BMMSCs [66].

Recently, polyphosphates (polyP, linear polymers of orthophosphate residues)
have been suggested to enhance the effects of bFGF on osteogenic cells. In
accordance with other studies, bFGF at low dose (1 ng/ml) together with polyP
caused higher induction of cell proliferation and ALP activity compared with their
single uses and controls. The effect of only FGF on cell proliferation was also in
accordance with the expectations but for ALP activity, results were confusing
where bFGF alone inhibited ALP activity during the entire observation period.
The Poly-P and bFGF modified porous HA complexes were also evaluated in vivo.
The combination group again had significantly higher bone formation compared to
other groups. Single use of bFGF in vivo was again not very different from control
and PolyP treated group for new bone formation. The authors suggested that these
results were related with short in vivo half life of FGF, which might be extended
by PolyP [67].

It has been shown that one of the most important parameters that should be
taken into account is the release kinetic of FGF-2 from the carrier. A carrier that
degrades slowly is expected to sustain the relase f the agents, thus extending the
effective period of the growth factors. FGF-2 release from poly(2-hydroxyethyl
methacrylate)-N-vinyl,2-pyrrolidone copolymer, p(HEMA-co-VP) showed the
anabolic effect of FGF-2 release on bone mass following 2 months postimplan-
tation to the rabbit femoral condyle defects. However, at 3-month period no dif-
ference from the control was observed. This result was corrrelated with release
kinetic from the hydrogel providing the growth factor for about 2 months post
surgery. They have also presented that the FGF-2 local delivery facilitated the
bone regeneration at the edge of the defect [68].

Recent studies focus on conjugation of the bioactive agents into-onto scaffolds
for delaying their release and presenting them for a longer period to the bone
microenvironment [65]. In one such study, FGF-2 was coated to the surface of
hydroxyapaptite ceramics to enhance bone healing.
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2.1.4 PDGF

Platelet derived growth factor, (PDGF), has been shown to have strong potential in
promoting alveolar and gingival bone cementum regeneration in various studies
[69]. It was also shown to promote proliferation and recruitment of both peri-
odontal ligament and bone cells in vitro [70]. In non-human primates, the role of
PDGF-BB for enhancing periodontal regeneration was also documented [71]. It
was also used in bone defect fill in human clinical trials [72, 73]. Yet, it has been
approved by FDA only for use in diabetic foot ulcers. Despite its potential on bone
regeneration, due to very short half life in biological systems (2 min) and
requirement of high or repeated doses, it has to be delivered by controlled release
systems and related approaches. In order to achieve local high concentration of
PDGF, Zhang et al. [74] have loaded PDGF gene rather than protein itself into the
chitosan/coral carrier to be used in periodontal ligament repair. They showed the
efficiency of this approach by significantly higher amount of PDGF protein product
and proliferation of periodontal ligament cells in PDGF gene activated scaffolds
compared with cell seeded coral scaffolds free of PDGF gene up to 18 days.

Dual release of VEGF and PDGF from brushite–chitosan systems was obtained
with different rates for the growth factors to mimic natural regeneration process in
bone tissue [47]. To achive this outcome, VEGF loaded alginate carriers were
prepared and added to chitosan scaffolds. This complex was then mixed with the
brushite paste (either involving PDGF or not) before setting to final form. By this
system, PDGF which is suggested to be required for the initial phase of healing
(first 3 days of bone repair) could be released faster (70% in 1st week) compared
to VEGF (60% in 2 weeks). In case of VEGF normal physiological release was
given to peak at 5–10 days (in rats). This novel delivery system was shown to
increase bone formation in only PDGF containing scaffolds. However, the com-
bined use also augmented the appearance of new bone tissue and fast vessel
maturation in comparison to the PDGF alone.

2.2 Statins

Statins are cholesterol-lowering drugs that inhibit 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase in the mevalonate pathway [75]. Mundy et al.
[76] first reported that statins induce mRNA expression of BMP-2 in osteoblasts in
vitro. Since then, there are many in vitro and in vivo studies reporting that statins
promote osteoblast differentiation and bone formation [77, 78]. The findings about
the positive effect of statins on bone formation after administering orally [79, 80]
or subcutaneously [81] have also generated interest among researchers in their
possible use for developing new strategies in effective bone healing. Adminis-
tration of statins locally to bone sites were reported as an alternative to growth
factor treatment of bone defects [82]. The group injected different doses of flu-
vastatin (3–300 lg) in propylene glycol alginate vehicle gel into the tibia of rats
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just before insertion of titanium implants. Their hypothesis was that fluvastatin
administered locally would enhance peri-implant osteogenesis and improve
implant osteointegration in the rat model. Delay in calcification of peri-implant
bone at week 1 was observed only for the highest dose of fluvastatin. However, at
weeks 2 and 4 no significant dose dependent differences were observed among
treatment groups. The medullary canal was filled with abundant trabeculae in all
these groups. The push test results supported the histomorphometric findings. The
study showed that topical application of fluvastatin improved the initial fixation of
the implants by promoting the formation of mineralized tissue around the implant.
There are also researchers thinking that the prolonged bioavability of these factors
at treatment sites is necessary to allow sufficient time to migrate to the defect site,
populate and differentiate to form a new tissue. The prolonged bioavability can be
achieved with the design of slow releasing delivery systems for statins. There are
many studies focusing on the design of controlled delivery systems for statins. The
burst release of the drug is not also desired for possible cytotoxicity of high doses
since it has lowering effect on cholesterol synthesis. Benoit et al. [83] synthesized
a fluvastatin-releasing macromer to prepare a sustained delivery system. They
grafted hydrolytically degradable lactic acid linkages from PEG macromers and
then conjugated fluvastatin covalently onto the synthesized macromer to obtain
fluvastatin releasing hydrogel. The hydrolysis of lactic acid esters resulted with the
release of fluvastatin from the macromer. The control over the fluvastatin release
was achieved by changing the length of lactic acid linkers. In vitro studies showed
that the released fluvastatin induced osteogenic differentiation of human mesen-
chymal stem cells (hMSC) and modulated their function (an increase BMP-2
production and mineralization).

Tanigo et al. [84] prepared a gelatin hydrogel delivery system for another
hydrophobic statin, namely simvastatin. The group discussed that the choice of
gelatin hydrogel as delivery system was based on the biodegradability and bio-
compatibility issues related with the other polymeric carrier. They first water sol-
ubilized simvastatin by entrapping in L-lactic acid oligomer-grafted gelatin micelles
which were then immobilized in the matrix of gelatin hydrogels. The release of
simvastatin from the delivery system depended on the degradation of the hydrogel
which in turn was related with the degree of gelatin crosslinking with glutaralde-
hyde. In vitro studies showed that simvastatin release from micelles induced BMP-
2 production of MC3T3-E1 cells. A rabbit model of tooth extraction was also used
to evaluate the bone regeneration potential of gelatin hydrogels with incorporated
statin micelles. Radiological and histological results showed that among the
simvastatin doses (0, 1, 10 and 67 lg/site) very little bone regeneration was
observed for highest simvastain dose 5 weeks after treatment. On the other hand,
hydrogels with 1 and 10 lg simvastatin micelles augmented bone regeneration.

In a recent study by Monjo et al. [85] collagen sponges were evaluated as
carrier for a hydrophilic statin named rosuvastatin in critical size cortical bone
defects in rabbit tibia. Collagen sponges were soaked in different doses of rosu-
vastatin (0, 0.1, 0.5 and 2.5 mg/ml). As expected, the collagen hydrogels released
their contents within 24 h in vitro. They placed collagen sponges with or without
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rosuvastatin into bone marrow and fixed with coin shaped titanium implants. In the
study, they reported that released rosuvastatin from collagen carriers increased
mRNA levels of BMP-2 and ALP activity in the cortical tissue attached to the
implant in a dose-dependent manner. The group observed a slight delay in bone
formation at the highest rosuvastation dose in agreement with the work of Tanigo
et al. [84]. On the other hand, an increased BMP-2 expression was reported for the
highest statin dose.

Masuzaki et al. [86] used an injectable system with fluvastatin loaded PLGA
microspheres administrated to the back of rats with single subcutaneous injection
to enhance osteointegration of titanium implants in the tibia. Their argument point
was that by this way they minimized the possibility of implant surface contami-
nation and the risk of losing microspheres from the defect site due to blood flow by
this approach. A sustained in vitro release was observed from PLGA microspheres
(Fig. 3). The bone contact ratio and bone volume in the marrow of statin groups
were higher than those of the nonstatin groups at weeks 2 and 4. The differences
observed between statin and nonstatin groups at week 4 was nonsignificant sug-
gesting that bone regeneration reaches a plateau at this time period. However, at
week 4, it was observed that statin containing groups (Fig. 4c, d) had larger
occupation of medullary canal with trabeculae than non-statin groups (Fig. 4a, b).
Similarly, the bending tests revealed that single percutanous injection of the
microspheres increased the static bone strength. These results suggest that an
easily administered microsphere delivery system might be used as a stimulator for
improved osteointegration of bone implants.

Statins hold promise for the bone regeneration. However, like growth factors,
their dose to be used, best release profile, ideal carrier materials for local delivery
still need to be investigated before these bioactive agents can be used solely for
bone regeneration.

Fig. 3 Scanning electron
microscopy ımage of
fluvastatin impregnated
PLGA microspheres.
Bar = 20 lm. [86] (with the
permission from Elsevier)
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2.3 Antibiotics

A scaffold with local antibiotic delivery property is an ideal approach for
successive results in implant application to bone defects. Antibiotic use is nec-
essary for preventing infection during orthopaedic operations related with os-
teoctomy for carcinogenic diseases and for treatment of an already occuring
osteomyelitis or for relapses. Although systemic antibiotic treatments for long
periods (4–6 weeks) may be applicable, especially in the case of osteomyelitis,
mostly they result with inefficient treatment owing to bacterial bio-film at the site
which creates a barrier against blood route defenses (cellular or therapeutic). In
addition to these handicaps, long term systemic antibiotic may also cause
unwanted side effects in susceptible tissues and organs like liver and kidneys.
Another reason for failure of such long term systemic treatment might be related
with the development of resistance against antibiotics. In some cases, increases in

Fig. 4 Histological appearances of bone sections at 4 weeks after implantation with titanium.
a Control group: percutaneous injection of saline, b PLGA microspheres only group, c PLGA
microspheres carrying 0.5 mg/kg fluvastatin group, d PLGA microspheres carrying 1.0 mg/kg
fluvastatin group. Statin containg groups, groups c and d, had larger occupation of medullary
canal with trabeculae than non-statin groups (a, b) (Masson–Goldner staining) [86]. (with the
permission from Elsevier)
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the minimum inhibitory concentrations (MIC) of the bacteria to many hundreds
folds of their normal values have been reported owing to reduced metabolic
activity of the bacteria [87]. Besides these, even after a successive treatment,
chronic osteomyelitis can show relapse after very longer times. Therefore, a local
sustained antibiotic delivery system would be favourable for long term control of
the disease at the site of infection. Such a delivery system can provide higher doses
of antibiotic for longer terms than systemic routes without causing side effects.

One major step in treatment of osteomyelitis is the surgical debridement of the
necrotic tissue [88]. Removal of the sequestrum (dead and infected bone that has
detached from the bone and surrounded by avascular soft tissue) thus generate a
dead space at the site of infection with remaining microorganisms still invading
the surrounding healthy bone. As a result of the clinical outcomes, local antibiotic
treatment strategies have been investigated and started with application of gen-
tamycin loaded PMMA (polymethyl methacrylate) cements and beads [87, 89].
The PMMA based systems, however, are nondegradable in vivo, thereby requiring
second surgery after delivering the antibiotic [90]. Recent approaches aim to
combine treatment of osteomyelitis with antibiotic delivery and regeneration of the
surgical site by providing biodegradable-bioresorbable scaffolds. These types of
bone scaffolds generaly involve calcium phosphates, natural or synthetic biode-
gradable polymers and their composites. Despite advantageous properties of the
calcium phosphates like osteoconductivity and biocompatibility, they often fail in
complete regeneration of the bone due to their slow absorption in vivo and
incomplete conversion to the natural bone minerals. HA carriers usually exhibit
low initial drug loading and show fast antibiotic release profiles. Antibiotic loaded
bone cements as well as fillers, films and coatings were reviewed by Zilberman
and Elsner [91].

In a recent study, Chai et al. [92] have addressed this problem and provided a
solution by cold plasma treatment of the carrier to enhance attachment and
retention of antibiotic within HA. They presented efficient binding of vancomycin
to microporous HA treated with He/NH3 (100%) or He/NH3-oxygen (50%). They
have also concluded that this method could extent the bioactive agent release
period (up to 5 days). This new way of increasing loading efficiency and bioef-
fectiveness period of antibiotic loaded to microporous HA carriers might be
developed or applied to other bioactive agents to increase success of the implants.

Natural polymers used for local delivery of antibiotics to bone involve collagen,
gelatin, chitosan, etc. [93]. Collagen sheets carrying gentamycin were prepared
and used in clinic with successive infection control rates in osteomyelitis treat-
ment. Unfortunately, these carriers were able to sustain the antibiotic release up to
weeks. Chitosan microspheres loaded with vancomycin have been shown to be
more effective in decreasing the local number of colony forming units of bacteria
than intramuscular injection of the antibiotic upon 3-week treatment of experi-
mental osteomyelitis (Fig. 5) [93].

Synthetic biodegradable polymers, on the other hand, can control the antibiotic
release for extended periods up to months. They are more pliable and more
resistant in harsh preparation conditions compared to natural ones. They do not
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require second surgery after treatment [90] and are versatile to give required
properties for a bone scaffold. Polyurethane is an example for such biodegradable
polymers used in vancomycin delivery system for treatment of experimental
osteomyelitis. This sytem has been shown to be comparable with current clinical
standard, PMMA-gentamycin beads, for in vivo drug (vancomycin-base form)
delivery [94]. However, other than inhibiting infection, this new system has not
aimed to regenerate the segmental bone defect in the study model. Pillai et al. [95]
also used a synthetic polymer for a penicillin type (nafcillin) antibiotic. These
PLGA carrier system, however, was different from the carriers studied for oste-
omyelitis so far with being in nanoparticle form to target bacteria within the
osteoblast cells. This interesting study was notable for pointing a reason for
unsuccessive outcomes of osteomyelitis despite antibiotic treatments (local or
systemic) and its recuring after long periods. The nanoparticles were succesful in
killing or reducing intracellular bacteria within short periods. This important study
has demonstrated that, an intracellular bacteria targeting sytem together with long
term antibiotic delivery strategy should be developed to eliminate recurrence
potential of osteomyelitis.

Liu et al. [13] have investigated the in vitro release properties of cylindrical
(8 mm diameter) in PLGA capsules loaded with antibiotic within the capsule part
and involving the growth factor (rhBPM-2) in the core of the capsule. The delivery
system was designed to provide simultaneous antibiotic and growth factor release
for osteomyelitis treatment besides supplying bioactive agnets to debrided bone
tissue for regeneration. Their carrier system was effective for extending the release
of both bioactive agents while retaining their activity throughout this period under
in vitro conditions.

Other than these, materials like bioactive glasses have been studied for anti-
biotic delivery by many researchers. Xie et al. [96] have investigated the efficacy
of vancomycin carrying borate glass implants. When they compared this system

Fig. 5 Average methicillin-resistant Staphylococcus aureus (MRSA) colonies per gram of bone
sample after 21-day treatment (n = 8) following experimental osteomyelitis in rats. Control group
had sterile blank microspheres, VMS4 group had vancomycin loaded chitosan microspheres, IM
group had daily intramuscular injection of vancomycin [93] (with the permission from Elsevier)

Bioactive Agent Delivery in Bone Tissue Regeneration 213



with vancomycin-calcium sulfate implants, they have found superior results in
borate glass groups compared to untreated and calcium sulfate carrier groups. Both
antibiotic loaded implants were found successive in treating chronic osteomyelitis
at the end of 8 weeks. While most of the borate glass implants have been reab-
sorbed, almost all calcium sulfate implants were found to be reabsorbed by
radiological and histological studies. However, histological examination of the
implant sites showed that vancomycin loaded borate glass group was either sur-
rounded or replaced with the new bone tissue comparably more than vancomycin
carrying calcium sulfates. Borate glass was also suggested as more biocompatible
than calcium sulfate according to presence of foam cells around the implants [96].
One important observation in this study was that initial vancomycin release from
calcium sulfate carriers was faster compared to borate glass in in vivo. However,
the in vitro release of drug from calcium sulfate carriers was slower than that from
borate glass. It was suggested that borate glass was better in bone regeneration
compared to commonly used silicate bioactive glasses [97, 98].

In many studies for combining favoured properties like osteoconductivity,
biocompatibility, biodegradability/bioabsorbability and control over release of
bioactive agents scientists have used composites mostly of a polymer and bioce-
ramic/bioglass. Borate glass-chitosan pellets with the antibiotic teicoplanin is a
recent example of these composites. The composites could provide a sustained
release of the effective local antibiotic concentration over 3–4 weeks while sup-
porting new bone formation on the surface and within the implants via conversion
of borate glass to HA-like structures in in vivo conditions (Fig. 6) [99].

Polymers, inspite of all preferable material charactistics, are not good as bone
conductors, and therefore, mostly applied together with an osteoconductive
material. Gatifloxacine loaded PCL (polycaprolactone, 10 kDa)-bTCP (trical-
ciumphosphate) implants were shown to be effective in controlling infection and
supporting bone reconstruction in an experimental osteomyelitis study [88].

Fig. 6 Serum concentration of teicoplanin in rabbits treated by implantation teicoplanin loaded
borate bioactive glass and chitosan (TBGC) (8 wt% teicoplanin) pellets (Group 1), and by
intravenous injection of teicoplanin (Group 3) [99] (with the permission from Elsevier)
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In another study, gentamycin sulfate carrying PLA-TCP(25%)-HA(75%) com-
posites were prepared and investigated for antibiotic release properties either
without coating or by coating with polymer (PLGA or PLA). Their results showed
fast in vivo release of the antibiotic (95% in 1 week) for uncoated and PLGA
coated implants. The third group (PLA coated), however, could extend the anti-
biotic release up to 4 weeks. This group was also found to provide ten times of the
concentration of MIC for gentamycin against the most common microorganism
causing osteomyelitis. They have suggested that this would be important as it gives
approximately the minimum bactericidal concentration (MBC) value, thus sug-
gesting potential of total elimination of these bacteria at the site of infection rather
than inhibition of their growth. PLA coated group was also found succesful in
terms of bone integration and presented with high bone repair outcomes. PLGA
coated and uncoated groups have fragmented and could not be observed for total
period of the study (20 weeks) [90].

Other major drawbacks for the use of polymers alone as bone implant are their
low mechanical strength and stability especially in the physiological environment.
Although a similar problem has also been suggested with calcium phospate
ceramics, it is possible to overcome with low porosity formulations of these
materials. Mesoporous (2–50 nm pore sized) silica-HA composites have been
studied as carrier of antibiotics and components of polymer matrix for bone repair
[100]. These composite scaffolds were found to be effective in slowing down the
antibiotic release (up to 30 days), enhancing bioactivity, and compensating with
the pH change that occur due to PLGA degradation. These scaffolds also enhanced
mechanical properties and provided suitable surface for attachment and prolifer-
ation of mesenchymal stem cells. However, this sytem has not been evaluated for
in vivo performance. Although presence of small pores are required for controlling
the drug release and degradation rate of the system (besides improving mechanical
properties) many researchers also focus on the importance of interconnected
macroporous networks for enabling bone cell growth and vascularization within
the implant [45, 101]. However, pores are known to make the materials sensitive to
tensile forces and macroporous scaffolds are expected to yield easier under tension
rather than compression. Therefore, composites with polymeric matrices might
provide a solution for these types of forces.

For osteomyelitis treatment involving debridement of the infected bone tissue,
bone regeneration aim has been mostly addressed by using osteoconductive and/or
osteoinductive materials like CaPs or collagens scaffold. So far, a few researchers
[13] have studied and suggested using dual loading and release of an osteoin-
ductive agent (like growth factor) together with antibiotics. In accordance with this
approach, Zilberman [102] has designed and investigated a novel bioresorbable
composite fiber that can carry the dual release function for a drug (located in the
shell) and protein (located in the core) combination. These fibers were also shown
to have good mechanical properties making them usable for engineering new
scaffolds. Hence, these types of implants could achieve better treatment plus
regeneration in bone tissue.
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3 Conclusion and Future Directions

Bone, as a natural composite structure, is a complex, dynamic tissue that responds
to environmental (physical), hormonal and growth related changes of the body via
structural modifications. As the rate of anabolic events decrease with age regen-
eration of the bone tissue becomes more difficult in trauma or disease conditions.
Therefore, to help with the restoration of the bone, local, external supports as
medications, growth factors, cells and scaffolds are needed.

Scientists are after developing multifunctional scaffolds (serving dual purposes
as cell support and bioactive delivery system) for treatment of severe bone losses
due to trauma, infectitious or other bone related diseases. Although current clinical
collagen-based BMP delivery systems have promising results, optimization of new
biomaterial designs for prolonged delivery with a predicted in vivo release profile
that matches the natural bone regeneration as well as efficient loading of this
growth factor family still remain challenge. Recent findings all agree that the
prolonged bioavailability of the single or multiple bioactive molecule(s) with
sustained release together with osteoconductive carrier and/or stem cells is the key
factor affecting the outcome. For multiple factor delivery systems, new methods
are being developed to control the release rate and order of release of these
biomolecules for mimicking the physiological environment of the cells. Recent
progresses in the research towards all of these goals hold promise. Moreover, the
positive effects of alendronate and statins have been documented on bone regen-
eration. Yet, there is still need for further investigations to develop other carrier
systems for BMPs and/or other candidate bioactive agents that can be used
clinically.

The scaffolds studied for treatment of osteomyelitis disease compared with
conventional systemic antibiotic therapies are definetely more sucessful but they
are not that succesful in restoring mineralized, vascularized, organic, composite
bone arhitecture. Therefore, more novel methodologies with combination of
growth factors should be developed considering the repair/regeneration rate of
bone tissue.

Here, a part of the route to bone regeneration has been evaluated with the
question still remaining: how far are we from the end of the route?
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Bio-inspired Resorbable Calcium
Phosphate-Polymer Nanocomposites
for Bone Healing Devices with
Controlled Drug Release

Irena Gotman and Sabine Fuchs

Abstract In orthopedic research, increasing attention is being paid to bioresorb-
able composite materials as an attractive alternative to permanent metal bone
healing devices. Typical composites consist of a biodegradable polyester matrix
loaded with bioactive calcium phosphate ceramic particles (tricalcium phosphate,
TCP or hydroxyapatite, HA) added to improve the biological response and
mechanical properties of the neat polymer. The mechanical behavior of such
particle-reinforced composites, however, falls far short of the expected perfor-
mance in high-load bearing situations. Replicating some features of nacre—a
strong and tough natural nanocomposite with a very high content of brittle inor-
ganic phase, can pave the way for a new generation of high-strength resorbable
bone implants. This chapter will concentrate on the processing of such ‘‘bio-
inspired’’ nanocomposites with high calcium phosphate content where the strong
ceramic skeleton is toughened by a small amount of continuously dispersed
polymer component. To further improve the mechanical properties, manipulating
the adhesion at the interface between the ceramic and polymeric nanoscale
components was attempted. An original high pressure consolidation method was
employed to fabricate dense bulk nanocomposites without exposing them to high
processing temperatures. This allows for incorporation of biomolecules that can
then be released from the implanted device to enhance bone regeneration (growth
factors) or prevent infection (antibacterial drugs). Finally, it is important to
evaluate how polymer addition to calcium phosphate influences cell-material or
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cell–cell interactions because of potential consequences for bone regeneration and
vascularization. Towards this goal, CaP-polymer nanocomposites were assessed in
monocultures of endothelial cells and osteoblasts and in co-culture thereof as an
example of a more complex test system.

1 Introduction

Bioresorbable implants for bone repair are increasingly used in orthopedics as an
attractive alternative to traditional metal instrumentation. The advantages of
osteosynthesis devices that slowly degrade over time include elimination of the
need for further surgical intervention and substantially reduced stress-shielding
due to gradual transfer of mechanical loads to the newly forming bone as the
material degrades [2, 75, 83, 84]. The current generation of biodegradable implants
for bone repair are made of synthetic polymers, mostly poly(a-hydroxyester)s-
polylactic and polyglycolic acids (PLA and PGA), their copolymers (PLGA) and
polycaprolactone (PCL). These pure polymeric devices for osteosynthesis have
shown some success in low or mild load bearing applications however they are not
sufficiently strong to be used in highly loaded long bones such as the femur
[18, 63]. Other limitations of degradable polymers include delayed inflammatory
response to the acidic products of their hydrolytic degradation and lack of bio-
activity [2, 63]. This latter attribute could be undesirable for traditional fixation
devices where direct bone apposition on the implant surface would interfere with
the removal procedure. For bioresorbable devices, however, ease of removal is not
an issue and the use of bioactive materials that enhance osteoblastic activity is
expected to support bone regeneration more effectively [18].

Combining degradable polymers and bioactive calcium phosphate ceramics
(e.g., hydroxyapatite, HA and beta-tricalcium phosphate, b-TCP) into composite
materials has been proposed as a means of creating bioactive implants with
improved mechanical properties and tailored degradation behavior [15, 40, 67, 72,
73, 81]. A further advantage of such composites is that the alkaline resorption
products of calcium phosphate will buffer the acidic degradation products of
polyesters. A common feature of most polymer-ceramic systems studied as
materials for bone healing materials is the low volume fraction of the ceramic
phase. In such a design, the main contribution of the ceramic particles is increased
stiffness and enhanced bioactivity. On the other hand, the strength of such poly-
mer-matrix composites does not increase and actually decreases with increasing
calcium phosphate volume fraction [90]. It seems, therefore, that today’s approach
to increasing strength by including CaP particles into polymer matrices is a dead
end and the research should focus on other ways of developing high strength
bioresorbable composites. One alternative strategy is to toughen calcium phos-
phate ceramics by incorporating a small amount of continuously dispersed poly-
mer component. This can yield strong and tough composite materials whereby the
ceramic skeleton provides structural consistency and strength while the polymeric
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phase acts as glue and transfers stresses across phases thereby enhancing ductility
and fracture resistance. Creating calcium phosphate matrix composites with uni-
formly distributed nanoscale ceramic and polymer features will allow for further
toughness enhancement. In a way, such CaP-polymer nanocomposites will
resemble nacre—an exceptionally tough biogenic material comprised of a high
volume percent of brittle ceramic crystals (aragonite) separated by organic layers
several tens of nanometers thick [46, 56, 60].

In has been argued by many authors that the unusual mechanical response of
nacre is partly due to molecular interactions and adhesion forces at the organic–
inorganic interfaces [62, 64, 89]. This suggests that the overall strength and
toughness of bio-inspired calcium phosphate-based nanocomposites can also be
enhanced by manipulating the adhesion at the CaP-polymer interfaces, e.g., by
chemical grafting of organic moieties. Such approach resulted in increased
mechanical properties of PLA-HA and PLGA-HA biocomposites reinforced with
low fractions (B20 vol.%) of HA particles [35, 85, 96]. The effect is expected to
be even more pronounced for CaP-polymer nanocomposites having a significantly
larger amount of interfaces.

The standard approach to the processing of bulk ceramic-polymer composites
involves the mixing of a pre-synthesized CaP powder with a polymer followed by
densification. Ceramic nanoparticles, however, have a strong tendency to aggre-
gate because of the relatively strong interparticle forces between them. It is
therefore quite challenging to achieve homogeneous calcium phosphate dispersion
while mixing with polymer, even using solution-mixing. To obtain CaP-polymer
composites with more uniform phase distribution, an ‘‘in situ’’ processing
approach has been recently advocated [3, 10, 33, 70]. In this approach, CaP
nanocrystals are not pre-synthesized but are formed ‘‘in situ’’ in the presence of
polymer. Thus, extensive ceramic particle agglomeration is avoided and higher
degree of interaction and bonding between the organic and inorganic components
of the composite is achieved, potentially resulting in better mechanical properties.

Despite improvements in operating techniques and advances in bone-healing
devices, there is still a too high number of complications in fracture treatment like
delayed healing or nonunion [91]. For better clinical outcome, biological stimu-
lation of bone regeneration process by combining growth factors (e.g., bone
morphogenetic proteins, BMPs) with biodegradable devices is of great interest.
High incidence of implant-related infections is another issue in surgical treatment
of bone fractures and defects [12, 80]. Implant infections are extremely resistant to
antibiotic therapy and host defenses, and frequently persist until the implant is
removed. Local antibiotic delivery systems are considered advantageous for
treatment and prevention of implant-related infections because they may deliver
high drug concentrations to the infected bone while avoiding systemic side-effects
[25, 43, 68, 88]. Incorporation of BMPs or antimicrobial agents into bioresorbable
bone healing devices seems especially attractive as this can produce mechanically
reliable multifunctional implants combining load-bearing capacity with sustained
drug release. Promising results were obtained for bioresorbable ciprofloxacin-
releasing osteofixation screws for non-load-bearing applications made of pure
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polymer and bioglass-reinforced PLGA and PLDLA [1, 59], however incorpora-
tion of drugs into dense bioresorbable CaP-polymer composite implants has not
been reported. In principle, active ingredients can be admixed already to the loose
composite powder, provided the biological activity is not lost during subsequent
densification procedure. Unfortunately, most processing methods of dense calcium
phosphate-bioresorbable polymer composites employ relatively high temperatures
that may compromise the bioactivity of incorporated drugs. The goal of devel-
oping high-strength bone healing devices that can also release therapeutic agents
should be achievable with further research into unconventional manufacturing
processes. More specifically, high pressure consolidation of powders (cold sin-
tering [31, 32]) could allow one to fabricate high density CaP-polymer nano-
composites at low temperatures that are less likely to be harmful for biomolecules.

Including polymers such as PLA and PCL will modify not only the mechanical
but also physical and chemical properties of calcium phosphates thus potentially
exerting effects on cell–material and cell–cell interactions. In complex tissues such
as bone the material properties influence a variety of different cell types and may
have consequences on osteogenic differentiation or endothelial cell growth, or may
influence the formation of angiogenic structures. To analyze those effects, complex
cell culture systems, such as co-cultures consisting of endothelial cells and primary
osteoblasts, seem to be useful to simulate the dynamic processes during vascu-
larization as it would occur in the physiological situation in vivo [23, 78, 87].

Recently co-culture systems based on outgrowth endothelial cells (OEC)
[20, 29, 36], derived from so-called endothelial progenitor cell cultures and pri-
mary osteoblasts [21] have been established. This approach leads to promotion of a
pro-angiogenic effect in OEC at both levels of investigation, that is, in vitro [23]
and in vivo, resulting in perfused vascular structures after implantation of the
constructs [22]. As well as being used to improve the vascularization of tissue-
engineered constructs, co-cultures possess a significant potential as advanced in
vitro test systems for biomaterial design.

This chapter describes our efforts to create strong bio-inspired calcium phos-
phate-biodegrdable polymer nanocomposites for bone healing devices using the
above fabrication strategies [5, 57, 58, 71] and to test their biological performance
in vitro [24].

2 Two-Step Processing of Resorbable b-TCP-Polymer
Nanocomposites with High Ceramic Content

2.1 Synthesis and Properties

b-TCP nanopowder was prepared by a previously reported reaction [7]:

3Ca OOCCH3ð Þ2þ2H3PO4 ! Ca3 PO4ð Þ2þ6CH3COOH ð1Þ
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using ethanol (instead of methanol) as a solvent [5]. As can be seen from XRD
spectrum in Fig. 1, the reaction did not produce the desired single-phase b-TCP;
instead, the synthesized powder consisted of b-TCP, hydroxyapatite (HA) and
dicalcium phosphate (DCP). DCP was previously proposed as an intermediate
phase in the reaction between calcium acetate and phosphoric acid [7] and its
presence in the product powder suggests that the synthesis reaction was incom-
plete. The formation of some HA along with b-TCP must be due to the small
amounts of water contained in the reagents. The considerable peak width indicates
nanoscale structure and/or presence of an amorphous phase. The IR spectrum of
the powder, Fig. 2, presents the characteristic phosphate bands of calcium phos-
phates in the 1,000–1,200 and 500–700 cm-1 domains. In addition, the bands of
unreacted calcium acetate are observed at 1,573, 1,463, 1,444 and 675 cm-1 [65].

Calcination treatments are usually employed after wet chemical synthesis of
calcium phosphates to achieve full transformation to b-TCP [86, 95]. To prevent
excessive coarsening of the nanoscale synthesized powder, calcination temperature
should be kept as low as possible. Pure b-TCP with the smallest particle size
(B100 nm, Fig. 3a) could be obtained after 1 day calcination at 650�C. Both the
XRD pattern, Fig. 1, and FTIR spectrum, Fig. 2, of thus treated powder corre-
spond to the single-phase b-TCP [42]. When the powder was calcined at lower
temperatures, the reaction between DCP and the remaining calcium acetate was
complete already at 500�C, however the peaks of hydroxyapatite in the XRD
pattern persisted till 650�C. The complete transformation of the HA component
into b-TCP at T C 650�C indicates that this HA was a Ca-deficient compound with
Ca/P ratio close to that of TCP (1.5) [41]. At higher calcinations temperatures
(700–750�C), the formation of the single-phase b-TCP could be achieved in much
less than 1 day (1–2 h). Such treatments, however, led to considerable grain
growth of the CaP powder. Therefore, the powder calcined at 650�C, 1 day was
used for further experiments.
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Fig. 1 XRD patterns of as-synthesized and calcined b-TCP powder [5]. Reprinted from [5] with
kind permission from Wiley-VCH VerlagGmbH & Co. KGaA
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b-TCP-PCL and b-TCP-PLA composite nanopowders were prepared by solvent
evaporation method as described in Bernstein et al. [5]. When the polymer was
dissolved in chloroform and added to the b-TCP powder, it became uniformly
distributed between the ceramic nanoparticles (presumably as very thin surface
films) occasionally forming tiny polymer fibers, Fig. 3b. The results of TGA
analysis confirmed that polymer contents of the b-TCP-PCL and b-TCP-PLA
composite powders corresponded to the nominal composition, i.e. all the polymer
dissolved in chloroform was fully incorporated in the composite powder.

Pure b-TCP and b-TCP-PCL composite powders were high pressure consoli-
dated at room temperature—cold sintered [31, 32] at pressures up to 3 GPa.
Figure 4a shows the density of cold sintered specimens as a function of applied
pressure. As expected, the density of pure b-TCP as well as of b-TCP-PCL
compositions increased with consolidation pressure. At 2.5 GPa, the density of
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Fig. 2 FTIR spectra of the
as-synthesized and calcined
b-TCP powder [5]. Reprinted
from [5] with kind permission
from Wiley-VCH
VerlagGmbH & Co. KGaA

Fig. 3 HRSEM micrographs of calcined b-TCP powder [5] (a) and b-TCP-15 vol.% PCL blend
(b). Reprinted from [5] with kind permission from Wiley-VCH VerlagGmbH & Co. KGaA
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b-TCP, b-TCP-5PCL and b-TCP-15PCL composites was, correspondingly, *80,
83 and 88%. Further pressure increase to 3 GPa resulted in only marginal density
increase. The higher densities obtained in PCL-containing specimens was appar-
ently due to the plastic flow of the soft polymer component under pressure.
Similarly to the total porosity, the open porosity also decreased with increasing
pressure, Fig. 4b.

The compressive strength of cold sintered b-TCP and b-TCP/PCL nanocom-
posites increased with increasing consolidation pressure, Fig. 5a, apparently due to
the decreasing porosity. The pure b-TCP and b-TCP-5 vol.% PCL composite cold
sintered at 2.5 GPa exhibited comparable strength and brittle behavior, Fig. 5b.
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The addition of 15 vol.% PCL resulted in a more ductile behavior (*3% plastic
deformation) albeit at the expense of strength. Even so, the compressive strength
of this material (*140 MPa) is significantly higher than the corresponding
value—27 MPa—reported for cast PCL-matrix composites containing 30 wt%
hydroxyapatite [4]. It is believed that higher strength values can be achieved by
substituting the weak PCL with the stronger PLA polymer. Still, even with the
weak polymer phase, the compressive strength of cold sintered b-TCP-15 vol.%
PCL composite is on a par with the strongest literature reported hot-forged PLA-
HA composites with low volume fractions of the ceramic phase [37, 81].

2.2 Dissolution Behavior

Dissolution behavior pure b-TCP and b-TCP-PCL composites cold sintered at
2.5 GPa was studied in 0.05 M Tris buffer (pH 7.4) at 37�C [5]. The dissolution
data are shown in Fig. 6. There was a time-dependent increase in the phosphate
concentrations in Tris solution for all materials until the steady state conditions of
dissolution-precipitation were reached. The dissolution curves of b-TCP/PCL
composites with up to 15 vol.% PCL are not significantly different from that of
PCL-free b-TCP. These results suggest that the dissolution of the b-TCP com-
ponent is not strongly affected by the presence of PCL, at least not at short
immersion times. The presence of b-TCP, on the other hand, may enhance the
hydrolytic degradation of PCL by virtue of improved hydrophilicity. Also, faster
degradation of the nanometric PCL phase may take place due to the high surface
area-to-volume ratio and thus a greater water uptake. Given the fact that PCL is a
slow degrading polymer, longer immersion times are needed to test the overall
degradation kinetics of b-TCP-PCL composites. Such long-term experiments are
currently underway. In the meantime b-TCP-15% PCL composites retained C85%
of their compressive strength after 2 weeks immersion in TRIS buffer solution.
The retention of mechanical properties for a sufficiently long period of time is
important if the material is intended for load bearing bone healing applications.
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Fig. 6 Dissolution behavior
(phosphate concentration in
Tris buffer vs. immersion
time) of pure b-TCP (orange
line), b-TCP-5% PCL (red
line) and b-TCP-15% PCL
(blue line) composites cold
sintered at 2.5 GPa [5].
Reprinted from [5] with kind
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Upon immersion of b-TCP-PCL disks in SBF, an uptake of both Ca and PO4

ions was measured suggesting precipitation and growth of a new CaP phase on the
surface of the composites. The formation of this CaP layer was observed in SEM,
Fig. 7. FTIR surface analysis revealed that after immersion in SBF, the doublet of
sharp peaks observed in the orthophosphate band at 1,030–1,130 cm-1 before
immersion was replaced by one broad P–O band typical of hydroxyapatite
[51, 52]. This formation of bone-like apatite on the surface of b-TCP-PCL com-
posites suggests that the material is bioactive [16].

2.3 Vancomycin Release

Dry b-TCP-PLA and b-TCP-PCL composite powders were mixed with water
solution of vancomycin (a representative antibiotic drug) and consolidated at
2.5 GPa to yield nanocomposite materials containing 3–10 wt% antibiotic
(see Table 1) [58]. Fig. 8 shows drug release from b-TCP-15% PCL disks con-
taining different amounts of vancomycin. Specimens with 10 wt% vancomycin
(*24 mg) released the drug very rapidly and disintegrated completely after 2 days
immersion. In contrast to this, disks with 3 and 5 wt% vancomycin (6 and 13 mg,
respectively) released much more slowly and remained intact after 14 days
immersion. 5 wt% vancomycin was chosen for further experiments as the largest
antibiotic load that does not cause material disintegration upon immersion. As can
be seen in Fig. 8, b-TCP-15% PCL disks containing 5 wt% vancomycin released
*30% of the total drug load in an initial burst, and the remaining 70%—over the
period of *10–12 days. The weight loss of the b-TCP-15% PCL disks measured
after 14 days immersion, constituted only 3% of the initial weight. This suggests
that the drug is released from the b-TCP-15% PCL composite by a diffusion
mechanism rather than as the result of material dissolution. In the context of

Fig. 7 Apatite layer formed
on the surface of b-TCP-15
vol.% PCL composite after
7 days immersion in SBF
solution. SEM [5]. Reprinted
from [5] with kind permission
from Wiley-VCH
VerlagGmbH & Co. KGaA
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bone-healing applications, such a release-dissolution pattern will allow local
prophylaxis against implant-related infection at the early stages after implantation
followed by a much more slow dissolution of the load-carrying device.

As shown in Table 2, the incorporation of 5 wt% vancomycin did not strongly
affect the compressive strength of b-TCP-15% PCL. Moreover, no significant
strength deterioration was measured following 2 weeks immersion of the vanco-
mycin-containing as well as vancomycin-free material. This must be due to the
negligible material dissolution of 3%, see above. Figure 9 compares drug release
profiles from b-TCP-polymer composites with 5 wt% vancomycin for different
types (PCL and PLA) and fractions (15 and 30 vol.%) of the polymer. It can be
seen that for the same polymer (PLA), drug release is slower from the composite

Table 1 Density and compression strength of b-TCP-polymer nanocomposites used for van-
comycin release studies [58]

Material Density (% TD) Porosity (%) Compressive strength (MPa)

b-TCP-15% PCL 89 ± 2 11 ± 2 137 ± 13
b-TCP-15% PLA 87 ± 2 13 ± 2 118 ± 21
b-TCP-30% PLA 94 ± 1 6 ± 1 197 ± 12
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Fig. 8 Cumulative antibiotic release from b-TCP-15% PCL disks containing 3 wt% (diamonds),
5 wt% (triangles) and 10 wt% (circles) of vancomycin as a function of immersion time in TRIS
buffer solution at 37�C. Horizontal lines indicate the corresponding initial vancomycin load [58].
Reprinted from [58] with kind permission from Springer Science+BusinessMedia
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with the higher (30 vol.%) polymer fraction. This must be due to the significantly
lower porosity of the latter material (6 vs. 13%, Table 1). Given our earlier
assumption that vancomycin is released via a diffusion mechanism, higher porosity
should favor faster drug release. Among the two composites with the same
polymer volume fraction (15%), the material with PLA as the polymer
phase releases vancomycin faster than the one with PCL. The small difference in
the general porosity of these two composites (11 vs. 13%, Table 1) can hardly
have such a pronounced effect on drug release. The slower vancomycin release
from the PCL- versus PLA-containing material could be due to the smaller water
uptake of the more hydrophobic PCL polymer which makes diffusion of the drug
more difficult. So far, a b-TCP-30 vol.% PLA composite has exhibited the most
attractive gently-sloping drug release profile and the highest compression strength
(*200 MPa, Table 1).

Table 2 Compression strength of b-TCP-15 vol.% PCL composites before and after 2 weeks
immersion in TRIS buffer solution at 37�C [58]

Vancomycin content in b-TCP-15% PCL No vancomycin 5 wt%

Compressive strength (MPa) Before immersion 137 ± 13 120 ± 30
After 2 weeks immersion in TRIS 110 ± 26 123 ± 24
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Fig. 9 Cumulative antibiotic release from b-TCP-15% PCL (triangles), b-TCP-15% PLA (filled
circles) and b-TCP-30% PLA (open circles) composite disks containing 5 wt% vancomycin as a
function of immersion time in TRIS buffer solution at 37�C [58]. Reprinted from [58] with kind
permission from Springer Science+BusinessMedia
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3 Two-Step Processing of CDHA-PLA Nanocomposites: Effect
of CDHA Surface Modification

3.1 CDHA Nanopowder Synthesis

Calcium deficient hydroxyapatite, (CDHA) Ca10-x(HPO4)x(PO4)6-x(OH)2-x

nanopowder with Ca/P ratio *1.5 was prepared by microwave accelerated wet
method [82] according to the following reaction:

9Ca NO3ð Þ þ 6H3PO4 ! Ca9 HPO4ð Þ PO4ð Þ5 OHð Þ# ð2Þ

XRD analysis confirmed that the synthesized CaP powder was a single-phase
hydroxyapatite, HA [71]. FTIR spectrum of the powder (Fig. 10a) is also typical
for hydroxyapatite [82]. The presence of the P–O–H band at 873 cm-1 corre-
sponding to bivalent phosphate ion, HPO4

2-, suggests that the HA formed is
a Ca-deficient compound, Ca10-x(HPO4)x(PO4)6-x(OH)2-x (CDHA). CDHA is
indistinguishable from stoichiometric HA by XRD, however, unlike stoichiometric
HA, it will decompose upon heating to 750�C to b-tricalcium phosphate,
Ca3(PO4)2 (b-TCP), and stoichiometric HA [41]. Indeed, following a 2 h anneal at
750�C, the only phase detected by XRD in our synthesized powder was b-TCP.
Full conversion into b-TCP was also supported by FTIR analysis: the bands of
structural OH- (at 635 and 3,569 cm-1) and HPO4

2- (at 873 cm-1) characteristic
of hydroxyapatite disappear from the spectrum of the annealed powder (Fig. 10c).

Fig. 10 FTIR spectra of: a—as-synthesized CDHA powder; b—HDI-modified CDHA powder;
c—CDHA powder annealed at 750�C for 2 h [71]. Reprinted from [71] with kind permission
from SpringerScience+Business Media
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These results confirm that the powder synthesized was indeed a Ca-deficient HA
with x close to unity: Ca9(HPO4)(PO4)5(OH). The Ca/P ratio of such CDHA is
*1.5, and its solubility is comparable to that of b-TCP [6]. HRSEM and TEM
micrographs (Fig. 11) demonstrate the needle-like morphology of the obtained
CDHA particles and their nanoscale dimensions (*15 nm diameter and
50–150 nm length).

The specific surface area of the synthesized CDHA powder, as determined by
BET, was *95 m2/g. For needle-like (cylindrical) powder morphology, the
relation between particle’s dimensions and the specific surface area [SSA, (m2/g)]
is given by Chen et al. [9]:

SSA ¼ 2þ 4L=d

Lq
� 1; 000 ð3Þ

where L and d are particle length and diameter in nm, respectively, and q is the
density (3.156 g/cm3 for CDHA). Basing on the above equation, the surface area
of 95 m2/g corresponds to a very fine nanoscale powder with the particle diameter
of *15 nm, which is in a good agreement with the micrographs in Fig. 11.

3.2 CDHA Surface Modification with Isocyanate

The surface of CDHA nanopowder was covalently modified with hexamethylene
diisocyanate (HDI) according to a method reported in Liu et al. [54]. As shown in
Scheme 1, the surface hydroxyl groups of hydroxyapatite can react with isocya-
nates to form a covalent urethane bond. A typical FTIR spectrum of the synthe-
sized CDHA powder treated with hexamethylene diisocyanate (CDHA-HDI)
(Fig. 10b) contains new peaks in addition to those of CDHA: 1,574 and
1,628 cm-1 (amide bands); 2,857 and 2,934 cm-1 (–CH2– bands); 3,340 cm-1

Fig. 11 Representative images of as-synthesized CDHA powder: a HRSEM; b TEM [71].
Reprinted from [71] with kind permission from SpringerScience+Business Media
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(–NH– band). This shows formation of covalent urethane bonds during the
modification reaction. The details of such attachment, however, require further
exploration. In earlier solid state 1H-NMR [54, 55] and 13C- and 31P-NMR [14]
studies, two different attachment paths were suggested: one through covalent
bonding between isocyanate and structural hydroxyl groups, and the other—
through the formation of PO–C(O)NH– bonds between isocyanate and P–O–H
moieties of HPO4

2- groups.
The mixing of unmodified and HDI-modified CDHA powder with the chloro-

form solution of PLA [71] resulted in complete incorporation of the dissolved
polymer in CDHA-PLA composite powder.

3.3 Mechanical Properties

High pressure consolidation of CDHA-PLA composite nanopowder at 2.5 GPa at
room temperature produced 82–90% dense specimens depending on the extent of
modification and overall organics content. The highest density of 90% was
obtained for the material with 40% total organics and 10% modification (CDHA-
10H-40). Typical stress–strain curves of specimens tested in compression are
presented in Fig. 12. It can be seen that both strength and ductility increase with
increasing total organic content. At 40 vol.% organics, the plastic strain reaches
*2% which is comparable with the plastic strain of pure PLA at room temperature
[81]. Even without HDI modification, cold sintered CDHA-40 vol.% PLA nano-
composites have a high compression strength, rc, of 225 MPa. This is 1.5 times
stronger than the hot pressed (194�C, 98 MPa) composites having a practically
identical composition (HA-41 vol.% PLA, rc = 140 MPa) [38–40]. The high
strength values obtained in our work may be the result of a more homogeneous
phase distribution achieved through the use of the much finer CaP nanopowder
(specific surface area SA = 95 m2/g in our work vs. SA = 5 m2/g in Ignjatović
et al. [38]).

As shown in Fig. 13, the modification of CDHA with HDI further increased the
compressive strength of CDHA-based composites with organic content
C20 vol.%. The improvement of mechanical properties is especially obvious for
the composites containing 40 vol.% organics. Compressive strengths of *265 and

Scheme 1 Reaction of
hexamethylene diisocyanate
(HDI) with HA powder
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*295 MPa were obtained for 7 and 10% modification, respectively, which con-
stitutes 15 and 25% improvement compared to the unmodified CDHA-40 vol.%
PLA composite. This improvement is believed to be due to the better bonding
integrity between the HDI-modified CDHA surface and PLA molecules.

4 One-Pot Synthesis of Ca Phosphate-PCL Composite Powder

4.1 Synthesis by Direct Reaction Between Phosphoric Acid
and Ca Acetate

A single-step processing route was developed with goal to obtain a more intimate
intermixing of the CaP ceramic and polymer nanocomponents. Reaction (1) [7]
was the starting point for the one-pot synthesis of Ca phosphate-PCL composite

Fig. 12 Stress–strain curves
in compression of CDHA-
PLA nanocomposites with
different total organic
contents: 20% (blue—7%
modification extent) 30%
(green—no modification,
black—10% modification
extent) and 40% (yellow—no
modification, red—7%
modification extent, purple—
10% modification extent)
[71]. Reprinted from [71]
with kind permission from
SpringerScience+Business
Media

Fig. 13 Compressive
strength as a function of total
organic fraction and HDI
surface modification: blue—
no modification; green—7%
modification extent; yellow—
10% modification extent [71].
Reprinted from [71] with
kind permission from
SpringerScience+Business
Media
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powder. Since PCL is practically insoluble in methanol, Tetrahydrofurane (THF)
was used as the reaction medium capable of dissolving the PCL polymer. In brief,
H3PO4 was dissolved in THF after which CaAc2 was added while stirring [57].
The XRD pattern of the powder obtained either in pure THF or in THF with
dissolved PCL is shown in Fig. 14a. It can be seen that, instead of the expected b-
TCP, the calcium phosphate product is dicalcium phosphate, CaHPO4 (DCP).
Small peak of unreacted calcium acetate can be detected, too. Strong bands of
acetate (at 1,400–1,600 cm-1) are also present in the FTIR spectrum, Fig. 15a.
This means that the synthesis reaction does not proceed to the completion and can
be described as:

3Ca OOCCH3ð Þ2þ2H3PO4 $ 2CaHPO4 þ 2CH3COOHþ Ca OOCCH3ð Þ2 ð4Þ

25 26 27 28 29 30 31 32 33 34 35
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Fig. 14 XRD patterns of the
powder synthesized by
reaction between phosphoric
acid and calcium acetate in
THF with dissolved PCL:
a—as synthesized; b—water
rinsed [57]. Reprinted from
[57] with kind permission
from
SpringerScience+Business
Media
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Fig. 15 FTIR spectra of the
powder synthesized by
reaction between phosphoric
acid and calcium acetate in
THF with dissolved PCL:
a—as synthesized; b—water
rinsed [57]. Reprinted from
[57] with kind permission
from
SpringerScience+Business
Media
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The unreacted Ca acetate could be easily removed by water rinsing, leaving
behind a mixture of DCP and dicalcium phosphate hydrate (DCPD), Figs. 14b and
15b.

No visible polymer agglomeration or deposition on the reaction vessel walls
was observed when synthesis was performed in THF with dissolved PCL sug-
gesting that all the PCL was incorporated in the product powder. The presence of
predetermined amounts of polymer in the DCP/DCPD-15 PCL composite powders
was further confirmed by the results of double extraction in dichloromethane and
ethyl acetate. Such DCP/DCPD-PCL composite powders could become a useful
material for fabrication of bioresorbable implants. The dissolution rate of such
implants, however, could be too high for bone healing applications due to the rapid
dissolution of the DCP/DCPD component. Therefore, the synthesis route of CaP-
PCL composites by direct reaction between Ca acetate and phosphoric acid was
not further pursued.

4.2 Synthesis by Reaction Between Phosphoric Acid,
Sodium Methoxide and Ca Acetate

Once the difficulty of obtaining b-TCP by the direct reaction between Ca acetate
and phosphoric acid had been established, several process modifications were
attempted. The procedure that was finally decided upon involved the addition of an
organic sodium base, sodium methoxide, NaOCH3 as an intermediate step, the
planned reaction sequence being:

H3PO4 þ 3NaOCH3 $ Na3PO4 þ 3CH3COH ð5aÞ

2Na3PO4 þ 3Ca OOCCH3ð Þ2$ Ca3 PO4ð Þ2þ6NaCOOH ð5bÞ

Reaction (5a) was used to produce a homogeneous suspension of very fine
Na3PO4 salt particles to be further transformed into b-TCP by reaction with CaAc2

(5b) [57].
According to XRD analysis, the reaction between sodium methoxide, phos-

phoric acid and calcium acetate (Eqs. 5a, b) in THF, with or without dissolved
PCL, produced, after 1–24 h stirring, an increasing amount of sodium acetate
hydrate (NaAc*3H2O) and decreasing amounts of sodium phosphate and calcium
acetate hydrate (CaAc2*0.5H2O). No evidence of polymer phase separation was
observed during processing. After 2 days of stirring, calcium acetate reagent was
no longer detected in the XRD pattern, Fig. 16a. On the other hand, the peaks of
the sodium acetate product were so strong that they concealed almost completely
the shallow peaks of Ca phosphate. Removing the water-soluble components left
behind a very fine white powder being, according to XRD, a pure calcium phos-
phate (Fig. 16b). The peak positions in the XRD pattern in Fig. 16b, however, do
not correspond to the expected b-TCP but fit rather closely those of hydroxyapatite
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(HA), Ca10-x(HPO4)x(PO4)6-x(OH)2-x. The peaks are broad and shallow sug-
gesting a very fine nanocrystalline structure of the synthesized HA.

The stoichiometry of hydroxyapatite (the value of x) is important as it strongly
affects the material’s solubility. Stoichiometric HA, Ca10(PO4)6(OH)2 (x = 0) is
practically insoluble in the body fluids, whereas the solubility of Ca-deficient HA
(CDHA) increases with increasing x approaching that of b-TCP at x = 1 [6].
Although XRD patterns of HA and CDHA are very similar, the two compounds
can be easily distinguished if heated above 700�C: the stoichiometric HA will
remain unchanged whereas CDHA will transform into a mixture of HA and b-TCP
for (0 \ x \ 1) or pure b-TCP (for x = 1) [41]. Our synthesized powder, when
annealed at 700�C, 30 min, transformed almost completely in b-TCP, implying
that the materials is a Ca-deficient HA with x slightly less than unity. It is believed
that the formation of CDHA instead of the planned b-TCP occurs due to some
water absorption by the strongly hygroscopic sodium methoxide and can be
described by the following reaction:

H3PO4 þ NaOCH3 þ Ca OOCCH3ð Þ2þH2O
$ Ca10�x HPO4ð Þx PO4ð Þ6�x OHð Þ2�xþNaCOOHþ CH3COH ð6Þ

The yield of synthesized CDHA powder increased with stirring time leveling
off after approximately 2 days. Assuming x = 1, the amount of CDHA obtained in
pure THF (without dissolved PCL) corresponded to near 100% conversion of the
reagents according to Eq. 6.

The amount of PCL in the CHDA/PCL composite powders (extracted by double
extraction in dichloromethane and ethyl acetate) was found to be lower than the
amount initially dissolved in THF, see Table 3. It is assumed that the addition of a
strongly basic sodium methoxide to THF causes chain scission of dissolved PCL
and the resulting low molecular weight fragments are removed during subsequent
water rinsing.
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Fig. 16 XRD patterns of
as-synthesized (a) and water
rinsed (b) CaP-11PCL
powder obtained by reaction
between phosphoric acid,
sodium methoxide and Ca
acetate. Similar patterns were
obtained for CaP-24PCL and
pure CaP powders
synthesized in the same way
[57]. Reprinted from [57]
with kind permission from
SpringerScience+Business
Media
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In Fig. 17, high resolution SEM images of the synthesized CDHA-PCL powder
are presented. The powder has a very fine nanoscale needle-like morphology typical
of CDHA [53]. The polymer phase is difficult to detect suggesting its homogeneous
distribution. Occasionally, thin polymer fibers, Fig. 17b (arrows) or thin polymer
strips decorated with CaP nanocrystals, Fig. 17d (arrows) can be observed.

Room temperature consolidation of CDHA-11PCL and CDHA-24PCL powders
at 2.5 GPa yielded relatively dense composite materials with porosity not
exceeding 12%, Table 3. The surface of consolidated disks was smooth, with no
visible pores detected in HRSEM, Fig. 18, suggesting that either the pores are
extremely fine (nanometers) or that polymer flow during high-pressure consoli-
dation results in pore closure on the tablet surface. The compression strength, rc,

of the CDHA-11PCL and CDHA-24PCL specimens was about 130 and 145 MPa,
respectively, Table 3.

Table 3 Properties of one-pot synthesized CDHA-PCL nanocomposites [24]

Designation Nominal PCL
fraction (vol.%)

Measured PCL
fraction (vol.%)

Density
(% TD)

Compressive
strength (MPa)

CDHA-11PCL 11 5 88 ± 2 128 ± 4
CDHA-24PCL 24 14 91 ± 2 142 ± 5

Fig. 17 Representative HR-SEM micrographs of the synthesized CDHA-11PCL (a, b) and
CDHA-24PCL (c, d) composite powders [57]. Reprinted from [57] with kind permission from
SpringerScience+Business Media
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4.3 Effect of Polymer Content on Cell Interaction
with CDHA-PCL Nanocomposites

Cell studies were conducted in monocultures of primary osteoblasts (pOB) and
human umbilical vein endothelial cells (HUVEC), as well as in co-cultures of pOB
and human outgrowth endothelial cells (OEC) [24].

4.3.1 Biocompatibility of CDHA-PCL Disks to Endothelial Cells
and pOB

An essential feature of the biomaterials used in the construction of bio-engineered
tissues is the biocompatibility of such materials. In this study, we used HUVECs to
test the biocompatibility of CDHA-11PCL and CDHA-24PCL disks to endothelial
cells. HUVECs cultured on CDHA-PCL disks for 1 and 2 weeks were assessed by
confocal microscopy (Fig. 19a–d). Samples were stained for the endothelial
marker CD31 (green) and cell nuclei (blue) for CLSM. HUVECs were found to
form an interconnected endothelial monolayer with intercellular contacts. Com-
paring the HUVECs cultured on CDHA-PCL disks with different polymer content,
after both 1 week (Fig. 19a, b) and 2 weeks (Fig. 19c, d), the HUVECs on the
CDHA-24PCL disks (Fig. 19b, d) formed a more homogeneous endothelial
monolayer than those on the CDHA-11PCL disks (Fig. 19a, c). To assess the
influence of the two CDHA-PCL variants on endothelial cell growth we performed
quantitative realtime PCR for two endothelial markers, CD31 (PECAM) and vWF
(Fig. 19e), after 2 weeks of culture. Relative gene expression of CD31 did not
change, whereas VWF seems to be increased on the CDHA variant prepared with
24% PCL.

Primary osteoblasts grown in monoculture on CDHA-PCL disks for 1 and
2 weeks were stained with Calcein-AM and imaged by CLSM (Fig. 20a–d). In all

Fig. 18 Surface of high
pressure consolidated CDHA-
24PCL nanocomposite as
seen in HRSEM [24].
Reprinted from [24] with
kind permission from
Elsevier
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cases, viable cells were observed over the entire surface of the scaffolds, and these
cells formed a compact cell layer with no obvious differences in the general cell
growth influenced by the material composition (A, C: CDHA-11PCL; B, D:
CDHA-24PCL) or culture time (A, B: 1 week; C, D: 2 weeks). In real-time PCR
both material variants supported the increase in a series of osteogenic differenti-
ation markers with progressing culture time. These were ALP, osteocalcin (OC),
osteonectin (ON), osteopontin (OP) and runt-related transcription factor (Runx-2).
Differences were statistically significant in the case of the CDHA-11PCL for some
of the markers as indicated in Fig. 20e. The direct comparison of osteogenic
differentiation after 4 weeks on the material variants showed a slightly better trend
for the CDHA material variant containing 11% PCL, which was only found to be
significant in the case of OC.

4.3.2 Expression of Osteoblastic Markers and Endothelial Markers
in Cocultures

To gain insight into the expression of endothelial and osteogenic markers in the
co-cultures grown on CDHA with either 11 or 24% polycaprolactone, qRT-PCR
studies were performed. The total mRNAs were isolated from OEC-pOB
co-culture samples after 1 and 4 weeks, and the relative expression of osteoblastic
markers such as ALP, OC, OP and ON and the typical endothelial markers CD31
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Fig. 19 Cell growth of HUVECs on CDHA-PCL disks. HUVECs were cultured on CDHA-
11PCL (a, c) and CDHA-24PCL disks (b, d) for 1 week (a, b) and 2 weeks (c, d). Samples were
imaged by CLSM after staining for CD31 (green) and cell nuclei (blue) (a–d). qRT-PCR analysis
(e) suggested a similar relative expression level of CD31 (PECAM) and a higher expression level
of vWF on CDHA-24PCL disks (black bar) compared with CDHA-11PCL disks (gray bar)
investigated after 2 weeks. Bar = 150 lm [24]). Reprinted from [24] with kind permission from
Elsevier

Bio-inspired Resorbable Calcium Phosphate-Polymer Nanocomposites 245



(PECAM) and vWF were quantified by being normalized to the house-keeping
gene GAPDH. Samples were compared in four groups according either to culture
time or to the material substrate (Fig. 21). On the CDHA-11PCL disks (Fig. 21a),
ALP (significantly, p \ 0.05), vWF and CD31 were less expressed after 4 weeks
than after 1 week, whereas the relative expression of OC, OP and ON was similar
after both time points. On the CDHA-24PCL disks (Fig. 21b), OC, OP, CD31 and
vWF were up-regulated, whereas ALP and ON were down-regulated after 4 weeks
compared to 1 week of cultivation. Comparing the expression of markers on
CDHA with 11 and 24% PCL after 1 week (Fig. 21c), ON was expressed to a
greater extent on CDHA-24PCL disks than on the 11% variant, whereas the other
markers were expressed at similar levels. At the later stages of the culture after
4 weeks of cultivation (Fig. 21d), OC, ON and vWF (significantly, p \ 0.05) were
up-regulated. At the same time, ALP was significantly less expressed on the
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Fig. 20 Cell growth of pOB on CDHA-PCL disks. pOB were cultured on CDHA-11PCL
(a, c) and CDHA-24PCL disks (b, d) for 1 week (a, c), 2 weeks (c, d). Samples were stained with
Calcein-AM (green) and assessed by confocal microscopy. Relative expression of the osteogenic
markers OC, ALP, OP, ON and Runx-2 were investigated by qRTPCR (e). Bar = 200 lm,
*p \ 0.05 [24]. Reprinted from [24] with kind permission from Elsevier
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CDHA-24PCL disks compared to those with 11% PCL, whereas OP and CD31
were expressed similarly on both material variants.

4.3.3 ALP Activity in Co-Cultures

To further assess the osteogenic differentiation in the co-cultures depending on the
PCL content of CDHA-PCL, we determined the ALP activity after 4 weeks of
co-culturing. In total, three donors of OEC and pOB were co-cultured on CDHA-
PCL disks for the ALP activity test. As indicated in the diagram (Fig. 21e), the
ALP activity of co-cultures was similar on both material variants.
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Fig. 21 Real-time PCR analysis and ALP activity test of OECs and pOBs co-cultured on
CDHA-PCL disks. OECs and pOBs were co-cultured on CDHA-PCL disks for 1 and 4 weeks,
and the relative expression of the endothelial markers PECAM (CD31) and vWF and the
osteoblastic markers OC, ALP, OP, ON and Runx-2 was compared according to either polymer
content (a CDHA-11PCL; b CDHA-24PCL) or incubation time (c 1 week; d 4 weeks). The ALP
activity of the co-culture samples were assessed after 4 weeks of cultivation (e). n = 3,
*p \ 0.05 [24]. Reprinted from [24] with kind permission from Elsevier
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4.3.4 Microvessel Formation of OEC Co-Cultured with pOB on Different
CDHA-PCL Variants

In order to study the effect of polymer content in the CDHA-PCL disks on the
formation of pre-vascular structures, three donors of OEC and pOB were co-
cultured on CDHA-PCL disks for 1 and 4 weeks before being assessed by CLSM
(Fig. 22; donor 1: a–d; donor 2: e–h; donor 3: i–l). Samples were stained for CD31
(green), specifically detecting endothelial cells in the co-cultures. After 1 week of
co-culture on the CDHA-11PCL disks (Fig. 22a, e, i), mainly monolayers and
elongated OEC were detected, whereas microvessel-like structures dominated on
the 24% CDHA-PCL disks after 1 week (Fig. 22c, g, k). This effect was repro-
ducible for all tested donors, although the temporal dynamics in the formation of
vascular structures was slightly different due to inter-donor variation. After
4 weeks, endothelial cells reacted very similarly on both the CDHA-11PCL
(Fig. 22b, f, j) and CDHA-24PCL disks (Fig. 22d, h, l), and formed networks of
pre-vascular structures (Fig. 22b, d). In some areas endothelial cells also formed
larger aggregates of endothelial cell patches.

Fig. 22 Formation of microvessel-like structures in co-culture samples. Three donors of both
OEC and pOB (donor 1, a–d; donor 2, e–h; donor 3, i–l) were co-cultured on CDHA-11PCL
disks (a, b, e, f, i, j) and CDHA-24PCL disks (c, d, g, h, k, l) for 1 week (a, c, e, g, i, k) and
4 weeks (b, d, f, h, j, l). Samples were stained for CD31 (green) and imaged by CLSM.
Bar = 150 lm [24]. Reprinted from [24] with kind permission from Elsevier
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4.3.5 Quantitative Evaluation of Microvessel Formation on CDHA-PCL
Variants

In order to quantify the development of the pre-vascular network on CDHA with
11 or 24% PCL, morphometric analysis of the vascular structures for different
donors of OEC was performed after 1 and 4 weeks of culture (Fig. 23). Elongated
vascular structures or structures with so-called vascular sprouts were included in
the analysis, whereas continuous endothelial cell layers or single cells were not
considered as vascular structures. In accordance with the morphological obser-
vations in Fig. 22, the extent of vascular structures was significantly increased on
CDHA with 24% PCL after 1 week in comparison to CDHA with 11% PCL. This
was documented by using several parameters for vascular structures, such as tube
area and tube length, as well as number of nodes and meshes. After 4 weeks of
culture the vascular structures on CDHA-24PCL regressed significantly,

11%  PCL 24% PCL

ar
ea

 [
 µ

m
2  x

  1
03 

]

50

100

150

200

250 **
**

a

11%  PCL 24% PCL

sk
el

et
o

n
 le

n
g

th
 [

 µ
m

 x
 1

0
3  ]

5

10

15

20

25 **
**

b

11%  PCL 24% PCL

b
ra

n
ch

in
g

 p
o

in
ts

 [
 c

o
u

n
t 

]

0

50

100

150

200

250
**

c

11%  PCL 24% PCL

nu
m

be
r 

of
 m

es
he

s 
[c

o
u

n
t ]

0

10

20

30

40

50d

Fig. 23 Image quantification of vascular structures in co-cultures of OEC and pOB after 1 and
4 weeks of culture. The total area (a) and length (b) of vessel-like structures was quantified after
1 week (black bars) and 4 weeks (gray bars) of incubation on 11 and 24% PCL, respectively.
After 1 week, both parameters are significantly increased on 24% PCL (p \ 0.01). However,
prolonged incubation on 24% PCL results in reduced vessel formation, indicated by a significant
decrease in area (a), length (b), branching points (c) and number of meshes (d). This reduced
vessel formation with long-term incubation is not observed on 11% PCL (values are given as
means ± SD, n = 15; asterisks indicate significant difference (**p \ 0.01) between means
tagged by the horizontal bars) [24]. Reprinted from [24] with kind permission from Elsevier
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suggesting different dynamics in the formation of these structures on CDHA with
24 or 11% PCL.

4.3.6 Discussion

In this study we evaluated CDHA-PCL nanocomposite disks containing nominally
11 or 24% polymer as scaffolding materials for bone tissue engineering. We
investigated the general biocompatibility of the two material variants to EC and
pOB, as well as the influence of polymer content on the cell growth and func-
tionality of individual cell types. Furthermore, the effect of polymer content on the
formation of microvessel-like structures in a complex co-culture system consisting
of OEC and pOB was evaluated by confocal microscopy and image quantification.

In recent years, co-culture systems have become of scientific interest as
advanced in vitro models aiming to analyse mechanisms of vascularization in
close approximation to complex physiological processes, as reviewed in Grellier
et al. [26], Kirkpatrick et al. [49], Rivron et al. [74], and Santos and Reis [77].
Several studies applied co-cultures to analyse the cellular interaction of endothelial
cells with other cell types [19, 22, 27, 28], either to mimic the neovascularization
of tissue-engineered constructs [23, 76] or to assess the biocompatibility of bio-
materials [11, 78, 87]. In addition, such co-cultures seem to be of therapeutical
interest due to their positive effect on the vascularization of tissue constructs in
vivo [34, 47, 48, 92]. Nevertheless, due to the complexity of such systems and the
need to distinguish between the reactions of the individual cell types, it is nec-
essary to compare the reaction of co-cultures with the relevant monocultures. In
this study we compared the reaction of HUVECs as an endothelial cell reference
cell type towards CDHA-PCL containing nominally 11 or 24% PCL. Larger
interconnected patches of endothelial cells in confocal microscopy and a tenta-
tively higher expression of the endothelial marker vWF on CDHA with 24% PCL
suggest a beneficial influence of the polymer content on endothelial cell growth. In
the co-cultures consisting of OEC and pOB, the beneficial influence of the higher
PCL content seems to be reflected by a more extensive formation of angiogenic
structures on CDHA with 24% in comparison to 11% PCL. This was only
observed at the first time point of investigation, i.e. after 1 week of co-culture,
whereas at a later time point (4 weeks) the CDHA-PCL with 11% seems to be
superior for the formation of angiogenic structures. Angiogenesis is a highly
dynamic process showing an increase in vascular structures over a certain time
frame. The process is regulated by several factors, depending also on the inter-
action with other cell types that produce matrix components and angiogenic fac-
tors. This was also recently documented for the co-cultures of OEC and pOB,
revealing that pOB produce angiopoietin 1 and VEGF [13]. Furthermore, the
formation of angiogenic structures varies amongst the individual donors showing
differences in the extent or the velocity of the angiogenic process. Nevertheless,
the beneficial influence of the higher polymer content in the present study was
consistent in all tested donors. Although the reason for this observation remains to
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be further elucidated, the more equal distribution of endothelial cells on CDHA-
PCL with higher polymer content, as indicated by confocal microscopy, might
facilitate the arrangement of endothelial cells towards vascular structures. Inter-
cellular interaction and molecular signaling within endothelial layers play a sig-
nificant role in the assembly of vascular structures. Inter-endothelial contacts
harboring adherens junctions and the corresponding molecules, known as cad-
herins, mediate the intercellular signal exchange and control the formation of
angiogenic structures [8]. Promotion of the formation of larger inter-endothelial
cell patches on CDHA with 24% PCL and the more equal distribution of endo-
thelial cells on this CDHA-PCL variant might well favor inter-endothelial
communication.

In contrast to cells grown on CDHA-24PCL, the endothelial cells grown on the
CDHA-11PCL seem to be slower in forming such structures, resulting in the
improved formation of vascular structures on CDHA with 11% PCL at the later
time point (4 weeks). Thus, the polymer content seems to influence the temporal
dynamics of angiogenesis. According to the real-time PCR data, it seems that
CDHA with 24% PCL is beneficial for endothelial cell growth after longer periods
of cultivation (2 weeks). Takinginto account the need for a fast connection to the
vascular supply, including a high biocompatibility to endothelial cells, the current
data suggest that CDHA-PCL with the higher polymer content should be preferred
for vascularization strategies.

In terms of the general biocompatibility towards osteogenic cells grown on
CDHA-PCL, calcein-AM staining showed an equal distribution of human primary
osteoblasts on both variants of CDHA with PCL. In addition, we investigated the
influence of the PCL content on the differentiation of osteoblasts in monocultures
with time. On both variants of CDHA-PCL primary osteoblasts showed the up-
regulation of several osteogenic markers with culture time, although this finding
was only statistically significant in the case of CDHA with 11% PCL. Up-regu-
lation over a time frame of 4 weeks of cultivation was observed for several
osteogenic markers, such as ALP, OC, ON, OP and Runx-2. According to the
literature, the expression of ALP is associated with the state of differentiation in
osteoblasts and decreases during mineralization. Increased expression of OP [47,
61] and OC [69] correlates with the formation of mineralized bone tissue, while
ON is associated with collagen type I, hydroxyapatite and calcium, involved in the
bone mineralization process [66, 79]. In addition, up-regulation of the transcription
factor Runx-2, which plays a significant role in osteoblast differentiation [17, 50],
suggests an ongoing differentiation of primary osteoblasts on both CDHA-PCL
variants. In the co-cultures, no obvious influence of the PCL content on the marker
expression could be detected by real-time PCR or on the functional level by ALP
activity assessment. In the real-time PCR the expression of alkaline was tentatively
lower on the 24% variant of CDHA-PCL at the later time point, but was statis-
tically significant only in case of the co-cultures. On the functional level, no
influence of the PCL content on the ALP activity could be confirmed, thus there is
a lack a clear evidence for the influence of the PCL content on osteogenic dif-
ferentiation. Based on the current observations from mono- and co-culture
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experiments, we conclude that there is no significant influence of the PCL content
on osteogenic differentiation.

Several reports from the literature have reported good biocompatibility and
osteoconductivity of CDHA in combination with mesenchymal stem cells [30, 44,
45]. A series of studies used CaP based materials in combination with PCL as
potential materials in bone tissue engineering with a high biocompatibility and
functionality towards osteogenic cells [94] or endothelial cells [92, 93]. However, it
is important to evaluate how the material composition influences the individual cell
types, as well as the interaction of different cell types involved in tissue formation
and angiogenesis, such as endothelial cells and osteoblasts in the bone. This study
indicates that co-culture models can be used to analyze how such material varia-
tions affect cellular function, resulting in potential consequences for biomaterial
design. Further studies will have to reveal how such approaches can be adapted for
three-dimensional scaffolds with different PCL contents, which will have to be
evaluated in vitro and in vivo in terms of the properties needed to support both bone
formation and appropriate vascularization of such tissue constructs.

In conclusion, in this study we provide evidence that the PCL content in
CDHA-PCL nanocomposites influences more than just the material properties,
such as compression strength. We demonstrate that the PCL also influences the
formation of pre-vascular structures by OEC, a process which seems to be con-
trolled by inter-endothelial communication as well as by the close interaction of
endothelial cells with osteogenic cells, as presented in this and many other studies.
In addition, this study further highlights the potential of co-culture models as in
vitro models to study cell–material interaction especially with regard to complex
processes such as angiogenesis.

5 Summary

The results reported herein demonstrate that the fabrication of calcium phosphate-
polymer nanocomposites with high ceramic content and high mechanical prop-
erties is possible. Such nanocomposites are reminiscent of materials found in
nature (e.g., nacre) and have a potential for both high strength and toughness due
to the large interface area between the soft and hard nano-constituents. So far, b-
TCP and Ca deficient HA-based nanocomposites toughened with no more than
40 vol.% (\20 wt%) biodegradable (PLA or PCL) polymer were produced. The
materials exhibited compressive strengths up to 300 MPa and sustained a few
percent plastic strain which compares favorably with results reported for more
conventional biodegradable polymer-based composites reinforced with small
volume fractions of CaP particles. These attractive properties were achieved
through a combination of several original processing approaches including in situ
synthesis of calcium phosphate to ensure uniform dispersion of large volume
fractions of nanoparticles, manipulating the adhesion at the interfaces to realize an
effective load transfer between the ceramic and polymeric nanoscale components,
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and near-full density consolidation of the nanocomposite powders via application
of high pressure. Furthermore, high pressure consolidation at room temperature
has been shown useful for incorporating biomolecules (drugs, growth factors) that
can then be slowly released from the implanted nanocomposite device. Sustained
vancomycin release measured in test b-TCP-polymer specimens over the period of
2 weeks implies that even longer release time spans may be expected for larger
real-world implantable devices. It has also been demonstrated, for one type of bio-
inspired CaP-degradable polymer nanocomposites, that they support the attach-
ment and proliferation of endothelial and osteoblastic cell lines, and that even the
small content of polymer influences the formation of pre-vascular structures.

The results are encouraging however much progress has yet to be made in order
to develop bioresorbable calcium phosphate-polymer nanocomposites with con-
trolled nanostructure that could be used for bone healing devices in load-bearing
body locations.
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Polymer Scaffolds for Bone Tissue
Regeneration

Rossella Dorati, Claudia Colonna, Ida Genta and Bice Conti

Abstract The term ‘‘tissue engineering’’ refers to methods and techniques used to
improve the regeneration of human cells and tissues, including the manipulation of
natural and synthetic materials which provide both the structural integrity and the
biochemical information to young cells when they are growing into a specific kind
of tissue. This chapter deals with the application of tissue engineering to bone tissue
regeneration and is focused to the polymer structures studied and used as temporary
templates to promote bone reconstruction. After a brief introduction about the
general principle of regenerative medicine, the scaffold design criteria and their
applications, attention will be focused to scaffold for bones. A scaffold classifica-
tion is reported based on the type of constituent polymers and a detailed discussion
is provided about these materials highlighting advantages and drawbacks for each
of them. Moreover, polymer scaffold preparation and characterization techniques
are described and discussed with some examples. Finally clinical aspects and
criticisms are also presented to show the state of art of the topic.

1 Introduction

The regenerative medicine is a new way of treating injuries and diseases and it
uses three different approaches: (i) cells, (ii) bioartificial tissues and (iii) specifi-
cally growth tissues. Independently from the approach used, the main goal of the
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regenerative medicine is to replace or to regenerate human cells, tissues and organs
and to restore or establish the normal and original function of the damaged or
compromised tissue [53]. In this context, the term ‘‘tissue engineering’’ refers to
methods and techniques used to improve the regeneration of human cells and
tissues, including the manipulation of natural and synthetic materials which pro-
vide both the structural integrity and the biochemical information to young cells
when they are growing into a specific kind of tissue. Tissue engineering typically
involves three main elements which provide the essential factors for the physio-
logical regeneration process. The first component is a substrate (membranes,
foams, meshes, gels and 3D-scaffolds) for the osteoconduction properties. These
properties are defined as the ability to support the cell migration into the defect site
from the host tissue and to promote the cell proliferation and growth. The second
element is represented by signals, as growth factors (BMPs, TGF-bs and IGFs),
that provide the osteoinductive properties, the ability to induce the proliferation of
a specific kind of cells and to drive them to produce the new tissue. The last
component are stem cells (somatic, adult and embryonic stem cells) for the
osteogenic properties. These properties are defined as the capability to induce local
mesenchymal cells to proliferate and differentiate into specific cells [35, 63]. In the
regeneration process, the substrate plays a few roles as framework supporting the
migration of cells from the surrounding tissue into the damaged tissue and as
delivery system for the controlled or prolonged release of cells, genes, and growth
factors. The substrate can work as matrix for the cell adhesion and controlling and
regulating the in vivo or in vitro cell processes, mytosis, synthesis and migration.
The scaffold can act as a matrix using biomaterials with ligands for cell receptor
(integrines) or biomaterials that may selectively adsorb adhesion proteins which
cells can bind. Moreover, the scaffold can be a reinforced structure which main-
tains the shape of the defect site preventing any distortion of host tissues and also it
can be a barrier to prevent the infiltration of the tissues that are not involved in the
reconstruction process and that may limit the regeneration process [7, 63].

1.1 Scaffold Design Criteria

To achieve and complete all the roles reported in the previous Sect. 1, the scaffold
has to be consistent with several requirements.

Table 1 summarizes scaffold design criteria and the related resulting functions
in the engineered tissues.

The scaffold and raw materials used for the preparation of the substrate must be
biocompatible and not inducing inflammatory and immunogenic reactions. The
scaffold has to present a tridimensional matrix architecture with highly porous
structure, to allow the infiltration of cells, the diffusion of nutrients into the matrix
and the exchanges of the waste products. The surface of the scaffold has to be
bioactive to improve the cell attachment and the interactions between the sur-
rounding tissue and the synthetic matrix. Depending to the intended application,
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the scaffold has to show appropriate mechanical properties and singular degra-
dation rate to lead to the formation of a functionalized matrix. The last design
criterium is defined as the structural anisotropy which can affect, as function of the
direction, the mechanical behaviour, the orientation of cells into the support and
potentially the deposition of extra cellular matrix (ECM) [35, 71].

1.2 Engineered Scaffold Type

The scaffold are divided into two main groups: three-dimensional scaffolds or
preformed matrix, and injectable matrix. The preformed matrix could be further
splitted into non-fibrous and fibrous synthetic scaffolds which can be developed by
several different techniques. Figure 1 reports the scanning electron micrographs of
non-fibrous (Fig. 1a) and fibrous matrix (Fig. 1b) prepared by thermal induced
phase separation gas foaming and electron spinning.

The second type of scaffold is defined injectable matrix. The candidates used
for the production of injectable matrix include those materials that are liquid at
room temperature and become gelly under different stimula. The solidification
processes may be: (i) thermal gelation, (ii) photocrosslinking, (iii) ionic gelation,
(iv) radical polymerization and (v) self-assembly. Table 2 reports some of the
materials and the solidification mechanisms used for the preparation of injectable
scaffold intended for tissue regeneration.

Recently a new type of scaffold has been developed whose characteristics are
both of the preformed and the injectable. It can be defined an injectable 3D
composite matrix [54]. The system contains b-TCP beads and alginate polymer
solution. The beads are treated with calcium chloride solution, when the alginate
solution is pushed out by a syringe into the treated b-TCP the presence of CaCl2
on the bead surface induces instantaneously crosslinking of the alginate chains
forming the 3D composite matrix. Figure 2 shows the scanning electron

Table 1 Scaffold design criteria

Scaffold design criteria Resulting function in engineered tissue

Biologic compatibility Non-toxic/minimal inflammatory response
3D matrix architecture Physiologically relevant environment for cell function
Void space Highly porous and interconnected pores to allow cell infiltration,

transport of nutrients, humoral factors and waste products
Surface chemistry and

topography
Cell attachment and cell-matrix interactions

Appropriate mechanical
behavior

Seamless integration with surrounding tissue(s) able to withstand
in vivo forces and avoid stress shielding

Degradation rate Scaffold lead to the formation of a functionalized matrix
Structural anisotropy Anisotropic mechanical behaviour

Influence orientation of cells and ECM deposition
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Fig. 1 Cross-sectional SEM micrographs of: a non-fibrous methods to manipulate micro-
morphology, b methods commonly employed to create 3D scaffolds exhibiting fibrous structures
with diameters on the order of native ECM (From [71])

Table 2 Injectable scaffolds reported for tissue regeneration

Injectable scaffold Solidification mechanism

Inorganic materials Calcium phosphate Ceramics setting
Natural polymers Chitosan Thermal gelation

Methylcellulose Thermal gelation
Alginate Photo cross-linking or Ionic gelation

Synthetic polymers PEO–PPO–PEO Thermal gelation
PEO–PLLA Thermal gelation
PEO–PLLA–PEO Photo cross-linking
PLLA–PEG Photo cross-linking
PPF Photo cross-linking or radical polymerization
Polyanhydrides Photo cross-linking
P(CL/TMC) Photo cross-linking
PNIPAAm–PEG Thermal gelation
PLA–PEG-biotin Self-assembly
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microscope (Fig. 2a) and light microscope photographs (Fig. 2b) of the hybrid
system.

1.3 The Tissue Engineered Scaffold Applications

The polymer scaffolds combined with growth factors or cells can be used for
different final applications as the regeneration of coronary artheries, bone, articular
cartilage, for the reconstruction of human mandible, ear and blood vessels.
Moreover the tissue engineered scaffolds have been used in the clinical tissue
regeneration for the therapeutic treatment of diabetic foot ulcers or intractable
diseases (Fig. 3).

Fig. 2 Injectable 3D-formed composite of b-TCP beads and alginate: a light microscope
photograph of the composite, b SEM photograph of the composite, c SEM photograph of the
composite surface. Bar is 1,000 lm in (b) and 100 lm in (c). (From [54])

Fig. 3 Few examples of tissue engineered scaffolds used in the clinical tissue regeneration for:
a diabetic foot ulcer, b ear reconstruction, c human mandibular reconstruction, d articular
cartilage regeneration; e coronary artery regeneration. (From [50, 73])
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2 Scaffolds for Bone Regeneration

Bone tissue has high regenerative capacities and the majority of fractures heal
without the need of major intervention. Nevertheless in presence of severe non-
union fractures or after bone tumor resection, a template for the natural self-
organizing regeneration is lacking, and surgical intervention is needed.

In these cases it is possible to proceed with: transplanting of autologous bone
(autografting bone of the same patient), transplanting of allogenic bone (bone from
a human cadaver) or of xenogenic bone (bone from animal source). Among these,
bone autograft is the preferred procedure because of the good compatibility of the
transplanted bone with the patient. Nevertheless, this is a painful treatment
involving bone withdrawn from a site of the patient and its transplant in the
lacking site with the risk of possible complications such as morbility at the site of
action, pain, infections, inflammation and slow rehabilitation. Allograft implan-
tation is an FDA approved technique; it is used since long time, with the advan-
tages due to the similarity of the allogenic bone tissue to the bone tissue to be
repaired. The main drawback of this technique is the potential transmission of
pathologies expressed by the donor to the host. The same drawback is evident in
the xenograft transplantation that has been almost abandoned.

The design and development of polymeric scaffold is addressed to eliminate the
problems described and derived from xenograft, allograft and autograft trans-
plantations. This chapter treats of polymeric scaffolds for bone regeneration, their
morphological and functional characteristics, the advantages, disadvantages, and
the preparation techniques. Attention is focused to the biomaterials in use and in
study and the recent trends in this field.

2.1 Bone Structure

The knowledge of the bone cellular and molecular organization, biomechanics,
remodeling, and biomimetics is a fundamental background for an intelligent
design of bone polymeric scaffolds.

Bone is a complex, highly organized and specialized connective tissue. It plays
several key-functions in the human physiology, such as movement and support of
other critical organs, blood production, mineral storage and homeostasis, blood pH
regulation, multiple progenitor cell (mesenchymal and hemopoietic) housing, etc.
Moreover, the bone tissue has unique remodeling properties in response to external
mechanical loads. Bones are composed of mineralized osseous tissue, marrow,
endosteum and periosteum, nerves, blood vessels, and cartilage. Bones macro-
scopic structure is characterized of being a rigid and strong physical structure,
while the tissue presents microscopically relatively few cells (bone cellular
components) and abundant intercellular substance formed of collagen fibers and
stiffening substances (bone a-cellular components).
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Macroscopically there are two types of bone structures: (i) cortical or compact
bone with a dense outer layer, the cortex, this structure is bending resistant; (ii)
Cancellous (spongy or trabecular) bone, this structure is more porous than the
compact one and it is compression resistant in such a way that bone elements place
or displace themselves in the direction of functional pression.

From the histological standpoint two main types of bones are recognized: (i)
primary bone tissue (non-lamellar bone), and (ii) secondary bone tissue (lamellar
bone). Primary bone tissue is present in bones of faetuses and young children and is
the first tissue to appear in the bone repair process. It is characterized by the presence
of randomly oriented coarse collagen fibers. Secondary bone tissue is the mature
bone characterized by the presence of collagen fibers arranged in parallel layers or
sheet (lamellae). Lamellar bone is present both in cortical and cancellous adult bones.

2.1.1 A-cellular Components of Bones

The inorganic components of bones are primarily hydroxyapatite (HAP), that is a
specific type of calcium–phosphate mineral (Ca10(PO4)6(OH)2). The organic
component of bones is mostly type I collagen, but also an abundance of other
proteins such as osteonectin, osteocalcin, osteopontin, proteoglycans (decorin and
biglycan), and glycoproteins. The complex hierarchical physical structure, the
constituent material properties of the constituents, the cellular organization and
molecular cues work in concert to perform the function of bone.

2.1.2 Cellular Component of Bones

Cellular component of bone include three different cells types: osteoblasts,
osteocytes and osteoclasts.

Osteoblasts differentiate from mesenchimal stem cells (MSCs) and they are not
terminally differentiated cells. This type of cells are defined as bone forming cells
located on the surfaces in a structure resembling a cuboid epithelium. The primary
function of osteoblasts is to produce and secrete organic and inorganic bone ECM.
Their activity is highlighted by alkaline phosphatase activity. They are responsible
for skeletal architecture either through deposition of bone matrix and regulation of
osteoclast activity [51, 64]. Osteoblasts can have two fates: after being embedded
in their own bone matrix they become osteocytes, or they undergo programmed
cell death, namely apoptosis.

Osteocytes occupy the lacunae in the bone and eventually stop generating
osteoid, they have a key role in mechanical transduction.

Osteoclasts are large, multinucleated cell formed by the fusion of mononuclear
hemopoietic precursors. They are located in shallow depressions on the bone
surface, the Howship’s lacunae. The primary function of osteoclasts is to secrete
acids and proteolytic enzymes, which erode bone ECM under the influence of
chemical cues.
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Bone remodeling is the physiologic key process involved in the production and
resorption of bone ECM by osteoblasts and osteoclasts [24, 51, 64].

2.1.3 Bone Remodeling

Bone remodeling is a complex and critical process by which the old bone is
continuously replaced by the new one. This process is responsible for adjusting the
architecture and hence the mechanical properties of bone and controlling the
mechanical and chemical signaling function, keeping skeletal integrity, healing
and blood calcium regulation. The bone remodeling process is regulated by a
complicated biochemical cascade driven by several hormones such as parathyroid
hormone, calcitrol, glucocorticoids, sex hormones, and growth factors such as
insulin growth factor (IGF), prostaglandins, transforming growth factors (TGF-bs),
bone morphogenetic proteins (BMPs). The process is still not completely under-
stood, anyway good descriptions and hypothesis can be found in the literature
[24, 32, 51].

2.1.4 Bone Classification

Bones are generally classified by their shape as: long, short, flat, and irregular. The
bone shape affects the structural organization of bone: long or tubular bones have
three primary regions: the diaphysis, epiphysis and epiphyseal plates. The diaphysis
is the long portion of the bone made of compact, or cortical, bone surrounding a
central cavity containing cancellous bone together with marrow and fat. The cor-
tical bone is thickest in the mid-portion of the shaft, while the cancellous bone is
more dense towards the end of the bones where cortical bone is less thick (Fig. 4).
Short bones are spongy bones covered with a thin layer of compact tissue; these
bones are less resistant than the long ones. Irregular bones, such as vertebrae,
consist of a vertebral body anteriorly resembling a tubular bone with a superior and
inferior central portion surrounded by a thin cortical shell with cartilaginous end
plates in continuity with the intervertebral discs. The posterior vertebral arch
consists of the pedicles with dense cortices and relatively little intervening spongy
bone and laminae which are typically flat bones with relatively dense cortex and
less, dense cancellous bone.

2.1.5 Mechanical Properties of Bones

Bone tissue undergoes mechanical stimuli of compression, elongation, torsion,
depending on bone position in the organism, and on individual movements. Even if
bone cells answer to mechanical stimuli is not completely known, there are two
possible recognized mechanisms: (i) Cellular answer induced by direct mechanical
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stimulation; (ii) tissue answer induced by biochemical signalling on bone sensorial
cells.

The knowledge of bone mechanical properties is important in designing scaf-
fold for bone tissue engineering in such a way that scaffold mechanical properties
should resemble the corresponding properties of bone. These properties are usually
sized as compression and tensile resistance (flexural strength): different values can
be found depending on the type of bone. For example, Young’s modulus value for
long bones is between 17 and 30 GPa on the longitudinal axis and between 7 and
13 GPa on the transversal axis, whereas for spongious bone the same parameter
has values between 50–100 MPa [60]. The bone tissue is a two phase composite in
which the mineral and organic components are bound in a complex manner. For
this reason a broad range of values are obtained in testing the mechanical prop-
erties. Recent studies on the nanoscale structure analysis using atomic force
microscopy (AFM), have highlighted that also the organic matrix plays an
important role in bone mechanics [25].

2.2 Scaffold Classification

Depending on the constituent material, scaffolds can be classified as natural
scaffolds, hydrogels, synthetic scaffolds, ceramic scaffolds and composite scaffold.
The polymer choice selection is determinant for scaffold structural and functional
properties. Upon accurate consideration of the intended application and final
purpose, as structural support or barrier for delivery system, different candidates
can be selected, combined and matched to the final structure.

The raw materials used for the preparation of scaffolds for regenerative med-
icine are essentially polymers and ceramics. The desired longevity of the

Fig. 4 General scheme of long bone illustrating the basic anatomy: cortical bone, cancellous
bone and micro-structural features in bone (from [60])
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polymeric scaffold dictates the use of biostable or biodegradable polymers,
whereas the desired cellular interactions guide the choice of naturally derived or
synthetic polymers. Materials to be used in tissue engineering should present some
fundamental properties, namely they should be biocompatible, non-toxic and non-
inflammatory. The following definition of biocompatibility has been recently
proposed [81]: ‘‘The biocompatibility of a scaffold or a matrix for a tissue engi-
neering product refers to the ability to perform as a substrate that will support the
appropriate cellular activity including the facilitation of molecular and mechan-
ical signalling systems, in order to optimize tissue regeneration, without eliciting
any undesirable local or systemic responses in the eventual host’’. This definition
includes some of the characteristics that are specific of those materials defined
either biomimetics or biomaterials. These are materials that mimic one or multiple
characteristics of the natural ECM, promoting cell adhesion and regeneration.
Moreover, biomaterials can act as drug delivery systems (DDS) for biosignalling
molecules stabilizing them and enhancing their biological activity.

Biodegradability and/or bioresorption are essential properties to get scaffolds
that can act as temporary extracellular matrix. Biodegradability should happen in
such a way the biodegradation rate matches the neo-tissue formation rate. When
talking about biodegradable polymers, it is fundamental also that their degradation
products meet biodegradability and bioresorption criteria. The last but not the
least, for effective tissue integration, it is important that the polymer and its
degradation products show only minimal inflammatory response. Inflammatory
response is influenced by the polymer composition and its degradation rate, which
depends also on scaffold structure: faster degradation rates can promote higher
local concentration of potentially inflammatory degradation products.

Table 3 lists few natural and synthetic polymers used for the preparation of
functional substrates for the regeneration of bone tissue [35].

Each biomaterial shows peculiar physico-chemical properties and therefore
singular degradation time, specific mechanical properties and different mecha-
nisms of degradation. The selection of the most suitable polymer has to be per-
formed considering the final application and also the type of scaffold. For instance,
matrix intended as structural support should be prepared with polymers that are in
the solid state and not in the rubbery phase when they are at 37�C and in contact
with biological fluids.

In the following subchapters a selection of the natural and synthetic polymers
most used to make polymeric scaffolds is presented.

2.2.1 Natural Polymers and Hydrogels

Natural polymers are usually biocompatible, easy to be modified and to be pro-
cessed into various structures. Some of them, as hyaluronic acid or collagen,
possess a peculiar composition that is able to stimulate cell response.

Nevertheless there are concerns over the use of natural polymers in tissue
engineering, because of the risks of pathogen transmission and immune-rejection
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associated with natural materials that arise from animal and cadaver sources. One
more drawback for the use of natural polymers in bone tissue engineering is their
weak mechanical strength to give the sufficient structural support and the appro-
priate protection for the seeded osteoblasts.

The most studied naturally derived degradable polymers for tissue engineering
applications are collagen, chitosan and hyaluronic acid.

Collagen is a fibrous protein and the main component of ECM of mammalian
tissue such as bone, cartilage, tendon, ligament and skin [4]. About 25 types of
collagen differing in their chemical composition and molecular structure have been
identified. Type I collagen is the most abundant in nature: it is naturally cell-
adhesive and provides conductive environment for cell viability. The polymer is

Table 3 Some natural, synthetic polymers and ceramic materials used for the preparation of
functional substrates for bone tissue regeneration

Material Mechanical properties Degradation time Degradation

Natural polymers
Type-I collagen High mechanical

properties, tunable
through varied cross-
linking

Dependent to crosslinking
degree

Enzymatic

Chitosan Below trabecular bone
as a hydrogel

Dependent to cross-linking
degree and environmental
pH

Hydrolysis,
enzymatic

Hyaluronic acid Viscoelastic in nature,
lower than trabecular
bone

Related to molecular weight Enzymatic

Synthetic polymers
Poly-alpha-

hydroxyacids
Similar to trabecular bone,

depending on 3D
structure

6 weeks–1 year, depending on
polymer composition and
molecular weight

Hydrolysis

Polycaprolactones Slightly higher than
trabecular bone

6 months–2 years, depending
on molecular weight

Hydrolysis

Polypropylene
fumarate

Similar to trabecular bone Related to molecular weight
and cross-linking density

Hydrolysis

Polyanhydrides Lower range of
trabecular bone

Related to degree of
polimerization, molecular
weight

Hydrolysis

Polyphosphazenes From far below to far
above trabecular bone

[1 year Hydrolysis

Ceramics
Calcium

phosphate
Variable based on 3D

structure, generally
above trabecular bone

6 months–1 year Dissolution,
osteoclastic
resorption

Calcium sulphate Similar to trabecular bone 4–12 weeks Dissolution
Bioactive glass Similar to trabecular bone,

but dependent on 3D
structure

[1 year Dissolution,
osteoclastic
resorption
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already commercialized as injectable product, thus it has been recognized as safe
material by the regulatory agencies [40, 59]. Two mainly collagen-based products
containing BMP-2 or BMP-7 have been approved by Food and Drug Adminis-
tration (FDA) in recent years for human clinical use: Infuse Bone Graft (Med-
tronik, US; Wyeth, UK), containing rhBMP-2, and Osigraft (Stryker Biotech),
containing rhBMP-7. The last one has been approved for long bone fractures and
as an alternative to autografts in patients requiring posterolateral lumbar spinal
fusion.

Crosslinked porous scaffold with the appropriate properties for cell penetration
have been designed [68]. Due to the above mentioned poor mechanical properties,
collagen alone is more used for cartilage regeneration than for bone tissue engi-
neering. Indeed, when combined with other polymers, collagen mechanical fea-
tures can be better exploited for bone regeneration (see Sect. 2.2.4).

Chitosan is a biodegradable polycationic polymer made of D-glucosamine and
N-acetyl-D-glucosamine linked by b(1,4) glycosidic bonds. Due to its positive
charge, it can ionically interact with negatively charged polymers and/or mole-
cules. Chitosan is an abundant polymer in nature: it derives from the deacetylation
of chitin that forms the crustaceous exoskeleton. Its properties such as degree of
water solubility, degradation rate and cytotoxicity vary depending on its molecular
weight and deacetylation degree [29, 47, 61]. Generally, the polymer is soluble in
water at acidic pH, but it can be chemically modified and/or salified to make it
soluble at physiologic pH. It undergoes enzymatic degradation promoted by
chitosanases, lysozyme and some non-specific neutral proteases [47]. Chitosan
finds several applications as food integrator and it has been widely investigated as
polymer for drug delivery [1, 13, 42, 66]. It seems to be promising also for tissue
engineering applications [38]. For example chitosan glycerophosphate has been
investigated as injectable in situ forming gel for cartilage repair [28], or it has been
processed to form coil-reinforced hydrogel tubes to be used as nerve guidance
channels [34]. Moreover, to obtain more resistant structures chitosan can be
crosslinked with chemical reagent such as genepin [84].

Hyaluronic acid (HAP, hyaluronan), [a-1,4-D-glucuronic acid-b-1,3-N-acetyl-D-
glucosamine]n, is a natural, hydrophilic, non-immunogenic and biodegradable
glycosaminoglycan. It accumulates during morphogenesis and may contribute to
fetal scarless healing and wound healing. HAP has been found in high concen-
trations in the early bone fracture callus, in lacunae surrounding hypertrophic
chondrocytes in the growth plate and in the cytoplasm of osteoprogenitor cells. In
the human body, HAP biodegradation occurs through enzymatic pathway per-
formed by hyaluronidase. HAP supports bone growth in combination with other
osteoconductive molecules, such as collagen, and is able to increase some markers
of differentiation in cultured osteoblasts, with dose and size dependent effects.
Moreover, it has been shown that HAP modulates the inflammatory response [22, 33]
and prevents tissue adhesion [17, 29]. Due to the above cited advantages HAP is
usefully used in commercial products, such as Viscoseal�, Hyalart�, Synvisc�,
Hyalubrix�, Durolane�, to be injected to knee for cartilage regeneration purposes.
For bone repairing applications HAP can be copolymerized with other polymers
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(see Sect. 2.2.4), or it can be derivatized through esterification, to improve its
mechanical properties.

Hyaff� is a well stated semisynthetic derivative of HAP that has been exploited
for skin repair, wound dressings for burns and ulcers, and for nerve-regeneration
applications, for bone repair and as carrier for BMPs [36]. It is a benzyl ester
derivative (100% esterified) of HAP, and is commercially available from Fidia
Biopolymer in different esterification degrees and molecular weights. The benzyl
esterification of the guluronic acid residues of hyaluronic acid makes the polymer
water insoluble and significantly decreases the in vivo degradation rate by
hydrolysis and hyaluronidases. Its biocompatibility has been well established [6, 8]
and Hyaff� degradation can be controlled by the esterification degree.

Glycidyl methacrylate modified HAP (HAP-GMA) has been prepared through
reaction of HAP with glycidyl methacrylate (GMA) in mild conditions. The
derivative can be prepared with different methods and different degree of substi-
tution; polymer degradation rate can be controlled through this parameters. This
HAP derivative seems to have suitable mechanical properties to be used in bone
regeneration. [57].

2.2.2 Synthetic Polymers

The synthetic polymers are particularly advantageous in tissue engineering
applications because they are very versatile and their properties, such as the
mechanical strength or biodegradation rate, can be modified and tailored by
chemical reaction. They can be easily functionalized to enhance the biological
response. Obviously, they should be atoxic and approved for human use. The last
requirement represents the main block found by researchers trying to place a new
synthetic biomaterial on the market. Biodegradable synthetic polymers have been
extensively studied in DDS technology and from this area applied to tissue
engineering, several reviews regarding the topic are available in the literature
[43, 73].

A disadvantage that can be found in some synthetic polymers, with respect to
natural polymers, is the lack of the biological cues typical of many natural
polymers and of promoting cell responses.

Table 3 reports some of the more used synthetic polymers.
Poly-alpha-hydroxyacids and their related copolymers are certainly the syn-

thetic polymers most widely studied to make scaffolds, even for bone regeneration,
because of their favourable properties such as: (i) no potential risks of disease
transmission and immunologic reactions, (ii) approved by FDA and (iii) high
biocompatibility [15, 50]. The poor mechanical properties are a limit for the use of
these polymers in high loading bearing bones. These polymers biodegrade by
hydrolysis through random chain scission generating monomers as lactic and
glycolic acid which are eliminated through the metabolic pathways. The degra-
dation rate of poly-alpha-hydroxyacids depends on their molecular weight and
their composition. Poly-D,L-lactic acid and poly-L,L-lactic acid (PLA) are highly
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hydrophobic linear polymers. The copolymers poly-lactide-co-glycolides (PLGA)
are more hydrophilic than the corresponding omopolymers, because of the pres-
ence of glycolic acid. So biodegradation rate can be tailored depending on the
amount of glycolic acid in the copolymer, and on its molecular weight. The
polymer composition results to be an important parameter affecting the interaction
of cell with the scaffold. It has been proven that scaffolds made of PLGA 75/25
promote cell induction and conduction better than PLGA 50/50 or PLGA 85/15.
3D scaffolds have been prepared with these polymers using different preparation
methods (see Sect. 2.4) in order to achieve suitable porosity and mechanical
resistance. Cells are seeded on the 3D solid scaffold, they migrate throughout the
porous scaffold network and grow. Due to the biodegradable nature of the poly-
mer, these are temporary scaffolds: the polymer biodegradation rate should be in
sink with tissue growing rate. Examples of scaffold based on PLLA and PLGA can
be found in the literature [15, 16, 37, 48, 65, 69, ]. Maenpaa et al. proposed bilayer
biodegradable polylactide (PLA) discs comprising a non-woven mat of poly(L/
D)lactide (P(L/D)LA) 96/4 and a P(L/DL)LA 70/30 membrane plate to be applied for
tissue engineering of the fibrocartilaginous temporomandibular joint disc. The
PLA discs resulted to be suitable platforms for chondrogenic differentiation of
adipose stem cells (ASCs) in vitro [52]. Moreover PLA is suitable as coating of
bone implants, improving cell proliferation [2].

Polycaprolactone (PCL) is a bioresorbable, biocompatible polymer that has
been well studied in these years for bone and cartilage repair. With respect to
polylactic acid, this polymer is more stable at room conditions, less expensive
and readily available in large amounts [62, 82]. It has been frequently studied in
combination with other polymers or materials (see Sect. 2.2.4). The polymer is
approved by the FDA for implantation in human body as drug delivery device,
suture material (e.g. commercial Monocryl�), it is used in dentistry as
root canal filling (e.g. ResilonTM) and it has been approved recently as dermal
filler product to be used in cosmetic treatments (Ellansé, AQTIS Medical,
Netherlands).

Poly(propylene fumarate) (PPF) is an attractive biocompatible, biodegradable,
osteoconductive biomaterial recently proposed for bone regeneration. It is an
unsaturated linear polyester whose properties, such as glass transition temperature
(Tg), can be varied depending on the polymer molecular weight. PPF can be
crosslinked, through its fumarate double bonds, via radical polymerization by itself
or with crosslinkers such as methylmethacrylate, N-vinyl pyrrolidinone (N-VP).
The polymer can be used in preformed and injectable applications. It degrades to
fumaric acid by hydrolysis of the ester bonds; the degradation time depends on
polymer characteristics such as its molecular weight and, in case of crosslinked
PPF, the type of crosslinker, and crosslinking degree [79].

Polyanhydrides and polyphosphazens are surface eroding polymers, unlike
polyesters that are bulk eroding polymers. This means that their degradation is
spatially controlled through their surface, with controlled release of degradation
byproducts. Surface eroding polymers do not facilitate cell adhesion, but keep their
structure and strength for longer periods than bulk eroding polymers.
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Polyanhydrides are a hydrolytically unstable class of polymers that display poor
mechanical properties (Young’s modulus close to 1.3 MPa). They can be either
aromatic, aliphatic, or a mixture of the two components and are synthesized by
dehydration of the diacid or mixture of diacids by melt polycondensation. Since
polyanhydrides demonstrated to be biodegradable and biocompatible polymers,
they have been investigated as DDS.

Synthetic polyanhydrides derivatives, such as poly-[trimellitylimidoglycinr-co-
bis(carboxyphenoxy)hexane] and polypyromellitylimidoalanine-co-1,6-bis(carb-
oph-enoxy)hexane] resulted in considerable improved mechanical properties, with
compressive strength up to 50–60 MPa; the osteocompatibility of these materials
have been demonstrated [19]. Photocrosslinkable polyanhydrides have been also
developed for orthopaedic applications, as injectable material to be in situ cross-
linked [31]. Polyanhydrides degradation happen through hydrolysis, of firstly
anhydride bonds, and subsequently of imides copolymer bonds, leading to non-
toxic byproducts. Even if these polymers have several advantages in orthopaedic
applications, such as good biocompatibility and atoxicity, their use is limited by
their hydrolytical unstability.

Polyphosphazenes are polymers with high molecular weight, they present a
phosphorous nitrogen backbone, the addition of imidazoyl or aminoacid alkyl ester
side chains make them hydrolytically degradable. Degradation rate and cell
attachment can be easily controlled by the nature of side chain and the percent of
substitution. Polyphosphazene exhibits high blood compatibility and it is studied
as a material for blood connecting devices. Also the degradation byproducts of the
polymer are non-toxic. Derivatives of polyphosphazene that seems interesting for
tissue engineering applications are: poly (ethyl glycinate)(p-methyl phenoxy)
phosphazene, polyphosphazenes with amino acid pendat groups [10, 44, 45]

2.2.3 Ceramics

Ceramics are materials made from inorganic and non-metallic compounds with
crystalline structure. This type of material shows good compressive strength and
low ductility providing high resistance to the deformation and distortion, but they
all fail for the brittle and the fragile nature. For this reason it is possible to overcome
the drawbacks of this materials maintaining their advantages combining ceramics
with polymeric materials (see Sect. 2.2.4). The materials that can be defined
ceramics are reported in Table 3. The most common types of calcium phosphates
used in bone engineering applications are hydroxyapatite (HAPP), b-tricalcium
phosphate (b-TCP), biphasic calcium phosphate (BCP). These materials have good
biocompatibility and osteoconductive properties, they have the capability to inte-
grate into bone structures and support bone in-growth, without breaking down or
dissolving. Hydroxyapatite (Ca10(PO4)6(OH)2) is a naturally occurring mineral
form of calcium apatite crystallized in the hexagonal crystal system whose structure
is similar to the mineral component of bones and hard tissues in mammals. HAP
coming from teeth or bones as long as HAP from coral skeleton has been used in
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bone tissue engineering. Nowadays a synthetic calcium based ceramic chemically
similar to hydroxyapatite is available for bone engineering purposes. It has been
used in orthopaedic, dental and maxillofacial applications as filler and to coat bone
implants (e.g., in hip replacement) and dental implants. The dissolution rate of
synthetic HAP depends on environmental parameters such as pH and ionic con-
centration of the soaking solution and on HAP composition and crystallinity.

b-TCP is the beta crystal form of tribasic calcium phosphate (Ca3(PO4)2), it can
be defined a bioceramic with bioresorbable properties. The degradation rate of
b-TCP is 3–12 times higher than that of crystalline HAP. Partial degradation of b-
TCP promotes bone bonding to the ceramic. Biodegradable composite scaffolds
made of TCP and polyglycolic acid have been proposed [9]

BCP is a mixture of b-TCP and HAP (60%HAP, 40% b-TCP) that combines the
reactivity of b-TCP and the stability of HAP; it results in a very bioactive
compound.

Bioactive glasses (bioglass) are composed basically of SiO2, Na2O, CaO and
P2O5. These materials are able to form a biological interface with surrounding
tissue, they support enzyme activity, vascularization, osteoblast adhesion, growth,
differentiation, inducing also mesenchimal cell differentiation into osteoblasts
[14, 27, 49]. Several bioglasses are available on the market and are successfully
used in clinical treatment of periodontal diseases (45S5 Bioglass�, PerioglassTM)
and as bone filler material (NovaboneTM). These materials have been extensively
studied [26, 27] and it has been proved that they osteoinductives and osteocon-
ductive properties depend on the composition. For example the commercial 45S5
Bioglass � with SiO2–Na2O–CaO–P2O5 composition and less than 55% of SiO2 has
high bioactivity index and bond to soft and hard connective tissue. In general, it has
been found that bioglass surface, whenever in contact with biological fluids, reacts
and releases soluble ions such as Si, Ca, P, Na in critical concentrations that can
induce intracellular and extracellular responses [14, 83]. As all ceramic materials,
also bioglasses have poor mechanical properties in terms of low fracture toughness
and mechanical strength, above all when formulated in porous structures.

2.2.4 Composite Materials

The term composite material generally refers to the combination, on a macroscopic
scale, of two or more materials with different compositions, in order to achieve
specific chemical, physical and mechanical properties. The different types of
composites materials studied can be differentiated in two main categories: (i) the
combination of one or more polymers with ceramic material, (ii) the combination
of two different polymers. In all cases the purpose is to improve the physico-
chemical and biological performances of the final scaffold. In the case of com-
posite materials obtained by combination of one or more polymers with ceramic
materials there are several experimentals in the literature, and few of these com-
posite materials are already on the market. For example hydroxyapatite has been
combined to natural polymers such as chitosan [11] or synthetic polymers as PCL,
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PLA, PLGA. Also a three phase combination of PCL and PLA with a-trical-
ciumphosphate (a-TCP), and a biphasic combination of polyglycolic acid (PGA)
and b-TCP have been experimented achieving significant improvement of scaffold
mechanical properties and osteoconductivity [9, 20, 21, 56, 63].

Polymeric blends of PLA and PEG, or PDLLA and PCL have also been studied
in order to modulate the release kinetic of proteins loaded into the scaffolds [18].

The combination of two or more different polymers can be achieved through
polymer copolymerization and/or polymer crosslinking.

For example in order to control HA degradation rate, and to make the polymer
more tough, thus more suitable for bone applications, the polymer can be photo-
crosslinked with polyethylene glycol (PEG), or injected and in situ crosslinked
with other polymers such as methylcellulose [22].

An example of composite material obtained by the combination of two different
polymers is the multiblock copolymer containing poly-alpha-hydroxyacids and
PEG, or polyethylene oxide at high molecular weight. These are extremely
hydrophilic polymers with excellent solubility in a range of solvents and high
solution mobility. The combination with poly-alpha-hydroxyacids can confer more
elasticity and hydrophilicity to these last polymers. These properties can be useful
in some tissue engineering applications [58].

The combination of two polymers can be achieved also by blending the poly-
mers in order to form scaffolds. This has been experimented by combining PLA
and calcium alginate, PLA and PCL or PLA and PEG. Each polymer combination
can be useful to get specific and suitable scaffold properties. For example addition
of PEG to PLA leads to polymer plasticisation, depending on the PEG amount
added and its molecular weight, while addition of PCL to PLA makes the final
composite more though and with lower degradation rate than the starting PLA.
These combinations are able to modulate the release kinetic of a biomolecule such
as a growth factor, from the scaffold [18, 30]

2.3 Structural and Functional Characteristics of Polymer
Scaffold for Bone Regeneration

Apart from the scaffold characteristics strictly related to the polymer, there are
some structural and functional characteristics typical of the scaffold. Thus, the
scaffold should comply the structural design criteria highlighted in Sect. 1.1.

More details about porosity requirements and mechanical properties are here
reported.

A macroscopic pore network in the scaffold is a necessary tool to promote cell
seeding distribution, cell migration throughout the 3D space, exchange of waste
products and neovascularisation after in vivo implantation of the scaffold. Pore
size should be bigger than 100 lm, and the pores should be interconnected: this
parameter can be thoroughly characterized. Scanning electron microscopy (SEM)
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allows the examination either of the whole scaffold or of its sections in order to
evaluate whether the porosity is homogeneously distributed and if pores are
interconnected (Fig. 5). Sometimes, depending on the scaffold preparation method

Fig. 5 Scanning electron photomicrographs of PLGA scaffolds prepared using salt as porogen:
a view transverse section at low magnification (92.29), b wall pore structure (magnification
3519), c interconnected scaffold network (magnification 199), d interconnected scaffold network
(magnification 103), e view transverse section at low magnification (60.5), f porous structure
details (magnification 48.1). (From [15])
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used, the outer surface is significantly different in morphology with respect to the
inner surface.

AFM is another important tool to examine the outer scaffold surface, high-
lighting porosity and nanostructurations [25].

Total scaffold macroporosity can be measured by techniques such as liquid
displacement and surface area analyzer. The data that can be obtained by these
techniques are: porosity reported as a percentage value and density. Suitable
porosities values should be[80%; these techniques do not give information about
pore size.

Porosity and pore size can affect also scaffold mechanical properties: that is the
two parameters must match.

In recent years attention has been addressed to scaffold nanostructure mim-
icking the nanoscale size of bone constituents such as collagen fibers that are
between 50–500 nm. In order to better promote cell interaction, nanofibrous pore-
wall structures have been prepared by thermally induced phase separation method
combined to solvent casting particle leaching. Another example of scaffold
nanostructuration is achieved by growing apatite crystals onto the polymeric
scaffold [25, 70, 76].

As mentioned above, the mechanical properties of scaffolds are an important
functional parameter. A polymer scaffold for bone regeneration should have
compressive and tensile resistance similar to bone. Hard and brittle materials such
as hydroxyapatite have excellent compressive strength but poor tensile properties,
while a lot of polymers, above all natural polymers, have poor compressive
strength. The combination of two or more materials is a good strategy in order to
modulate scaffold mechanical properties. It must be considered that also the
scaffold porosity can affect its mechanical properties.

In a work performed by the research group [3] the compressive, tensile and
flexural strengths have been determined on PLGA and PLGA/HAPP scaffold using
the electromagnetic machine Enduratec Elf3200 (Bose Corporation, Eden Prairie,
MN, USA). In this example compression stress–strain curves of PLGA scaffolds
showed three linear regions and compression stress–strain curves of PLGA/HAP
scaffolds showed two linear regions (Fig. 6). All tension tests showed one linear
region before yield and failure. Compression and tensile moduli as derived from
all the linear regions are reported in Table 4. The presence of HAP in the com-
posite scaffolds did not seem to improve the compression properties of polymeric
scaffolds, while tensile properties are improved by addition of HAP to the poly-
meric structure.

2.4 Tissue Engineered Scaffold Preparation Techniques

Several preparation techniques have been proposed for scaffolds in the last years.
Some of them have been adapted from other research areas or they have been
achieved through modification of traditional techniques. A suitable preparation
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technique should allow: (i) the manufacturing of scaffolds whose characteristics
match their design requirements and, (ii) the reproducibility of the preparation
process and of scaffold properties. The most common conventional techniques are:
solvent casting particulate (porogen) leaching, non-solvent induced phase sepa-
ration, thermally induced phase separation, foaming process, microsphere sintering
and electrospinning. Among these, solvent casting particulate leaching is one the
first applied scaffold preparation methods suitable for synthetic hydrophobic,
biodegradable polymers such as PLA, PLGA. In this method the polymer is dis-
solved in an organic solvent (e.g. chloroform, methylene chloride), the polymeric
solution is mixed with a particulate material (porogen) such as NaCl or sugar, the
suspension is placed in a mould. The solid 3D-scaffold is achieved by evaporation
of polymer solvent, that can take place under vacuum (freezedrying) or at room
temperature, and subsequent elimination of the porogen material through pro-
longed soaking in deionized water. The parameter most affecting scaffold
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Table 4 Compression and tensile properties of PLGA and PLGA/HAP scaffolds (From [3])

Compression test Tensile test

Scaffold
type

Ec1 (Mpa) Ec2 (Mpa) Ec3 (Mpa) Et (Mpa) Ts (Mpa) UTS (Mpa)

PLGA 1.66 ± 0.76 0.88 ± 0.17 3.07 ± 0.28 2.88 ± 1.44 0.13 ± 0.03 0.15 ± 0.03
PLGA/HAP 4.76 ± 2.32 1.07 ± 0.16 – 15.68 ± 4.41 0.17 ± 0.04 0.35 ± 0.12

278 R. Dorati et al.



properties by this preparation technique is porogen granulometry that should be
enough large to obtain interconnected pores bigger than 300–350 lm. In a study
performed by Dorati [15], scaffolds with high porosity (83.8 and 89.4%) and an
interconnected network were obtained by solvent casting particulate leaching
(Fig. 5). It was found that the choice of the porogen type (sodium chloride or
sucrose) was responsible for the three-dimensional structure (pore size, porosity,
apparent density), the mechanical properties of the scaffold and for physico-
chemical PLGA polymer modifications such as polymer degradation reactions,
polymer chain rearrangement, Tg changes [15]. Paraffin microspheres have also
been used as porogen in alternative to salt or sucrose. The advantage of using
paraffin microsphere is their regular spherical shape and size that acts as template
for the scaffold, leading to scaffolds with very high porosity whose pore size is
tailored by the paraffin microsphere size. The drawback is the use of organic
solvents such as exane and cycloexan to dissolve the paraffin particles, that should
be accurately eliminated through subsequent freeze-drying cycles.

In general, the main drawbacks of the technique of solvent casting particle
(porogen) leaching are the long processing times, the use of organic solvents, the
differences in the morphology of the outer scaffold surface with respect to the inner
scaffold surface. The combination of this technique with other methods as injec-
tion or compression molding, gas foaming process, are useful to overcome the
drawbacks highlighted [80].

Gas foaming technique is an interesting method to produce highly porous
scaffold avoiding the use of cytotoxic organic solvents. The method has been
frequently applied to thermoplastic polymers such as PLGA, PLA, PCL. The
technique is assessed depending of the different foaming agents used: water, flu-
oroform, CO2 and nitrogen. CO2 as foaming agent has the advantage that the
solvent is cheap, non-toxic and does not need to be removed before seeding the
scaffold. The gas can be dissolved in the solid polymer or in the polymer melt at
high temperature and pressure. For example suitable process conditions for PLGA
can be 35–40�C, 10–20 MPa, for PCL 70–90�C and 7–32 MPa [37, 48, 65, 69].

Electrospinning is one of the most versatile conventional techniques since it
allows the formation of nanosized fibers that can be assembled together to form
non-woven sheets with 2D profiles, non-woven 3D fibrous meshes or multilayered
structures of different polymers solutions. The scaffolds obtained by an electros-
pinning process are nanofiber-based scaffold with favourable properties such as
wide range of pore size distribution, high porosity and surface area/volume ratio
[23, 46, 68, 78, 80].

Some of the recently proposed preparation techniques are: rapid prototyping
(RP), solid free-form (SFF), shape deposition manufacturing, fused deposition
modelling, 3D printing, selective laser sintering, stereolithographic technique,
molecular self-assembly.

Among these, RP is an emerging technique for biomaterials based scaffold that
can be used with different materials [5, 12, 55, 75]. Moreover, scaffold is manu-
factured directly from a computer-aided design data set, thus it is built up in a
specific body shape by the selective material addition guided by a computer
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program. This technique has been expanded through the computer-aided tissue
engineering techniques that represent a valid supporting utility.

Molecular self-assembly is an attractive approach for scaffold preparation even
if it has the disadvantage of being quite elaborate. It is based on hierarchical
structures formation by self-association of molecules, and it allows the realization
of different constructs such as peptide nanotubes, ordered nanofiber scaffolds,
segmented surface assembling peptides, dipolar molecules [39, 41].

An attractive aspect of scaffold preparation technology is the loading of bio-
active agents. The presence of growth factors inside a scaffolds should improve
bone regeneration, being an important aid for those patients with low tissue
regeneration potential, e.g. old and sick patients. Nevertheless some problems are
highlighted: (i) growth factors are instable molecules with short half-life in vivo;
(ii) the amount of growth factor should be set very attentively, because of their
cancerogenic potential. The bioactive agents most studied for bone regeneration
are: BMPs, TGF, basic fibroblast growth factor (bFGF). Growth factor instability
can be overcome through loading into a carrier that protect the protein and pro-
motes its controlled release hence prolongs its activity whenever administered into
the body. Hydrogel polymers such as gelatine, dextran, alginate have been suc-
cessfully studied on this purpose. Microspheres and sponges can be suitable car-
riers; the protein should physically interact with the hydrogel, and it should be
released upon its biodegradation. In this way growth factor release can be con-
trolled by the delivery system characteristics [72, 74, 77].

2.5 Clinical Aspects

The goal of bone regeneration through polymer scaffold application can be
achieved by different ways: (i) in vivo application of the polymer scaffold; (ii) in
vitro tissue reconstruction by cell culture and in vivo application of the grown
tissue; (iii) in vivo application of cells combined to an immunoisolation membrane
or biomaterial.

The In vivo application of polymeric scaffold has the advantage that all the
components necessary for tissue regeneration, such as growth factors, are provided
by the biological environment. For this reason this approach is the most pursued.
However, different answer to the regenerative therapy have been highlighted in
young healthy patients with respect to old sick patients, suffering for example of
diabetes or hyperlipidemiae, and presenting lower regeneration potential.

For the latter type of patients the use of polymer scaffold loaded with growth
factors and/or already available differentiated cells should be advantageous. In
vitro tissue reconstruction involves large scale cell culture methods to achieve
bioartificial hybrid organs. The big problem in developing in vitro tissue recon-
struction is to induce artificial arrangement of a biological environment and its
successful implantation in vivo. This promising approach can involve also in vitro
differentiation of mesenchymal stem cells.
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3 Conclusion

The goal of the chapter was to introduce polymer scaffold for bone regeneration.
Polymeric scaffolds are not only plain implants for bone regeneration, but they can
be also delivery systems for bioactive agents. Moreover when speaking about
biodegradable polymers their goal is to act as temporary support promoting cell
adhesion and proliferation in vivo or in vitro, also in order to create artificial
tissues.

It is important to underline that tissue engineering technology is an expanding
area where different disciplines are involved in order to achieve tissue
regeneration.

Collaborative research between material, pharmaceutical, biological and clini-
cal scientists is needed and work is still to be done.

In the field of polymer scaffold an important effort should be done to investigate
newly synthesized biodegradable polymers with suitable properties for bone
regeneration.
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Instructive Biomaterials for Myocardial
Regeneration and Repair

Emil Ruvinov and Smadar Cohen

Abstract Tissue regeneration following myocardial infarction (MI) represents a
major challenge in cardiovascular therapy, as current clinical approaches are lim-
ited in their ability to regenerate or replace damaged myocardium. The lack of
clinically-relevant cell sources, and the growing importance of paracrine effects
of cell therapy, mediated by soluble growth factors and cytokines, favors the use of
acellular biomaterials for myocardial tissue engineering. While the efficacy of
acellular scaffold-based approaches have already been shown, applying the bio-
material in an injectable form represents a more clinically-appealing strategy,
where only minimally invasive interventions are required to deliver the biopolymer
solution. However, in order to enhance the passive effects mediated by the injected
biomaterial on infarct stabilization and mechanical support, and achieve long-term
functional improvement and regeneration of the cardiac muscle, the combination
with controlled spatio-temporal delivery of bioactive molecules is required. Bio-
material-based growth factor delivery has already been shown to improve thera-
peutic outcome after MI. Affinity-binding alginate represents an example of such a
system. This strategy has promising potential for myocardial repair and regenera-
tion, as it provides mechanical support conferred by in situ hydrogel formation, and
can affect multiple processes of myocardial regeneration by controlled delivery of
multiple proteins. In conclusion, as the development of novel polymer schemes and
approaches continues, the application of biomaterials that can instruct a favorable
tissue reconstruction, facilitate self-repair, tissue salvage and regeneration, repre-
sents a platform for future modifications and combinations (for instance, with cell
therapy). Hopefully, such efforts will have major clinical consequences on the
treatment of MI and improve long-term outcome in heart failure patients.
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1 Myocardial Infarction, Heart Failure and Current Therapies

Coronary heart disease (CHD) is now the leading cause of death worldwide [126].
Death rates from CHD have decreased in North America and in many countries in
Western Europe [71]. This decline has been due to improved prevention, diagnosis,
and treatment, in particular reduced cigarette smoking among adults, and lower
average levels of blood pressure and blood cholesterol. However, the burden of CHD
is increasing in developing and transitional countries, partly as a result of increasing
longevity, urbanization, and lifestyle changes. It is expected that 82% of the future
increase in coronary heart disease mortality will occur in developing countries.

One of the major causes of CHD is acute myocardial infarction (MI). MI results
from temporary or permanent occlusion of the main coronary arteries, causing
significant blood supply reduction to the beating heart muscle. Five partially
overlapping phases can be distinguished in the progression from healthy to
infarcted myocardium: (1) cardiomyocyte loss due to an initial ischemic event,
(2) acute inflammatory response, (3) extracellular matrix (ECM) remodeling,
(4) granulation tissue formation, and (5) scar formation and left ventricular (LV)
remodeling. The structural remodeling of the heart (i.e. infarct wall thinning, scar
formation and noninfarcted myocardium hypertrophy) leads to LV functional
remodeling; a progressive deterioration in heart muscle function that eventually
leads to congestive heart failure (CHF) [74].

Over recent decades, major improvements have been realized in the management
of patients with acute MI [10]. These include in-hospital treatments (e.g. pharma-
cological lysis, anti-platelet and anti-thrombin therapies), interventional therapies
and surgery (e.g. cardiac catheterization, percutaneous coronary intervention, cor-
onary artery bypass surgery, and heart transplantation) and drug regimens for pre-
vention and long-term treatment (e.g. aspirin, ACE inhibitors, b-blockers, and
statins). Improved management of acute coronary events, however, has led to a
significant increase in the number of patients that suffer from chronic conditions,
namely CHF.

The major disadvantage of current therapies is their inability to replace, at least
partially, cardiac muscle loss after infarction. Thus, there is a need for alternative
approaches able to overcome the limitations of standard therapies. The ultimate
goal of such novel therapies is the induction of myocardial tissue regeneration
(therapeutic, endogenous or combined) in situ or ex vivo.

2 Myocardial Regeneration

2.1 Regeneration by Endogenous Sources

Recent data have challenged the view of the heart as a terminally differentiated
organ and provided convincing evidence that new cardiomyocytes can be formed
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in the adult heart. To date, two main studies have evaluated the degree of myocyte
renewal in the adult human heart. Bergmann et al. performed a virtual pulse-chase
experiment by measuring the incorporation of carbon-14, which was released
during above-ground nuclear-bomb tests, into genomic DNA of human cardio-
myocytes, to calculate rates of turnover in these cells. The researchers found that at
the age of 25 years, approximately 1% of cardiomyocytes turn over annually, and
the turn-over rate decreases to 0.45% at the age of 75 years [7]. Kajstura et al. used
another approach, where they examined the incorporation of iododeoxyuridine in
postmortem samples obtained from cancer patients who received this thymidine
analog for therapeutic purposes. The authors report the average of 22% turnover of
cardiomyocytes per year [56]. Despite the conflicting results, both reports point to
the intrinsic regeneration ability of the adult human heart. Endogenous regener-
ation of the myocardium after injury such as MI or pressure overload, was reported
in mice, where only 5–15% of remuscularization was detected [48]. The extremely
low regeneration rates can explain the lack of significant restoration of cardiac
muscle after severe ischemic injury, the formation of a fibrotic scar at the infarct
and progressive deterioration in cardiac function, that eventually leads to CHF.

Two major mechanisms could account for the endogenous regeneration of the
myocardium [85]. By the first, adult cardiomyocytes may re-enter cell cycle and
divide. This type of myocyte regeneration represents an ancient regenerative
program observed in the hearts of amphibians and fish. For instance, cardiomyo-
cyte dedifferentiation and subsequent proliferation is the major mechanism of heart
regeneration in zebrafish, rather than regeneration by progenitor or stem cells [55].
Importantly, cell cycle control in adult cardiomyocytes could be altered or
reprogrammed in order to induce cell proliferation, either by genetic manipulation
or by applying various bioactive molecules [3, 8, 14, 44, 82]. The second mech-
anism of endogenous regeneration is driven by resident populations of cardiac
progenitor cells (CPCs). Numerous CPC pools within the adult heart have been
characterized on the basis of stem cell marker expression and cardiomyogenic
potential [11]. Despite the apparent existence of these subpopulations, the
recruitment and/or activation of resident CPCs for cardiac repair is insufficient to
significantly affect and prevent the deterioration in cardiac performance and
adverse remodeling after a major ischemic event, due to the physical separation of
CPC niches from the site of injury, the formation of fibrotic scar tissue or the lack
of appropriate signaling.

2.2 Therapeutic Regeneration

Therapeutic regeneration aims to induce myocardial regeneration, improve tissue
salvage, facilitate self-repair, reverse or attenuate adverse remodeling, and, ulti-
mately, achieve long-term functional stabilization and improvement in heart
function. Five major processes associated with MI are being targeted at present by
various experimental regeneration strategies [94]:
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• Cardioprotection—the prevention of progressive cardiomyocyte loss following
MI by applying various apoptosis-inhibiting reagents or by inducing pro-
survival signaling [1, 37].

• Inflammation—time-adjusted modulation of the post-MI pro/anti-inflammatory
cytokine/chemokine profile or cellular responses (e.g. granulation tissue for-
mation and macrophage infiltration) in an attempt to induce effective tissue
healing and repair, and to avoid negative inflammatory effects (e.g. cell death,
fibrosis etc.) [31, 81].

• ECM remodeling and cardiac fibrosis—time-adjusted positive modulation of the
fibrotic response (i.e. ECM remodeling and scar formation), utilizing recent
knowledge on pro-fibrotic signaling; matrix metalloproteinase (MMP) inhibition
or modification; altering tissue inhibitors of MMPs (TIMPs)/MMPs ratio, which
may lead to successful anti-fibrotic therapy [63, 117].

• Angiogenesis induction—effective tissue healing by increasing the blood supply
to ischemic regions is an extensively used approach employed with a variety of
strategies, proteins, genes or cells, aimed at inducing the formation of new
vasculature at the infarct site [90, 109].

• Cardiomyogenesis—myocyte regeneration by activation and/or migration of
distinct cell populations with stem- or progenitor-like properties in the adult
myocardium which can contribute to de novo myocardium formation after MI.
In addition, another novel mechanism for endogenous myocyte regeneration
could be the induction of cardiomyocyte cell cycle re-entry by reprogramming
of differentiated cardiomyocytes towards proliferation (see previous section).

All these targets and goals can be translated into various therapy strategies
aimed at inducing myocardial regeneration (Fig. 1).

Fig. 1 Targets and goals of therapeutic myocardial regeneration [94]
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2.3 Regeneration by Exogenous Sources and Stem Cell Therapy

In pathological situations where large numbers of cardiomyocytes are lost, e.g.
following severe ischemic injury after MI or chronic stress, the endogenous
regeneration capacity is insufficient to form adequate cardiac contractile mass to
maintain heart contractility. Cardiac cell therapy, therefore, ideally aims at
actively replacing the damaged and non-functional cardiomyocytes with a new and
viable transplantable tissue. Stem cell therapy could also have the potential to
introduce new functional cardiomyocytes, by applying differentiation protocols ex
vivo or inducing differentiation in situ. Major stem cell types used for myocardial
regeneration are bone-marrow-derived different cell subsets (mononuclear cells,
hematopoietic progenitors, mesenchymal stem cells), endothelial progenitor cells
and skeletal myoblasts [16, 25, 99].The success in preclinical animal studies, in
terms of infarct reduction, angiogenesis and functional improvement, has powered
the fast translation of stem cell transplantation to human trials.

However, despite the big promise in stem cell therapy for acute MI, the ran-
domized controlled clinical trials in patients, beyond showing an apparent safety of
the treatment, have resulted in only modest improvements, and some relatively
large trials even failed to show any functional benefit (e.g. LV ejection fraction
(EF) increase) [75]. Although the several trials performed differ greatly in cell
preparation protocols, timing of the treatment, routes of delivery and patient
characteristics, several major conclusions could be drawn based on the observed
results. First, the efficacy of stem cell therapy is suboptimal due to extremely low
engraftment rates of the transplanted cells [99]. In addition, transient improve-
ments in cardiac function cannot be treated as direct evidence of cardiac regen-
eration per se, and the transplanted cells have no true cardiomyogenic
differentiation potential. Moreover, a portion of the positive effect of cell trans-
plantation may relate to effects of decreasing wall stress by increasing tissue mass
in a thinning myocardial wall, an anatomic and mechanistic effect that is inde-
pendent of real regenerative effect [16, 25, 41].

The mixed results of stem cell transplantation trials in humans enforce
rethinking and a more detailed analysis of the positive effects and mechanisms of
action of cell transplantation. In this context, emerging evidence suggests that
paracrine effects significantly contribute to the positive effect of cell therapy. The
so-called ‘‘paracrine effect hypothesis’’ has already been confirmed in various stem
cell types, and also deduced from the analysis of data from preclinical and clinical
studies. These data show that the expression and secretion of various soluble
factors from transplanted cells (cytokines, chemokines, growth factors and others)
could be responsible for the major mechanisms involved in myocardial repair,
such as cell survival, improved contractility, neovascularization, differentiation
and/or induction of endogenous regeneration, and more favorable remodeling
[39, 61, 76]. Although the identification of such a ‘‘cocktail’’ of components
secreted from the transplanted cells is difficult, attempts have already been made
to use known cardioprotective molecules to influence these mechanisms.
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Local intramyocardial delivery of such molecules could be more reproducible, less
time consuming and more technically appealing than the injection of heteroge-
neous populations of stem or progenitor cells.

3 Bioactive Molecules for Myocardial Regeneration and Repair

The use of bioactive molecules (growth factors, cytokines, and stem cell mobi-
lizing factors) is of a continuous interest in the field of therapeutic myocardial
regeneration. The variable effects exerted by these molecules cover almost every
target in the regeneration strategies mentioned in Sect. 2.2 [6, 45, 116].

The type of bioactive molecules investigated for therapeutic myocardial
regeneration and their respective activities are summarized in Table 1. Many of
these molecules have pleiotropic functions, emphasizing the need for careful, local
and time-adjusted interventions.

The systemic delivery of various growth factors was found to be beneficial for
the restoration of cardiac function in animal models. However, data emerging from
clinical studies is less conclusive, as in the case of using granulocyte colony-
stimulating factor (G-CSF) [2, 130]. The mixed results obtained with systemic
cytokine or growth factor administration are also accompanied by numerous safety
concerns and side effects. These include an increased incidence of restenosis,
elevated blood pressure and viscosity, thrombolytic events, arrhythmogenesis and
other potential detrimental effects [6, 64, 116]. In addition, systemic administration

Table 1 Bioactive molecules to enhance self-repair, angiogenesis and myocardial regeneration

Factor Stem cell
recruitment or
mobilizaiton

Myogenesis Angiogenesis Anti-
apoptosis

References

Erythropoietin Yes No Yes Yes [86, 115]
Insulin-like growth

factor-1
Yes Yes Yes Yes [20, 111]

Fibroblast growth
factor

Yes Yes Yes Yes [12, 68]

Granulocyte–colony
stimulating factor

Yes No Yes No [43, 107]

Hepatocyte growth
factor

Yes Yes Yes Yes [53, 59]

Periostin No Yes Yes Yes [27, 60]
Platelet-derived

growth factor
Yes No Yes Yes [49, 50]

Stromal cell-derived
growth factor

Yes No Yes Yes [46, 51]

Thymosin-b4 Yes Yes Yes Yes [9, 104]
Vascular endothelial

growth factor
Yes Yes Yes Yes [30, 118]
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requires higher doses of the drug due to unspecific delivery, fast elimination and
extremely low protein stability in the blood. Thus, significant efforts are being
invested in the development of strategies for achieving effective local and tem-
porary delivery of various bioactive molecules by employing biomaterial-based
polymeric delivery systems.

4 Biomaterials for Cardiac Tissue Engineering
and Regeneration

Cardiac tissue engineering aims to restore tissue loss after MI. This can be done by
introducing tissue grafts prepared in vitro or by enhancing self-repair and pre-
venting tissue loss in situ. In both cases, the restoration of cardiac tissue micro-
environment is required. Thus, ideally, biomaterials used for cardiac tissue
engineering, must mimic in their final structure and function, the native cardiac
ECM. Cardiac ECM plays a critical role in maintenance, integrity and function of
the heart tissue. Dynamic changes and alterations in cardiac ECM composition
following MI have a detrimental effect on both systolic and diastolic function
[4, 26]. Cardiac ECM composition is complex and hard to recreate, but various
types of natural and synthetic polymers are able to mimic (to various degrees)
several important ECM properties and provide temporary tissue support, preserve
cardiac function and facilitate self-repair.

The paradigm of cardiac tissue engineering is depicted in Fig. 2. The concept
allows for the use of biomaterials, cells and bioactive molecules in different
combinations. Different stages and components in future-implanted construct
creation (e.g. cell or biomolecule integration) can be omitted and/or reintroduced
later, in vitro or in vivo.

4.1 Biomaterials—Basic Design Criteria

There are several criteria in biomaterial design, properties and preparation, which
are critical for its successful application in each of the strategies employed for
myocardial repair and regeneration:

• Biocompatibility—this property depends on the material chemistry and mor-
phology. The materials should be tolerated in vivo, be non-immunogenic, non-
inflammatory and non-toxic.

• Mechanical strength—The matrix should be strong enough to protect the seeded
or recruited cells and maintain its structure under mechanical perturbations
existing at the implant site. Yet, it should be flexible and compatible with the
host tissue.

• Material erosion or degradation—Ideally, the material should disappear when it
is no longer needed, to allow to integration of the new tissue with the host.
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The desired kinetics for this process depends on the rate of tissue formation.
Scaffold or hydrogel degradation and erosion may occur via polymer backbone
degradation (e.g. hydrolysis, enzymatic cleavage) or dissolution of the matrix.
The products of this process should be non-toxic and non-immunogenic.

• Internal morphology—The matrix should be porous, with interconnecting pores
and pore size larger than 50 lm, to allow cell–cell interactions, vascularization
of the scaffold after implantation and mass transport.

• Cross-linking—The formation of stable matrices or gels often requires cross-
linking between the polymer chains. Cross-linking can be physical, where the
polymer chains self-assemble due to secondary forces, like electrostatic inter-
actions, temperature change or irradiation. The second type of cross-linking is
chemical, where covalent bonds are introduced between the polymer chains.
Chemical cross-linking allows more precise control over the properties of the
resulting construct, e.g. degradation rate, mechanical stiffness etc. However, this
can raise biocompatibility issues, because of the use of chemical agents and/or
the possible adverse effects of degradation products.

• The chemical nature of the material may have a detrimental effect on
cell–matrix interactions. Generally, if the materials carry specific biological
moieties, these interactions will prevail, while in their absence, non-specific
interactions between cells and matrix, such as van der Waals, hydrogen and
electrostatic interactions, may be important. The latter interactions depend on

Fig. 2 Cardiac tissue
engineering paradigm [94]

296 E. Ruvinov and S. Cohen



material chemistry and whether it is hydrophilic or hydrophobic. Hydrophilic
materials are preferred since they allow better cell/host integration, handling,
and provide hydrated space for the nutrient and metabolite diffusion and can
sustain release of various cytokines, growth factors and other hydrophilic bio-
active molecules.

4.2 Commonly Used Polymers and Construct Types

Polymers commonly used for cardiac tissue engineering can be categorized by
their origin (natural or synthetic) and by their chemical structure (peptides/proteins
or polysaccharides). Next, we briefly review the major groups of ECM biomimetic
materials, which are in use in acellular forms for myocardial repair [4].

Collagen, a natural protein and the important constituent of native cardiac
ECM, is widely used in myocardial tissue engineering. Biocompatibility, biode-
gradability and cell-adhesive properties of collagen make it an attractive candidate
for tissue growth and support. The fibrillar Type I collagen is extensively used for
scaffold preparations for subsequent implantation into infarcted hearts. Gelatin
(irreversibly hydrolyzed form of collagen) is also used in myocardial tissue
engineering, especially for hydrogel preparations (by chemical cross-linking).
Gelatin is also a biodegradable material, but under various conditions can provoke
an unspecific inflammatory response [4].

Fibrin is another natural protein that is used for myocardial tissue engineering.
It is FDA-approved, and is routinely used as a surgical adhesive sealant. The
preparation of fibrin utilizes a natural mechanism where fibrinogen is converted to
fibrin through a thrombin-mediated reaction. Fibrin is used mainly in injectable
form, where its components (fibrinogen and thrombin) are mixed during injection.

Among naturally-occurring polysaccharides, alginate (produced from brown
seaweed) is widely used for tissue engineering applications, either as 3D scaffolds
or injectable hydrogel. Alginate is FDA approved as a food additive and in various
medical applications. The cross-linking process of alginate is physical in nature,
and is based on electrostatic non-covalent interactions in the presence of divalent
cations, such as calcium. This represents a significant advantage, as the use of
various chemical agents is eliminated. Alginate is non degradable in mammals, but
its hydrogel is readily erodable with time due to reduction in local cation con-
centration, polymer chain dissolution and subsequent excretion through kidneys.
The disadvantage of alginate is the lack of cell-adhesive properties, but this can be
overcome by surface modification with cell adhesive peptides.

Among the synthetic biomaterials, of special interest is the use of self-assem-
bling peptides. These peptides are 8–16 amino acids long and composed of
alternating hydrophobic and hydrophilic residues. They form stable b-sheets in
water, and upon exposure to physiological salt concentration or pH they form a
stable hydrogel of flexible nanofibers. These peptide nanofibers can create a spe-
cific microenvironment upon injection into the infarct, and also can be readily
applied for growth factor delivery [98].
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At present, due to the lack of clinically-relevant cell sources for in vitro creation
of cardiac patches, many efforts are focused on the employment of acellular
constructs, which can instruct tissue restoration in situ and/or deliver various
therapeutic molecules. Acellular forms of polymeric biomaterial applications for
myocardial tissue engineering include three main types:

• Implantable macroporous scaffolds—prepared by cross-linking (chemical or
physical) of biomaterial solution in the desired shape, with a subsequent
solidification step and/or drying/freeze-drying. Such porous structures allow
tissue growth in vitro or in-growth in situ [13, 35, 36, 58].

• Implantable hydrogel sheets—relatively solid 2D sheet-like structures prepared
by cross-linking of biomaterial hydrogel and subsequent molding. These sheets
allow incorporation of cells or various bioactive molecules [57, 73, 108].

• Injectable hydrogels—3D polymer solid networks swollen by water, prepared
by physical or covalent cross-linking of the polymer. Due to their aqueous
nature, some of these hydrogels can be relatively easily delivered to infarcted
heart by catheter-based techniques, which require only a minimally-invasive
surgical procedure [17, 19, 21, 62, 65, 122].

4.3 Implantable Scaffolds for In Situ Tissue Support

Implantable scaffolds represent a unique type of construct, ideally capable of
completely recreating the 3D microenvironment of the infarcted tissue. The
porosity, pore interconnectivity and 3D nature of the biomaterial-based scaffolds
strongly favor their use for cell seeding prior to implantation for the creation of
tissue-like 3D grafts. However, acellular scaffolds were also found to contribute to
myocardial repair, further suggesting their promising potential use in acellular
biomaterial-based strategies.

Callegari et al. evaluated the effect of type I collagen porous scaffolds on
vascularization in cryoinjured rat hearts. The scaffolds were implanted immedi-
ately after cryoinjury and the degree of vascularization and tissue infiltration were
analyzed up to 60 days. The collagen cardiac patches induced angiogenic and
arteriogenic responses. Interestingly, the absence of myofibroblasts and signifi-
cantly elevated macrophage infiltration were observed in the patch-treated ani-
mals. This can explain the strong angiogenic response observed. The effect of this
treatment on cardiac function was not tested [13]. Goldman and co-workers used
collagen type I scaffold to repair non-transmural, not-ST-elevation MI induced by
cryoinjury in rats. Three weeks after grafting, the scaffold that was integrated into
the myocardium, prevented adverse remodeling by reducing LV dilatation, and
increased angiogenesis [36].

In another study, Wagner and co-workers used elastomeric biodegradable
microporous polyester urethane urea (PEUU) patch for infarct repair in rats. The
patch was placed and affixed on the infarct area 2 weeks after coronary artery
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ligation, and the outcome was analyzed after additional 8 weeks. The patch region
in the infarct was infiltrated with smooth muscle bundles with increased capillary
density compared to control. This approach also prevented LV dilatation and
improved cardiac function. These benefits were attributed to LV dilatation pre-
vention, increased scar thickness and reduced wall stress [35].

An emerging approach to myocardial repair after MI is the use of decellularized
natural extracellular matrices from various animal sources. In such a way, the
native structure and ECM composition is preserved, and the matrix can be used for
in vitro cell seeding or for instructive tissue restoration and support in situ. This
approach is already intensively investigated in the field of heart valve engineering
[119]. Decellularization is generally carried out by perfusion of the tissue with
various detergents, aiming at removal of the cells without compromising the
integrity and structure of the remaining ECM. The main type of naturally-derived
decellularized ECM scaffold used for infarct or myocardial defects repair is pre-
pared from porcine urinary bladder (UB). The ECM of this tissue represents a
biologically latent membrane, which is already applied for various tissue engi-
neering applications. Kochupura et al. used this matrix for repair of full thickness
defect in the right ventricle. Eight weeks after implantation, UB matrix improved
regional systolic and diastolic function, compared to Dacron implantation.
Importantly, cardiomyocytes were found in the ECM implant region, in contrast to
Dacron implantation [58]. In another report, Badylak and co-workers evaluated the
effect of UB matrix on infarcted hearts. At 6–8 weeks after the infarct, the matrix
was placed as a full thickness LV wall replacement. Three months after implan-
tation, myofibroblast infiltration associated with a-sarcomeric actin-positive cells
was observed in the UB matrix group, compared to synthetic expanded polytet-
rafluoroethylene (ePTFE) patch. Cardiac function was not evaluated [93].

Ideally, the best source of decellularized matrix for myocardial repair should be
the matrix derived from the myocardium, which will have a composition and
structure required for specific needs of the heart. The potential of such cardiac
matrix for successful myocardial tissue engineering and bioartificial heart creation
was proven in a proof-of-concept study performed by Ott et al., where whole rat
hearts were decellularized and re-seeded with cardiac or endothelial cells. These
hearts generated modest but detectable contractions and pump function [84].
Wainwright et al. prepared intact cardiac ECM from whole porcine heart decell-
alurization. This matrix supported the formation of organized chicken cardiomy-
ocyte sarcomere structure in vitro [120]. Eitan et al. prepared cardiac ECM from
LVs of porcine hearts, and showed the biocompatibility of the resulted scaffold for
successful cell seeding, including cardiomyocytes, that showed functional phe-
notype and organization [29].

Collectively, the use of decellularized matrices from natural ECM sources
represents an attractive approach, as in this way the properties of the resulting
scaffold can be directly matched to the target tissue, including the heart. However,
several technical issues are still to be resolved, such as the need for effective
decellularization protocols, possible immunogenicity, preservation/storage etc.
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5 In Situ Tissue Reconstruction by Injectable Biomaterials

Various natural or synthetic polymers can form hydrogels, namely solid networks
of physically or chemically-cross-linked polymer chains with varying water con-
tent, which can be directly injected into the infarcted heart. There, the hydrogels
form the microenvironment for inducing effective tissue repair, providing tem-
porary support and instructing tissue restoration. The application of injectable
biopolymers is less invasive than implanting macroporous scaffolds, and is,
therefore, more clinically appealing. Various natural or synthetic acellular
injectable biomaterials have been found to improve the outcome after MI.

Dai et al. examined injection of collagen (95% type I, 5% type III) gel into the
infarcted rat hearts. This improved LV stroke volume and ejection fraction, and
limited paradoxical systolic bulging, compared to saline injection [21]. In another
study, Christman et al. used fibrin injection for treatment of 1-week old rat infarcts.
Fibrin injection reduced infarct size, increased angiogenesis and preserved cardiac
function [17, 19]. Wang et al. used a synthetic polymer based on the thermore-
sponsive poly(N-isopropylacrylamide) (PNIPAAm) for injection into infarcted
rabbit hearts. This polymer solution gels rapidly at physiological body temperature
in situ, thus creating a scaffold for tissue repair [73, 102]. The injection of this
hydrogel prevented infarct expansion, increased LV ejection fraction and attenu-
ated LV systolic and diastolic dilatation [122]. In a comparative study by Yu et al.,
fibrin or alginate injection effects were evaluated in a chronic rat model of
ischemic cardiomyopathy. Both biopolymer injections increased blood vessel
density and scar thickness, and there was a trend towards improved cardiac
function in the alginate-treated group, compared to fibrin-treated animals. Alginate
also showed higher tissue persistence 5 weeks after injection, compared to fibrin,
which was completely reabsorbed [127]. Mukherjee et al. utilized a different
approach by creating a fibrin-alginate biocomposite injectable material for MI
treatment in pigs. The injection reduced infarct expansion and attenuated LV wall
thickness decrease [77].

All of the above treatments were biomaterial injections directly into the myo-
cardium, into or near the infarct. Our group developed an injectable alginate
biomaterial which can be delivered by intracoronary injection as a solution. Then,
and only at the infarct, due to the high calcium concentration, does this solution
undergo gelation forming a hydrogel [62, 65].

6 Alginate as an Instructive Biomaterial for Infarct Repair

Among the naturally-occurring polysaccharides, alginate (produced from brown
seaweed) is widely used for tissue engineering applications, either in the form of
3D scaffolds or injectable hydrogel.

Alginate is an anionic water-soluble polysaccharide, composed of 1?4 linked
b-D-mannuronic acid (M) and a-L-guluronic acid (G) (Fig. 3). It is approved by
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the FDA as a food additive and for various medical applications, such as dental
impression materials, injury dressings, wound management and more.

Divalent cations, such as calcium ions, interact with high affinity with blocks of
G monomers to form ionic bridges between different polymer chains (‘‘egg box’’
model) (Fig. 3). This physical cross-linking of alginate represents a significant
advantage, as the use of various chemical agents is eliminated. Since there is no
known mammalian enzyme which degrades the alginate backbone, it is assumed
that alginate is not degradable in mammals. However, the calcium-cross-linked
hydrogel is readily erodable with time due to exchange of calcium ions by sodium
ions, leading to hydrogel dissolution. The water-soluble alginate chains are
excreted through the kidney if their molecular weight is below 50 kDa [5].

Injection of a partially cross-linked alginate solution was found to have a ben-
eficial effect on heart function in recent and chronic models of MI [62]. This
solution is composed of a 1% (w/v) solution of *30 kDa alginate and 0.3% (w/v)
D-gluconic acid/hemicalcium salt, and is capable of flowing due to its relatively low
apparent viscosities (10–50 cP) [112]. At the infarct, the partially cross-linked
alginate solution undergoes gelation and phase transition into a hydrogel due to
enhanced cross-linking, in response to the elevated concentrations of calcium ions
at the infarct after MI and due to water diffusion from the injectable solution to the
surrounding tissue [62, 65, 112]. The unique properties of the partially cross-linked
alginate solution were exemplified by rheology; the mechanical spectra revealing
that the storage (G0) and loss (G00) moduli of the solution are closely related or share
a cross-point. This type of physical behavior is usually characteristic of cross-linked
material in the verge of phase transition from its liquid state into a hydrogel, and
such transition can occur by increasing local cation concentration [112].

In recent and older infarcts, intramyocardial injection of the partially cross-
linked alginate solution post-MI resulted in significant functional improvement
and scar thickening. In recent infarct, the effect of alginate was comparable to fetal
cardiomyocyte transplantation. Intracoronary alginate injection in pigs prevented
and even reversed LV enlargement and increased scar thickness, assessed
2 months after the injection [65]. The in situ forming alginate hydrogel was shown

Fig. 3 Alginate structure and ‘‘egg box’’ model of hydrogel formation
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to undergo slow erosion and dissolution over a period of 1 month, probably due to
the decrease in local calcium concentration during healing.

7 Passive Versus Active Regeneration in Myocardial Repair

The possible mechanisms behind the beneficial effects of biopolymer injection are
most likely related to the increase in scar thickness, early infarct stabilization,
scaffolding, and critical physical support to the healing of the LV, as well as
replacement for the damaged ECM. All these effects are significant for reducing
wall stress, prevention of LV dilatation, effective healing and repair. By thickening
the scar, wall stress is reduced (by Laplace law) and the degree of outward motion
of the infarct that occurs during systole (paradoxical systolic bulging) is also
reduced. This is a significant effect, since one of the most important predictors of
mortality in patients with MI is the degree of LV systolic dilatation.

The functional improvement observed after acellular biomaterial injections or
scaffold implantation implies that these types of treatment have a positive impact
without inducing actual tissue regeneration, meaning without addition of new
contractile units. This passive type of mechanical regeneration was confirmed by
utilizing computational simulation models analyzing the impact of any material
injection into infarcted myocardium [121]. However, to achieve long-term func-
tion restoration and/or diminish adverse LV remodeling, the therapy should have
added value, inducing active myocardial regeneration, e.g. to introduce viable
beating tissue [38]. This goal can be achieved by inducing resident myocyte
proliferation, migration and activation of resident stem/progenitor cells and/or
effective salvaging of existing viable functional tissue after initial infarct. Various
cytokines, growth factors and other bioactive molecules could contribute signifi-
cantly to these desired effects. To maximize the efficiency of this bioactive
approach, the combination of bioactive molecules with biomaterials seems to be a
very attractive option. In such way, the biomaterial will provide structural tem-
porary matrix support and direct the formation of functional tissue. Simulta-
neously, it will provide a temporary depot for sustained delivery of bioactive
molecules with spatial and controlled distribution of the desired agent [18, 23].

8 Biomaterial Delivery of Bioactive Molecules

8.1 Growth Factor Delivery by Implantable Matrices

Various scaffolds or sheet-like structures are also applicable for growth factor
delivery to infarcted myocardium or for repair of cardiac defects. Ota et al. used a
decellularized porcine urinary bladder to create a scaffold that was used for the
repair of a surgically created defect in right ventricular wall. The scaffold was
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loaded with fibronectin collagen binding domain (CBD) -HGF fusion protein. The
presence of CBD significantly improved HGF retention in the scaffold, probably
due to specific interactions with the scaffold collagen. The implantation of this
scaffold increased contractility and electrical activity, and was associated with
homogenous repopulation by host cells and increased angiogenesis [83].

The second type of implantable cell- or growth factor-containing biomaterial
constructs, hydrogel sheets, is extensively used in cardiovascular tissue engineering
[73, 106]. Takehara et al. evaluated the effect of controlled delivery of bFGF from
gelatin hydrogel sheets in a chronic MI model in pigs [108]. At 4 weeks after
implantation, the local sustained delivery of bFGF stimulated myocardial perfusion
and increased left ventricular ejection fraction. However, these effects were not
compared to empty hydrogel controls. Fujiwara and co-workers used the same
concept of gelatin hydrogel sheets for erythropoietin (EPO) delivery for infarct
repair in rabbits. The patch was placed on the surface risk area immediately after
infarct induction. Two months later, the EPO-containing hydrogel sheet improved
cardiac function and reduced infarct size, compared to empty sheets or systemic
EPO administration [57].

Zhang and coworkers created SDF-1a-containing PEGylated fibrin patch and
tested the effect of this delivery system in murine MI model. The patch increased
c-kit+ stem cell homing to myocardium and improved cardiac function [128].

8.2 Injectable Biomaterial-Based Growth Factor Delivery

The delivery of various bioactive compounds by injectable biomaterials signifi-
cantly expands the use of biomaterials for induction of active myocardial regen-
eration. In addition, local and controlled delivery of bioactive molecules can
significantly maximize the efficacy of the treatment and simultaneously avoid
possible adverse effects associated with systemic delivery. And finally, the bio-
material vehicle can confer protection from proteolysis or other types of degra-
dation, increase stability, prolong tissue retention and provide a more favorable
microenvironment for tissue repair and/or regeneration. Several polymeric systems
have been used for the delivery of various therapeutic proteins into infarcted
hearts.

Gelatin hydrogel is widely used as a carrier for growth factor delivery in various
settings, including into the infarcted heart. For instance, Iwakura et al. used gelatin
hydrogel microspheres for controlled delivery of bFGF into infarcted myocardium
of rats. The treatment resulted in increased angiogenesis and improved systolic and
diastolic function [52, 78]. In a similar approach, Deng and coworkers injected
bFGF-containing gelatin hydrogel microspheres into infarcted hearts of dogs. MRI
showed improved LV function and angiogenesis [70].

One of the best characterized systems of protein delivery to the infarcted heart
is the self-assembling peptide nanofiber system developed by the group of Richard
Lee [98]. Self-assembling peptides typically are 8–16 amino acids long and are
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composed of alternating hydrophilic and hydrophobic residues. They form stable
b-sheets in water, and upon exposure to physiological salt concentration or pH
they form a stable hydrogel of flexible nanofibers (7–20 nm in diameter) consisting
of more than 99% water. Slow release of the proteins (e.g. PDGF-BB) from this
system can be achieved by the physical entrapment of the protein in the hydrogel
and possibly by its adsorption on the self-assembling peptides by non-covalent
interactions [47]. To improve protein retention in hydrogel, biotinylation of the
self-assembling peptides can be performed. By this method, for example, IGF-1
was tethered to biotinylated self-assembling peptides [24]. To improve protein
stability and confer protection from proteolysis, Segers et al. genetically engi-
neered a protease-resistant form of SDF-1 that was subsequently delivered by self-
assembling nanofibers into the infarcted heart by intramyocardial injection [100].

Multiple and/or sequential factor delivery have been described by other groups,
applying different delivery systems or different combination of polymers [72, 91].
For example, Hao et al. used a combination of partially oxidized alginates with
low and high molecular weights to produce a hydrogel system that can sequentially
deliver VEGF and PDGF-BB into the infarcted myocardium [42]. The sequential
factor delivery was achieved due to the different degradation rates of the partially
oxidized alginates constituting the hydrogel. This protocol of alginate preparation
was applied in order to overcome the disadvantage of unmodified alginate, that
only poorly controls the release of various entrapped proteins.

9 Affinity-Binding Alginate Biomaterial

9.1 Alginate-sulfate

To enable precise control over factor release and to allow the release of combi-
nations of growth factors, we recently developed an alginate biomaterial with
affinity binding sites for heparin-binding proteins, by sulfation of the uronic acid
monomers in alginate [34] (Fig. 4a). The binding to alginate-sulfate mimics an
example from nature, where many growth factors, chemokines, and cell adhesion
molecules, collectively known as heparin-binding proteins, bind the proteoglycans
heparin and heparan sulfate via high affinity, specific electrostatic interactions with
the low- and high-sulfated sequences in these glycosaminoglycans (GAG) [103].
In this aspect, heparan sulfate GAGs play an important role in sequestering and
storage of the proteins, and also participate in the formation of active signaling
complex with a respective cell surface receptor. Surface Plasmon Resonance
(SPR) analysis revealed strong binding of various heparin-binding proteins to
alginate-sulfate [33, 34] (Table 2).

We found the release rate from bioconjugates of alginate-sulfate/growth factors
to be dependent on the growth factor binding constants (KA) and the initial con-
centrations of individual components forming the bioconjugate (Fig. 4b).
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9.2 Bioconjugation with Alginate-sulfate Protects the Protein
from Enzymatic Degradation

The bioconjugation of proteins with alginate-sulfate was found to enhance their
stability by protecting the protein from enzymatic proteolysis induced by trypsin.
This was shown by the reduction in the number of digestion fragments in the mass
spectra of the bioconjugated IGF-1 and HGF obtained by Matrix-Assisted Laser
Desorption/Ionization—Time of Flight (MALDI-TOF) [95, 96] (Fig. 5). The
bioconjugation of alginate-sulfate with these growth factors provides physical
masking, protecting the protein from the activity of the proteolytic enzyme. The
existence of such masking due to physical complexation of the proteins with
alginate-sulfate was further strengthened by the demonstration of nanoparticle
formation by different high-resolution microscopy techniques, such as Atomic
Force Microscopy (AFM), Transmission Electron Microscopy (TEM) and cryo-
TEM, and also by Dynamic Light Scattering (DLS) (unpublished data).

Fig. 4 Alginate-sulfate (a) and the model of reversible binding (b)

Table 2 Equilibrium
binding constants (KA)
calculated from the
interactions of alginate-
sulfate with proteins
(SPR analysis) [33, 34]

KA (M-1) Protein

2.80 9 107 Acidic fibroblast growth factor
2.57 9 106 Basic fibroblast growth factor
9.93 9 106 Epidermal growth factor
5.36 9 107 Hepatocyte growth factor
1.01 9 108 Insulin-like growth factor-1
1.38 9 107 Interleukin-6
3.53 9 107 Platelet-derived growth factor-BB
2.06 9 108 Stromal cell derived factor-1
6.63 9 107 Transforming growth factor- b1
1.81 9 106 Thrombopoietin
6.98 9 106 Vascular endothelial growth factor
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The effect of protein protection from proteolysis is of great importance, if the
delivered proteins are to remain active for prolonged periods of time in harsh
environments, where extensive protein degradation takes place, such as the infarct
area during the first few weeks after the initial ischemic event.

9.3 The Concept of Affinity-Binding Alginate

Combination of alginate-sulfate with unmodified alginate represents a unique type
of a novel affinity-binding alginate biomaterial, which is capable of controlled
delivery of multiple proteins, while retaining the already mentioned properties and
characteristics of the alginate, in scaffold or hydrogel forms. In the following
sections we describe the applications of affinity-binding alginate in these formu-
lation types.

10 Affinity-Binding Alginate: The Scaffold-Based Approach

Macroporous alginate scaffolds were fabricated by a freeze-dry technique [101, 129].
In order to produce affinity-binding alginate scaffolds, alginate-sulfate was mixed
with unmodified alginate before the cross-linking step and then scaffolds were fab-
ricated [33] (Fig. 6). As revealed by Scanning Electron Microscopy (SEM) analysis,
incorporation of 10% (dry weight polymer) of alginate-sulfate into the alginate
scaffold did not affect scaffold porosity or mechanical stability in culture [33].

The ability of the affinity-binding alginate scaffolds to control the release of
multiple growth factors was tested using the combination of three known angio-
genic factors: platelet-derived growth factor-BB (PDGF-BB), transforming growth
factor-b1 (TGF-b1) and vascular endothelial growth factor (VEGF). Initial loading
and binding of the factors was achieved by the addition of protein solutions to the

Fig. 6 The concept of affinity-binding alginate scaffolds for controlled delivery of heparin-
binding proteins. The scaffold fabricated from alginate-sulfate/alginate can bind multiple heparin-
binding proteins (HBP) via specific affinity sites on alginate-sulfate. The release rate from such
scaffolds is correlated with the equilibrium binding constants (KA) of the factors (Table 2)
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dry scaffolds and subsequent incubation for 1 h at 37�C. In vitro release studies
revealed a sequential order of protein release from the scaffold: VEGF was
released first, followed by PDGF-BB and TGF-b1. Importantly, the observed
release order coincided with the predicted order of the release based on the values
of the equilibrium binding constants to alginate-sulfate (see Table 2). By contrast,
factor release from the scaffolds lacking alginate-sulfate was rapid and was gov-
erned mainly by burst effect.

The sequential delivery of VEGF, PDGF-BB and TGF-b1 from the scaffold
mimics the signal cascade acting in angiogenesis, namely the initiation of the
process by VEGF, followed by vessel stabilization by PDGF-BB-mediated smooth
muscle cell and pericyte recruitment, and finally, vessel remodeling with ECM
induced by TGF-b1 [15, 92]. In order to test the effect of affinity-binding alginate
scaffolds containing the three above-mentioned proteins on angiogenesis, the
scaffolds were implanted subcutaneously in the dorsal area in rats, and the tissues
were assessed for blood vessel number and maturation 1 and 3 months after
implantation by immunohistochemistry for a-lectin (a marker of endothelial cells)
and a-smooth muscle actin (SMA, a marker of smooth muscle cells) (Fig. 7).
Consistent with the pattern of sequential factor delivery, vessel density increase
was observed at 1 month after implantation, while effects on vessel maturation
were observed after 3 months, as revealed by the density of a-SMA-immuno-
stained vessels, which increased by two-fold compared to the situation after
1 month. By contrast, the instantaneous delivery of the three factors from alginate
scaffolds resulted in two-fold lower blood vessel density, smaller sized vessels and
a similar percentage of mature vessels at 1 and 3 months, indicating the short-term
effect of the adsorbed factors on scaffold vascularization [33].

The affinity-binding alginate scaffolds were used for the creation of a vascu-
larized cardiac patch [28] (Fig. 8). Such scaffolds containing a cocktail of pro-
survival and angiogenic factors (insulin-like growth factor-1 (IGF-1), stromal
cell-derived factor-1 (SDF-1) and VEGF) were seeded with rat neonatal cardio-
myocytes, and then transplanted onto the omentum to achieve host-induced
vascularization of the patch. Seven days post-implantation on the omentum, the
patches were harvested and after detecting the formation of proper and mature
networks of blood vessels, the omentum-generated patches were re-transplanted to
replace the scar tissue of the infarcted heart. Four weeks post-transplantation onto
an infarcted heart, the omentum-generated patches had structurally and electrically
integrated into the scar tissue. Most importantly, by echocardiography and elec-
trophysiology, the pre-vascularized cardiac patch in affinity-binding alginate
scaffolds was able to attenuate the deterioration of cardiac function 1 month after
implantation in recent acute MI model. Interestingly, similar beneficial results were
obtained when the omentum-generated patch was constructed from an affinity-
binding scaffold that was supplemented with only the mixture of pro-survival and
angiogenic factors and without seeded cardiac cells.

In summary, the affinity-binding alginate scaffolds were proven to provide an
improved cell microenviroment and improve the therapeutic outcome in vivo,
either in cellular or acellular forms. Using this tool with specific combinations of
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growth factors and other bioactive molecules, cell fate and/or tissue reconstruction
and reparative processes could be affected to meet different and specific needs,
such as improved vascularization, cell survival, regeneration, and guided stem cell
differentiation.

Fig. 7 Affinity-binding alginate scaffolds loaded with PDGF-BB, TGF-b1 and VEGF induce
angiogenesis and vessel maturation. Quantification of blood vessel densities by counting
(A) lectin-positive vessels or (B) SMC-positive vessels in sections from implanted scaffolds
retrieved after 1 and 3 months. Scale bar 100 lm. C. Blood vessel size and maturation in the
implanted scaffolds as judged by (a) percentage of area occupied by blood vessels determined on
lectin-stained sections, and (b) percentage of matured vessels. i.e. the ratio of a-SMA-positive
vessel density to lectin-positive vessel density 9 100. Alg-S/Alg-Triple and Alg-Triple are
alginate-sulfate/alginate and alginate scaffolds, respectively, loaded with triple factors (PDGF-
BB, TGF-b1 and VEGF). Alg-S/Alg is alginate-sulfate/alginate scaffold with no supplemental
factors. Empty bars—Alg-S/Alg; grey bars—Alg-Triple; black bars—Alg-S/Alg-Triple. (*)
p \ 0.05, (**) p \ 0.01. Values represent the mean and standard deviation [33]

b

Fig. 8 Prevascularization of a cardiac patch created in affinity-binding alginate scaffolds on the
omentum improves its therapeutic outcome. a The cardiac patch is transplanted on the omentum
for 7 days to promote its vasculogenesis. b Functional blood vessels within the patch. c Twenty-
eight days post transplantation of the vascularized patch on the infarcted heart, stimulation of the
patch was able to trigger synchronized beating of the healthy right ventricle. d Fractional area
change (FAC) of infarcted hearts after treatment with a stitch (sham), implantation of in vitro-
grown patch, empty patch grown on the omentum (Om), or omentum-generated cardiac patch
(Om+) [28]
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11 Injectable Affinity-Binding Alginate

11.1 The Concept and Preparation of Injectable Affinity-Binding
Alginate

The collected data suggests that alginate-sulfate can serve as an effective platform
for multiple growth factor delivery systems. Yet, for greater clinical applicability
of this concept for myocardial repair, the system should be produced in an
injectable form. This has been achieved by mixing the alginate-sulfate/growth
factor bioconjugates with partially-cross-linked alginate solution (Fig. 9). The
preparation of the system is simple and rapid (*2 h), compared to far more
elaborative processes of preparation of partially oxidized polymers, peptide syn-
thesis, biotinylation, genetic engineering, that are employed in preparation of other
single or multiple growth factor delivery systems.

The injectable affinity-binding alginate system can be easily delivered into the
infarcted heart and create a hydrogel in situ capable of sustained delivery of
growth factors. This affinity-binding alginate hydrogel has dual functions: (1) it
may confer temporary tissue support and replace damaged ECM, together with
temporary mechanical stabilization of the infarct, as previously shown for this
unique alginate biomaterial; (2) it should control the release and presentation of
multiple growth factors.

11.2 Dual Growth Factor Release and Tissue Retention at Infarct

Among the known available bioactive molecules, insulin-like growth factor-1 (IGF-
1) and hepatocyte growth factor (HGF) are well known as potent cardiovascular-

Fig. 9 Schematic representation of the preparation of injectable affinity-binding alginate system
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protective proteins, affecting several major aspects of myocardial regeneration.
IGF-1 is a strong antiapoptotic factor in different cell types, including cardiomyo-
cytes [20, 22, 66, 89]. Due to its marked cardioprotection effect, IGF-1 adminis-
tration can improve cardiac function after MI [45]. HGF is a strong proangiogenic
and antifibrotic factor [54, 80, 113, 116, 123]. In addition, HGF, together with IGF-
1, induced resident cardiac stem cell migration and activation, that led to new
myocardium formation in dogs [69, 114]. Due to their established and compli-
mentary beneficial effects on infarcted myocardium, these proteins were chosen as
bioactive components of the injectable delivery system. Strong affinity binding of
both proteins to alginate-sulfate was previously confirmed (Table 2) [34].

The release profile of the proteins from affinity-binding alginate hydrogel
revealed a sequential factor delivery pattern with a greater amount of IGF-1 ini-
tially being released to the external medium until cessation on day 3, while HGF
continued to be released and accumulated in the medium (Fig. 10a) [96]. The
sequential delivery of IGF-1 and HGF is suited for the proper execution of the
reparative processes in the infarcted myocardium, to achieve a more favorable
course of repair (Fig. 10b). The faster released IGF-1 could provide an immediate
strong pro-survival signal to rescue the functional myocardium and reduce cell
apoptosis and loss after the initial ischemic event [67, 105, 125]. Processes
required at later phases of repair, such as angiogenesis induction, more favorable
ECM remodeling and fibrosis reduction, can be mediated by the slower, yet
continuous, release of HGF [79, 110, 124].

The released IGF-1 and HGF maintained their biological activities. Both proteins
were shown to activate their respective intracellular signaling pathways (phos-
phorylation of AKT and ERK1/2 protein kinases for IGF-1 and HGF, respectively)
and prevent cardiac cell apoptosis in an oxidative stress model [95, 96].

Fig. 10 Growth factor
release pattern from affinity-
binding alginate hydrogel.
a In vitro release from dual
factor-loaded system
containing both protein
bioconjugates [96].
b Correlation of growth
factor release profile from
affinity-binding alginate
hydrogel with required
reparative processes after MI.
Faster released IGF-1 could
provide strong pro-survival
signal at early stages, while
slower released HGF could
reduce fibrosis and induce
angiogenesis at later stages
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Increased retention of therapeutic proteins over time is one of the main attri-
butes of a successful therapy. As mentioned, the infarct after the initial ischemic
event represents a very hostile environment, where extensive protein degradation
takes place as part of inflammation and ECM remodeling-induced enzymatic
responses [26, 32]. Thus, we chose an acute MI and immediate post-MI injection
as a model for testing the efficacy and impact of our delivery system on protein
retention. HGF delivery from the affinity-binding alginate solution resulted in
much greater retention and bioavailability of the factor in myocardial tissue after
acute MI, as measured using anti-human HGF-specific ELISA assay. In contrast,
soluble HGF administered by bolus injection was rapidly eliminated from the
infarct [95] (Fig. 11). The greater retention of HGF when delivered from
the affinity-binding system is attributed to the strong, yet reversible, binding of the
factor to alginate-sulfate. The in situ gelation of alginate forms a reservoir for the
HGF/alginate-sulfate bioconjugates, thus providing an additional barrier for HGF
diffusion and release.

Based on the collected data (bioconjugation and growth factor protection, sus-
tained release and increased protein retention in vivo), the activity of the growth
factors delivered by the in situ formed hydrogel with the affinity module could be
the manifestation of three main processes and their combinations: (1) the proteins
are released at a rate determined by their equilibrium binding constants to alginate-
sulfate and the concentration of the individual components (affinity-binding
mechanism); (2) the bioconjugates of alginate-sulfate and the factors are presented
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Fig. 11 Myocardial tissue retention of HGF in a rat acute MI model. a HGF retention profile
when injected in various formulations. b Nonlinear regression of data obtained from HGF
retention studies in infarcted myocardium. AUC—area under the curve [95]
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in a natural way to their respective cellular receptors, thus improving their acti-
vation and signaling, similar to their native interaction with heparan sulfate [103];
and (3) bioconjugates are released with time due to hydrogel dissolution, due to a
decrease in calcium concentration (Fig. 12).

12 Therapeutic Efficacy of Growth Factor Delivery by Injectable
Affinity-Binding Alginate

The therapeutic outcome of a single or multiple growth factor delivery by
injectable affinity-binding alginate was evaluated in two ischemic disease models:
(1) severe hindlimb ischemia in mice; and (2) rat model of acute MI.

12.1 Therapeutic Angiogenesis in Hindlimb Ischemia

Therapeutic angiogenesis is one of the key constituents for successful therapy of
ischemic heart disease, peripheral artery disease and other disorders. Induction of
re-vascularization can salvage damaged ischemic tissues and facilitate self-repair
[40]. As HGF is a potent angiogenic factor, we tested whether its controlled
delivery by an affinity-binding alginate system would prolong and maximize its
therapeutic action in a murine disease model of hindlimb ischemia [116, 124].

Fig. 12 The concept of injectable affinity-binding alginate biomaterial, and mode of protein
release and action
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This strategy resulted in improved tissue perfusion, as judged by laser Doppler
analysis 9 days after the operation, compared to other treatment groups (Fig. 13).
Moreover, the treatment with HGF delivered by the affinity-binding alginate
system resulted in a greater density of mature blood vessels [95].

The affinity-binding alginate was able to translate the known angiogenic effect
of HGF into an improved therapeutic outcome, due to creation of a temporary
favorable microenvironment for self-repair on one hand, and successful controlled
delivery of the protein together with protection from enzymatic degradation and
fast elimination in ischemic tissue, on the other hand.

12.2 Acute MI Model

Short (1 week) and long-(4 weeks) term effects of dual (IGF-1 and HGF) growth
factor delivery from the injectable affinity-binding alginate were tested in a rat
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Fig. 13 The delivery of HGF from affinity-binding alginate improves limb perfusion.
a Representative laser Doppler scans, 9 days after ischemia induction. b Calculated perfusion
percentage in different treatment groups at baseline and 9 days after operation. Green bars—
saline; blue bars—affinity-binding alginate; red bars—saline-soluble HGF; brown bars—HGF-
affinity-binding alginate. P (interaction, two-way repeated measures ANOVA) \0.0001.
*-p \ 0.05 (Bonferroni’s post-hoc test), n = 10/group [95]
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model of acute MI. We focused on various parameters and aspects in myocardial
tissue regeneration and repair, in order to examine the efficacy of the delivery
system to translate known effects of the growth factors into a significant thera-
peutic outcome.

12.2.1 The Effects on Infarct Expansion, Fibrosis, Angiogenesis and Cell
Apoptosis

The sequential delivery of IGF-1/HGF reduced scar fibrosis, increased scar
thickness and prevented infarct expansion. It also induced angiogenesis at the
infarct; the vessels were mature, judging by their coverage by smooth muscle cells
(stained positive for a-SMA). Finally, this treatment reduced cell apoptosis, as
evaluated by staining for the active form of caspase-3 [96] (Fig. 14).

Fig. 14 The effects of sequential delivery of IGF-1/HGF by injectable affinity-binding alginate
biomaterial on various aspects of tissue regeneration. Infarct expansion index was evaluated by
Masson’s trichrome staining. Blood vessels were identified by a-SMA staining. Apoptotic cells
were identified by active caspase-3 staining. Blue bars—1 week follow-up; green bars—4-week
follow-up. *—p \ 0.05 [96]

316 E. Ruvinov and S. Cohen



All these long-term effects were shown to be specifically mediated by the active
components of the system, i.e. IGF-1 and HGF. The effect of the biomaterial, if
found, was limited to only short-term effects which were not seen after 4 weeks.
This initial effect is possibly due to the sequestering and increased local retention
of various endogenous cardioprotective and angiogenic factors by the affinity-
binding system.

The results observed after the treatment with the sequentially-delivered proteins
from the affinity-binding alginate system collectively suggest that marked salvage
of the functional tissue occurs already at early stages after infarction. Increased
retention and prolonged release of the growth factors, due to affinity-binding
mechanism and in situ gelation of the system, facilitate a more favorable course of
repair, by supplying the required protective signals for longer periods of time. As a
result, prolonged growth factor activity leads to more favorable remodeling at later
stages (4 weeks after MI). These effects could also be accompanied by passive
tissue support and mechanical stabilization of the infarct conferred by the alginate
hydrogel itself [62, 65].

12.2.2 Induction of Endogenous Regeneration

We evaluated the contribution of endogenous regeneration to increased tissue
salvage. We focused on two processes that can be responsible for endogenous
regeneration of cardiac muscle: adult cardiomyocyte proliferation (shown by
staining for mitotic marker Ki-67) and the existence of cardiac stem/progenitor
cells (identified by staining for transcription factor GATA-4, generally associated
with cardiomyogenic differentiation) (Fig. 15).

Ki-67-positive cardiomyocytes were identified at the infarct border of all ani-
mal groups, 1 week after treatment (Fig. 15a). Due to the high ultrastructural fiber
organization of Ki-67-positve cells, the likely explanation for this phenomenon is
cell cycle re-entry that can occur at higher incidence after MI [87]. Strikingly, the
sequential delivery of IGF-1/HGF from the affinity-binding alginate biomaterial in
the infarct increased the incidence of Ki-67-positive cardiomyocytes [96]. Cell
cycle re-entry could point to actual cell proliferation, an important constituent of
myocardial regeneration, especially in light of recent data suggesting that
endogenous myocardial regeneration could be driven by the induction of cell cycle
re-entry and proliferation of existing cardiomyocytes rather than by stem or pro-
genitor cells [55].

As an additional aspect of possible myocardial regeneration, we examined
GATA-4 expression in the infarcts (Fig. 15b). Recent data show that along with its
established critical role in early and late heart development and morphogenesis,
GATA-4 also acts as a pro-angiogenic, anti-apoptotic and stem cell-recruiting
factor post-MI [88, 97]. The GATA-4-positive cell clusters were found only in the
peri-infarct areas of animals treated with the factors, with the highest incidence
detected 4 weeks post-MI in the animals treated with the sequentially-delivered
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factors [96]. From the cell cluster organization, we propose that these cells could
be stem- or progenitor cells of unknown origin. IGF-1 and HGF were previously
shown to activate distinct sub-sets of cardiac stem cells [114]. The long-term
delivery of both factors could induce the migration of these cells to the infarct
region and their subsequent activation, which in turn, can partially contribute to
myocardial tissue salvage.

The extent of endogenous regeneration after the treatment with sequentially-
delivered proteins in affinity-binding alginate hydrogel was significantly reduced
after a longer period of time (4 weeks) [96]. This can be explained by the sub-
optimal concentration of the growth factors due to cessation of growth factor
release and action, and also by the lack of additional endogenous signals, that
could act synergistically with the delivered proteins, and are present only for a
limited period of time after initial infarct.

13 Conclusions and Future Aspects

Biomaterials, despite their current relatively limited use compared to stem cell
transplantation, have great potential in cardiac repair. First, biomaterial-based
constructs can serve as the platform for the integration of various therapies (cell-,
gene-, or bioactive molecule-based). Biomaterial-provided mechanical support
can drive tissue restoration, either engrafted or created in situ. Second, self-repair
processes such as improved remodeling, endogenous stem cell recruitment, or
positive inflammation modulation, can be induced and monitored by biomaterial-
based delivery of various bioactive molecules, providing a favourable local
microenvironment for tissue repair and regeneration. The development of
‘‘smart’’ biomaterial systems able to respond to post-MI changes by sequential
and controlled release of various substances, will add additional value to this
concept.

The in vitro creation of cardiac patches for MI treatment or cardiac defect repair
represents an ideal strategy for effective tissue restoration and replacement.
However, along with several technical hurdles, such as low cell survival, lack of
proper vascularization etc., the major ‘‘bottleneck’’ of successful cardiac patch
creation is the lack of a clinically relevant cell source. Most current stem cell types

Fig. 15 The effect of sequential IGF-1/HGF delivery on endogenous myocardial regeneration.
A-a Representative photomicrographs of Ki-67 (brown) in infarcted hearts (healthy/infarct border
region). Arrows show nuclear localization or unstained nuclei. Bar = 50 lm. A-b Quantitative
analysis of Ki-67-positive cardiomyocytes in short-term experiment. P (one-way ANOVA,
1 week; n = 5/group) \ 0.0001; *—p \ 0.001. NM non-myocytes, CM cardiomyocytes. B-a
Representative photomicrographs of GATA-4 (brown) in infarcted hearts (peri-infarct region).
Arrows show nuclear localization. Bar=50 lm; B-b Incidence of GATA-4-positive cell clusters
in different treatment groups. Incidence = (number of animals with positive staining/total
number of animals in each group) 9 100 [96]

b
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being studied are unable to efficiently differentiate and generate functional cardiac
tissue. Pioneering work by Yamanaka in creating induced pluripotent stem (iPS)
cells from human somatic cells allows the production of autologous stem cells in
adults. These iPS cells can serve as a platform for autologous cardiomyocyte
production, and, thus, represent a clinically suitable cell source for cardiac tissue
engineering.

Concurrently, the identification and characterization of paracrine factors
responsible for the beneficial effects of cell transplantation will continue. A variety
of cytokines, growth factors and other bioactive molecules have been (re)dis-
covered, and have been found to positively affect various aspects of myocardial
regeneration. These efforts may lead to the transition from cell- to protein-based
therapy, which can be more easily translated into clinical benefits than can cell-
based therapy.

In this regard, acellular biomaterial-based delivery of bioactive molecules
represents a promising strategy for myocardial repair. The effective spatio-
temporal deliveries, together with protein protection and tissue support, have been
already proven to significantly improve the therapeutic outcome in various animal
models. However, as there is a need to simultaneously address multiple aspects
and processes in heart failure progression and myocardial repair in order to achieve
long-term improvement, the delivery of multiple proteins from a single device is
required. Affinity-binding alginate biomaterial can serve as a platform for such
device. This system shows results comparable to other growth factor delivery
systems, in terms of facilitated self-repair, more favorable remodeling, reduced
infarct expansion, angiogenesis and apoptosis inhibition. In addition, affinity-
binding alginate system provides numerous advantages over the existing systems
from several aspects. First, the preparation of the system is simple and rapid
(*2 h). Second, the affinity-binding mechanism allows high affinity-binding of
multiple proteins, and their release is controlled by equilibrium-binding constants
and components concentration. In addition, bioconjugation between the growth
factor and alginate-sulfate results in the masking of the protein from enzymatic
proteolysis. And finally, due to the physical properties of partially cross-linked
alginate solution, the affinity-binding alginate-based release system can be deliv-
ered to the infarcted heart by minimally-invasive catheter-based techniques via
coronary arteries. The developed platform of ‘‘smart’’ injectable alginate bioma-
terial also enables future modifications to better control multiple protein delivery
and retention, and also allows combination of this approach with cell therapy to
improve transplanted cell survival and function.

In conclusion, the field of instructive biomaterials for myocardial repair is
continuously growing. Along with the use and refinement of already known
polymer schemes and approaches, novel types are being developed. There is still a
long way to go for the clinical implementation of most of these strategies. How-
ever, better understanding of ‘‘how nature works’’, together with major recent
developments and breakthroughs in cardiac and general biology fields make these
efforts and goals not only more achievable, but also far more ambitious.
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Three-Dimensional Porous Scaffold
of Hyaluronic Acid for Cartilage Tissue
Engineering

Dae-Duk Kim, Dong-Hwan Kim and Yun-Jeong Son

Abstract Reconstitution of the articular cartilage tissue can be achieved by cell
delivery techniques. However, an optimal procedure exhibiting minimal toxicity
and maximum therapeutic efficacy is still to be developed. The two most common
cell types that are being investigated for the treatment of osteoarthritis are chon-
drocytes and mesenchymal stem cells which need to be formulated with the proper
signaling molecules and biomaterial scaffolds. So far, derivatized hyaluronic acid
(HA) in porous three-dimensional scaffolds is considered the most promising
means for delivering and culturing chondrocytes. HA is an attractive framework
among the numerous biomaterial scaffolds for its good biocompatibility, biode-
gradability, as well as excellent gel-forming properties. This section describes the
concept of articular cartilage engineering and how far the HA scaffolds have been
developed.

1 Introduction

Articular cartilage is a smooth and white tissue that covers the joint surfaces. It
plays essential roles in absorbing compressive stress, distributing load which
enables smooth frictionless movement. However, the cartilage undergoes a slowly
progressive change due to joint injuries and pathogenic mechanisms which can be
restored spontaneously only when the defect is minor. In serious cases, cartilage
destruction and degeneration may lead to osteoarthritis (OA) [34].
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OA is characterized by a loss of elasticity and erosion of the cartilage, bone
thickening, fibrillation and change of the synovial fluid composition [68]. The
principal problem in treating OA is the limitation of self-regeneration. Because
cartilage is short of innervations and blood supply, normal repairing system
requiring humoral factors and progenitor cells to the damaged site does not apply [41].
Furthermore, low cell density limits the ability to self-repair [87].

Autologous chondrocyte implantation (ACI) is a method that has been proposed
for the regeneration of articular cartilage, which is based on the transplanting of
isolated cells with chondrogenic traits within the damaged cartilage [9]. However,
in spite of some encouraging results, ACI has limitations. The cells are eliminated
easily before initiating extracellular matrix production because of difficult in
adhering to the lesion [95]. Moreover, when isolated cells are grown in monolayer
culture (i.e., two dimensions) in order to get adequate quantity of cells to fill the
damaged cartilage, they lose expression of the essential chondrogenic markers and
dedifferentiate to a fibrocartilage state [83]. This is why attention has been given to
the development of three-dimensional (3D) scaffolds which have the advantage of
anchoring the cells in the recipient site enabling the synthesis of a particular
extracellular matrix and bioactive molecules like cytokines and morphogenic
factors [20].

Hyaluronic acid (HA) is an attractive framework among the numerous bio-
material scaffolds for application to the defective cartilage. HA is one of the major
components within synovial fluids, and is composed of repeating disaccharides of
glucuronic acid and N-acetylglucosamine [6]. Properties including biocompati-
bility, immunogenicity, biodegradability, viscoelasicity make HA useful in med-
ical, pharmaceutical and cosmetic areas [28]. In addition, it is able to anchor to the
cell surface via cell surface receptors such as CD44 and RHAMM [21]. Yet,
although HA is an ideal candidate for cartilage repair, it requires modification
because of its poor mechanical properties, fast degradation and clearance in vivo
by enzymatic or hydrolytic reactions [7].

The concept of articular cartilage engineering with emphasis on the HA scaf-
folds will be introduced in this section.

2 Articular Cartilage Engineering

Tissue engineering is described as the reconstitution of tissues both structurally
and functionally [62]. Although Heabler et al. [40] first acknowledged the chon-
drogenic possibility of perichondrial tissue, it took about 30 years to establish
auto-transplantation in the domain of defected cartilage therapy [15]. Since then, a
great deal of attention has been paid to the articular cartilage tissue engineering.

Three key constituents usually form the foundation of a tissue engineering
approach, namely, cells, signaling molecules, and biomaterial scaffolds [29]. The
main concepts of scaffolds and cells in each area of articular cartilage engineering
are described as follows.
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2.1 Cell Sources

The chondrocytes are predominant due to having the properties of their original
tissue. On the other hand, adult mesenchymal stem cells which can be accessed
easily have also attracted the attention of researchers. All cell types that have been
used are similar in that controlling the differentiation need to be mainly consid-
ered. Among the various cells that have been applied in cartilage tissue engi-
neering, the two major cell types will be discussed.

2.1.1 Chondrocytes

Chondrocytes, the resident cells of cartilage, are characterized by the potential
candidate for current articular tissue engineering. They produce the constituents
of the extracellular matrix such as collagen and sulfated glycosaminoglycan
(s-GAG) [93]. Chondrocytes can be isolated from a number of sources, including
articular, auricular, septal, nasal and coastal cartilage [71]. According to the cell
sources, they exhibit the characteristics of their original tissue and different
functions [51]. These cartilages are sorted into three types; hyaline, elastic and
fibrocartilage. For the repair of articular cartilage, the hyaline type nasal chon-
drocytes may be the most appropriate candidate because of the quantity of car-
tilage that can be produced after transplantation [55, 89]. Moreover, rabbit
chondrocytes and human chondrocyte cell lines have been used in numerous
studies to investigate chondrocyte-specific tissue repair [47, 84, 92]. The human
chondrocyte cell lines including C-20/A4, T/C-28a2, T/C-28a4 and C-28/I2, are
characterized molecular phenotypes which could be served as useful models for
studying chondrocyte functions [24, 25].

However, whereas chondrocytes are the potential candidate for recent ACI
procedures, their instable phenotype called ‘dedifferentiation’ in vitro limits their
utility [29]. During the proliferation process in monolayer culture to reach abun-
dant number of cells for transplantation, they easily lose their chondrocytic
character and change to fibroblastic character. This change is accompanied by the
loss of the expression of type II collagen and aggrecan and increased expression of
type I collagen. Their morphology also shifts from round shape to fusiform like
fibroblasts. Fortunately, this process of dedifferentiation is reversible. When the
dedifferentiated cells are put in the 3D system or taken appropriate signaling
molecules, they could redifferentiate and return to their original phenotype [66].
A study by Bonaventure et al. showed that dedifferentiated chondrocytes cultured
in 3D alginate bead recovered their property [8].

2.1.2 Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are self-renewing progenitor cells isolated from
many adult tissues and retain potential to differentiate into chondrocytes,

Three-Dimensional Porous Scaffold of Hyaluronic Acid for Cartilage Tissue Engineering 331



adipocytes, fibroblasts, osteoblasts, and various lineages of mesenchymal origin
under controlled conditions [33]. They have been isolated from a number of tissues
including bone marrow, adipose, synovium, periosteum, umbilical cord vein or
placenta [13].

Cell sources between bone marrow and adipose tissue have been compared in
various studies. Bone marrow has extensive capacity to differentiate into a variety
of cell types. In early studies, the focus was on the osteogenesis of bone marrow
derived mesenchymal stem cells (BM-MSCs). Recently, however, the bone
marrow cells have been mainly used as an alternative source of chondrocyte.
Therefore, although the capacity for differentiation to the chondrogenic cells is
higher at the bone marrow cells, mesenchymal stem cells (AD-MSCs) are derived
from the adipose tissues since the process is less invasive, providing larger
quantities compared to those derived from the bone marrow [58]. The AD-MSCs
isolated from the human adipose tissue are purified through several processes for
selecting multi-potent MSCs-like cells. A simple liposuction procedure from
subcutaneous adipose tissue can be used, and its donor site damage and pain are
almost negligible compared to the donating procedure of BM-MSCs. It was
reported that AD-MSCs were comparable to BM-MSCs with respect to the multi-
lineage potential, growth kinetics and cells senescence [18]. However, under
conventional culture conditions including the two-dimensional (2D) plate culture
system and serum-supplemented medium, AD-MSCs tend to be committed into
the adipogenic or osteogenic lineage rather than the chondrogenic lineage [44].
Therefore, developing a suitable culture technique to direct AD-MSCs into the
chondrogenic lineage is a crucial prerequisite for the cartilage defect repair
application of AD-MSCs. Fortunately, 3D culture systems and chondrogenic
media have been well established for in vitro chondrogenic culture of AD-MSCs
[39, 44].

One of the scaffolds that has been reported to be effective for obtaining
AD-MSCs is HA which is known to enhance cell–cell contact by modulating
pericellular matrix in cell condensation process, the initial stage of chondro-
genesis [60]. Moreover, interactions between HA and various cell-surface
receptors including CD44 are known to play an important role in maintaining
differentiated characteristics of the chondrocytes [60, 79]. Wu et al. investigated
the enhancing effect of HA-enriched microenvironment on human adipose
derived stem cell (hADSC) chondrogenesis for articular cartilage tissue engi-
neering [99]. They examined the use of HA coated well for its effect on hADSC
differentiation during chondrogenesis, as well as the effect of HA modified
PLGA scaffolds on cell adherence and viability. The results indicated that HA-
enriched microenvironment enhanced cell adherence and aggregation, promoted
chondrogenesis, and increased matrix synthesis. Moreover, a more recent study
reported that the chondrogenic differentiation of AD-MSCs was induced suc-
cessfully in the porous 3D HA scaffold (unpublished data). Furthermore, better
proliferation and chondrogenic differentiation of AD-MSCs were obtained in the
3D HA scaffold culture as compared to the micromass culture, a standard 3D
culture system.
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2.2 Signaling Molecules

Commonly investigated signaling molecules include the Transforming Growth
Factor-b (TGF-b) family, Bone Morphogenetic Proteins (BMPs), Insulin like
Growth Factor-1 (IGF-1), and Fibroblast Growth Factor (FGF) [29]. These growth
factors enhance chondrocyte proliferation, differentiation and formation of cartilage.
Because MSCs have multipotent differentiation capacity, under appropriate condi-
tions they differentiate into the chondrogenic lineage. The ideal conditions to pro-
mote the chondrogenic differentiation include the supplementation of specific
signaling molecules, appropriate oxygen tension and 3D culture [44]. A number of
signaling molecules such as cytokines, growth factors, nonproteinaceous chemical
compounds are investigated in chondrogenesis. The exposure of MSCs to TGF-b1
induces chondrogenesis of MSCs and increases the expression of collagen II [98].
Likewise BMPs, FGF and IGF have expressed similar effects to MSC [71]. In a recent
study, BMP-2 in 3D culture system markedly increased the level of chondrogenic
differentiation of AD-MSCs, which showed the feasibility of BMP-2 as an effective
chondrogenic supplement for AD-MSCs. However, Platelet-Derived Growth Factor
(PDGF) inhibited the chondrogenic differentiation of AD-MSCs, being inappro-
priate as a chondrogenic supplement for AD-MSCs (unpublished data).

2.3 Materials for Scaffold Preparation

The scaffolds, which mimic the 3D environment of the extracellular matrix, pro-
vide the necessary support for cells to proliferate and differentiate while keeping
their inherent phenotype [81]. Much attention has been paid to the development of
many different types of scaffold. They can be classified according to their chemical
nature; synthetic, protein-based or carbohydrate based (Table 1). The necessary
requirements for the scaffolds are biocompatibility and being biodegradable with
non-toxic byproducts. They also need to show controllable degradation and
resorption rate to match cell growth in vitro and in vivo [49]. When the scaffolds
are not biocompatible, inflammatory and immunological responses could occur [16].
Moreover, suitable surface chemistry for cell attachment, proliferation and dif-
ferentiation should be considered as well [14]. One must also remember that the
pore size and interconnectivity are significant factors for cell growth, migration,
and transport of nutrients and waste products [74].

2.3.1 Synthetic Scaffolds

Diverse synthetic materials used for the fabrication of scaffolds in articular car-
tilage repair include polylactic acid (PLA), polyglycolic acid (PGA), carbon fiber,
polyesterurethane, polybutyric acid, polyethylmethacrylatem hydrozyapatite,
Dacron (polyethyleneterephthalates), and Teflon (polytetrafluoroethylene) [12].
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There are advantages and disadvantages for these polymers as carrier for cells.
Advantages of using synthetic scaffolds include easiness to mold into specific
shapes, unlimited supply, and possibility to regulate exact mechanical properties
including dissolution and degradation [29]. However, their poor biocompatibility
limits popular use of these competent materials. Sometimes hydrolysis produces
acidic by-products and particulates [37], which induce inflammation or giant cell
reaction bringing about cell death [38]. Since synthetic materials lack natural sites
for cell attachment, they need to be modified by coating or adding adhesion of
peptides or proteins onto the surface [12]. In several studies, effects of these
synthetic scaffolds on chondrocytes were evaluated, but biocompatibility and
toxicity are always major concerns to be overcome [96].

2.3.2 Protein-Based Scaffolds

Collagen is a major connective tissue protein in animals. Tropocollagen, the basic
subunit of collagen, is composed of three polypeptide chains and binds together very
tightly [86]. The degradation products of collagen are non-toxic. Collagen has
ligands to enhance cell growth and cell adhesion while influencing cell migration,
differentiation and phenotype [59]. The ligands also interact with other molecules
such as growth factors. Reconstituted collagen matrix is found to be easily accept-
able to the host and enhance the spontaneous healing in osteochondral defects [85].
In the area of the cartilage tissue repair, collagen has been utilized not only as a naked

Table 1 Materials used for
scaffold preparation in
articular cartilage tissue
engineering

Synthetic materials
Polylactic acid (PLA)
Polyglycolic acid (PGA)
Carbon fibre
Calcium phosphate
Polyesterurethane
Polybutyric acid
Polyethylmethacrylate
Hydrozyapatite
Dacron(Polyethyleneterephthalates)
Teflon (Polytetrafluorothylene)

Protein-based materials
Collagen
Fibrin
Gelatin

Carbohydrate-based materials
Cellulose
Alginate
Chitosan
Agarose
Hyaluronic acid
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scaffolding material but also as a carrier for transferring the cells or growth factors.
In in vitro studies, collagen matrix is reported to be particularly useful as it promotes
chondrocyte proliferation and differentiation [48]. Thus, despite its problem of
biocompatibility, it is still a promising building block of tissue engineering.

Fibrin is produced by polymerization of fibrinogen with thrombin, which is the
natural component of the intravascular area [78]. This natural 3D solid matrix
functions as facilitating and promoting tissue healing within the extra-vascular
space [46]. It plays an essential role in facilitating spontaneous repair activities
within full-thickness articular cartilage defects, and alternating the defected car-
tilage to the hyaline-like tissue which includes abundant type II collagen and
sulfate GAGs [43]. Several researchers have used fibrin glues as 3D matrices to
support chondrocytes and mesenchymal stem cells in vitro and in vivo [26, 73].
However, in spite of the many researches, application of this type of matrix is
limited because of its lack in mechanical stability [78].

Gelatin is fundamentally denatured collagen and has not been investigated
widely as a scaffold for articular tissue engineering. Yet a few studies did show
that chondrocytes growth in vitro and in vivo have been markedly influenced by
the cartilage gelatin [77, 80]. Gelfoam� is a promising candidate for delivery of
mesenchymal stem cells (MSCs), and is known to support proliferation and dif-
ferentiation of hMSCs in vitro [80].

2.3.3 Carbohydrate-Based Polymers

Alginate is a gelatinous polysaccharide composed of linear chains of L-guluronic
and D-mannuronic acid residues derived from brown algae. In the presence of
divalent ions such as calcium and strontium, it forms a unique meshwork, cross-
linked through ionic bonding, which is called alginate ‘‘beads’’ [97]. The beads
promote chondrogenesis and maintain chondrocytic phenotype in 3D cultured
environments [48]. An in vitro study showed that the alginate beads are useful for
the re-differentiation of dedifferentiated chondrocytes which have lost their own
expression during monolayer culture [8]. Similarly, marrow stromal cells obtained
chondrogenic phenotype in the alginate vehicle [19]. In addition, adult human
chondrocytes cultured in alginate beads showed that the majority of synthesized
aggrecan was rapidly incorporated into aggregates which are present in the native
tissue [42]. However, in spite of its ideal properties, concerns over biocompati-
bility hinders its use in human patients [76].

Chitosan is a copolymer of glucosamine and N-acetylglucosamine found in
arthropod exoskeletons [48]. Its cationic property and high charge density in acidic
solution enables it to cross link with a variety of polyanionic substances like
chondroitin-sulfate [57]. In several in vitro studies, chondrocytes cultured on the
chitosan scaffold maintained their morphological and functional properties like
normal cartilage [27]. Also, chitosan supports the expression of cartilage extra-
cellular matrix proteins by chondrocytes in vitro [61]. It not only acts as a
chondrogenic promotor, but also as a carrier of growth factors [67]. However,
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despite its articular cartilage repair ability, it has not been approved as a matrix for
clinical study.

Hyaluronic acid is a linear high-molecular weight polysaccharide, composed of
repeating disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid [4, 22].
HA is a component of synovial fluid and many other extracellular matrices (ECM).
In ECM, HA is the backbone of GAG superstructure complexes, mostly associated
with other polysaccharides such as chondroitin sulfate [10]. Its viscoelasticity is
responsible for conferring lubrication and mechanical support to joints. In clinical
practice, intra-articular HA injection has been used to relieve arthritic pain relief
and functional improvements for osteoarthritis. Moreover, it interacts with cell
surfaces through CD44 and receptor for hyaluronic-acid-mediated motility
(RHAMM), and thus the loaded cells could be fixed at the HA matrix [21]. HA has
been a valuable carrier for chondrocytes or mesenchymal stem cells in tissue
engineering [100]. Since it consists of linear disaccharide chains, it is required to
cross-link by esterfication or other chemical processes in order to achieve a con-
struct for supporting articular cartilage repair [32]. Due to its good biocompati-
bility, biodegradability, as well as excellent gel-forming properties, HA shows
potential in biomedically-relevant hydrogel systems. However, although HA is
used as therapeutic aids in the treatment of OA, it has not been proven effective
enough because of its poor mechanical properties, rapid degradation and clearance
in vivo [5, 7]. Therefore, a modified structure of HA has been attempted for the
chondrocyte culture in cartilage repair. Other studies utilizing the 3D scaffold of
HA include those where HA is chemical modified and/or cross-linked with glu-
taraldehyde [90] or carbodiimide [91], although toxicity problems still need to be
solved.

3 HA Scaffolds for Cartilage Tissue Repair

3.1 Three-dimensional Scaffold

As mentioned previously, HA has the merit of providing optimal environment for
chondrocytes. Although HA itself is used as therapeutic aids in the treatment of
OA to improve the lubrication of articulating surfaces and to reduce joint pain [5],
direct injection of un-crosslinked soluble HA is not effective enough because of its
poor mechanical properties, rapid degradation and clearance in vivo [7]. Thus,
when the HA is used as a cell-carrier scaffold for chondrocyte culture, one can
expect better effectiveness in the chondrocyte implantation resulting in better
cartilage repair. Moreover, it is known that chondrocytes grown in monolayer
culture (i.e., two dimensions) undergo characteristic processes of dedifferentiation,
marked by loss of collagen type II and aggrecan core protein as well as induction
of collagen type I expression [45, 63, 88] while when grown in a porous three-
dimensional scaffold, chondrocytes are able to maintain their differentiated phe-
notype and function. The pore size in the scaffold is crucial for retaining the cells
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[36] and retaining macromolecules of the cell in the scaffold is critical in cell-
based strategies, which can be controlled by the size of pores in the scaffold. Too
large a pore size could cause insufficient initial attachment of cells; enlargement of
the pore size might decrease the proportion of cells that adhere to the scaffold.
Even though chondrocytes are metabolically active, they seem to lack the
appropriate environment or proper stimuli to produce extracellular matrix in large
pore size scaffolds [36]. In contrast, when the pore size in the scaffold is too small,
it may potentially limit the access of nutrients [3] and impede the permeation of
cell waste that need to be secreted and eliminated. When pores are too small, they
may interfere with a homogeneous cell distribution within the scaffold and
increase the edge effect [36].

Since scaffolds can encourage the proliferation of chondrocytes without losing
important functions of differentiation, 3D scaffold and chondrocyte-based strategies
in cartilage tissue engineering are currently regarded as one of the most promising
approaches for the treatment of OA. Although there have been many studies in the
past decades that used HA matrix and chondrocyte culture for cartilage repair, all of
them utilized the HA matrix with chemical modification and/or cross-linkage using
glutaraldehyde [90] or carbodiimide [91]. Recently, a porous 3D scaffold of
chondrocyte culture using chemically unmodified HA which was minimally cross-
linked using polyethyleneglycol diglycidylether (PEGDG) was prepared [56]. This
was because the conventional cross-linkers glutaraldehyde and carbodiimde have
demonstrated high toxicity that could be the cause of side effects [35]. In order to
minimize the possible risk of toxicity, PEGDG has been introduced since diepoxy
crosslinkers had been reported to exhibit lower cytotoxicity than formaldehyde,
glutaraldehyde, and a water-soluble carbodiimide [72]. The pore size of the matrix
is being controlled by fabrication conditions, including swelling time and compo-
sition of the scaffold [56]. The viability, proliferation and differentiation of rabbit
primary articular chondrocytes and human chondrocytic cell lines (C-20/A4) in
porous HA scaffold have been systematically investigated. Studies showed that the
chondrocytes retained chondrocytic spherical morphology in this HA matrix.
Moreover, results from the MTT assay showed good cellular viability within the HA
matrix; optical density increased for up to 28 days, demonstrating that the cells
continued to proliferate inside the HA matrix. Phenotypic analysis (RT-PCR,
Alcian blue staining and quantification of s-GAG) showed that chondrocytes, when
three-dimensionally cultured within the HA matrix, expressed transcripts encoding
collagen type II and aggrecan, and produced sulfated glycosaminoglycans (s-GAG),
indicating chondrogenic differentiation.

However, the key disadvantage of a ‘‘rigid’’ 3D scaffold is that it is needed to fit
the matrix into the cartilage lesion site during an implant surgery, which may
further damage the cartilage due to its rigid structure. Thus, a ‘‘flexible’’ gel is in
great need to fill the cartilage site to reduce the morbidity of the damaged site and
to enhance the cell bioadhesion at the cartilage lesion site for better results [64].
A gel-like flexible 3D scaffold of HA was thus developed by carefully controlling
the composition, cross-linking time and the amount of cross linker (PEGDG)
(unpublished data). This scaffold permitted the growth of phenotypically stable
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chondrocytes, and enabled the synthesis of cartilage-like ECM. Moreover, as this
modified scaffold is ‘‘flexible’’, this would make the application, handling and
treatment much easier than implanting solid-gel matrices by fitting on the defect
site in the OA treatment.

3.2 Injectable Scaffolds

Even though the three-dimensional scaffolds have been widely studied for carti-
lage regeneration for the last decade, the problem of surgical implantation of the
solid shaped scaffolds generally causing cartilage defects still need to be solved.
To fit the matrix into the cartilage lesion sign, an implant surgery is inevitable, but
this process may further damage the cartilage due to the rigid structure [64]. This is
why ‘‘injectable’’ scaffolds or hydrogels needed to be developed.

Jin et al. designed hybrids of HA grafted with a dextran-tyramine conjugate
(Dex-TA) and investigated this injectable biomimetic hydrogels for cartilage tissue
engineering [53]. HA-g-Dextran-Tyramine copolymers were prepared by the
conjugation of dextran-tyramine conjugates with HA using EDAC/NHS activa-
tion. The characterization of hybrid structure was determined using 1H-NMR, and
was determined to resemble the molecular structure of proteoglycans present in the
extracellular matrix of native cartilage (Fig. 1). Then, hydrogels were prepared in
PBS by the horseradish peroxidase (HRP) as a catalyst and H2O2 as an oxidant
mediated coupling reaction. This enzymatic cross-linking of hybrid structure led to
fast gelation within 2 min. Hydrogel degradation was observed in the presence of
hyaluronidase and exhibited good biocompatibility. Rheological experiments on
injectable properties of hydrogels were carried out with a rheometer.

3.3 Scaffolds Consisting of Hyaluronic Acid Derivatives

Fabricating scaffolds with HA only is very difficult because of its hydrophilic
physicochemical properties. Derivative of HA and cross-linker is therefore

Fig. 1 Chemical structure of a polysaccharide hybrids based on hyaluronic acid and dextran–
tyramine conjugates and b structure of a proteoglycan
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preferred for manufacturing scaffolds as in the case of Hyaff-11 which was
developed as a semi-synthetic resorbable material from Fidia Advanced Bio-
polymers (FAB, Abano Terme, Italy) [11]. The HA in Hyaff-11 was esterified with
benzyl alcohol on the free carboxyl groups of glucuronic acid along the polymeric
chain, leading to an increase in the hydrophobic component of the polymer chain
(Fig. 2). The possibility of using nonwoven structured samples of Hyaff-11 as a
potentially valuable scaffold for cartilage-tissue engineering was systematically
studied [1]. The re-differentiation capacity of cultured chondrocytes on two bi-
oresorbable nonwoven biomaterials composed of Hyaff-11, and its sulphated
derivative, Hyaff-11S [30] was also investigated.

HA modified biodegradable scaffolds for cartilage tissue engineering has been
prepared by using HA and PLGA-PEG di-block copolymer [100], and compared
with the PLGA scaffold. The PLGA scaffolds were fabricated by a gas forming/salt
leaching method by chemically conjugation with PLGA and amine-terminated
PLGA-PEG di-block copolymer. The HA modified scaffolds were fabricated by
chemical surface modification of the exposed amino group of the PLGA scaffold.
HA modification led to enhanced cellular attachment and proliferation as well as
dedifferentiation of chondrocytes.

3.4 Interpenetrating Polymer Network Scaffold of HA

Interpenetrating polymeric network (IPN) is a 3D network which comprises of
two or more networks which are fully or partially interlaced on a molecular scale
but not covalently bonded to each other and not being separated unless chemical
bonds are broken [69]. The most widely investigated IPN is composed of two

O O

O
NH

O OH

O

HO

HO

OH

OH
O

O O

O
NH

O OR

O

HO

HO

OH

OH
O

Benzyl alcohol esterif ication

Hyaluronic acid

Hyaff 11

Fig. 2 The structure of
hyaluronic acid and Hyaff 11.
Hyaff 11 is the structure of
hyaluronic acid esters. R is a
benzyl group

Three-Dimensional Porous Scaffold of Hyaluronic Acid for Cartilage Tissue Engineering 339



independent polymers with different chemical compositions. It is believed that the
formation of an IPN structure can conserve the properties of both polymers, and
the interlocked structure in the cross-linked networks enhance the stability of the
materials, thereby ensuring the mechanical strength [70]. Despite its general
acceptance as a tissue biocompatible material, the fabricated HA scaffolds show
poor mechanical properties, rapid degradation and clearance in vivo, which
restricts the possibility of its exploitation in the medical field. Hence, it was has
been proposed to modify the natural polymers physically or chemically [56, 75,
100]. In a recent study, porous sodium hyaluronic acid/sodium alginate (HA/SA)
scaffold based on IPN technique has been fabricated, where HA and SA were
cross-linked with PEGDG and calcium chloride, respectively (unpublished data).
The results showed that a porous IPN scaffold was successfully prepared from
naturally derived sodium hyaluronic acid (HA) and sodium alginate (SA) poly-
mers with significantly improved mechanical and biological properties as com-
pared to its hyaluronic acid counterpart. Also, rabbit chondrocytes readily attached
to the HA/SA scaffold, and maintained a chondrocyte-specific phenotype and the
addition of SA in HA slightly up-regulated chondrogenic differentiation. Thus, it
could serve as an effective cell delivery system for the three-dimensional culture
of chondrocytes.

3.5 Peptide Surface Modification of Scaffolds for Promoting
Cell Attachment and Proliferation

Although HA provides apposite environment for cell attachment and prolifera-
tion, its negative charge can bring repulsive force with cells. Moreover, HA does
not provide the perfect configuration of the ECM environment by itself.
Therefore, surface modification by peptide/protein that can promote cell-scaf-
folds interactions has been emerged in the development of scaffolds. The argi-
nine-glycine-aspartic acid (RGD) sequence is a typical adhesion motif in ECM
proteins (i.e., fibronectin, fibrin, laminin and collagen) and also directly binds to
several integrin receptors (i.e., a5b1 and avb3) [31, 52]. Members of the integrin
receptor family are known to be linked directly to intracellular signaling events,
including growth factor responsiveness [94], tyrosine kinase activation and
alterations in gene expression [54]. The configuration of the ECM environment
is important for the conservation of cell function. Other study also demonstrated
the potential use of the laminin-derived peptide sequences IKVAV, YIGSR and
RGD to promote the attachment of ADSCs to scaffolds [82]. Another study
demonstrated the inhibition effect of chondrogenesis in RGD-modified alginate
gels [17]. In RGD-modified 3D alginate gels, the proliferation and attachment of
bone marrow stem cells (BMSCs) to the gel was increased, but initial chon-
drogenesis was inhibited. This effect was owing to interaction of RGD peptide
with a5 integrin family. They claimed that cell-scaffold interaction can regulate
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chondrogenesis, and thus it is important to design appropriate biomaterials for
cartilage tissue engineering.

4 How to Characterize Cell Functions on Scaffolds

The fact that 3D scaffold culture is advantageous for cells to maintain their
chondrocyte-specific phenotype and chondrogenic differentiation can be concluded
once the scaffolds as well as the cells are properly characterized. When the 3D
scaffolds are developed and cells are seeded on them, the scaffolds as well as cells
in terms of their viability, proliferation and differentiation are investigated by
various means which are described below.

4.1 Morphological Observation

The morphological observation of scaffolds and cells can be performed by using
scanning electron microscope (SEM). After 21 days of cell seeding on the HA
scaffold, the typical morphology of chondrocytes are as shown in Fig. 3. Once the
cells are attached on the HA scaffold structure, they maintain the roundness
characteristic and acquire predominantly spherical or some fusiform shape. Some
cells are attached on the polymer by filapodia, but most of the cells are connected
to each other by forming cell aggregations.

The SEM images are also useful to observe the porous morphology of the HA
scaffolds and to measure the pore size. Pore size in the scaffold is known to be
critical for the growth of cells [3, 36] and that between 50 and 300 lm is known to
be optimum for cell growth. Figure 4 shows an example of SEM images of the
cross-section of the HA scaffold.

Fig. 3 Scanning electron micrographs of the a primary chondrocytes and b C-20/A4 (human
chondrocytic cell line) cultured in the HA scaffold for 21 days. The characteristic round
morphology of the chondrocytes (white arrows) and the dense fibers of the extracellular matrix
can be found around the chondrocytes. Data from Kang et al. [56])
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4.2 Cell Viability

Cell viability and morphology during the culture in the scaffolds can be deter-
mined by MTT [3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide]
mitochondrial reduction. After washing the stained construct with PBS, observa-
tion can be made with naked eyes or under microscopy (9100) (Fig. 5a). Cells in
the scaffold can also be embedded in paraffin, and small section can be stained
with hematoxylin–eosin (H&E) after removing paraffin after which they are
rehydrated. In the H&E staining, the basic dye hematoxylin colors basophilic
structures (usually the one containing nucleic acids) with blue-purple hue, and the
alcohol-based acidic eosin colors eosinophilic structures (generally composed of
intracellular or extracellular protein) with bright pink (Fig. 5b).

4.3 Cell Proliferation

Proliferation of cells in 3D chondrogenic culture systems can be evaluated by the
quantification of genomic DNA. The isolation of the genomic DNA can be

Fig. 4 Scanning electron
microscopic images of the
cross-section of a porous HA
scaffold (Data from [56])

Fig. 5 a MTT staining of AD-MSCs and b H&E staining of rabbit chondrocytes in 3D HA
scaffold after culturing for 14 and 28 days, respectively
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performed by using commercial kits (ex., DNeasy tissue kit, QIAGEN) according
to the protocol provided by the company. The measurement of absorbance at
260 nm by ELISA can be used to quantitatively determine the proliferation of cells
in the scaffold. Moreover, the cell proliferation can also be quantitatively deter-
mined by measuring optical density at 560 nm after dissolving MTT formazan
crystal by using DMSO.

4.4 Chondrogenic Differentiation of Cells

The chondrogenic differentiation of chondrocytes can be visualized by staining the
sulfated glycosaminoglycan (s-GAG), which is a differentiation marker of chon-
drocytes and a major component of cartilage tissue. The production of s-GAG
from the cells in the scaffold can be observed colorimetrically using an Alcian blue
staining and dimethylmethylene blue (DMMB) staining methods. Alcian blue
staining is a useful method to visualize the cell viability in 3D culture system. The
dark blue staining of the s-GAG can be observed with naked eyes and under light
microscopy (Fig. 6a). Quantification of s-GAG is also possible by measuring the
absorbance at 560 nm after DMMB staining method using shark chondroitin
sulfate C as a standard [23]. Synthesis of s-GAG is one of the important functions
of chondrocytes and plays a significant role in regulating the chondrocyte phe-
notype. Increase in the staining implies the accumulation of s-GAG in the extra-
cellular matrix of chondrocytes cultured in the scaffold. When cells are embedded
in paraffin for hematoxylin–eosin (H&E) staining, they also can be stained with
0.1% safranin O, which highly stains negatively charged s-GAG (Fig. 6b).

The RT-PCR (polymeric chain reaction) technique made it possible to amplify
a specific DNA sequence, and thus confirm the mRNA expression of type II
collagen and aggrecan, the main chondrogenic differentiation markers, during the
cell cultures in the scaffold. In the cartilage, chondrocytes and proteoglycan are
entrapped in collagen fibrillar network. Type II collagen and aggrecan are the

Fig. 6 a Alcian blue staining of C-20/A4 cells and b Safarin-O staining in the 3D HA scaffold
after culturing for 7 days and 28 days, respectively
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predominant collagen fiber and proteoglycan, respectively, in the cartilage.
AGGRECAN and COL2A1 encode the core protein of aggrecan and a1 chain of
type 2 collagen, respectively. Thus, these two genes are generally considered the
primary marker gene for chondrogenic differentiation [65, 101]. Sox9 protein is
the transcription factor of COL2A1 gene, and functions as an important tran-
scriptional regulator of early chondrogenic differentiation [2, 50, 63]. Since SOX9
encodes sox9 protein, it can be also a marker gene for chondrogenic differentia-
tion. Increase in the expression of these markers indicates the maintenance of
chondrocyte phenotype and chondrogenic differentiation of cells.

Generally, it is know that the chondrogenic differentiation of AD-MSCs and
chondrocytes in the HA scaffold is significantly higher than that in the micromass
culture, which is the standard 3D culture system. HA is known to enhance cell–cell
contact by modulating the pericellular matrix in the cell condensation process,
which is the initial stage of chondrogenesis [60]. Moreover, interactions between
HA and various cell-surface receptors including CD44 are known to play an
important role in maintaining differentiated characteristics of chondrocytes [60, 79].
Thus, the culture in HA scaffold seems to be better for both proliferation and
chondrogenic differentiation compared to the micromass culture system.

5 Conclusions

The demand for articular cartilage engineering is expected to increase with the
advancement of biotechnology. In particular, for the treatment of osteoarthritis,
various means of chondrocyte or mesenchymal stem cell delivery is being
investigated. Studies have progressed to show that the porous 3D scaffolds of
hyaluronic acid derivatives are promising in maintaining the cell-specific pheno-
type and differentiation. However, despite its biocompatibility and biodegrad-
ability, hyaluronic acid system as cell-carrier and scaffold still needs further
improvement to be modified into a more flexible cell delivery system with
improved mechanical and biological properties.
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Chitosan Derivative Based Hydrogels:
Applications in Drug Delivery and Tissue
Engineering

Marta Roldo and Dimitrios G. Fatouros

Abstract Chitosan is a biodegradable, biocompatible and non-irritant polymer
that exhibits good mechanical strength and adhesion. These characteristics make it
suitable for applications in controlled delivery systems and tissue engineering.
Chitosan gels may be easily obtained by a cross-linking reaction. These hydrogels
exhibit good swelling properties and are widely used as a temporary extracellular
matrix in tissue engineering and regenerative medicine as well as controlled drug
delivery matrices. Considerable advances have been made in this area throughout
the past decade, including the development of novel formulations containing
chitosan derivatives with improved properties. This area of research is providing
the fundamental knowledge required to rationally develop new strategies for
biomedical engineering to tackle problems related with regenerative therapy. This
survey presents different biologically active chitosan systems designed for drug
delivery and tissue engineering applications and assesses the parameters needed
for these formulations to achieve improved properties.

1 Introduction

Recent developments in controlled and targeted drug delivery are calling for
the development of novel materials with enhanced biocompatibility and
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biodegradability [68]. Since the 1960 ground-breaking work by Witchrerle and
Lim, hydrogel formulations have been attracting a lot of interest (Fig. 1) as the
type of drug delivery platforms that can provide these properties and be suitable
for several different applications [26].

Their use in drug delivery applications is stimulated by the unique physical
properties presented by hydrogels. The polymeric network forms a highly porous
structure which properties can be tuned by adjustments to the crossliking density
of the hydrogels or its affinity for the external environment; hydrogels that change
porosity in response to modified pH, temperature or ionic strength can also be
engineered [23]. The pores are suitable for loading of drugs that will be subse-
quently released according to their diffusion coefficient [25]. Degradation of the
hydrogel is another property that can be designed according to the required
application, the process can occur by hydrolysis, enzymatic degradation or dis-
solution [25]. Hydrogels are generally classified into two categories: physical or
reversible and chemical or permanent. In physical hydrogels the crosslinking is
given by physical entanglement and/or weak interactions; while in chemical gels
crosslinking occurs by covalent bonding [24]. Both classes of hydrogels possess
advantages and disadvantages depending on the desired application, these have
been comprehensively reviewed in a recent paper [25]. Hydrogels are an extremely
flexible drug delivery platform as they can be formulated as films, nano- and
micro-particles and in situ-forming gels; they can also be used for coatings,
pressed powder matrices [26, 68], or as scaffolds for tissue engineering.

Polymers of different nature have been used in the formulation of hydrogels
[68], however, natural macromolecules, such as polysaccharides, have demon-
strated superior properties. Their use is highly sustainable as they are generally
abundant and readily available. Furthermore, polysaccharides come in a variety of
compositions that are difficult to reproduce synthetically [14]. Amongst other
polysaccharides, such as alginate, carrageenan, dextran, gellan, guar gum, hyalu-
ronic acid, pullulan, scleroglucan, xanthan, xyloglucan and pectin, chitosan has
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been the focus of many investigations; the most recent advances in chitosan
applications have been reported in several reviews [1, 3, 5, 6, 10, 31, 40, 44, 53,
57, 63, 70, 78, 79]. Chitosan is an aminoglucopyran composed of N-acetylglu-
cosamine (GlcNAC) and glucosamine (GlcN) residues (Fig. 2) and obtained by
deacetylation of chitin in harsh alkali environment. Chitosan is soluble only in
acidic aqueous environment, characteristic that somewhat limits its applications in
vivo. However, this hurdle can be easily overcome as chitosan is amenable to
chemical modification by simple reactions, thanks to its primary amino group as
well as primary and secondary hydroxyl groups (Fig. 2) [56]. Several derivatives
of chitosan with enhanced solubility and diverse physicochemical and biological
properties have been prepared as summarized in recent reviews [2, 56].

Despite successful formulation of chitosan-based hydrogels for tissue engi-
neering, wound healing and subcutaneous, oral, ophthalmic, nasal and transdermal
drug delivery [6, 10, 51] there is a great interest in the development of hydrogels
based on chitosan derivatives as these might lead to the next generation of delivery
systems able to adapt to different loading and release requirements specific to the
type of application. This chapter will provide a summary of recent progress on
how different types of chitosan derivatives have been formulated into hydrogels
for drug delivery and tissue engineering and what advantages these show when
compared to chitosan.

2 Positively Charged Chitosan Derivatives

The pH dependence of chitosan properties such as mucoadhesion and absorption
enhancement has prompted investigation into the synthesis of positively charged
derivatives that show high solubility and maintain their properties in a wider pH
range [56]. Quaternized chitosan derivatives have been prepared mainly by using
two methods [66]. The first involves the methylation of the amino group in
position C2 achieved by reaction of the polymer with methyl iodide in solution of
sodium hydroxide and N-methyl pyrrolidinone (NMP) to obtain trimethylchitosan
chloride (TMC) (Fig. 3) [69, 77]. The second one involves the modification of the
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amino group with a pendant chain carrying the positive charge, e.g. glycidylt-
rimethylammonium chloride in the synthesis of N-[(2-hydroxy-3-trimethylam-
momium)propyl]chitosan (HTTC) (Fig. 3) [89, 90].

TMC has been used in the formation of different types of hydrogels. Poly-
electrolyte complexes (PECs) have been for example formulated by crossliking
TMC with insulin [52]. The interactions involved in the formation of PECs are
mainly electrostatic and highly dependent on pH and charge density. The substi-
tution of TMC to chitosan in the formulation of the hydrogels allowed preparation
and use at physiological pH, which would otherwise cause precipitation of the
complex. The PEC guarantees the stability of insulin in the pH range 6.5–8.
A further development to the PECs formulation was the introduction of
poly(ethylene) glycol (PEG) chains grafted onto TMC. The use of pegylated-TMC
produced complexes with smaller particle size compared to those obtained
with TMC alone. Pegylation also enhanced the mucoadhesion due to the syner-
gistic effects of the interpenetration between PEG chains and the mucus and the
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electrostatic interactions formed between the quaternized groups on the polysac-
charide and the negative charges of the glycoproteins on the mucus [35]. However,
the higher mucoadhesion did not translate in better insulin absorption, in fact the
TMC-insulin complexes resulted more effective than the PEG-TMC-insulin
complexes in favoring the peptide uptake by E12 cells monolayers. This was due
to the fact that the pegylated complexes released the whole payload as soon as
mucodhesion occurred [35].

PECs were also prepared by mixing TMC with enoxaparin (or low molecular
weight heparin), an anticoagulant drug used for the prevention of venous throm-
bosis and pulmonary embolism in patients undergoing surgery [73]. This drug is
generally characterized by poor absorption through the intestinal mucosa and for
this reason it has been formulated with TMC as an absorption enhancer. The
formation of these complexes was found to be dependent on both electrostatic and
hydrophobic interactions; soluble PECs with particle size of 200–500 nm were
obtained in the 3.0–6.5 pH range and drug encapsulation efficiency was as high as
90%. In terms of bioadhesion, drug delivery and absorption, these complexes
demonstrated similar characteristics to those obtained between TMC and insulin;
TMC-enoxaparin systems were more effective in enhancing drug uptake even if
pegylated systems had a higher impact on the mucoadhesive properties [74].

Furthermore, PECs can be formed by the self assembling of TMC with a
negatively charged polymer such as poly(c-glutamic acid) (c-PGA). These systems
have been studied for the delivery of insulin by the oral route [55]. Insulin was
loaded with an efficiency of more than 70% to obtain a final insulin load of around
23%. The stability of the formulation was superior compared to formulations
employing chitosan instead of TMC, and the stability was extended to a broader
pH range. The use of TMC prevented the disintegration of the hydrogel particles at
physiological pH, nevertheless maintaining pH dependent swelling (Fig. 4) and a

Fig. 4 Structural changes of the self-assembled TMC/c-PGA complex at distinct pH values
obtained by molecular dynamic simulations. TMC in blue; c-PGA in red [55]
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sustained release of the drug. The presence of TMC in the system also favored
insulin absorption by inducing opening of tight junctions (Fig. 5). The formulation
has been demonstrated to be a suitable vehicle for transmucosal delivery of peptide
drugs by the oral route.

HTCC is obtained by a simple reaction between chitosan and glycidyltrime-
thylammonium chloride (GTMAC) in aqueous environment (Fig. 2) [83]. Selective
modification of the amino group in position C2 is obtained as the nucleophilicity of
the hydroxyl groups compared to that of the amino groups of chitosan is not
sufficient to open the epoxy ring on the GTMAC molecule [84]. The degree of
quaternization of the polymer can be controlled by changing the ratio of reagents in
the reaction medium. Crosslinking of HTCC with a-b-glycerophosphate (a-b-GP)
in the presence of poly(ethylene glycol) (PEG) [84] affords thermosesitive
hydrogels. GP promotes the hydration of the quaternized chitosan molecules
maintaining them free in solution at low temperatures. An increase in temperature
provides increased internal energy and therefore entropy of the system promoting
formation of hydrophobic interactions between the chains, aimed at reducing this
entropy. PEG provides extra crosslinking points and favors gelation, for this reason
its molecular weight and concentration can affect the kinetics of gel formation and

Fig. 5 Fluorescence images of Caco-2 cell monolayers immunofluorescently stained for ZO-1
proteins after incubation with TMC/c-PGA nonoparticles (NPs) for 120 min [55]
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drug release [84]. HTCC-PEG-GP hydrogels were loaded with insulin as a model
peptide drug, its release was initially quick and then sustained for several hours; in
rats this gave rise to a sustained effect with reduced blood glucose levels for 4–5 h.
The gels have been shown to have an effect on the permeability of the nasal
mucosa, with HTCC inducing opening of tight junctions, and GP increasing the
biocompatibility of the formulation [84]. Application of these gels in the peri-
odontal delivery of chlorexidine has also been investigated [33]. Thermosenstive
hydrogels based on the same principle were also obtained using TMC instead of
HTCC. A detailed rheological study showed that the time and temperature of
gelation can be finely tuned by modifying formulation parameters such as com-
ponents ratio and molecular weight and degree of quaterinization of TMC [11, 60].
Hydrogels formulated with TMC obtained from medium molecular weigh chitosan,
with low degree of quaternization and crosslinked with 2.5% GP showed the best
properties for nasal application: sol-to-gel transition at 32.5�C, within 7 min, and
viscoelastic properties after gelation that should guarantee reduction of mucociliary
clearance and prolonged residence [61].

2.1 Positively Charged Chitosans for Tissue Engineering

One of the most important issues in tissue engineering and regenerative medicine
is the angiogenesis of an implanted construct; Mao et al. addressed this problem by
applying DNA encoding vascular endothelial growth factor (VEGF) into a col-
lagen scaffold [54]. TMC/DNA complexes were incorporated into the collagen
scaffolds to control the release of the DNA, following studies on the in vivo
angiogenesis ability of the scaffold. VEGF expression level in vitro was assessed
with a 3-D static culture model (HEK293 cells). TMC/DNA complexes incorpo-
rated scaffold increased the VEGF expression level by a factor of 3.5 over the
DNA-free scaffold at day 4. Moreover, an increase in the dose of the loaded TMC/
DNA complexes resulted in increased levels of VEGF expression (Fig. 6).

Fig. 6 a VEGF expression by HEK293 cells and b number of HEK293 cells in different samples
after transfection at day 4 and 8. *p \ 0.01 [54]
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In vivo studies with Sprague–Dawley mice demonstrated that the implanted
scaffolds containing TMC/DNA complexes enhanced the VEGF expression and
thereby the angiogenesis of implanted scaffolds.

The gross views of the implanted scaffolds 2 weeks after implantation are
illustrated at Fig. 7. No blood vessels on the surface were present on the DNA-free
(Fig. 7a) and the TMC/DNA-EGFP (enhanced green fluorescence protein) scaf-
folds (Fig. 7c). Blood vessels could be seen surrounding the naked DNA356
(containing 356 lg of DNA) scaffold (Fig. 7b). On the contrary a lot of blood
vessels were on the surface of the TMC/DNA70 scaffold (Fig. 7d). Even more
blood vessels were present on the TMC/DNA322 scaffold as more DNA was
present (Fig. 7e) demonstrating the enhanced ability of the scaffolds to promote
angiogenesis.

In another study, TMC/DNA complexes were incorporated in a composite
designed to repair articular cartilage defects [80]. The composite was comprised of
bone marrow mesenchymal stem cells (BMSCs), plasmid DNA encoding
transforming growth factor-b1 (pDNA-TGF-b1), fibrin gel and poly (lactide-co-
glycolide) (PLGA) sponge. The gene complexes had a transfection efficiency of
9% to BMSCs in vitro, which was enough to express the TGF-b1 protein.
Transplantation of the composites into cartilage defects of rabbit knees resulted in
hyaline cartilage, better chondrogenesis of BMSCs and subchondral bone
connection.

Fig. 7 Gross views of the scaffolds 2 weeks after implantation. a DNA-free scaffold, b naked
DNA356 scaffold, c TMC/DNA-EGFP scaffold, d TMC/DNA70 scaffold, and e TMC/DNA322
scaffold [54]
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3 Ampholytic Chitosan Derivatives for pH Sensitive Hydrogels

3.1 N-Succinyl Chitosan

N-succinyl chitosan (NSC) is obtained by ring opening reaction of succinic
anhydride in the presence of the polysaccharide (Fig. 8).

Different degrees of substitution can be achieved by varying the amount of
succinic anhydride employed in the reaction or by modifying reaction time. The
derivative obtained has ampholytic properties and therefore it is soluble both at
acidic and alkaline pH, being insoluble in the pH range 4.8–6.8 [87]. The presence
of negative charges on the polymer favors its prolonged systemic circulation
[38, 39] which has been exploited for tumor drug targeting [71, 72]. Crosslinking
of NSC with other polymers has been used as a mean of formulating hydrogels.
NSC was co-formulated with sodium alginate into pH sensitive hydrogel beads by
ionic gelation in the presence of CaCl2 [15]. The presence of Ca2+ ions induced
both gelation of the chitosan derivative and the alginate causing the formation of
interpenetrating polymer networks. Nifedipine drug loading and release studies
demonstrated that as the pH increases both swelling and drug release are
improved. Furthermore, these properties could be fine tuned by modifying the
weight ratio of drug to polymer.

Polymer–polymer covalent crosslinking was also used in the preparation of
NSC hydrogels. Mixtures of oxidized carboxymethyl-cellulose (OCMC) and NSC
formed gels by electrostatic interaction and hydrogen bonding; these gels were
finally stabilized by the formation of a Schiff base between the aldehyde groups on
OCMC and the amine groups on NSC [50]. Thanks to the susceptibility of Schiff
bonds in aqueous environment, all gels completely degraded within 12 days. The
extent of oxidation of OCMC determined the degree of crosslinking within the gel
and consequently the pore size (Fig. 9), and the drug diffusion coefficient. These
gels have potential in the release of macromolecular drugs as it was shown that the
structure and activity of BSA was not affected by the encapsulation within

Fig. 8 Synthesis of N-succinyl chitosan
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the polymeric network. Drug release studies showed that the release follows Fick’s
first law of diffusion in the first 90 min when the release is thought to be mainly
affected by swelling and not by degradation. As degradation starts to take place the
release profile changes and a constant rate is obtained. The cumulative release
increases with the decrease in the degree of crosslinking but complete release is
not obtained for any of the hydrogels in the 12 days observed.

A similar derivative, namely N-maleolyl-chitosan has been employed in the
formation of thermosensitive hydrogels [19]. The N-maleolyl-chitosan was pre-
pared by recation of the polysaccharide with maleic anhydride, this was subse-
quently grafted with poly(N-isopropylacrylamide) by electon beam irradiation.
The polymer obtained had a LCST (lower critical solution temperature) of 32�C
and presented limited swelling in the 4–5 pH region.

Fig. 9 SEM images of hydrogels formed with decreasing NSC/OCMC ratios from a to d (amine
groups/aldehyde groups ratio 1:0.5, 1:1.1, 1:1.6 and 1:2.2, respectively). As the average pore
diameter decreases (from a to d), the gelling time, the equilibrium swelling ratio and the water
diffusion coefficient also decrease [50]
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3.2 Carboxyalkyl Chitosans

The introduction of carboxylic groups along the polymeric backbone can be
achieved by carboxyalkylation of the amino group of chitosan. The derivatives
obtained have been shown to have favorable properties such as non-toxicity, bio-
degradability, biocompatibility, antibacterial and antifungal activity, water solu-
bility (which can be controlled by the degree of substitution), high viscosity, large
hydrodynamic volume and ability to form pH sensitive hydrogels [42]. The syn-
thesis of these derivatives has been described in depth in a recent review [32]. Both
N- and O-carboxymethyl chitosan have been synthesized and studied (Fig. 10); two
main synthetic pathways can be used to achieve selective N-modification, namely
reaction with monohalocaboxylic acids [20] or with carboxyaldehydes [59]. Other
derivatives of this kind are N-(2-carboxyethyl) chitosan, N-carboxybenzyl chitosan,
derivatives obtained with hydroxyethyl acrylate, hydroxypropyl acrylate, acryl-
amide, acrylonitrile, PEG-acrylate, pyruvic acid and its derivatives, a-ketoglutaric
acid, levulonic acid and hydroxybenzaldehydes [56].

Carboxymethylated chitosan (CMC, Fig. 10) has been used for the preparation
of both chemical and physical gels. Ionic gelation in the presence of Ca2+ is a well
known process for the formation of alginate hydrogels; due to the presence of
carboxylate groups, CMC is also a good candidate for the formation of Ca2+

crosslinked gels [16]. However, it was found that the molecular weight of CMC
constitutes a limiting factor in the preparation of gels with good mechanical
strength, in fact only low molecular weight CMC affords stable formulations [49].
The swelling ratios of these hydrogels were highest at neutral pH with limited
swelling at acidic pH; an ideal behavior for oral drug delivery of proteins where
the drug delivery system must protect the drug from the harsh environment of the
stomach. Even though beads prepared with these hydrogels present a high BSA
(bovine serum albumin) entrapment efficiency they do not prevent early release of
the drug, phenomenon commonly observed in physical gels. However, the release
profile of 5-fluorouracil from CaCl2 crosslinked CMC nanoparticles (Fig. 11) has
been shown to be ideal for delivery of cancer drugs [16].

Fig. 10 Structure of carboxymethyl chitosan
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CMC with nitrocinnamate as pendant group was used in the preparation of
chemical gels by photoinitiated crosslinking [29]. Gelation is carried out in the
absence of potentially toxic initiators due to the cinnamate ability to undergo
trans–cis isomerisation and [2 ? 2] cycloaddition when irradiated with UV light
at more than 290 nm. The gelling efficiency was found to be dependent on irra-
diation time and degree of substitution of the carboxymethylated chitosan. An
increasing degree of crosslinking was obtained when the gel was irradiated for
longer and when a derivative with a higher number of nitrocinnamate molecules
attached was used. The gel was biodegradable in the presence of lysozyme, with
quicker degradation obtained for the derivative with a lower degree of cross-
linking. The gels obtained were capable of controlling the release of doxorubicin
over a period of 2 days at physiological pH. Chemical gels based on CMC were
also obtained by the more conventional method of crosslinking with glutaralde-
hyde [12]. This procedure leads to the formation of hydrogels which pH sensitivity
can be tailored by changing the degree of deacetylation and substitution. Polymer
swelling was highest below and above the isoelectric point (IEP) that was found to
be in the region 2.0–4.0, depending on the degree of deacetylation, that decreased
the IEP value, and the degree of substitution, that increased it. The controllable pH
dependent behavior of these hydrogels, together with the fact that they undergo
complete degradation in vivo and present high biocompatibility, justify their
suggested use as protein delivery carriers for oral administration. BSA loaded
hydrogels released the unbound protein by Fickian diffusion during the first 4 h;
bound BSA was released later with a rate maintained constant by the degradation
of the hydrogel.

Glutaraldehyde crosslinked gels were also obtained with N-(2-carboxybenzyl)
chitosan. These gels were studied for uses such as buccal application for delivery
of antifungal drugs i.e. fluconazole [42] and colon specific drug delivery of fluo-
rouracil [47]. N-(2-carboxybenzyl) chitosan was synthesised by reaction with
carboxybenzaldehyde which leads to the formation of a Schiff base, followed by
reduction with sodium borohydride. The hydrogel was successively obtained by
crosslinking the polymer in the presence of glutaraldahyde. The reaction gave
water soluble derivatives when it was carried out at low temperature (50�C) and
for a prolonged period of time (5 h). These gels gave sustained release of fluco-
nazole. The drug release from the formulations decreased with the increase in

Fig. 11 Release rate of
5-FU drug from CMC
nanoparticles[16]
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the amount of drug loaded due to the modification from amorphous to crystalline
state of the drug within the gel [42]. The release was determined to be pH
dependent, with higher release rate obtained at pH values above 5.

Glutaraldehyde capacity to produce undesirable reactive species has initiated
research into safer crosslinkers such as the natural occurring genepin [58].
N,O-carboxymethyl chitosan and alginate crosslinked by genipin have also been
shown to produce pH-sensitive hydrogels, these release up to 80% of the loaded
albumin at pH 7.4 compared to 20% release obtained at pH 1.2 [13].

A polymer–polymer covalent complex formation has been employed in the
preparation of N-carboxyethyl chitosan and quartenised chitosan (HTCC) hydro-
gels [28]. Both polymers were modified with methacrylamide pendant groups
which formed covalent crosslinking undergoing a redox reaction at room tem-
perature. The hydrogels were loaded with BSA as a model drug; this was released
from the hydrogels by diffusion after an initial burst release. Polymer swelling and
drug release were found to be pH dependent; almost complete release was
achieved after 12 h at pH 7.4, after 7 h at pH 2.2 and a very limited release was
observed at pH 5.0.

Amphyphilic derivatives of carboxyalkyl chitosan have also been used in the
formation of hydrogels for drug delivery. Carboxymethyl-hexanoyl-chitosan (CHC)
and carboxymethyl-palmitoyl-chitosan (CPC) were gelled by crosslinking with
genipin [48]. These materials were employed in the formulation of antiadhesion
implants for release of ibuprofen. The swelling, drug loading and release prop-
erties as well as the antiadhesion behavior were affected by the degree of car-
boxymethylation of the derivatives and more importantly by the degree of
modification with the hydrophobic chain. This study demonstrates that by engi-
neering the degree of modification, a specific drug release profile can be obtained
for these formulations.

3.3 Ampholytic Chitosan Derivatives for Tissue Engineering

Biodegradable and biocompatible polymers have been attractive candidates for
scaffolding materials in tissue engineering because they degrade as the new tissues
are formed, without any toxic product. Natural polymers such as collagen, chitosan
and N-succinyl-chitosan were used as a coating material for PLGA scaffolds for
bone-repair with the aim of increasing osteoblast adhesion [85]. Chitosan and
collagen improved the hydrophilic properties of the PLGA scaffold surface. The
degradation rate was increased in collagen- and NSC-coated scaffolds, whilst it
was decreased in chitosan-coated scaffolds. This was attributed to the fact that
water molecules play the role of a plasticizer which attack the amorphous regions
of PLGA and degrade it into lactic acid and glycolic acid. As a result the pH value
of the medium is decreased inducing the degradation process. However, even if the
chitosan-treated scaffolds had the highest water absorption, they showed the lowest
degradation rate amongst the tested scaffolds, probably due to the capacity of
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the amino groups to neutralize the acid molecules produced during the degradation
process. Seeded osteoblasts proliferated over 14 days in all constructs in vitro.
However, in collagen-coated scaffolds the cells grew faster, this might be explained
by the fact that collagen is the main extracellular matrix of the bone promoting
cellular proliferation. This study demonstrated that charged chitosan, whether
positively or negatively charged, does not favor cell adhesion, nevertheless its
ability to stimulate expression of extracellular matrix proteins in human osteo-
blasts indicate its potential as a microenviroment that can trigger osteoblasts dif-
ferentiation [45].

NSC was also employed to prepare composite hydrogels together with aldehyde
hyaluronic acid; different polymers ratios were used [75]. The composite hydro-
gels with higher NSC content showed a slower degradation rate than hydrogels
with less NSC. The amount of NSC and aldehyde hyaluronic acid used in the
hydrogel synthesis significantly affected the swelling properties of the hydrogels
resulting in an increase in the crosslinking density and a decrease in the water
content and mass weight loss. The biocompatibility of the composite hydrogels
was assessed in vitro by encapsulating bovine articular chondrocytes into the
hydrogels. SEM images revealed the existence of small ‘‘bumps’’ on the top
surface of the hydrogel supporting the encapsulation of the cells (Fig. 12).

Another ampholityc water-soluble chitosan derivative was obtained by sequen-
tially grafting of methacrylic acid and lactic acid on the polymer backbone using
carbodiimide [27]. A chemical hydrogel was formed at neutral pH and body
temperature upon initiation of a redox reaction by ammonium persulfate (APS)/
N,N,N0,N0- tetramethylethylenediamine. At a low concentration of the initiator, the
gel was degraded rapidly when lysozyme was present in the medium; on
the contrary no degradation occurred in PBS during an incubation of 18 days. The
hydrogel formed did not degrade in either media when increasing amounts of the
initiator were used due to the higher crosslinking degree. Chondrocytes showed

Fig. 12 a SEM image depicting surface morphology of the 5/5 ratio composite hydrogel
encapsulated with chondrocytes after 24 h culture. b SEM image depicting the morphology of
encapsulated chondrocytes after 24 h culture. Cell seeding density: 5 9 106/mL [75]
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increased viability up to 6 days. The DNA content in the gel, which is proportional
to the total cell amount including viable and dead cells, remained unchanged
between 3 and 6 days and then decreased. This was attributed to the fast metab-
olism of the chondrocytes rather than to an increase of the cell population. Electron
microscopy studies revealed that elliptical or round shaped chondrocytes were
present in the hydrogel possessing normal morphology.

An in situ forming hydrogel was synthesized by mixing oxidized dextran and
N-carboxyethyl chitosan in PBS at room temperature [81]. The gelation time
decreased rapidly with an increase in the theoretical oxidation degree of the oxi-
dized dextran from 5 to 25%, which was attributed to the fact that gelation is
correlated to the aldehyde groups content in the mixture. The relative amounts of
the oxidized dextran and N-carboxyethyl chitosan modulated their swelling
behavior and degradation. More specifically, the crosslinking density increased
with an increase in the oxidized dextran, leading to a decrease in the swelling ratio.
Cell viability studies of mouse dermal fibroblasts in the hydrogels revealed no
toxicity. Notably, after 30 days the cells started to proliferate in the same manner
comparable to that of the controls, offering further evidence of the non-cytotoxic
nature of the hydrogels. Furthermore, the gels were tested for their potential wound
healing properties. A mouse full-thickness transcutaneous wound model was used
to form hydrogels in situ and the healing patterns were investigated. The bio-
degradation of the implanted hydrogel was confirmed, as histological studies
revealed lack of the initial gel integrity. Application of the hydrogel resulted in
100% re-epithelialization advocating that this formulation might be used as wound
dressing for promoting wound healing.

4 Thiolated Chitosans: In Situ Forming Gels

Citosan-cysteine, chitosan-thioglycolic acid, chitosan-4-thiobutylamidine and
chitosan-thioethylamidine are examples of derivatives of chitosan bearing a thiol
group (Fig. 13) [56]. The first two derivatives are obtained by formation of amide
bonds between cysteine [7] or thioglycolic acid [36] and the free amino group of
chitosan. Thiol groups are maintained free during the reaction by using an inert
atmosphere or by carrying out the reaction at pH lower than 5. Thiolated chitosans
possess several properties that make them ideal for the delivery of hydrophilic
macromeolcular drugs. They present an enhanced mucoadhesive behavior due to the
formation of disulfide bonds between the polymer and cysteine rich subdomains of
mucus glycoproteins. Mucoadhesion can be adjusted by changing the degree of
modification of the chitosan derivative [65]. Through the enhanced immobilization
of the drug delivery system on the mucus layer lining the mucosa, thiolated chitosans
are also able to enhance 1.6–3 fold the permeation of macromolecular drugs through
the intestinal mucosa, compared to unmodified chitosan [7, 8]. Furthermore, their
ability to chelate ions, such as zinc, enables the inhibition of enzymes such as
aminopetidases and carboxypeptidases [9]. Thiolated chitosans also show in situ
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gelling properties due to the presence of reduced thiol groups able to establish both
intra- and inter-molecular crosslinking bonds by oxidation at physiological pH,
leading to the formation of polymeric matrices ideal for controlled release of drugs to
the vaginal, nasal, buccal and ocular mucosa [2, 82]. The length of the sol–gel
transition phase as well as the viscosity of the formed gel depend on the number of
thiol groups present on the chitosan molecule, the higher the degree of modification
the quicker the transition and the higher the viscosity of the gel.

The number of crosslinks formed consequently affects the degree and rate of
biodegradation of the formulation with slower degradation taking place in gels

+ Cl-

EDC

EDC

Chitosan-cystein conjugate

Chitosan-thioglycolic acid conjugate

Chitosan-4-thiobutylamidine conjugate

+

+ Cl-

Chitosan-4-thioethylamidine conjugate

Chitosan

Fig. 13 Synthesis of thiolated chitosans
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Fig. 14 Decrease of the blood glucose level as a biological response to insulin administration to
fasted rats after oral application of chitosan–TBA–insulin tablets (filled circle), control tablets
(open square) and the control solution (insulin in ascorbic acid solution) (filled square). Rats were
fed after 12 h. Indicated values are the means of 6 rats (chitosan–TBA–insulin tablets) and of 7
rats (control tablets and control solution, respectively) ± S.D.; *differs from control p \ 0.005;
+differs from control p \ 0.01; #differs from control p \ 0.05 [43]

Fig. 15 Decrease in plasma calcium level as a biological response for the salmon calcitonin
bioavailability in fasted rats after oral administration of dosage form A (open circle), containing
thiolated chitosan and an enzyme inhibitor; dosage form B (filled square) containing chitosan and
an enzyme inhibitor; and dosage form C (filled star), containing chitosan only. All formulations
contain 50 lg of the peptide drug. Indicated values are the mean results from five rats ± S.D.; 1
different from dosage form C, p \ 2 9 10- 6; 2 different from dosage form B, p \ 0.0001; 3
different from dosage form C, p \ 0.005 [22]
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presenting a higher number of crosslinks [67]. All of the properties described
above make thiolated chitosan ideal excipients in the formulation of delivery sys-
tems for drugs such as proteins and peptides; several studies have demonstrated
their potential using insulin (Fig. 14, [43]) and salmon calcitonin (Fig. 15, [22]) as
model drugs.

4.1 Thiolated Chitosans for Tissue Engineering

Chitosan-thioglycolic acid conjugates were also evaluated as scaffold material in
tissue engineering. The effect of the thiol groups on the viability of L-929 mouse
fibroblasts was evaluated showing that this material could induce cell proliferation
[37]. Composites of chitosan and hydroxyapatite were used to immobilize laminin
peptides on their surface and further assessed as scaffolds for tissue engineering
[30]. Laminin-1 is one of the most common cell adhesion molecules [18]. Tendon
chitosan tubes were prepared from crab tendons; hydroxyapatite was bound to the
chitosan tube surface and finally thiolated. The biocompatibility of CDPGYIGSR
(YIGSR) peptide (a recognition sequence for laminin-1 67-kDa receptor) [21],
conjugated to thiolated and non-thiolated hydroxyapatite-coated crab tendon
chitosan as nerve conduits was further assessed. Bridge grafting into the nerve gap
of rats was carried out with the implantation of these tubes. The results showed
that transplantation of YIGSR-conjugated tubes gave rise to regenerated nerve
tissue attached to thin layers of epineurium-like structure formed on the inner-tube
surface.

Another scaffold composed from thiolated chitosan derivatives was proposed to
promote nerve regeneration [88]. A methacrylated chitosan derivative was syn-
thesized upon addition of methacrylic anhydride to an acetic solution of chitosan.
The thiolated methacrylated chitosan composite was prepared by covalently
coupling of thioglycolic acid. Two maleimide-terminated cell adhesive peptides,
namely—mi-GDPGYIGSR and mi-GQASSIKVAV—were coupled to the scaffold
to promote neural cell adhesion. These cell adhesive peptides, containing the
YIGSR and IKVAV peptide sequences derived from laminin, have been shown to
promote cell adhesion and neurite outgrowth, respectively [64, 76].The degrada-
tion characteristics of the scaffold were studied over a period of 28 days at 37�C
using the concentration of lysozyme found in serum. The results showed that
increased concentration of the crosslinking agent decreased the biodegradation
rate of the scaffold. Cell adhesion studies with SCG ganglia showed that the
peptide modified surfaces resulted in higher average neurite length compared to
methacrylated chitosan alone. Moreover when the combined GQAASIKVAV/
GDPGYIGSR peptide-modified methacrylated chitosan was tested they produced
the longest neurites amongst the materials studied. This was attributed to the
synergistic effect of the two peptides.

A thiol-modified chitosan crosslinked to form hydrogels was evaluated as a 3-D
scaffold for cell proliferation; the release kinetics (in vitro) of model proteins
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(insulin and bovine serum albumin) encapsulated in the hydrogels was also asses-
sed. As seen in other studies, the gelation of the formulation was highly depended
on the content of thiol groups, the polymer concentration and its molecular weight.
Morphological studies revealed a 3-D structure with pores ranging from 5 to
30 lm. Studies of the hydrogels on cultured NIH 3T3 cells were carried out to
further assess their toxicity. The results demonstrated that the hydrogels were
biocompatible and the cells could migrate into the hydrogels preserving their
viability and their morphology [86].

Also thiolated-chitosan/chitosan (TCS/CS) composites of different ratios, pre-
pared via freeze-drying method, were proposed as scaffold material for tissue
engineering. Their structural properties were optimized under different tempera-
tures. Their morphology was visualized by scanning electron microscopy (SEM)
and their mechanical properties by tensile strength analysis. Scaffolds obtained
from the TCS/CS complex (7:3 ratio) and at freezing temperature of -20�C had
the maximum tensile strength with a pore distribution ranging from a few to
several hundred micrometers (Fig. 16). The preferential growth of fibroblasts on
this composite was also demonstrated [46].

Fig. 16 SEM images of the TCS/CS (7:3 ratio) scaffolds at different freezing temperatures.
Scaffolds obtained at a freezing temperatures of -80�C at original magnifications x50 (A) and
x200 (a), and of -196�C at original magnifications x50 (B) and x 200 (b). Scale Bars: 100 lm
for all images [46]
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5 Glycol Chitosan

Glycol-chitosan (GC) is a chitosan derivative bearing glycol groups in position C6;
(Fig. 17) it is characterized by high aqueous solubility at all pH values and good
cytocompatibility [4]. Different crosslinking agents have been used to obtain GC
physical gels. A polymer–polymer covalent crossliking method was used to
crosslink GC with benzaldehyde-capped poly(ethylene glycol)-block-poly(pro-
pylene glycol)-block-poly(ethylene glycol) (PEO-PPO-PEO) [17]. Benzaldehyde
end groups react with chitosan free amino groups at physiological pH, the bond is
reversible if the pH decreases, i.e. in tumor or inflamed tissue, making these
hydrogels potential targeted drug delivery systems. The porosity of the gel depends
on the crosslinker content, the lower the amount of crosslinker the larger the pores.
Drug release occurs partially through the swollen polymer matrix and partially
through hydrolysis of the matrix and it can be increased by a decrease in pH or an
increase in temperature [17].

The use of GC physical hydrogels as both drug delivery platforms and scaffold
material in the regeneration of articular cartilage has been recently proposed [4].
A photopolymerizable prepolymer was obtained by grafting GC with glycidyl
methacrylate in aqueous media at pH 9.0. Selective N-methacrylation was guar-
anteed by the pH of the reaction media as the opening of the epoxy ring by
hydroxyl groups would occur only at pH 11–12. Furthermore, the degree of
N-methacrylation could be controlled by changing reaction conditions such as
reagents ratios and time; degrees of modification between 1.5 and 25% were
obtained. The hydrogels were then prepared by UV induced polymersiation, fac-
tors such as light intensity and time of polymerization controlled the degree of
crosslinking of the final material. Gels were found to slowly degrade in the
presence of lysozyme, with degradation kinetics related to the degree of
crosslinking.

GC hydrogels were also produced by transesterification reaction between its
hydroxyl groups and the highly reactive vinylester groups of divinyladipate (DVA)
[41]. The slow reaction carried out in mild conditions afforded biodegradable gels
able to provide pH dependent sustained release.

Glycol chitosan

Fig. 17 Structure of glycol
chitosan
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Superporous GC hydrogels were tested as gastroretentive drug carriers for the
eradication of Helicobacter Pylori by sustained release of amoxicillin [62].
Chemical grafting of the drug to the polymer allowed for sustained release to be
achieved. Gels were obtained by crosslinking with a dialdehyde (glyoxal) and the
formation of pores was favored by the addition of NaHCO3 in the gelation mixture.

5.1 Glycol Chitosan for Tissue Engineering

A water soluble chitosan derivative hydrogel for cartilage tissue engineering was
developed in two steps by first reacting chitosan with glycolic acid followed by a
reaction with phloretic acid [34]. Gelation was achieved within 10 s when the
polymer concentration was increased from 1 to 3% w/w in the presence of
horseradish peroxidase and H2O2. The water uptake of the hydrogel was highly
dependent on the initial concentration of the polymer. An increase in the amount of
polymer resulted in a decrease to the water uptake indicating that the network
formed at higher concentrations had a higher crosslinking density. The enzymatic
degradation of the hydrogel was controlled by the amount of the polymer present
in the gel; as a result hydrogels prepared at higher polymer concentrations
degraded more slowly. The mechanical analysis of the gels showed that higher
storage moduli were obtained at higher concentration of the polymer. The bio-
compatibility of the gel was further assessed by incorporating chondrocytes into
the hydrogel, these were cultured in medium without differentiation factors up to
2 weeks. The results showed that viable cells ([90%) were found within the
hydrogel, advocating that the formulation exhibits good biocompatibility.

6 Conclusion

There has been growing interest by scientists in understanding and controlling the
properties of novel hydrogel-based formulations towards the development of
improved scaffolds and drug delivery systems. Chitosan, a natural based-polymer
obtained by alkaline deacetylation of chitin, is non-toxic, biocompatible, and
biodegradable; however the need for acidic environments to ensure solubility
prompted researchers to synthesize chitosan derivatives. Such derivatives are
promising platforms as controlled drug delivery systems and biomaterials in tissue
engineering. Owing to their properties, such systems can offer prolongation of the
contact time between the drug and the absorptive sites in the mucosa and slow and
continuous drug release. Moreover, these hydrogles can also absorb large quan-
tities of water, without the dissolution of the polymer, because of their hydrophilic
but crosslinked structure, thus giving them physical characteristics similar to soft
tissues. Because of their physicochemical properties, they find applications in
tissue engineering as scaffolds. There is a body of literature giving evidence that
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chitosan and its derivatives can create cell environments suitable for tissue
regeneration. These scaffolds can promote both the cell proliferation and differ-
entiation and the controlled release of active compounds. However, there are still
questions to be tackled like the degradability of the scaffolds, their mechanical
properties and their sterility. The degradability of a scaffold plays a crucial role on
the long-term performance of tissue-engineered cell/material construct because it
affects cellular processes, including cell growth, tissue regeneration, and host
response. Degradability is also closely related with the mechanical properties and
the strength of the scaffold which in turn will affect the regeneration process.
Therefore, a careful design of these biomaterials is needed to balance these two
opposite properties.
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Fucoidan: A Versatile Biopolymer
for Biomedical Applications

Ali Demir Sezer and Erdal Cevher

Abstract Fucoidan is a natural, anionic sulfated polysaccharide extracted from
brown marine algae with a wide variety of pharmacological features like anti-
inflammatory, anti-oxidative, anticoagulant and antithrombotic effects. Fucoidan
has been extensively studied for last decade due to its numerous interesting bio-
logical activities. In recent years, the research on drug and gene delivery systems,
diagnostic microparticles and wound and burn healing formulations of fucoidan has
been increasing in course of time. This review gives an overview about the research
of concerning structural characterization and biological activity of fucoidan;
application of fucoidan-based systems in pharmaceutical field for drug and DNA
delivery and in biomedical area for wound and burn treatment.

1 Structure and Extraction of Fucoidan

Fucoidan, which was first isolated and termed by Kylin [57, 86], is also referred to
as fucoidin in the literature. Fucoidan is abundant in intracellular sections and in
the mucilaginous matrix of brown algae. Studies after the 1950s revealed that the
algae such as Laminaria digitata, Ascophyllum nodosum and Macrocystis pyrifera
contained fucoidan in addition to alginic acid and it was reported that the amount
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of fucoidan varied according to algae species [57, 86]. Fucoidan is a hygroscopic
polysaccharide that is found in the form of a viscous solution in algae and prevents
dehydration of the algae. Figure 1 shows the chemical structure of fucoidan.

Fucose was separated by hydrolyzing of fucoidan isolated from algae such as
L. digitata, Fucus vesiculosus and A. nodosum and the presence of pentoses in
fucoidan structure was proved [86]. Further studies reported that fucoidan was
comprised of L-fucose nucleus bonded with 1,4-O-bridges and sulfate groups.
In addition to L-fucose, the fucan nucleus contains galactose, xylose or uronic acid,
depending on the algae species [55, 57, 83, 93].

Fucoidan is isolated from crude polysaccharide obtained from algae by
extracting with water or dilute acids using following methods.

1.1 Purification in the form of Lead Hydroxide Complex

The algae are extracted with hot water. The extract is treated with lead acetate and
barium hydroxide to obtain the fucoidan-lead hydroxide complex. After decom-
posing the complex with sulfuric acid, the obtained crude fucoidan is purified
using a dialysis method [57, 86].

1.2 Purification Using Formaldehyde and Alcohol

The algae are extracted with dilute acid. The neutralized extract, is precipitated by
treating with ethanol. The residue is treated with formaldehyde and is then evaporated.

Fig. 1 Chemical structure of
fucoidan [98]
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When this residue is extracted with water again, the impurities remain in the
sediment, while fucoidan passes to the solution. Pure fucoidan is isolated by adding
ethanol to the solution [85, 86].

1.3 Purification Using Cetylpyridinium Chloride

The aqueous extract of algae is dialyzed against water and treated with calcium
chloride to precipitate the alginic acid. Supernatant is separated and precipitated
with cetylpyridinium chloride. The sediment is dissolved with calcium chloride
and is re-precipitated using ethanol. The sediment is dissolved in water and dia-
lyzed to obtain the pure fucoidan in soluble form [23].

2 Physicochemical Properties of Fucoidan

Fucoidan which is a yellow-brown colored powder, dissolves easily in water, but
does not in organic solvents [8, 13, 83, 93]. Depending on the molecular weight of
fucoidan, the viscosity of the aqueous solution varies significantly [57, 83, 86, 93].
It was reported that low concentration fucoidan solution exhibited the dilatant flow
characteristics [86]. Strong acids and alkalines degrade fucoidan [57, 83, 93].
High-concentration calcium, potassium or aluminum salts of fucoidan obtained via
acid extraction from algae do not dissolve in water [57, 86].

The structure and physicochemical properties of fucoidan vary according to
the algae species. It was reported that even polysaccharides isolated from the
same species showed variations [57, 86, 93]. Molecular weights of fucoidan
fractions obtained from various algae species vary between 10 and 788 kDa;
even the same algae contains fucoidan fractions with different molecular weight
[24, 61, 76, 83, 93]. O’Neill [83] reported that identification of polysaccharide
obtained from algae using osmometric methods showed that the molecular
weight of fucoidan was 133 ± 20 kDa. Different fucoidan fractions obtained
from F. vesiculosus were identified using gel permeation chromatography and it
was found that the algae contained fucoidans with three different molecular
weights (50, 100 and 150 kDa). Furthermore, it was reported that the sulfate
content in fucoidan fractions varied between 7.6 and 10.8% [24]. Nardella et al.
[76] identified the molecular weight of fucoidan fractions, which they isolated
from A. nodosum, using high performance steric exclusion chromatography and
found that the algae contains many fucoidan fractions with high and low
molecular weights. It was reported that the fractions with high molecular weight
varied between 156 and 600 kDa, while those fractions with low molecular
weight varied between 11 and 40 kDa.
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3 Biological Properties of Fucoidan

Fucoidan is the source of L-fucose, which is a pentose important for the metab-
olism of organisms, and which can rarely be synthesized in nature. Fucoidan is one
of the few substances that is used to obtain this sugar [12, 57, 86]. On the studies
that were carried out on different algae species, many fucoidan fractions with
anticoagulant activity were obtained [12, 53, 65, 68, 79, 80, 116]. Soeda et al.
[116] showed that fucoidan and its sulfated derivatives which were obtained from
Fucus vesiculosus stimulated t-PA-catalyzed Glu- or Lys-plasminogen activation
according to the degree of sulfation. When calculated on a molar basis, the abilities
of native and highly sulfated fucoidans were found to be 9.4 and 20.8 times higher
than that of heparin, respectively.

Nishino et al. [81] reported that fucoidan with 19 kDa molecular weight iso-
lated from Eclonia kurome increased the plasminogen activity of high-molecular-
weight urokinase-type plasminogen activator and tissue-type plasminogen
activator and had fibrinolytic activity. Analyses of the anticoagulant effects of the
fucoidans isolated from three species (E. kurome, A. nodosum and F. vesiculosus)
showed similar results [45, 78, 131]. Similarly, studies analyzing the anticoagulant
effect on the fucoidans obtained from various algae species indicated that anti-
coagulant effect showed variations due to the structural difference of polysac-
charides and sulfate content [15, 16, 18, 65, 67, 70, 87, 114, 131]. Mauray et al.
[66] showed that fucoidan catalyses thrombin inhibition by antithrombin and by
heparin cofactor II, with a preferential effect on the latter and the anticoagulant
activity depends on the molecular weight and the chemical composition of fuco-
idan, particularly the fucose and sulfate contents.

The effect of fucoidan on leukocyte increase was analyzed in experimentally
induced pneumococcal meningitis in rats; 3 mg/kg dose of fucoidan solution was
injected intracisternally at 0, 2 and 4 h. Treatment with fucoidan increased the
number of leukocytes by approximately 50%, resulting in significantly reduced
inflammation [3].

Another pharmacological property of fucoidan is its affinity to various growth
hormones and leukocytes. Various researchers investigated the bonding properties
of sulfated glucan and glycolipids, including fucoidan, to different growth hor-
mones [4, 47, 59, 111, 115, 126]. Aria et al. [4] investigated the effects of heparin,
highly sulfated heparin, dermatan sulfate and fucoidan on insulin-like growth
factor (IGF) and found that O-bonded sulfate group amount of polysaccharides
was the most important factor in bonding to IGF. The study reported that highly
sulfated heparin, dermatan sulfate and fucoidan had an inhibitory effect on IGF,
which emerged from O-sulfate groups in two or three positions of the polysac-
charides. It was also reported that no inhibitory effect was found in heparin, which
might have stemmed from the absence of the sulfate group.

The literature contains studies on the interaction of fucoidan with interleukins
(ILs) [71, 73, 92]. Ramsden and Rider [92] investigated the bonding properties of
heparin, chondroitin sulfate, hyaluronic acid and fucoidan on 125I labeled
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recombinant IL-1a, IL-1b, IL-2 and IL-6, using affinity chromatography. It was
reported that heparin was sensitive to four ILs and that it quickly bonded; the
bonding time of chondroitin sulfate was longer; hyalunoric acid showed affinity
only to IL-1a, IL-1b; and fucoidan only bonded to IL-2 much more strongly than
other polysaccharides, and that it significantly increased the activity of IL-2.
As reported in the literature, these differences might be caused by the bonding of
the polysaccharides to different receptors Ramsden and Rider [92]. The bonding
properties of fucoidan to surface antigens and thus the elimination of pathogenic
viruses were also investigated. Furthermore, the literature contains information
suggesting that fucoidan inhibits the activity of the virus, such as Hepatitis B and
HIV, by bonding to different epitope regions of the viruses [95, 122].

The literature contains only a limited number of in vivo studies on the effect of
fucoidan in wound treatment and most of the studies were generally carried out
using cell culture models [17, 20, 27, 29, 56, 124]. Therefore, comprehensive
studies should be conducted on this subject. Fujimura et al. [27] used a fibroblast-
collagen cell culture model to investigate the effect of fucoidan on wound-healing
process in dermal injuries. They obtained 12 fucoidan fractions with different
molecular weights by extracting from F. vesiculosus. The effectiveness of the
fractions with molecular weights above 10 kDa was determined in a fibroblast cell
culture. The results indicated that the fractions with molecular weight of 30 kDa or
higher accelerated collagen gel construction; significantly increased fibroblast
migration; and accelerated the expression of integrin a2b1, which is crucial for
wound healing. It was also reported that the fucose that constitutes the nucleus of
fucoidan and the sulfate groups had a role in this effect.

In dermal fibroblast cell culture, the effect of fucoidan and transforming growth
factor b1 (TGF-b1) combinations on fibroblast proliferation was investigated.
It was reported that when used at doses of 1 mg/ml and higher, fucoidan modu-
lated the anti-proliferative effect of TGF-b1 on dermal fibroblasts and caused a
rapid growth in fibroblast population [56].

In a study that investigated the effect of fucoidan on corneal cell proliferation of
rabbits with experimentally induced eye-burns, the presence of fucoidan prevented
leukocyte infiltration of the limbus and cornea after the formation of the burn [29].

The effect of fucoidan on tissue injury in rats was investigated in an epigastric
wound model that was formed after arterial ischemic reperfusion. The rats were
treated with 10 and 25 mg/kg doses of fucoidan with perfusion and the results were
evaluated by considering tissue neutrophil count, tissue malondialdehyde content
and tissue myeloperoxidase activity. In rats that were treated with 25 mg/kg dose of
fucoidan, neutrophil amount and myeloperoxidase activity significantly decreased;
however, fucoidan had no effect on tissue malondialdehyde content [17].

In a study on the proliferative effects of fucoidan and heparin on arterial soft
muscle cells (ASMC), fucoidan or heparin solutions with concentrations between
80 and 100 lg/ml were added to ASMC cell culture and it was observed that
heparin had a lower inhibitory effect on proliferation than fucoidan. This inhibitory
effect of fucoidan varied according to time and that it produced the strongest effect
in the first 6 h. Polysaccharide had no effect on cell proteins and glycoconjugates;
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however, it indirectly increased fibronectin and thrombospondin synthesis and
secretion [124].

4 Toxicity of Fucoidan

Ning et al. [77] investigated acute and sub-chronic toxicity of the purified fucoidan
isolated from Laminaria japonica. In acute toxicity studies, 10 male and 10 female
Wistar rats were treated with 4000 mg/kg/day dose of fucoidan with oral gavage for
7 days. No toxicity symptoms or behavioral changes were observed in the animals
within 7 days. In sub-chronic toxicity tests, a total of 120 Wistar rats were given
300, 900 and 2500 mg/kg/day dose of fucoidan solution with oral gavage 6 days a
week for 6 months. At the end of each month, some subjects were killed and their
blood and organs were analyzed toxicologically. In terms of hematology, fucoidan
treatment at all doses extended the clotting time. A decrease on aspartate amino-
transferase amount was observed in female rats that were treated with fucoidan.
Serum glucose amount significantly decreased in rats that were treated with
2500 mg/kg/day dose. Macroscopic observations conducted on the organs of the
animals for 6 months indicated that gross necropsy and pathological examination of
treated rats did not reveal any abnormality in morphology of brain, thymus, lungs,
heart, spleen, liver, adrenals, kidneys, thyroids, testes, prostate gland, uterus or
ovaries. The study showed that when fucoidan from L. japonica was administered
to rats at a dose of 300 mg/kg/day, no significant toxicological changes were
observed. However, when the dose was increased to 900 and 2500 mg/kg/day, it
was thought the anticoagulant effect of fucoidan might be a problem.

The genotoxicity of fucoidan isolated from Undaria pinnatifida was examined
using a test battery of three different methods [50]. In a reverse mutation assay
using four Salmonella typhimurium strains and Escherichia coli, fucoidan did not
increase the number of revertant colonies in any tester strain, regardless of met-
abolic activation by S9 mix, and did not cause chromosomal aberration in short
tests with S9 mix or in the continuous test. A bone marrow micronucleus test in
ICR mice dosed by oral gavage at doses up to 2000 mg/kg/day showed no sig-
nificant or dose-dependent increases in the frequency of micronucleated poly-
chromatic erythrocytes, and the high dose suppressed the ratio of polychromatic
erythrocytes to total erythrocytes (Table 1). The authors concluded that fucoidan
presented no significant genotoxic risk under the anticipated conditions of use.

5 Applications of Fucoidan in Biomedicine

5.1 Pharmaceutical Usage

In pharmaceutical and biomedical applications, it is important to use non-toxic and
biocompatible materials with tissue [62, 120]. Many polymers and biopolymers
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with these properties are also used in the drug industry. Many institutes continue to
conduct research on the development of new polymers [2, 11, 28, 30, 98, 105].
Since biopolymers are generally natural, biodegradable and their degradation
products are non-toxic, they are among the commonly used polymers in bio-
medicine [82]. For example, alginic acid, which is an anionic polymer, is used in
tissue engineering and new generation multiparticulate drug and gene delivery
systems [19, 64]. Similarly, chitosan which is a polycationic biopolymer is com-
monly used for preparation of nano- and micro-drug delivery systems, artificial
tissue production in bioengineering, developing gene and vaccine delivery
systems, and wound and burn treatment in pharmaceutical and biomedical area
[51, 84, 99, 107, 123]. Curdlan and xanthan gums, which are microbial polysac-
charides, are among the biopolymers used in drug industry in recent years [113].

Fucoidan is a negatively charged biopolymer that contains a sulfate group in its
structure. It has been a source of interest for many researchers in recent years due
to its pharmacological activity and non-toxicity [35, 52, 58, 88]. Although the
number of biomedical studies on fucoidan increases in course of time, there is only
a limited literature on developing fucoidan-based drug delivery systems. The first
study on this subject was carried out by Sezer and Akbuğa [98]. The researchers
prepared negatively charged fucoidan and positively charged chitosan micropar-
ticles, based on the principle of forming polyion complex in optimum conditions
and termed the resulting particle structure a ‘‘fucosphere’’. Figure 2 shows scan-
ning electron microscopy image of fucospheres.

It was reported that fucospheres loaded with bovine serum albumin (BSA) had a
particle size range between 0.61 and 1.28 lm. Among the fucospheres which had
an encapsulation activity of approximately 90%, BSA release lasted for 60–90 days,
depending on the polyanion/polycation ratio. Table 2 presents the findings on
in vitro characterization of the content of fucospheres.

In another study, fucosphere formulations were prepared containing granulo-
cyte–macrophage colony-stimulating factor (GM-CSF), which is a cytokine,

Fig. 2 Scanning electron
micrograph showing of
BSA-encapsulated
fucospheres composed of
1.5% fucoidan and 0.5%
chitosan [98]
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within its glycoprotein structure [97]. GM-CSF regulates the viability, prolifera-
tion, differentiation and function of hematopoietic progenitor cells while
increasing the viability, function of dendritic cells, the differentiation and growth
of dermal Langerhans cells and the ability of antigen-presenting cells to capture
foreign antigens [33]. It is used in the treatment of serious conditions resulting
from chemotherapy and bone marrow transplantation, such as neutropenia and
aplastic anemia [36]. Despite these pharmacological properties, GM-CSF has a
very short biological half-life in physiological conditions, due to its short-term
serum stability causing destruction and inactivation of protein; it, therefore,
requires frequent injection throughout the treatment [22, 54]. In recent years
studies have investigated the efficacy of systems providing long duration of action
in treatment with plasmid DNA coding GM-CSF [9, 40, 41, 44, 96]. The authors
have encapsulated GM-CSF in fucospheres and evaluated their characteristics,
such as influence of formulation parameters, on the physiochemical properties,
encapsulation capacity, plasmid release and stability studies. Plasmid DNA was
successfully encapsulated into fucospheres with high encapsulation efficiency.
DNA release from fucospheres continued for 80–140 days and no burst effect was
observed during the release studies (Fig. 3).

Agarose gel electrophoresis method indicated that GM-CSF that was encap-
sulated within fucospheres remained stable for 140 days in a PBS (pH 7.4) buffer
in which release studies were carry on [97].

In recent years, many techniques were developed for the preparation of silver
nanoparticles, which are used in biomedicine and targeted drug delivery systems.
However, the use of agents that are toxic for human health and the environment,
such as sodium borohydride and dimethylformamide, which accelerate the reac-
tions in intermediate phases of the preparation, is a serious disadvantage.
Yiu Leung et al. [129] prepared silver nanoparticles using carboxymethylated-
curdlan and fucoidan. The nanoparticle fabrication method is based on adding
silver nitrate to aqueous solution of carboxymethylated-curdlan and fucoidan at
100�C. Using this relatively simple method, non-toxic nanoparticles with a particle
size of 40–80 nm were obtained. Authors reported that these nanoparticles could
be used in pharmaceutical and biomedical applications and are suitable for
industrial production due to the easy preparation method.

5.2 Application in Wound Healing

Fucoidan has potential for use in wound and burn treatment; it has heparin-like
activity triggers transforming growth factor (TGF-b1) while providing fibroblast
migration and activation in damaged tissue [17, 27, 56]. Second-degree dermal
burns are one of the most common pathologic conditions. These kinds of burns
involve the loss of deep dermis; healing starts at damaged dermal areas, beginning
with significant scar formation (epidermal thickening) and functional losses and
generally show aesthetic deterioration and pigmentation changes by the end of
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treatment. For this reason, if accurate diagnosis is made and there is no donor
problem, considering the size of the burn at an early stage, these kinds of wounds
generally require surgical intervention [130].

Fig. 3 Effect of a initial plasmid amount, b chitosan molecular weight on release behavior of
plasmid pGM-CSF encapsulated fucospheres. Formulation compositions: a (open square) 336 lg
pDNA ? 0.25% chitosan ? 0.5% fucoidan ? 400 kDa chitosan molecular weight ? 20,000 rpm
stirring rate; a (asterisk) 673 lg pDNA ? 0.25% chitosan ? 0.5% fucoidan ? 400 kDa chitosan
molecular weight ? 20,000 rpm stirring rate; b (open square) 336 lg pDNA ? 0.25% chito-
san ? 0.5% fucoidan ? 150 kDa chitosan molecular weight ? 20,000 rpm stirring rate; b (aster-
isk) 336 lg pDNA ? 0.25% chitosan ? 0.5% fucoidan ? 600 kDa chitosan molecular
weight ? 20,000 rpm stirring rate [97]
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There is ongoing research into alternative materials and methods that might
provide alternatives to surgical intervention in the treatment of second-degree
dermal burns. The literature suggests that many of the existing treatment methods
are not successful in deep dermal wound and burn treatment [90, 91]. In clinical
applications, gauze bandage and composites are among the most widely used
materials [117]. Gauze bandage and composites, which have a high absorption
capability, are economical and can be sterilized easily. The most serious com-
plications associated with gauze bandage and composites include trauma caused
by the removal of the bandage from the wound surface, infection and irritation
caused by foreign bodies. Although autografts give positive results and are the
most widely used materials in large wounds and burns, the most important
drawback of this technique is insufficient donor area [1].

These limitations of conventional and biological dressing materials led
researchers to investigate the development of artificial ones with different properties
and structures for use in the treatment of wounds and burns [42, 117]. Artificial
dressing materials are available in the form of film, gel, spray, foam, micro-/nano-
particles, microsponges, etc. and are prepared using different polymers [1, 42, 94].
However, none of the existing technological products and artificially-prepared
dressings has the properties of an ideal wound and burn dressing material. Therefore,
clinical use of these materials, which are undergoing testing, is also limited [106].

Almost all of the factors that adversely affect wound and burn healing are
caused by the loss of skin integrity. Wound and burn healing would be much faster
using a dressing material that can replace the skin [63, 75]. Therefore, the use of
biomaterials as dressing materials began to be given priority in tissue engineering
and biotechnology, due to their treatment-accelerating effect [5, 42, 118]. Natural
polymers like fibrin, fibrinogen, collagen, hyaluronic acid, alginate derivatives,
chitin and chitosan are important biopolymers. These natural dressing materials
have many advantages over other topically-applied systems in wound and burn
treatment, including their biological adaptation, minimal toxicity and immuno-
genicity and co-applicability with different active agents [38, 106].

In addition to biopolymers, skin and similar dressing materials or semi-
synthetic polymers have been considered for use in covering burn and open wound
surfaces on the skin. However, due to problems such as biological adaptation,
immune response and histoincompatibility, the use of these kinds of skin-like
materials or polymers was limited [110, 125]. It was reported that systems which
have a design that does not fully prevent contact of the surface with air and
water provides better and faster healing, and that the micropore structure of the
biomaterials used is important in burn and wound treatment [5, 118].

In addition, an ideal wound material should also have some important properties
such as stability, non-antigenicity, flexibility prevention of water loss and bacterial
transmission and ease of use. Chitosan performed well in these criteria and positive
results were obtained with these polymers [37, 108, 121]. Burn dressings prepared
with chitosan and alginate derivatives are available as commercial product. While
the tissue-repair and re-epithelialization increasing effects of glycosaminoglycans
(GAG) gained importance in wound treatment, the literature also contained
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information on positive results obtained from heparin. It is known that chitosan–
heparin complexes provide epithelialization and improve healing. In some studies
on wound and burn treatment, fucoidan, which has GAG structure and heparinic
activity, was used for this purpose [31]. It is also known that fucoidan accelerates
fibroblast migration and provides re-epithelialization in wound treatment [17, 27].

In different studies, film [102], hydrogel [100] and microparticle [101]
formulations were prepared using fucoidan and chitosan which are two biopoly-
mers. The treatment efficacy of the formulations was investigated in experimen-
tally induced second-degree dermal burns on rabbits.

As shown in Fig. 4, fucoidan–chitosan films prepared by the solvent casting
method for use in burn treatment have a microporous structure and a thickness of
29.7–269.0 lm (Table 3).

Depending on the increase of film thickness, water vapor permeability
decreased from 16.6/0.1 to 3.3/0.1 g film. Furthermore, the drying technique
affected water vapor permeability of the films. Although the films that were dried
using lyophilization method had a more porous structure than those dried in an
incubator, due to their greater thickness, their water vapor permeability was found
to be lower. It was reported that these findings were similar to those of previous
studies [43, 60, 109, 127]. In addition to air and vapor permeability, sufficient
absorption by the membrane of the exudate which forms on the wound is also
important in wound/burn dressing materials. The liquid absorption capacities of
the films prepared using different proportions of fucoidan and chitosan were found
to be quite high (0.67–1.77 g water/g film). The films prepared using lyophiliza-
tion absorbed a higher proportion of water due to their high porosity.

Films for use in wound/burn treatment should remain on the inflammation area
for a long time and protect the area from external factors. Therefore, such films
should have sufficient mechanical strength and elasticity, and high bioadhesion to
the application site. Mechanical strength and elasticity values of the prepared films
were found to be 7.1–45.8 N and 5.5–49.8%, respectively. While the mechanical
strength of the films increased in line with chitosan concentration, increasing of

Fig. 4 Scanning electron
micrographs of fucoidan–
chitosan film composed of
0.5% fucoidan and 2%
chitosan [102]
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fucoidan and lactic acid concentrations led to reduced mechanical strength. The
mechanical strength of the membranes was generally inversely proportional to
their elasticity. Bangyekan et al. [6], Khan et al. [43], and Wong et al. [128]
reported that, depending on the increase of chitosan concentrations in the film
formulations, mechanical strength increased, which decreased the elasticity of the
films. The solvent used in the preparation of fucoidan–chitosan films also affected
mechanical properties. When lactic acid was used, the elasticity of the films
increased and mechanical strength decreased compared with films prepared using
other acids [102].

Bioadhesion values of fucoidan–chitosan films were found to be between 0.076
and 1.771 mJ/cm2, and the highest bioadhesion was observed in films which had
the highest fucoidan content. With the increase of polymer concentration, free
ionic groups (amine and sulfate) in the formulation also increased. This enhanced
the bioadhesion of the films in the inflammation area due to their ionic interactions
with the negatively charged wound tissue proteins [39, 112].

Treatment effectiveness of fucoidan–chitosan films with optimum properties was
investigated in rabbits with experimentally induced superficial burns with partial
thickness. At the end of day 7, no edema was observed on the burns that were
treated with film (Fig. 5). Polymorphonuclear leukocytes, which indicate edema
and inflammation occurrence, increased only in the control group by day 14.
At the end of day 14 and day 21, it was found that wound contraction areas of the
groups treated with fucoidan–chitosan films were higher than those that were
treated with fucoidan solution and chitosan films. Evaluation of all macroscopic
findings revealed that the healing levels of the wounds were as follows: fucoidan
films [ chitosan films [ fucoidan solution. Histopathological analysis at the end of
day 14 and day 21 indicated that the length of the new epithelia in the samples
which were treated with fucoidan–chitosan films increased when compared to those
which were treated with chitosan film.

In treatment groups, epithelium thickness increased slightly between day 7 and
day 21, depending on fibroblast and collagen increase in the wound area. On day 21,
epithelial thickness of the wounds that were treated with fucoidan–chitosan film
decreased and healing ratio was found to be higher than those of other groups. The
healing phase of partial thickness superficial dermal burns was accelerated between
day 7 and day 14 and, after 7 days, fibroblast migration to the wound area increased
and thus collagen amount increased between days 7 and 14. These results
are consistent with the re-epithelialization findings in similar studies [25, 89].
As indicated in Fig. 5, while healing continued in groups treated with fucoidan
solution and chitosan film; a large area of the scar in the group of fucoidan–chitosan
film was replaced by epithelia and all of the wounds treated with fucoidan–chitosan
film was completely healed at day 21.

In addition to damaged epidermis, papillary nicks connecting epidermis to
dermis are also damaged in wounds and burns. Therefore, one of the proofs of the
healing of the wounded area is the re-formation of papillary projections.
In the group that was treated with fucoidan–chitosan film, the papillary nicks in the
wound area increased by approximately 2.5 times and reached the highest level
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after day 14 when compared to the group treated with chitosan film. Similar
findings were reported by Erdağ and Sheridan [26].

When the wounds were compared in terms of nucleolar organizing region
(NOR) values, which are an indication of cell division activity [21, 119], it was
observed that NOR values increased in line with the healing process in fucoidan
solution and chitosan film treated groups; among the experimental groups, NOR
values reached the highest level within the fucoidan–chitosan film treated groups
on day 14 of the treatment process and then declined. It was suggested that this
change resulted from the excessive propagation of epithelial cells during the
treatment process between days 7 and 14 in fucoidan–chitosan film treated group.

In another study, chitosan-based hydrogels containing fucoidan were prepared
and the effect of polymer concentration on water absorption capacity, textural
properties and ex vivo bioadhesion of the gels were investigated [100]. Increase in
molecular weight and concentration of chitosan enhanced the water absorption
capacity of fucoidan–chitosan gels; however, fucoidan concentration did not sig-
nificantly increase the water absorption capacity of the gels. Knapczyk [46]
obtained similar results in a study that used chitosan gels.

Fig. 5 The photographs of the wounds area treated with fucoidan solution (FS), chitosan film
(CF), chitosan film containing fucoidan (CFF), and control group (CTRL) at 7th, 14th, and 21st
days [102]
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The textural properties of hydrogels used in wound healing are important cri-
teria that affect treatment efficacy. Gels that are applied to the wound should have
suitable hardness value for properly spreading on the wound; they should have
suitable adhesion to remain on the wound for a long time and should have suitable
cohesion to hold the gel together on the application site. Figure 6 shows findings
on the mechanical properties of fucoidan–chitosan gels.

Chitosan and fucoidan concentration changed the textural properties of
hydrogels. The highest adhesion value was obtained from gels prepared with
fucoidan and chitosan at highest concentration.

The adhesion of chitosan with high molecular weight and high deacetylation
degree (MW: 750, deacetylation degree: C85, Sigma) was approximately 7–14
times higher than that of the formulations prepared with medium molecular weight
chitosan (MW: 400, deacetylation degree: C75, Fluka) and low molecular weight

Fig. 6 The mechanical
properties of hydrogel
formulations. a hardness,
b cohesiveness and
c adhesiveness (n = 6).
Formulation compositions:
A1 1.5% Sigma
chitosan ? 0.5% fucoidan,
A2 1.75% Sigma
chitosan ? 0.5% fucoidan,
A3 2% Sigma
chitosan ? 0.5% fucoidan,
A4 2% Sigma chitosan, B1
2% Sigma chitosan ? 0.25%
fucoidan, B2 2% Sigma
chitosan ? 0.75% fucoidan,
C1 2% Fluka
chitosan ? 0.5% fucoidan,
and C2 2% Protan 243
chitosan ? 0.5% fucoidan
[100]
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chitosan (MW: 250, deacetylation degree: C60, Protan 243). The presence of
fucoidan increased the adhesion of the hydrogels and optimal textural properties
were achieved.

Gels prepared with high molecular weight chitosan had much greater bioad-
hesion than those prepared using chitosan with medium and low molecular weight.
One of the reasons for this was that high molecular weight chitosan with long
chain attracts more exudates in the wound area and forms a more stable gel film
[34, 69]; the second reason is that the structure of the same chitosan with high
deacetylation degree contains more free amine groups than other chitosans and
thus it has greater interaction with the negatively charged proteins in the wound
area [7, 112].

The treatment effectiveness of fucoidan–chitosan hydrogels was investigated in
comparison with chitosan gel and fucoidan solution in an experimental burn model
using optimized hydrogel formulation [100]. Macroscopic analyses in the first
7 days showed that edema was observed only in control groups, while no similar
contraction was observed in the groups which were treated with fucoidan solution,
chitosan gel and fucoidan–chitosan gel. On day 14, the highest contraction was
observed in the subjects that were treated with fucoidan–chitosan gel, followed by
chitosan gel and fucoidan solution treated groups. In addition to contraction,
hairing was observed to increase in the wound areas that were treated with
fucoidan–chitosan gel and chitosan gel. On day 21, fucoidan gel treated groups
were completely healed and hairing reached to maximum levels. During the
healing stage, the epithelial length of a wound generally increases. Epithelial cells
and collagen migration significantly increase, particularly during the healing phase
of second-degree burns. When wound epithelium lengths of the groups that were
treated with fucoidan solution, chitosan gel and fucoidan–chitosan gel were
compared on day 7, no significant difference was found. On days 14 and 21,
epithelial length in the fucoidan–chitosan gel treated group was significantly more
increased then those of other treatment groups. On the other hand, epithelial
thickness and scarring decreased in the same group between days 14 and 21
(Fig. 7). In parallel to the increase in epithelial length, papillary nicks, which
promote the integration of the newly formed epithelial tissue, showed a greater
increase in the fucoidan–chitosan gel treated group between days 14 and 21.

Histopathological analyses revealed that fucoidan–chitosan gels were more
effective in burn treatment when compared to other treatment groups. On day 14,
NOR values in fucoidan–chitosan gel treated wounds increased significantly;
however, the rate of increase slowed down between days 14 and 21. NOR values
of fucoidan solution and chitosan gel treatment groups were lower than those
treated with fucoidan–chitosan gel. This increase in fucoidan–chitosan gel treated
group was related to the epithelial cell propagation in the wound area between
days 7 and 14 and increased the thickness of the epithelial layer.

Microparticles were prepared through the formation of polyion complex
between the amine groups of chitosan (cationic) and carboxyl groups of fucoidan
(anionic) and their effectiveness in wound and burn treatment were investigated
in vivo [101]. The size of the particles varied between 367 and 1017 nm depending
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on formulation parameters. Fucoidan and chitosan concentrations, the source,
molecular weight and deacetylation degree of chitosan significantly affected the
particle size. A decrease in fucoidan concentration in the formulation caused a
decrease in particle size. Zeta potentials of the microparticles increased directly
proportionally with the increase in chitosan/fucoidan ratio. With the increase of
electronegative fucoidan amount, free sulfate groups also increased in the for-
mulation and zeta potential of microparticles decreased. On the contrary,
increasing amounts of electropositive chitosan which contains free amine groups
caused an increase in zeta potential of microparticles. Similar findings were
obtained in multiparticulate systems fabricated with different negatively charged
polymers and chitosan [32, 49].

Bioadhesion values which were varied between 81 and 191 lJ/cm2, enhanced
with increased concentrations of both chitosan and fucoidan used in preparation of
fucospheres. For example, when chitosan concentration was increased from 0.25 to
0.75%, bioadhesion values increased by approximately 2.5 times. Kockisch et al.
[48] and Chowdary and Rao [14] indicated that, due to free amine groups in the
structure of chitosan, the microparticles possess bioadhesive properties. With the
increase of fucoidan, bioadhesion of the microparticles also increased. The reason
for this increase was that negatively charged sulfate groups in the structure of
fucoidan had an ionic interaction with the proteins in the wound area [86, 103, 104].

The treatment effectiveness of fucosphere formulation was investigated on
superficial burns. It was found that at the end of days 14 and 21, the fucosphere
treated group had the highest contraction area and thus the highest healing level,
and that treatment effectiveness of fucospheres was higher than those of chitosan
microparticles and fucoidan solution.

Fig. 7 The histopathological photographs of the burn epithelial tissues stained with haematox-
ylin and eosin on days 7, 14, and 21 (A control wounds, B treated with chitosan hydrogel,
C treated with fucoidan–chitosan hydrogel, and D treated with fucoidan solution, the bars are
500 lm) [100]
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In groups that were treated with fucospheres, chitosan microparticles and
fucoidan solution, wound epithelial length increased with time. However, between
days 7 and 14, the epithelial length in the fucosphere treated group was found to be
much higher than those in other groups (Table 4).

Similarly, epithelial thickness in the fucosphere treated group was found to be
higher than the values for groups that were treated with fucoidan solution and
chitosan microparticles (Table 5).

These differences in epithelial length and thickness are thought to vary
according to the increase in fibroblast, collagen and epithelial cells between days 7
and 14 (Table 4). Fibroblast and collagen amounts in fucosphere treated group
were higher on day 14 compared to day 7; however, they decreased on day 21. The
number of papillary nicks in the fucosphere treated group was higher than in the
groups treated with other formulations. The number of papillary nicks was highest
on day 14 (Table 5). Similarly, the highest NOR value was observed in the fuc-
osphere treated group on day 14. The increase in number of papillary nicks and
NOR value is evidence of accelerated re-epithelialization between days 7 and 14.

These results indicated that fucoidan–chitosan formulations improved burn
healing. Today, chitosan and alginate films are commercially available in the form
of wound and burn dressing materials. However, recent studies indicated that the
treatment effectiveness of combined fucoidan–chitosan formulations (microsphere,
hydrogel and film) was higher than those of formulations containing only chitosan.

Murakami et al. [72] prepared composite hydrogel sheets containing 60:20:2.4
(w/w) sodium alginate, chitin/chitosan and fucoidan with a method given in Fig. 8
and applied the formulations prepared to experimentally induced wounds in rats.

It was found that the composite protected the wound area, possessed optimal
adhesion and accelerated healing by providing a good moist healing environment
with exudates. Histological examination on day 7 demonstrated significantly
advanced granulation tissue and capillary formation in the healing-impaired
wounds treated with composites, compared to those treated with commercially-
available calcium alginate fiber (Kaltostat; Convatec Ltd., Tokyo, Japan) and those
left untreated (Fig. 9).

These findings indicated that the composites containing fucoidan provided more
effective treatment than the commercial preparations available on the market.

In a study that analyzed potential toxicological properties of fucoidan films used
in surgical operations, a cecal-sidewall model of surgical adhesions were formed
in male Sprague–Dawley rats and the treatment effectiveness of surgically-placed
fucoidan films on this area was investigated [10]. In vivo studies revealed that
fucoidan loaded films reduced adhesion scores by approximately 90% compared
with control films.

A total of 50–100% of animals were adhesion-free at fucoidan film loadings of
0.33–33% compared with the adhesions observed in animals treated with control
film. No adverse effects were observed from 33% fucoidan films, which
were equivalent to approximately 30 mg fucoidan/kg body weight. Local
administration of fucoidan film during rat cecal-sidewall surgery safely reduced
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adhesion scores by approximately 90% and resulted in 50–100% of animals being
adhesion-free [10].

Chitosan/fucoidan micro complex-hydrogel as a carrier for controlled release of
heparin binding growth factors was fabricated and evaluated the ability of chito-
san/fucoidan micro complex-hydrogel to immobilize fibroblast growth factor
(FGF-2) and protect its activity [74]. The chitosan/fucoidan complex-hydrogel had
high affinity for FGF-2. The interaction of FGF-2 with chitosan/fucoidan complex-
hydrogel substantially prolonged the biological half-life of FGF-2. One week after
FGF-2 containing complex-hydrogel was subcutaneously injected to mice, neo-
vascularization and fibrous tissue formation were induced, while no significant
vascularization was observed after the injection of FGF-2 alone (Fig. 10).

Fig. 8 a Preparative procedures for ACF-HS, b Photographic appearance of ACF-HS [72]

398 A. D. Sezer and E. Cevher



Injection of FGF-2 without a hydrogel carrier caused excessively rapid diffu-
sion of FGF-2 molecules from the injected site to induce any vascularization
effect. The researchers suggested that FGF-2 containing chitosan–fucoidan com-
plex-hydrogel might be a promising new biomaterial for induction of vasculari-
zation and fibrous tissue formation in ischemic limbs.

6 Conclusion

Although there is limited available literature, research on the use of fucoidan in
drug delivery systems and as a biomaterial has been increasing. Toxicity studies

Fig. 9 Histological examination of wounds covered with ACF-HS or Kaltostat�, and controls.
Each wound on day 7 is representative of eight wounds (four rats) covered with ACF-HS or
Kaltostat�, or not covered (control). In the left panel, black arrows show formed granulation
tissues, and squares show the sites for microphotographs (right panels). In the right panels, black
arrows show blood vessels containing erythrocytes [72]
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indicated that the use of fucoidan in these systems was quite reliable. Polyion
complexes that form with fucoidan and positively charged chitosan were inves-
tigated in terms of drug and gene delivery and positive results were obtained. The
results of various studies suggest that fucoidan-containing film, microparticle and
hydrogel formulations have a promising future as dressing materials in wound and
burn treatment. Previous studies found that fucoidan formulations were more
effective in wound treatment than typical wound dressings such as chitosan. It is
believed that the reasons for this increased effectiveness are as follows: antiseptic
property of fucoidan, early phase microvascularization, capillarization and angi-
ogenesis effect, bonding to leukocytes and accelerating infiltration in wound area.
In addition, by bonding to high ratio fibroblasts, fucoidan increases fibroblast
migration in the wound area and activates some cytokines which is important in
wound healing. In light of these findings, fucoidan is a promising biopolymer.
Recent research has expanded the range of uses of fucoidans.
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Synthesis of Novel Chain Extended
and Crosslinked Polylactones for Tissue
Regeneration and Controlled Release
Applications
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Abstract In addition to ring opening homo- and co-polymerization, chain
extension and crosslinking are attractive routes for synthesizing polylactones.
Through manipulation of molecular composition and molecular architecture a
wide range of mechanical, thermal and degradation properties can be achieved,
and using different coupling chemistries, polylactones belonging to many kinds of
linear and network-structured polymer families have been synthesized. The
poly(ester-urethanes), poly(ester-amides), poly(ester-urethane-amides), polyphos-
phoesters, poly(ester-anhydrides) and methacrylated crosslinking polyesters
polymer families have great potential in biomedical applications such as surgery,
tissue-engineering, and controlled active agent release. Mechanical properties,
degradation characteristics and rate, and release properties of these polymers can
be adjusted within wide ranges. Biopolymers showing bone-like hardness or soft
non-creeping elasticity have been synthesized. Poly(ester-anhydrides) in particular
combine useful properties of polyesters and polyanhydrides, and have been shown
to degrade by surface-erosion, enabling controlled macromolecular active agent
release. Photocuring of liquid pre-polymers enables the use of biopolymers in high
precision lithographic techniques like micromolding in capillaries, stereolithog-
raphy and two-photon polymerization. This makes it possible to design and
customize complicated scaffold structures, with desired drug release profiles for
various biomedical applications.
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1 Introduction

Aliphatic polyesters are the best characterized and most widely-studied biode-
gradable polymers. The mechanism of degradation in polyester materials is clas-
sified as bulk degradation with random hydrolytic scission of the polymer
backbone. Biodegradable polyesters have been used in a number of medical
applications [1]. The major applications include resorbable sutures, drug delivery
systems and orthopedic fixation devices such as pins, rods and screws. Of the
various families of synthetic polymers, the polyesters are attractive for these
applications because of their ease of degradation by hydrolysis, with the degra-
dation products being resorbed through metabolic pathways, and the potential to
tailor the structure to alter the degradation rate. Polyesters have also been con-
sidered for use in tissue engineering applications. In addition to medical appli-
cations, biodegradable polyesters are increasingly used in high-volume
applications such as packaging, films and fibers [2, 3].

The most common way to obtain high molecular weight polyesters is through
ring-opening polymerization (ROP) of cyclic esters. ROP can be used in the
preparation of polyesters such as polyglycolide, polylactides with different stereo
structures, poly(e-caprolactone), poly(d-valerolactone) and polycarbonates. Good
control of the polymerization allows tailoring of the properties related to the
microstructure and molecular architecture of the polymer [4].

The insertion mechanism has been shown to provide the most efficient method
for ROP of cyclic esters. The most widely-used initiators for the insertion reaction
are carboxylates and alkoxides of Sn, Ti, Zn, and Al. Among the initiators, Tin (II)
2-ethylhexanoate (SnOct2) is probably the most widely used in the polymerization
of cyclic esters. When stannous octoate is used, it first reacts with compounds
containing hydroxyl groups, forming tin alkoxide, which then acts as the initiator
in the polymerization [5]. Polymerization yields hydroxyl-terminated polymers
with the molecular weight depending on the ratio of monomer to co-initiator. The
structure of the polymer depends on the alcohol used as co-initiator. Mono- and di-
functional alcohols yield linear polymers, whereas alcohols with more than two
hydroxyl functional groups give comb-shaped, star-shaped, hyper-branched, or
dendritic polymers.

An additional approach is to take advantage of chain extending and crosslinking
reactions, where functional telechelic oligomers are used as precursors. This
reaction route enables synthesis of molecules belonging to novel linear and ther-
moplastic polyester families, such as poly(ester-urethanes), poly(ester-amides),
poly(ester-urethane-amides), poly(ester-anhydrides) and polyphosphoesters, as
well as crosslinked polyesters [6, 7].

Macromolecular engineering is increasingly important for polymers used in
medical applications. It is highly desirable that properties such as glass transition
temperature, crystallinity, and hydrophilicity are tailored to fulfill the requirements
of specific applications. In this article we review the work carried out in our
laboratory in the preparation of degradable polyesters by various chain linking and
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crosslinking methods. These methods extend the possibilities for macromolecular
engineering, and by controlling characteristics such as molecular architecture,
block lengths, and copolymer composition, materials with a wide range of prop-
erties can be produced.

2 Synthesis of Pre-polymers for Chain Linking and Crosslinking

Chain linking and crosslinking techniques involve the use of telechelic pre-poly-
mers. In our laboratory the pre-polymers used for chain linking or crosslinking
have been either OH- or COOH-terminated low molecular weight polylactones.
The properties of these pre-polymers have been modified using different
monomers, co-initiators, and functionalization agents.

2.1 Hydroxyl Terminated Pre-polymers

In the preparation of chain linked or crosslinked polymers, the first step was to
prepare hydroxyl-terminated pre-polymers. Poly(L-lactide), poly(D,L-lactide), and
poly(e-caprolactone) pre-polymers were synthesized by ring-opening polymeri-
zation of cyclic esters in the presence of a co-initiator containing the hydroxyl
group. Different co-initiators used in the polymerization are shown in Fig. 1.
Linear pre-polymers were prepared using 1,4-butanediol as a hydrophilic

Co-initiators for linear pre-polymers
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Fig. 1 Co-initiators used in the preparation of polyester precursors [8, 10]
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co-initiator, whereas ricinoleic acid and 4-(hydroxyl-methyl)benzoic acid were
used as hydrophobic co-initiators [8–10]. Based on 1H NMR all these co-initiators
yielded products with molecular weights that were near those expected by theory.

In addition to linear pre-polymers, star-shaped and branched polylactides were
prepared using alcohols with different numbers of hydroxyl groups as co-initiators
(Fig. 1). Pentaerythritol has four primary hydroxyl groups in equivalent positions
and it was used to yield a four-arm star-shaped polymer structure. The co-initiators
of primary interest were polyglycerine-06 (PGL-06) and polyglycerine-10 (PGL-
10), which were used as novel co-initiators with the aim of achieving a more
branched structure than that obtained with pentaerythritol. According to 1H NMR,
initiation activity (the number of hydroxyl groups initiating polymerization) was
stoichiometric for 1,4-butanediol (2 OH groups) and near stoichiometric for
pentaerythritol (4 OH groups). Similar initiation activity for pentaerythritol has
been reported in other studies. Kim et al. [11] have reported that increasing the
ratio of monomer to initiator increases initiation activity, and four-armed oligo-
mers were formed when the ratio of monomer to pentaerythritol reached 32.
Similarly, Lang and Chu [12]) have reported that PCL oligomers had one, two,
three, or four arms when the ratio of monomer to pentaerythritol was 5:1, whereas
a higher ratio (40:1) produced mainly three- or four-armed oligomers.

The initiation activities for polyglycerines were 4.0–6.2 for PGL-06 (8 OH-
groups) and 8.3 for PGL-10 (12 OH-groups). It seems that secondary hydroxyl
groups of PGL did not initiate polymerization as efficiently as primary hydroxyl
groups, and thus measured values were somewhat lower than theoretical values.
However, it can be concluded that a substantial proportion of secondary hydroxyl
groups take part in the initiation, and that their participation increases as the
co-initiator content decreases. This is in accordance with the behavior of hyper-
branched polyglycerol as co-initiator in the polymerization of e-caprolactone.
Burgath et al. [13] have reported that in the case of a theoretical arm length of ten
CL units, the initiation activity of hydroxyl groups was 75%. However, when the
monomer/co-initiator ratio was higher and the theoretical arm length was 30 CL
units, an initiation activity of 96% was measured.

2.2 Carboxylic Acid Terminated Pre-polymers

Carboxylic acid terminated pre-polymers were prepared by converting terminal
hydroxyl groups of pre-polymers to carboxylic acid functional groups by allowing
the hydroxyl groups to react with succinic [8, 10] or alkenylsuccinic anhydride
[14, 15]. The reaction scheme for the functionalizations is presented in Fig. 2.
Functionalization of hydroxyl groups to carboxylic acids was carried out in bulk
without a catalyst. Comparing the two types of pre-polymer, there was a clear
difference in the reactivities of the hydroxyl groups of PCL and PLA. According to
1H NMR studies, hydroxyl groups of PCL reacted completely with succinic
anhydride within 3 h at 160�C. For PLA, the degree of substitution was 85–93%
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despite a longer reaction time of 6 h. Lang and Chu [12] have suggested that the
difference in the reactivity of cyclic anhydride with hydroxyl groups in PCL and
PLA is mainly due to the different reactivities of anhydride with primary and
secondary alcohols.

Of key significance in developing applications for poly(ester-anhydrides) was
the finding that alkenyl groups can be used to adjust the degradation rate of these
polymers [15]. Alkenylsuccinic anhydrides (ASAs) contain alkenyl chains of
various lengths and have been found useful for tailoring the hydrophobicities of
biomaterials. ASAs are reported to increase the hydrophobicity of soy protein
and gelatin surfactants and to improve the hydrophobicity of chitosan and starch
surfaces [16–18]. We have used ASAs to modify the degradation of thermo-
plastic and crosslinked poly(ester-anhydrides) based on polylactone oligomers
[15]. The effect of alkenyl chains on hydrophobicity of pre-polymers was
investigated in a study in which linear and star-shaped PCL oligomers
were functionalized with succinic anhydride or with alkenylsuccinic anhydrides
containing alkenyl chains of 8 or 18 carbons [14]. The increase in the hydro-
phobicity of pre-polymers is clearly seen in the contact angles: succinic anhy-
dride-functionalized PCL-based pre-polymer clearly showed a lower contact
angle than the two ASA-functionalized pre-polymers (Fig. 3). In comparison
with ASA-functionalized polymers, lengthening of the alkenyl chain resulted in a
considerable increase in the contact angle.
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from Elsevier)
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3 Chain Extended Polylactones

Chain extension of polyester oligomers offers an alternative route for obtaining
high molecular weight polymers. Chain extenders such as diisocyanates, bis(2-
oxazolines), bis(epoxides), and bis(ketene acetals) are bifunctional low-molecular
weight monomers that in small amounts increase the molecular weight of polymers
in rapid reactions. The chain extenders also introduce new functional groups, and
increase flexibility in the manufacture of polymers, which can lead to improved
physical and mechanical properties and biodegradability of the resulting polymers.
In addition to the use of chain extenders, polyester precursors can be linked to each
other by introducing suitable functionalities into the pre-polymers by end
functionalization [4].

3.1 Poly(ester-urethanes)

As is well known in polyurethane chemistry, diisocyanates react rapidly with –OH
functional oligomers, which are called polyols in polyurethane technology. In the
synthesis of high molecular weight poly(ester-urethanes) the first stage is to syn-
thesize aliphatic polyester-based telechelic oligolactones having –OH end func-
tionalities. Typically these pre-polymers have molecular weights in the range of
5,000–50,000 g/mol. A high molecular weight polymer can then be obtained in the
second stage through a chain linking reaction between the above-mentioned
polyols and diisocyanate compounds. Different diisocyanates, such as 1,6-hex-
amethylene diisocyanate, isophorone diisocyanate, 4,4-dicyclohexylmethane
diisocyanate, and 1,4-butane diisocyanate have been used in this type of chain
linking. The chain linking typically yields thermoplastic poly(lactic acids) with a
molecular weight of around 100,000–300,000 g/mol [19, 20].

The reaction between the hydroxyl end-functionalized pre-polymers with
diisocyanate as chain extender forms a urethane bond. The pre-polymer chain
length determines the urethane link concentration in the polymer chains. The ratio
between reactive chain ends and isocyanate groups should be close to unity to
produce high-molecular-weight linear polymers. In addition, the hydroxyl termi-
nation of the pre-polymers should be as complete as possible. If isocyanate is
added in excess in chain linking, broadening of the molecular weight distribution,
branching of the molecules and finally crosslinking will occur during the chain
linking reactions. It has been proposed that this is due to the reaction between the
isocyanate and the urethane bond leading to an allophanate bond. The reaction
leading to allophanatesis is a competing side reaction in chain linking and it leads
to branching of the polymer chains. This can be used in the preparation of
poly(ester-urethanes) (PEUs) with modified rheological properties due to the
formation of long-chain branches [19–22].
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There are alternative synthesis routes for obtaining the end-functional aliphatic
polyester pre-polymers, such as ring opening polymerization of lactones and
direct polycondensation of diols and dicarboxylic acids or hydroxyacids. The
chemical composition of the pre-polymers is the primary tool for adjusting
polymer and product properties such as mechanical properties and degradation
rate. Only lactic acid (LA)-based pre-polymers lead to rigid poly(ester-urethanes),
whereas the use of caprolactone (CL) as co-monomer can confer some elasto-
meric properties on the product. Rubbery poly(ester-urethanes) can be produced
by using CL as a co-monomer with lactic acid in the preparation of the telechelic
pre-polymers and chain extending these pre-polymers [22]. On the other hand,
the glass transition temperature and thus heat resistance of the poly(ester-ure-
thanes) has been successfully increased by using DL-mandelic acid as a
co-monomer [23]. In addition, the mechanical and thermal properties of the rigid
PEUs have been modified by blending with more flexible copolymers in order to
improve impact strength. Tough biodegradable composites have also been pre-
pared with reinforcing fillers. Mechanical properties have been reported to
depend heavily on compatibility and phase separation [24, 25]. We have reported
toxic degradation products in connection with some poly(ester-urethanes) [26].
This aspect needs to be considered carefully when planning the uses of these
polymers in biomedical applications.

3.2 Poly(ester-amides)

Aliphatic poly(ester-amides) have good potential for environmental and biomed-
ical applications because of their biodegradability, biocompatibility, and favorable
physical properties. The positive characteristics of poly(ester-amides) arise on one
hand from the ability of amide groups to form intermolecular hydrogen bonds,
enhancing the thermal and mechanical properties of the resulting polymers, and on
the other hand from the well-known tendency of ester linkages to enhance
hydrolytic degradation of polymers. Enzymatic degradation of copolymers syn-
thesized by the ester-amide interchange reaction between polyamide and polyc-
aprolactone was reported already in 1979 [27]. Since then, many types of
poly(ester-amides) with random, multi-block, or alternating distributions of ester
and amide groups have been prepared by various methods using aliphatic dicar-
boxylic acids, amino acids, hydroxyl acids, diols, and their derivatives. Polycon-
densation reactions have been carried out both in melt and in solution.

One possibility for synthesizing poly(ester-amides) is to use a bisoxazoline
group as a chain-extender [28–30]. Bis-cyclic imino-ethers, such as bis-2-oxazo-
lines, are an attractive class of chain extenders for linear polyesters and polya-
mides, especially for those that are mainly terminated by carboxylic groups. There
are no significant side reactions during the chain extending reaction, and the ester-
amides formed are reported to be thermally rather stable.
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3.2.1 Poly(ester-amides) Based on Lactic Acid

2,20-Bis(2-oxazoline) has been used as a coupling agent to link carboxyl-terminated
lactic acid-based oligomers. The highest molecular weights for poly(ester-amides)
(PEAs) were over 300,000 g/mol. These molecular weights were obtained in
10 min at 200�C. Optimally, the ratio of oxazoline functional groups to carboxylic
end functionalities was 1.0–1.2. The mechanical properties of poly(ester-amides)
polymerized in this way were very comparable with those of other biopolymers.
A tensile strength of 67 MPa and impact strength of 34 kJ/m2 was reported [29].

The addition to PLA of 2,20-bis(2-oxazoline) as a chain extender increased the
hydrolytic degradation rate of the polymer. The release profiles of all small model
drugs from PDLLA films were biphasic or triphasic, while release profiles of small
model drugs from corresponding poly(ester-amide) (PEA) films varied substan-
tially. In particular, PEA enhanced the release of a macromolecule from micro-
spheres due to its faster degradation rate [31, 32].

3.2.2 Poly(ester-amides) Based on e-Caprolactone

Oxazoline-linked e-caprolactone polymers have been successfully produced by a
three-step synthesis [28]. The molecular weights of hydroxyl-terminated pre-
polymers were controlled by varying the ratio of 1,4-butanediol to e-caprolactone
monomer (1/100, 2/100, 5/100 and 10/100) in ring-opening polymerization of
e-caprolactone at 160�C. The hydroxyl-terminated intermediates were further
converted to low molecular-weight carboxyl-terminated pre-polymers by allowing
them to react with a slight molar excess of succinic anhydride at 160�C for 1 h.
Finally, these carboxyl-terminated CL-pre-polymers were linked with 2,20-bis(2-
oxazoline) as a chain extender at 200�C to get e-caprolactone-based oxazoline
linked poly(ester-amides)(PCL-O). The structure of these polymers is shown in
Fig. 4, and their molecular weights and thermal characteristics are presented in
Table 1.

Tarvainen et al. [33] showed in their studies that the in vitro degradation of
polymer films in phosphate buffer solution (PBS) was enhanced by oxazoline
modification. It was found to affect only the decrease in molecular weight, but not
erosion behavior. The molecular weight (Mn) of polycaprolactone-based
poly(ester-amide) film decreased to 55% of its original value during the half-year
study while the corresponding molecular weight decrease of PCL film was only
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Fig. 4 Structure of oxazoline linked poly(ester-amides)
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18%. The oxamide groups in the polymer structure had no substantial effect on the
release profiles of low molecular weight drugs, as their release was in all cases
diffusion controlled and closely followed square-root-of-time kinetics. In contrast,
macromolecule release (FITC-dextran, Mw 4,400 g/mol) from polymer micro-
particles was clearly enhanced by the modification due to faster polymer
degradation.

Further in vitro studies indicated, however, that the erosion behavior of
polycaprolactone-based poly(ester-amides) can be greatly affected by the chosen
hydrolysis medium [34]. When solvent cast films and injection molded bars of
poly(ester-amides) were incubated in simulated intestinal fluid (SIF), a clear
weight loss was observed already after 5 days (Fig. 5). At the same time notable
changes in surface morphology of polymer samples were seen (Fig. 6).

The enhanced erosion behavior was related to the pancreatin (1 wt%) present in
SIF. Pancreatin contains enzymes, principally amylase, lipase and protease.

Table 1 Characteristics of synthesized poly(ester-amides) [35]

Polymer CL-block (Mn)a Mw
b (g/mol) Mn

b (g/mol) Tm1/Tm2 (�C) Cryst. (%)

PCL-O 1,500 37,100 20,300 39/25 24
1,500 52,000 24,500 39/26 28
3,900 88,300 46,200 62/52 47
7,500 62,100 35,400 60/53 50
7,500 88,100 46,100 63/52 49

12,000 86,100 45,000 62/54 49
PCL – 67,600 41,500 65/56 52
a The molecular weights of PCL pre-polymers measured by 13 C NMR
b Measured by SEC
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Fig. 5 Percentage of remaining weight of (filled diamond) PCL and (open circle) PLC-O a films
and b bars incubated in simulated intestinal fluid at 37�C (Tarvainen et al. [34] reproduced with
permission from Elsevier)
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Pulkkinen et al. [35] concluded that the observed surface erosion is mainly due to
the effect of lipase and that the erosion rate can be controlled by changes in the
PCL block length. They also developed a straightforward mass spectrometric
method for the analysis of enzymatic degradation products of poly(ester-amides).
A wide variety of water-soluble oligomers have been separated and identified by
high-performance liquid chromatography/electrospray ionization tandem mass
spectrometry (HPLC/ESI-MSn). According to these studies, pancreatic enzymes
mainly cleaved ester bonds in the polymer chain, whereas amide bonds were left
largely intact [36]. The enzyme sensitive surface erosion has also been confirmed
in vivo (subcutaneous implantation of discs in rats for 12 weeks), and an evalu-
ation based on hematology, clinical chemistry and histology of the implantation
area and main organs demonstrated biocompatibility and safety of the studied
poly(ester-amides) [37].

3.3 Polyphosphoesters

Polylactones based on phosphoester bonds in the main chain are hydrolytically
degradable and have been claimed to be enzymatically resorbable in vivo. The
phosphorus atoms in the polymeric chains are potential sites for ionic interactions
and attachment of active agents. Polyphosphoesters have been investigated as
potential polymers for use in tissue engineering, as well as drug and gene delivery.
Properties like rate of degradation can be tailored during synthesis by modifying
side chain hydrophobicity. Of special research interest is the hypothesis of
improved biocompatibility of this class of the polymers due to enhanced tissue
contact and the presence of phosphorus [38].

Studies have focused on the phosphoester derivatives of polylactides and their
potential biomedical applications in drug delivery, as gene carrier substances, and
as tissue engineering materials. The pentavalency of the phosphorous atom in the
polyphosphoester backbone allows the conjugation of charged groups to the side

Fig. 6 SEM micrographs of PCL-O films a before incubation, b after 5 days and c after 18 days
in simulated intestinal fluid at 37�C (Tarvainen et al. [34] reproduced with permission from
Elsevier)
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chain of the phosphate, producing cationic polyphosphates for use in non-viral
gene delivery. The side chain of phosphate can also be varied to control hydro-
phobicity in order to tailor degradation properties of polymers.

Allcock et al. [39] reported synthesis methods for phosphorous-containing
polymers. Polyphosphoesters can be produced synthetically through three different
reaction mechanisms: ring-opening polymerization, polycondensation and
transesterification (Fig. 7) [40, 41]. Of these methods, Puska et al. [42] applied
polycondensation by using ethyldichlorophosphate as a coupling agent to chain
extension of poly(e-caprolactone). In vitro studies showed some indication of
probable bioactivity of these polymers.

3.4 Poly(ester-anhydrides)

Polyesters and polyanhydrides differ significantly in the rate and mode of degra-
dation. As a means of improving the degradation behavior and other properties of
the two types of polymer, polyesters and polyanhydrides have been combined into
various poly(ester-anhydrides) [10, 15, 43–45]. These polymers possess properties
of individual polyesters and polyanhydrides and may therefore provide consider-
able advantages over either polymer alone. Besides having unique degradation
profiles, poly(ester-anhydrides) have the potential for surface modification, mak-
ing the delivery potential of poly(ester-anhydride) devices similar to that of
polyanhydride devices [46, 47].

In our studies, the preparation of poly(ester-anhydrides) consisted of three
steps. Hydroxyl-terminated pre-polymers were prepared by ring-opening poly-
merization of cyclic esters in the presence of a co-initiator containing the hydroxyl
group. In the next step, terminal hydroxyl groups were converted to carboxylic
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acid functionality by reaction of the hydroxyl groups with succinic or al-
kenylsuccinic anhydride. In the final step, carboxylic acid groups were converted
to anhydrides with acetic anhydride, and these intermediates were coupled to
poly(ester-anhydrides) by melt polycondensation. Upon coupling of PCL-based
pre-polymer, size exclusion chromatography (SEC) analyses showed an increase
from 3,600 to 70,000 g/mol in number average molecular weight.

Polyester precursors were prepared from L-lactide, DL-lactide and e-caprolac-
tone. In addition to the different monomers used, the structure of the pre-polymers
was modified using ricinoleic acid and alkenylsuccinic anhydrides with different
chain lengths as hydrophobic components in the syntheses of pre-polymers. The
chemical structures of the different poly(ester-anhydrides) studied are shown in
Fig. 8.

In dissolution, all the poly(ester-anhydrides) showed hydrolysis of anhydride
linkages within a few days. A rapid disappearance of the anhydride peak was
detected irrespective of the monomer used. In addition, the use of ricinoleic acid or
alkenylsuccinic anhydride did not affect the rate of hydrolysis of anhydride link-
ages. It thus seems that an increase in the hydrophobicity of polymers was not
sufficient to markedly slow the penetration of water into the specimen.
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After hydrolysis of the anhydride bonds, mass loss of the poly(ester-anhydrides)
depended on the composition of the original polyester pre-polymer, and the mass
loss was greatly affected by the molecular weight and thermal properties of the
pre-polymers. The differences in loss of mass attributable to the monomer used are
shown in Fig. 9. For poly(ester-anhydrides) prepared from pre-polymers with
thermal transitions below 37�C, hydrolysis of anhydride linkages was accompa-
nied by rapid mass loss caused by fast dissolution of the degradation products.
When thermal transitions of pre-polymers were above the hydrolysis temperature,
the poly(ester-anhydrides) showed a clear two-stage degradation: a rapid hydro-
lysis of anhydride linkages was followed by slower hydrolysis and mass loss of the
remaining polyester oligomer.

In the case of ricinoleic acid-initiated poly(ester-anhydrides), mass loss in
hydrolysis was greatest for the polymer with the highest ricinoleic acid content,
although it would have been expected to be the most hydrophobic polymer. Since
this polymer had the lowest melting temperature, it seems that for ricinoleic acid-
initiated polymers, as for 1,4-butanediol-initiated (BD) polymers, chain length and
thermal properties are the most critical factors affecting the solubility of polyester
precursors and thus the rate of degradation.

The presence of an alkenyl chain in the polyester precursor had a marked effect
on the thermal properties and hydrolysis behavior of the poly(ester-anhydrides).
For poly(ester-anhydrides) prepared from low molecular weight pre-polymers
(PDLLA-BD10-AHs) with thermal transitions below 37�C, the presence of
hydrophobic alkenyl chains in the polyester precursors slowed the rate of mass
loss. As seen in Fig. 8a, poly(ester-anhydrides) without an alkenyl chain showed
rapid mass loss within a few days, while ASA-functionalized polymers exhibited a
much lower rate of mass loss over 4 weeks of immersion. Differences in lengths of
the alkenyl chain, as such, had little effect on the mass loss behavior of the
ASA-functionalized poly(ester-anhydrides).

Poly(ester-anhydrides) prepared from higher molecular weight pre-polymers
(PDLLA-BD5-AHs) showed a different mass loss behavior. Among the polyester
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Fig. 9 Mass loss of
1,4-butanediol-initiated
poly(ester-anhydrides) during
immersion in PBS (pH 7.0)
at 37�C (filled diamond,
DLLA-BD5; open diamond,
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precursors and poly(ester-anhydrides), thermal transitions of alkenylsuccinic
anhydride-functionalized polymers tended to be 10–15�C lower than those of the
corresponding polymers without an alkenyl chain. Due to lower crystallinities and
thermal transitions, alkenyl chain-containing poly(ester-anhydrides) showed a
faster mass loss than poly(ester-anhydrides) without an alkenyl chain (Fig. 10b).

4 Crosslinked Polylactones

Another class of biopolymers besides thermoplastics is crosslinked degradable
polymers. Crosslinking has been used to obtain polymers with high strength or
with elastic properties [48, 49]. The preparation of the crosslinked polyesters
usually comprises several steps. This more complicated synthesis, as compared to
the preparation of thermoplastic polyesters, can be seen to provide opportunities
not only for structural tailoring but also for processing. By using liquid polyester
precursors with low viscosity, even in situ curing can be used in the formation of
highly crosslinked networks [50–52].

Biodegradable crosslinked materials prepared from lactides and e-caprolactone
do not inherently contain groups that can form primary bonds between the polymer
chains. Thus they have been made crosslinkable by functionalizing low molecular
weight pre-polymers with suitable reactive end groups [12, 51, 53–55]. Due to the
good reactivity of acrylic and methacrylic double bonds, they have been com-
monly used in the preparation of resorbable networks. Acrylated or methacrylated
poly(a-hydroxy acid) precursors have often been synthesized by functionalizing
hydroxyl-terminated oligomers with the corresponding acid chloride [56–59].

Our research (Fig. 11) has focused on the preparation of crosslinked resorbable
polyesters and poly(ester-anhydrides) from oligomers based on lactides,
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chain lengths during immersion in PBS (pH 7.0) at 37�C: (open circle) 0, (filled square) 8, (filled
diamond) 12, or (filled triangle) 18 carbons (Korhonen et al. [15] reproduced with permission
from Wiley–VCH)
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e-caprolactone and their copolymers [53–55, 60]. In our studies, the methacryla-
tion of the OH- and COOH-terminated oligomers has been mainly carried out with
methacrylic anhydride (MAAH), similar to the preparation of crosslinked poly-
anhydrides and poly(ether-anhydrides) [50, 61, 62]. Crosslinking of the methac-
rylated precursors has been carried out mainly with thermal initiation. Dibenzoyl
peroxide has been used to initiate the crosslinking at temperatures where all the
functionalized precursors are in the liquid state and the peroxide can be added to
the reaction mixture. However, our recent studies have focused on polymers that
can be crosslinked by light curing [63–66].

4.1 Hard and Rigid Networks

The dependence of the properties of the networks on their structure was shown
with hard and rigid PDLLA networks by Storey et al. [67]. The properties of
networks are governed by the properties of the constituent monomers, but also by
the crosslinking density, which is related to the distance between the crosslinking
points. When the crosslinking density is high, i.e. the chain lengths between the
crosslinks are short, the glass transition temperature and modulus are higher [67].

In our study, PDLLA-based networks were used to reveal the effects of pre-
cursor structure on the properties of crosslinked networks [53]. PDLLA-based
networks retained the inherent mechanical properties of the thermoplastic PDLLA.
As shown in Table 2, the crosslinked networks are hard and rigid, exhibiting
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compressive yield strains from 4 to 7%, compressive yield strengths of
70–120 MPa and moduli of 1,800–2,800 MPa, depending on the molecular
structure. For thermoplastic PDLLA, Grijpma et al. [68] have described rather
ductile behavior with a compressive strain of over 30% and a compressive stress
over 100 MPa.

By comparing PDLLA networks prepared with equal amounts of co-initiator
(100:5) but containing different numbers of hydroxyl groups (BD, PERYT, PGL-06
and PGL-10), the increase in branching of the precursor can be seen to lead to
higher compressive strengths and moduli (Table 2). This is due to the increase in
reactive double bonds in the precursors and the resultant higher crosslinking density
of the networks. In addition, the Tg increased with branching due to the more
restricted movement of chain segments. Overall, branched oligomers yielded net-
works with higher yield strengths and moduli than the linear precursors. Networks
from linear precursors only have crosslinking points originating from crosslinking
sites, whereas the branched oligomers already contain crosslinking points in their
structures in addition to the final crosslinking bonds formed during curing.

4.2 Elastic Networks

In contrast to hard and rigid PDLLA polymer networks, properties of networks can
be tailored using P(CL/DLLA) copolymer precursors [54, 69]. Amsden [70] has
recently reviewed synthesis strategies for curable biodegradable elastomers. In our
studies, the range of mechanical properties achievable by crosslinking has been
extended to soft and elastic polymer networks, which were prepared from

Table 2 Compressive and thermal properties of the crosslinked PDLLA prepared via metha-
crylic anhydride functionalization [53]

Sample Composition Yield strength
(MPa)

Yield
strain (%)

Modulus
(GPa)

Gel-%
(%)

Tg
(�C)

DH
(J/g)

P(DLLA/BD
100:5)

10/100 78 ± 2 6.5 ± 0.4 1.8 ± 0.3 85 42 0

P(DLLA/BD
100:10)

20/100 72 ± 3 5.2 ± 0.2 1.8 ± 0.1 85 40 0

P(DLLA/PERYT
100:5)

20/100 91 ± 5 6.7 ± 1.0 2.0 ± 0.1 95 46 0

P(DLLA/PERYT
100:8)

32/100 120 ± 4 5.0 ± 0.1 2.8 ± 0.1 99 49 0

P(DLLA/PERYT
100:12.5)

50/100 107 ± 14 5.5 ± 0.4 2.5 ± 0.2 99 51 4

P(DLLA/PGL-06
100:5)

40/100 101 ± 8 4.7 ± 0.3 2.6 ± 0.1 100 56 0

P(DLLA/PGL-10
100:5)

60/100 116 ± 3 5.8 ± 0.3 2.4 ± 0.2 97 54 0
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star-shaped P(CL/DLLA) precursors differing from each other in their molecular
weights and CL/DLLA ratios [54]. The swelling factor of the networks showed
that lower molecular weight oligomers yielded networks with a higher crosslinking
density, i.e. the distance between the crosslinks was smaller. The Tg values sup-
ported the swelling results by indicating a higher Tg for samples with a shorter
distance between the crosslinks, even though the corresponding precursors
exhibited lower Tg values. Higher crosslinking density was also found to increase
tensile modulus and maximum strain.

The ratio of CL/DLLA was also found to have a pronounced effect on the
properties of the networks, as shown in Fig. 12. In general, the properties followed
the same trends as the thermoplastic P(CL/DLLA) copolymers. When the DLLA
portion was increased to 50 mol.%, the networks showed higher strain values and
decreased tensile strengths and moduli. With a further increase in DLLA content in
the copolymer networks, the stiffness of the polylactide chains caused an increase in
the modulus and strength. Similar effects of the CL/DLLA ratio on moduli in
copolymer networks have also been shown by Storey et al. [71] and Davis et al. [57].

4.3 Poly(ester-anhydride) Networks

To increase the degradation rate of the crosslinked polyesters, we incorporated
anhydride bonds into the polyester precursors [60, 64]. Crosslinkable poly(ester-
anhydride) precursors were prepared by allowing carboxylic acid-terminated
polyester oligomers to react with methacrylic anhydride, as shown in Fig. 13.
Upon thermal crosslinking [60], the polymers changed from sticky or waxy
oligomers into hard polymer specimens that showed considerable swelling in
CH2Cl2. Like linear thermoplastic poly(ester-anhydrides), crosslinked lactide-
based poly(ester-anhydrides) showed a two-stage degradation profile in which a
rapid cleavage of anhydride bonds was followed by the degradation and dissolu-
tion of constituent oligomers [9, 60].
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In addition to thermal curing, the low melting point of star-shaped PCL-based
poly(ester-anhydride) precursors enabled photocrosslinking with visible light
(Fig. 13) [64]. The advantage of photocrosslinking is that a wide variety of drugs
and heat-sensitive macromolecules can be entrapped as solid powders into the
photocrosslinkable polymer network under mild reaction conditions without the
need for heat or solvents [62, 72]. In addition, photocrosslinking is thought to be a
suitable method for in situ administration as injectable oligomers can be poly-
merized in a rapid and controlled manner at physiological temperatures [50, 73].

As shown in Fig. 14, these photocrosslinked PCL-based poly(ester-anhydrides)
degraded in a few days in vitro and in vivo. In addition, the dimensions of the
specimen decreased steadily and showed clear signs of surface erosion, with a
linear mass loss but a practically intact core (Fig. 14, bottom) [64].

The drug release and safety of the photocrosslinked poly(ester-anhydrides) in
vitro and in vivo was also studied. A small water-soluble drug, propranolol HCl,
was used as the model drug in an evaluation of the erosion-controlled release.
Drug-free and drug-loaded (10–60% w/w) poly(ester-anhydride) discoids eroded
in vitro linearly within 48 h (Fig. 15). A strong correlation between the polymer
erosion and the linear drug release in vitro was observed, indicating that the release
was controlled by the erosion of the polymer. Similarly, in vivo studies (subcu-
taneous implantation of discoids in rats) indicated that drug release from the
discoids was controlled by surface erosion. In addition, oligomers did not decrease
cell viability in vitro and the implanted discoids did not evoke any cytokine
activity in vivo [64].

Fig. 13 Preparation of
poly(ester-anhydride)
networks [64]
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In a recent study, crosslinked poly(ester-anhydrides) have been used for sus-
tained macromolecular drug delivery in vivo. The macromolecular drug used was
peptide YY3-36 (PYY3-36, Mw 3,900 g/mol). PYY3-36 loaded (1% w/w) discoids
were implanted subcutaneously into rats. When compared with subcutaneous
administration of PYY3-36 solution, PYY3-36-loaded poly(ester-anhydride) discoids
resulted in sustained delivery of PYY3-36. Results indicate that photocrosslinked
poly(ester anhydrides) can be used for delivery of macromolecules [65].

Fig. 14 Erosion of
poly(ester-anhydride)
discoids in vitro (filled circle)
and in vivo (open circle) (top)
and cores of drug-free
poly(ester-anhydride)
discoids in vitro (A) and in
vivo (B) (bottom) (Mönkäre
et al. [64, 65] reproduced
with permission from
Elsevier)

Fig. 15 Drug release
from poly(ester-anhydride)
discoids (solid line) and
corresponding polyester
discoids without anhydride
bonds (dashed line) in vitro
(pH 7.4, +37�C). Drug
loading: filled square, 10%;
open diamond, 20%; open
square, 40% and filled
diamond, 60% propranolol
HCl (Mönkäre et al. [64, 65]
reproduced with permission
from Elsevier)

Synthesis of Novel Chain Extended and Crosslinked Polylactones 427



5 Tissue Engineering Scaffolds

Bioresorbable polymers have received increasing attention in reconstructive
medicine. Their role has expanded from traditional fixation devices to bone sub-
stitutes and scaffolds used for tissue engineering. Besides the chemistry and
material properties of the scaffold and the local cell morphology, the function of
the scaffold is dependent on its proper design. As the scaffold should act as a
template to direct cell growth in three dimensions, porous 3D structures are pre-
ferred. Porosity, pore size, and pore structure are important factors to be consid-
ered with respect to oxygen and nutrient supplies to transplanted and regenerated
cells. An interconnected pore network enhances the diffusion rates to and from the
center of the scaffold and facilitates vascularization. By choosing appropriate
processing techniques, scaffolds of specific architecture and structural character-
istics may be fabricated. Our approach has focused on techniques available for
crosslinking bioresorbable polymers.

5.1 Bioactive Composite Scaffolds Prepared by Salt Leaching

Bioresorbable polymers may be used to support cell growth in vitro, to direct
tissue growth in vivo and to deliver bioactive molecules. Bioactive glasses are
surface-active ceramic materials that bond chemically to bone minerals. Clinical
use of bioactive ceramics has so far been restricted due to their limited handling
properties and lack of a proper carrier material. To overcome these problems it has
been of interest to us to produce composite scaffold structures with interconnective
porosity.

Our first studies on preparing porous and elastic composite scaffolds (Fig. 16)
for non-load-bearing tissue engineering applications utilized a simple and cheap
particle leaching method. Porous matrices and composites with bioactive glass

Fig. 16 Photograph of a elastic composite scaffold and b SEM picture of the structure
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(BAG) S53P4 (Vivoxid Ltd., Finland) were prepared by mixing the crosslinkable
copolyester P(CL/DLLA) with a crosslinking initiator together with BAG granules
and sieved sodium chloride, NaCl crystals (size range 400–600 lm) [74]. The
mixture was then thermally cured in a mold, and the salt crystals were leached
with distilled water to obtain the final porous scaffold structure. The size of the
pores corresponded well with the size of the NaCl crystals, and porosity volumes
could be easily altered by changing the amount of salt. In vitro the composite
showed silica solubility and calcium phosphate (CaP) precipitation ability in
simulated body fluid (SBF), although the pre-treatment of the composite structure
was found to inhibit BAG-solution interactions. The major drawback of this
method was, however, that the desired interconnective porosity was not obtained.

A great success in applying the salt leaching technique was achieved when
calcium chloride hexahydrate, CaCl2�6H2O, was used as a porogen agent. These
salt crystals contain high amounts of combined water and have a low decompo-
sition temperature. A continuous porogen phase was formed during photocuring of
the scaffolds. The bioactive glass filler remained essentially inert during the stage
when the salt was leached with ethanol. As a result, scaffolds with 60–80 vol%
continuous phase macroporosity (typically 100–300 lm) were obtained and
composites with BAG showed high ceramic dissolution as well as calcium
phosphate formation in vitro [75].

Meretoja et al. [76] compared osteogenic differentiation and scaffold coloni-
zation in rat bone marrow stromal cell cultures of porous polymer scaffolds with
composites containing 30 wt% of bioactive glass filler. In these studies, com-
posites enhanced proliferation, early osteogenic differentiation, and mineralization
of cultured cells under static conditions. The cells grew on the surface of the
scaffolds and a confluent cell layer was formed within 7 days. Use of a rotating
wall bioreactor caused penetration of the cells into the scaffold interior, but at the
same time decreased the number of cells and partly inhibited their differentiation
process.

Preliminary in vivo tests [77] with cell-free scaffolds and cultured cell-scaffold
constructs subcutaneously implanted in rats showed that well-vascularized soft
connective tissue invaded the scaffolds during 4 weeks of implantation and 1 week
of implantation, respectively. Both scaffold types were biocompatible, but bone
formation occurred only within cell-scaffold constructs after 12 weeks of implan-
tation. Further optimization of dynamic culture conditions in vitro and investi-
gation of bone formation in vivo are essential and are currently underway.

5.2 Crosslinked Poly(ester-anhydrides) as Porogen Materials

Poly(ester-anhydrides) are expected to find use in tissue engineering and in con-
trolled release applications. In order to demonstrate the potential of poly
(ester-anhydrides) in these applications, the use of poly(ester-anhydride) fibers as
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porogen materials was investigated. Fast-eroding poly(ester-anhydride) fibers were
selectively leached from a more slowly-degrading polyester matrix to form a
predetermined pore structure within the matrix material [66]. The degradation
rates for the poly(ester-anhydride) fibers and for the polyester matrix are shown in
Fig. 17.

Porogen fibers were prepared by photo curing and they were used in the form of
elastic fiber mats or mesh. The fibers were half-moon shaped with a thickness of
100 lm and diameters of 450–850 lm along the wider edge. During incubation,
poly(ester-anhydride) porogens dissolved from the photo-cured polyester matrix
within 1 week. The shapes and dimensions of the pores formed in hydrolysis
closely corresponded to those of the original porogen fibres. Furthermore, micro-
CT images showed that porosity mimicked the form and dimensions of the
porogen mat or mesh throughout the matrix sample. The porosities estimated by
micro-CT were 30–39%, while the amount of porogen added to the matrix was
30 wt%.

One of the main rationales for producing polymeric fiber porogens was the
possibility of including bioactive agents in the porogen fibers. The bioactive
agent would be readily available in the scaffold as pore formation proceeded
and porogen fibers eroded. Bioactivity was introduced in the form of bioactive
glass and different amounts of bioactive glass were mixed with the poly(ester-
anhydride) resin when preparing the fiber mesh. Since bioactive glass increased
viscosity of the resin, the highest BAG content that allowed fabrication of
fibers was 40 wt%. The reactivity of BAG-containing composites was studied
in vitro by carrying out a dissolution study in simulated body fluid. The overall
reactivity of BAG in the composites was monitored by dissolution of silica.
Calcium phosphate formation, indicating (bone) bioactivity of the material, was
verified by the decrease in the phosphate concentration in SBF. Silica and
phosphorus concentrations in SBF as a function of immersion time are shown
in Fig. 18.

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

Time (days)

M
as

s 
lo

ss
 (

%
)

Fig. 17 Degradation of
poly(ester-anhydride) fibers
(filled square) and the
polyester matrix (filled
diamond) during immersion
in PBS (pH 7.0) at 37�C
(Rich et al. [66] reproduced
with permission from
Wiley–VCH)
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5.3 Micromolding in Capillaries

Micromolding in capillaries (MIMIC) is a method of fabricating patterned
microstructures of polymeric materials by molding them in enclosed, continuous
channels formed between a solid support and an elastomeric master with a pat-
terned surface. When a low-viscosity liquid pre-polymer is placed at the open ends
of the network of channels, the liquid spontaneously fills the channels by capillary
action. After filling the channels, the pre-polymer is cured, resulting in micro-
structures in a pattern complementary to that present in the mold [78].

PCL-based low molecular weight photocurable oligomer was used for testing
the applicability of MIMIC to the preparation of polymeric scaffolds. A litho-
graphic master was used for fabrication of an elastomeric polysiloxane mold.
In the preparation of scaffolds, individual PCL layers were prepared first by
MIMIC. Partly cured layers were then manually stacked and a final curing was
done. Figure 19 shows that well-organized structures with inter-connected
porosity can be prepared by this method. Furthermore, composites with 30 wt% of
bioactive glass (BAG) filler were successfully prepared, imparting bioactivity to
the scaffold.

5.4 Stereolithography

To fabricate a porous 3D structure, a number of conventional methods such as salt
leaching and gas foaming have been utilized. To build extremely complex and
accurate 3D structures, rapid prototyping (RP) methods have been developed.
Stereolithography (SLA) is one of the most important RP methods. By SLA, 3D
structures can be built utilizing photopolymerization of liquid polymeric materials
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Fig. 18 Changes in silica
(filled square) and
phosphorus (filled circle)
concentrations in SBF as a
function of immersion time
for scaffold containing 50%
BAG fiber (BAG content
40% in the fiber) (Rich et al.
[66], reproduced with
permission from
Wiley–VCH)
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to produce solid crosslinked networks with the desired shape and microstructure.
A variety of photopolymers are available for SLA but only a few of them are
biodegradable. Promising results have been obtained by Jansen et al. [79] and
Melchels et al. [80] who used LLA-based biodegradable resins.

In a recent study by us in co-operation with Twente University, a biode-
gradable polymer resin suitable for SLA was prepared [63]. Three-branched PCL
oligomers were synthesized using trimethylolpropane as a co-initiator. Oligomers
were then methacrylated with methacrylic anhydride to prepare a suitable
photocrosslinkable macromer. The molecular weights of the oligomers were
tailored by varying the amount of co-initiator: the smaller the amount of TMP,
the longer the PCL chains. The melting temperatures of the oligomers were in
the range of 23–54�C. Molten polyester macromers were photocrosslinked using
Irgacure 2959 photoinitiator and 365 nm UV light. The macromer with the

Fig. 19 SEM micrographs of a PCL-based scaffold, b PCL-based composite with 30 wt% of
bioactive glass prepared by micromolding in capillaries

Fig. 20 Photograph of a
PCL-based scaffold prepared
by SLA [63]
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lowest molecular weight, 1500-ohm, was the most densely crosslinked and its gel
content was 98.2%. Cytotoxicity of the crosslinked networks was tested using
skin cells. Cell experiments showed good biocompatibility, with the cells spread
evenly onto the surface of the network samples, and good metabolic activity was
detected.

Porous, three-dimensional tissue engineering scaffolds were built by SLA
(Fig. 20). No solvent was used in SLA, but macromers were heated above the
melting point to obtain a suitable viscosity for the resin. Characterization proved
that the scaffolds had highly-defined micro- and macrostructure. The average
porosity was found to be 70.5% when the designed porosity was 70%. More than
90% of the pores were in the range of 350–550 lm in diameter, and the average
pore size was 465 lm. The scaffolds accurately adopted the structure modeled by
computer-aided design.

5.5 Two-Photon Polymerization

The principle of two-photon polymerization (2PP) is somewhat similar to that of
the stereolithography technique, but 2PP provides much better structural resolution
and quality. Unique opportunity to reach micrometer or even sub-micrometer
resolution is enabled by utilizing photocurable biopolymers for 2PP. Preliminary
results [81] show that two-dimensional structures with high resolution can be
prepared by two-photon polymerization from photocurable poly(e-caprolactone)
resin (Fig. 21). Currently, the process parameters and resin properties are being
further optimized to prepare precise 3D structures. The challenge is to master
viscosity-curing balance in the process.

Fig. 21 SEM micrograph
of a PCL lattice prepared by
two-photon polymerization
[81]
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6 Conclusions

Chain extension, coupling and crosslinking offer practical alternatives to ring
opening homo- and copolymerization for tailoring polymer properties and producing
novel biomedical polymers. Telechelic, functional polymers can be based on various
monomers, largely determining the nature of the final polymers. By using different
coupling chemistries, several linear and network-structured polymer families have
been synthesized. The biopolymer families with the most potential are poly(ester-
urethanes), poly(ester-amides), poly(ester-urethane-amides), poly(phosphoesters)
and poly(ester-anhydrides) and methacrylated crosslinked polyesters. These poly-
mer families have shown a wide range of properties having potential in the bio-
medical field. Mechanical properties can be tailored, giving polymers ranging from
those with bone-like hardness to soft non-creeping elastomers.

Degradation rates and mechanisms of biopolymers can be adjusted over a broad
range. The degradation rates can vary from days to several months. Some
poly(ester-amides) have shown an enzyme-activated, fast surface erosion degra-
dation. Rapidly surface eroding poly(ester-anhydrides) enable degradation-based
zero-order active agent release, including sustained and controlled release of
macromolecular active agents like peptides. Controlled release of a high load of
small molecular weight active agents in a time span of tens of hours has been
demonstrated using poly(ester-anhydrides). This has a potential application in the
oral administration of medications.

Control of the liquid to solid transition in biopolymers opens up new possible
applications. Specific molecular architectures combined with controlled cross-
linking chemistries enable synthesis of thermosetting or photocuring biopolymers.
These polymers have great potential in bioactive composite manufacturing. The
future is in the production of customized, highly precise bioactive scaffolds pro-
duced with methods that combine novel biomaterials, medical imaging, computer
design and rapid manufacturing methods like stereolithography.
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Drug Delivery Systems Based On
Mucoadhesive Polymers

Maya Davidovich-Pinhas and Havazelet Bianco-Peled

Abstract Transmucosal delivery of therapeutic agents is a non-invasive approach
that utilizes human entry paths such as the nasal, buccal, rectal and vaginal routs.
Mucoadhesive polymers have the ability to adhere to the mucus layer covering
those surfaces and by that promote drug release, targeting and absorption.
Mucoadhesive polymers commonly interact with mucus through non-covalent
bonds such as hydrogen bonds, ionic interactions and/or chain entanglement. This
chapter reviews variety of mucoadhesive polymeric systems with a special
emphasis on recent developments in the field. In particular, a new class of cova-
lently interacting mucoadhesive polymers termed acrylated mucoadhesive poly-
mers is described in detail. Acrylated mucoadhesive polymers are macromolecules
which carry at least one double bond therefore are capable of forming covalent link
with thiol groups on mucin type glycoproteins, the main component of mucus. To
date, two acrylated mucoadhesive polymers were synthesized, and their ability to
act as a mucoadhesive drug release vehicle was characterized and compare to other
covalently binding mucoadhesive polymers. This approach opens a way to addi-
tional clinical applications that will benefit from the administration of drugs
through the mucosa surface.

1 Introduction

Drug delivery methods are widely used for variety of drugs due to their onset,
intensity, and duration of pharmacological action. The use of direct injection of
drug into the blood is straightforward however it is clearly not convenient for the
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patients. Therefore development of more comfortable methods is obvious.
Delivery through the oral rout is the most common approach being used primarily
due to its simplicity, however it suffers from some limitation such as drug
hydrolysis in the gastric track and lack of solubility of some drugs leading to low
bioavailability. Another non-invasive method of drug delivery utilizes human
entry paths such as the nasal, buccal, rectal and vaginal routs. These entry paths are
covered with a hydrated layer termed mucus rather than with skin, thus often
termed mucosal paths of delivery. The mucus-covered interfaces are characterized
with a high blood flow and therefore have the potential for numerous sites for drug
absorption [1].

The term bioadhesion refers to the adherence of two surfaces, where at least one
of them is biological in nature. Bioadhesion is a useful phenomenon facilitating
drug delivery processes by providing a prolong residence time and contact, thus
leading to improvement of drug absorption at a given site. Most frequently, bio-
adhesion drug delivery systems operate in mucus covered environment where the
mucus functions as a barrier between the adherent and the epithelial surface. Such
three phase system is therefore a specific case of bioadhesion which can be
referred to as mucoadhesion phenomenon [2].

Mucoadhesive polymers were first introduced in the early 1980’s as a new
approach to improve drug release, targeting and absorption. Mucoadhesion,
defined as the ability to adhere to the mucus gel layer, is a key element in the
design of these materials [3, 4]. Combining mucoadhesion with other advantages
of polymeric drug carriers such as controlled drug release rate, protection of the
drug from hydrolysis or other types of chemical degradation, protection from
enzymatic degradation, reduction of drug toxicity, and improvement of drug sol-
ubility and availability [5], allows design of powerful drug delivery systems.

This chapter reviews variety of mucoadhesive polymeric systems with a special
emphasis on recent developments in the field. In particular, a new class of cova-
lently interacting mucoadhesive polymers termed acrylated mucoadhesive poly-
mers is described in detail.

2 Mucoadhesive Polymers

Mucohadhesive polymers are known in their ability to adhere to the mucus gel
layer [3]. The epithelial cells which cover the cavities of most organs that opens to
the outside of the body, such as the alimentary canal, the respiratory tract and the
genitourinary tract, are responsible for the mucus secretion. The mucus gel layer
has a multiple functions such as absorption, lubrication, entrapment and antibac-
terial activity [1]. Mucus is composed primarily of water (*95%), but also con-
tains small amounts of salts, lipids, and proteins. The main components
responsible for the elastic gel-like structure of the mucus are glycoproteins termed
mucins. Mucins are high molecular weight extracellular glycoproteins which share
many common features. Due to the characteristics of these glycoproteins they can
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form electrostatic, hydrophobic, sulfide and H-bonding interactions with other
substances which lead to mucoadhesion [6]. The mucoadhesion process is believed
to be a result of chain penetration, entanglement and molecular interaction
(covalent or/and non-covalent). Therefore, it can be described using the diffusion
and chemical bonding theories of adhesion. The diffusion theory of adhesion is
based on the assumption that the adhesion strength of polymers to themselves
(auto-adhesion) or to each other is due to mutual diffusion (inter-diffusion) of
macromolecules across the inter-phase. The chemical bonding theory of adhesion
invokes the formation of interaction such as covalent, ionic or hydrogen bonds
across the adhesive surface inter-phase [7–9].

2.1 Classes of Mucoadhesive Polymers

Several types of polymers are known in their ability to interact physically and/or
chemically with mucus [3]. Polymers which form non-covalent bonds such as
hydrogen bonds, Van-Der Waals forces, ionic interactions and/or chain entan-
glements are the most common [10]. More recently, attempts have been made to
improve the mucoadhesive properties through modification that enable formation
of covalent bonds between the polymer and the mucin type glycoproteins. This
family includes polymers capable of forming disulfide bonds [11–15], specific
binding based on adhesive molecules that attach directly to the cell surface [16], or
acrylate- sulfide linking [17, 18] .

2.1.1 Non-Covalently Binding Polymers

Due to the negative surface charge of the mucus, electrostatic interactions play an
important role in the adhesion process. Therefore, non-covalently binding muco-
adhesive polymers are commonly classified according to their molecular charge
into anionic, cationic, nonionic and amphiphilic polymers [3].

Anionic polymers, carrying–COOH groups, can form hydrogen bonds with
the hydroxyl groups of the glycoprotein’s oligosaccharide side chain. This group
includes polymers such as polyacrylates, alginate, and hyaluronuc acid. Cationic
polymers carry a positively charged amine group and can therefore adhere to
mucus due to ionic attraction to the sialic acid groups on the oligosaccharide
side chain. Chitosan and poly-lysine are good examples for such mucoadhesive
polymers. The interaction of nonionic polymers is based on interpenetration of
the polymer chains followed by chain entanglement. Therefore their ability to
adhere is not influenced by the surrounding pH. Recent studies showed that
nonionic polymers are, in most cases, less adhesive than anionic or cationic
mucoadhesives. In this group one can find hydroxypropyl-cellulose and polyvi-
nyl-alcohol [3].
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2.1.2 Covalently Binding Polymers

Covalently binding polymers can be classified into two groups based on their type
of interaction, specific or non-specific. Specifically binding mucoadhesive systems
take advantage from the ability of lectins and/or other adhesion molecules to bind
directly to receptors on the cell surface rather than to the mucus gel layer. Since
specific binding to the cell surface is often followed by uptake and intracellular
transport, new chances for drug delivery are evolved [16]. The non-specific
binding approach offers an easy, simple and multifunctional mucoadhesion tech-
nique which can adhere to several types of mucus tissues. The adhesion is due to
bonds that can execute in physiology environment. The first generation of non-
specifically binding polymers utilized known covalent biological interactions—
disulfide bridges. This approach has lead to the development of thiolated polymers,
also termed thiomers, in which a small molecule (ligand) consisting a thiol
functional group is attached to the polymer chain [11–14]. The concept of thiolated
polymers have been wildly explored in the last decay. Thiolation of many syn-
thetic polymers such as poly(methacrylic acid) and poly(acrylic acid), and natural
polymers such as chitosan, deacetylated gellan gum and alginate, is described in
the literature [19]. In all those studies better adhesion ability of the thiomer
compare to the native polymer was demonstrated. However, concerns related to
the ability of thiomers to form disulfide bridges in hydrated environment have been
recently raised [20]. Although dry carriers prepared from thiolated alginate
demonstrated high adhesion to mucus [21], the hydrated alginate-thiol displayed
similar adherence to that of the native alginate. It was suggested that the benefit
achieved by adding thiol groups to the polymer was flawed in the hydrated cross-
linked form due to the formation of inter-molecular di-sulfide junctions. This study
highlighted the need for new mucoadhesive polymers that can create non-specific
covalent bonds with mucin glycoproteins under mild physiology conditions, and
has lead to the development of a new class polymers which bind to the thiol group
via acrylate- sulfide linking [17, 18]. This approach will be described in details in
the following section.

3 Acrylated Mucoadhesive Polymers

Acrylated mucoadhesive polymers are macromolecules which carry at least one
double bond therefore are capable of forming covalent link with thiol groups on
mucin type glycoproteins. Their design was inspired from the ability of molecules
carrying electronegative vinyl end group to covalently attach to electronegative
neighboring groups, in a reaction termed Michael type addition, which can take
place in physiological environment. A form of this reaction have been developed
by Hubbell et al. [22, 23] for conjugating sulfhydryl-containing bio-molecules
such as peptides or proteins to vinyl-carrying polymers, see Fig. 1. This meth-
odology was further developed for the modification of many hydrogel systems
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such as poly(vinyl alcohol) [24], poly(ethylene glycol)-b-poly(lactic acid) [25],
PEGylated fibrinogen [26] and other PEGylated proteins [26, 27].

3.1 Polyehtylene Glycol Di-Acrylate (PEG-DA)

A relatively simple example of acrylated mucoadhesive polymer is polyehtylene
glycol di-acrylate (PEG-DA). PEG-DA can be synthesized from the linear
hydrophilic polyether polyehtylene glycol (PEG) [22, 26]. In brief, PEG acrylation
is carried out under Argon by activating a dichloromethane (DCM) solution of
PEG with acryloyl chloride and triethylamine at a molar ratio of 1-OH to 1.5-
acryloyl chloride to 1.5-triethylamine. The final product is precipitated in ice-cold
diethyl ether and dried under vacuum [26]. The chemical structure of PEG-DA is
shown is Fig. 2. Since each molecule carries two double bonds, linking one group
to the thiol leaves an unsaturated group on each molecule which is capable of
further crosslinking to form a hydrogel.

3.2 Alginate-PEGAc

Acrylated polymers combine the inherent properties of the backbone with the
acrylated side chains which enhances their mucoadhesiveness. An example for this
approach is a biosynthetic molecule termed alginate- polyehtylene glycol acrylate
(alginate-PEGAc) [18]. The use of alginate as a drug release carrier is well known

Fig. 2 The molecular
structure of polyethylene
glycol di-acrylate (PEG-DA)

Fig. 1 Protein PEGylation using a Michael type addition reaction
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and extensively studied [28, 29]. Over the years several approaches have been
developed in order to improve alginate characteristics by conjugating various
molecules [30] such as acrylic acid [31, 32], Cystein [21] and PEG [33] to its
backbone. Alginate was also used in combination with PEG molecules by physical
blending of the polymers followed by alginate cross-linking. This approach lead to
formation of alginate hydrogel with larger pore sized that can be used for cells
encapsulation [34–36].

To further exploit the mucoadhesion properties of PEG and alginate, a bio-
material which consists of PEG-acrylate chains attached to an alginate backbone
was developed [18]. Such a polymer combines the strength, simplicity, and
gelation ability of alginate with the mucoadhesion properties arising from
the PEG’s characteristics and the acrylate functionality. Alginate-PEGAc has the
potential to be used in many biotechnology applications due to its unique char-
acteristics. In particular, the ability to induce both physical cross-linking of the
alginate backbone using divalent ions, and/or chemical cross-linking of the PEG’s
acrylate end group using UV radiation, offers a new approach to control the
polymer properties.

The synthesis of alginate-PEGAc was designed as a two step procedure where
synthesis of alginate-thiol is performed first, followed by the conjugation of PEG-
DA to the alginate backbone [18], see Fig. 3.

Synthesis of alginate-thiol [20, 21] was achieved by activating the alginate
carboxylic groups by the carbodiimide functional group within the 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDAC) intermediate reagent.
Next, EDAC was replaced with L-Cystein molecule through its amine end group
to form an amide bond. The molecular structure of alginate-thiol was verified
using 1H NMR experiments [18]. In addition, thiol presence in the final products
was verified using ellmen’s reagent reaction.

The resulting alginate-thiol was dissolved in Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) solution in order to prevent intra-molecular disulfide
interaction [20]. Finally, a Michael type addition reaction, involving a nucleophilic
addition of the thiols on the thiolated alginate to the vinyl group on the acrylate
functionalized polyethylene glycol, was performed. In order to lower the proba-
bility of multiple attachments of single PEG-DA molecule to the backbone, a large
molar excess of PEG-DA was used. The resulted product consist PEG chains, still
carrying one acrylate end group, connected to alginate backbone through the
cystein spacer molecule.

Laurienzo et al. [33] conjugated PEG molecules to alginate through its hydroxyl
end groups in order to maintain the gelation ability of alginate which involves the
carboxylic end groups. The synthetic approach described above reduces the
number of carboxylic groups on the alginate backbone. Yet, the product retained
its gelation ability and gel microparticles could be formed by dropping 1% PEGAc
solution into 1% CaCl2 aqueous solution [18].

In vitro cell assays were conducted in order to evaluate the cytotoxicity of the
new biomaterial [18]. Alginate-PEGAc samples prepared from two types of
alginate were cultured with human foreskin fibroblasts (HFFs) cells for 24 h and
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assayed for the live/dead cells using fluorescent calcien and ethidium homodimer
labeling followed by fluorescent microscopy imaging. None of the alginate-PE-
GAc caused cytotoxic effect in HFFs cells.

4 Acrylate-Sulfide Interaction: Proof of Concept

An experimental evidence to support the hypothesis that acrylate end groups are
able to covalently associate with mucin type glycoproteins was provided by
mixing PEG-DA with mucin glycoproteins extracted from porcine’s fresh small
intestine [17]. The existence of sulfidryl-acrylate interactions was demonstrated
based on nuclear magnetic resonance (NMR) and rheology measurements.

Michael type addition reaction involves coupling oxygen on vinyl end group
with other electronegative end group such as sulfides. The reactive double bond is

Fig. 3 Schematic illustration of the alginate-PEGAc synthesis
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opened to create a new covalent bond between the two components. Therefore the
use of NMR in order to monitor acrylate-sulfide interaction on the molecular level
is straightforward. The experiments were conducted by measuring the 1H proton
spectra of each components and comparing it to their mixture [17]. The spectrum
obtained from native PEG-DA revealed several peaks ascribed to the vinyl end
group protons (d = 5.9–6.5 ppm) and to the protons of the methylene repeating
unit (d = 4.3 and d = 3.6). The vinyl protons were also detected in the spectrum
obtained from the mucin/PEG-DA mixture however their intensity decreased. It is
known that changes in electron environment due to double bond opening allude to
peak disappearance therefore this finding suggested that some of the vinyl bonds
disappear due to glycoprotein addition. Moreover, new protons were found in the
low ppm region where -CH2 groups are usually located, further supporting the
hypothesis that PEG-DA created intermolecular interactions with mucin glyco-
proteins [17].

Additional analysis by rheology measurements verified the existence of acry-
late-mucin glycoproteins in PEG-DA/mucin mixture. Figure 4 demonstrates that
the addition of mucin to PEG-DA has led to a viscosity increase. This result
supports the suggestion that PEG-DA interacts with the mucin glycoproteins, and
is in line with previous works in the field of mucoadhesive polymers that attributed
viscosity enhancement after mucin addition to molecular interaction between the
polymer and glycoproteins [11, 37]. Importantly, a mixture of PEG-OH and mucin
displays a lower viscosity than the mucin/PEG-DA mixture (Fig. 4). This obser-
vation overrules the possibility that the increased viscosity is caused from the
addition of relatively high molecular weight glycoprotein to polymer solution
which might induce formation of additional entanglements as a result of a con-
centration increase. Thus, the viscosity increase can be attributed to Michael type
addition reaction between the PEG-DA’s acrylate end group and glycoprotein’s
sulfide end group, since this is the only possible interactions which cannot occur
when PEG-OH chains are mixed with the mucin. This result further strengthens the
hypothesis that the PEG-DA’s acrylate end groups can create molecular interaction
with mucin glycoproteins.

Fig. 4 Rate sweep
experiment of (m) mucin
20 mg/ml, (d) PEG-Da
10 kDa 20 mg/ml, (s) PEG-
OH 10 kDa 20 mg/ml, (j)
mucin 20 mg/ml ? PEG-Da
10 kDa 20 mg/ml and (h)
mucin 20 mg/ml ? PEG-OH
10 kDa 20 mg/ml in distilled
water at 25� C
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5 Acrylated Polymers as Mucoadhesive Drug Delivery Vehicles

After verifying the ability of acrylate end group to covalently associate with mucin
type glycoproteins, two different mucoadhesive drug delivery vehicles that possess
both adhesion and drug release ability were suggested, as described below.

5.1 PEG-DA Based Mucoadhesive System

5.1.1 Mucoadhesion Ability

The mucoadhesion properties of PEG-DA were characterized using a methodology
that was designed to allow evaluation of the adherence ability of cross-linked
networks in wet environment [17]. This experimental setup allows the cross-
linking reaction to occur on the adhesion surface, see Fig. 5 the results reveal that
increasing the PEG-DA concentration enhances the adhesion to the mucus
(Fig. 6). This finding could reflect increased chain entanglements which, according
to the diffusion theory, is expected to improve the adhesion [7–9]. However, larger

Fig. 5 Schematic illustration of the instrument for assessment of bioadhesion. 1-lower apparatus
arm which connects to the vacuum system, 2-location of the mucus tissue, 3-polyethylene mold
and 4- stainless steel grid connected to the upper instrument arm
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polymer concentration also leads to an increase in the concentration of acrylate
group near the surface and higher probability of chemical bonds formation [17]. In
order to demonstrate the influence of sample preparation conditions and these two
possible mechanisms on the adhesion, macromer solutions containing 2 wt% PEG-
DA were cross-linked on a hydrophobic surface prior to placing them on the
mucus surface and measuring the adhesion strength. This has lead to a significant
decrease in the adhesion strength compare to the same PEG-DA sample that was
cross-linked on the mucosa surface, thus suggesting that by preventing cross-
linking on the surface both the diffusion and penetration of PEG-DA chains
beneath the surface and the ability to form covalent bonds, were harmed. This
result is in a good agreement with previous published work done on the ability of
PEG to penetrate and promote adhesion with other polymer surfaces [38–42].

A comparison between PEG-DA and alginate-thiol which is a known covalently
binding mucoadhesive polymer is presented in Fig. 6. The maximum detachment
force obtained for these two polymers is of the same order of magnitude. More-
over, a significant difference is observed between the results obtained from the 2%
and 3% PEG-DA, whereas the difference between the 4% PEG-DA and the
alginate-thiol was not significant. Previously studied mucoadhesive systems based
on thiolated polymers also display comparable adhesion capability. For example,
Bernkop-schnurch et al. [43] characterized the adhesion of alginate and alginate-
thiol to a commercial-grade crude porcine mucin. Maximum detachment forces of
approximately 0.01 N and 0.07 N were obtained for alginate and alginate-thiol,
respectively. In another study by the same group [10] maximum detachment forces
of 0.027 N, 0.256 N and 0.056 N were measured for low, medium and high
molecular weight 2-iminothiolane conjugated chitosan (chitosan-TBA). It should
be noted, however, that the exact setup used for the adhesion measurements have a
vast influence on the measured force, as described in detail in a recently published
review [44]. In particular, the detachment force of PEG-DA were performed using
hydrated samples which were cross-linked on the mucus surface, whereas the
above mentioned previous studies have utilized dry, compressed sample which did

Fig. 6 Maximum
detachment force (MDF) of
various polymer samples
from fresh mucus surface at
25�C
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not contain any cross-linker. It is known that during the swelling process of dry
sample the polymer chains tend to penetrate to the surface due to their swelling
[45, 46]. This process probably leads to an increase in the adhesion ability
according to the diffusion theory of adhesion. The acrylated mucoadhesion poly-
mers displays similar adhesion ability in hydrated environment in spite of the lack
of swelling.

5.1.2 PEG-DA as Drug Delivery Vehicle

Release profiles of the hydrophilic model drug Ibuprofen, a non-steroidal anti-
inflammatory drug used in the commercial products Advil� (Wyeth Inc.) and
Nurofen� (Reckitt Benckiser Inc.), are presented in Fig. 7. The kinetics of drug
release is rapid, and 100% of the initial dose is released within the first few hours.
A relatively rapid release and absorption of Ibuprofen is essential since it is used to
treat pain and fever, and its half life time in the body is around two hours. Newa
et al. [47] have demonstrated shorter release time scale of minutes using a solid
dispersions of PEG and Ibuprofen. Drug release from PEG dispersions is expected
to be fast due to fast dissolution of the polymer and the large surface area from
which the drug diffuses. Therefore, cross-linked PEG-DA matrices offer longer
Ibuprofen release time, with the additional benefit of the ability to adhere to
mucus.

As expected, the release kinetics can be altered by changing the polymer
concentration (Fig. 7). Increasing the polymer concentration has led to slower
release kinetics due to denser hydrogel network formed at higher polymer con-
centration [48].

Ibuprofen release profiles were further analyzed in order to calculate the dif-
fusion coefficients of the drug [17]. The analysis included fitting the early-time
Eq. 1 and late-time Eq. 2 approximation equations developed by Ritger and
Peppas [49, 50] to the experimental data,

Mt

M1
ffi 4

DE � t
pd2

� �0:5

ð1Þ

Fig. 7 Ibuprofen release
profile from PEG-Da gel
tablets having varied polymer
concentration (s) 2%, (h)
3% and (D) 4% at room
temperature
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where Mt/M? is the fractional drug release, t is the release time, DE and DL are the
early and late diffusion coefficients respectively and d is the diffusion distance. The
diffusion distance d was set to be half of the tablet width. A good fit was obtained
using both the late and the early time models. The diffusion coefficients obtained
from this analysis (Table 1) decrease when the polymer concentration is increased,
due to a decrease in the matrix’s mesh size leading to a slower solute diffusion.

The release profiles and the calculated diffusion coefficients suggest that PEG-
DA limits the rate of drug release and thus can act as a vehicle for sustained drug
delivery. Manipulating the drug release profile is possible by changing the polymer
concentration and its molecular weight, parameters which affect the mesh size of
the network.

5.2 Alginate-Polyethyleneglycol Acrylate (alg-PEGAc) Mucoad-
hesive System

5.2.1 Mucoadhesion Ability

The adherence of dry alginate-PEGAc tablets to fresh small intestine mucus sur-
face was compared to that of native alginate and alginate-thiol, a known covalently
binding mucoadhesive polymer [18]. The maximum detachment force (MDF) of
two alginate-PEGAc samples was significantly higher (p \ 0.005) compare to
both native alginate and alginate-thiol (Fig. 8). No significant difference was
observed between the adhesion ability of the two native alginate samples. In
contradiction to the results reported by Bernkop-Schnurch et el. [21], the adhesion
of the thiolated alginate was higher than that of the native alginate in the case of
alginate HF120, but not in the case alginate LF200S. Moreover, MDF of the
thiolated alginate HF120 was significantly higher compare that of the thiolated
alginate LF200S. Thiolated alginate HF120 contains larger amount of thiol groups
therefore the probability for di-sulfide interactions with mucin glycoproteins on the
mucosa surface increases. An analogous behavior was also detected when com-
paring the two alginate-PEGAc samples. Alginate-PEGAc synthesized from
HF120 demonstrated a significantly higher MDF compare to the alginate-PEGAc
prepared by modifying LF200S. It stands for reason that the thiol content is

Table 1 Diffusion
coefficients obtained from fits
of the early and the late time
models to the release profiles
shown in Fig. 7

PEG-DA concentration [mg/ml] DE [cm2/sec] DL [cm2/sec]

20 2.11E-06 1.93E-06
30 9.56E-07 6.83E-07
40 7.85E-07 4.68E-07

450 M. Davidovich-Pinhas and H. Bianco-Peled



strongly correlated with the PEGylation degree, since larger thiol content increases
the probability that a PEG-DA would attach to the alginate thus leads to a larger
PEG content. An increase in PEG and acrylate content could be expected to
increase the probability for chain entanglements, polymer non-covalent bonds such
as hydrogen bonds and covalent bonds between the acrylate and sulfide with the
mucosa surface.

5.2.2 Alginate-PEGAc as Drug Delivery Vehicle

Release of Ibuprofen from alginate-PEGAc dry tablets display typical release
times of few hours [18] (Fig. 9).

The release patterns were fit to the semi-empirical equation known as the power
law model [51–53]:

Mt

M1
¼ ktn ð3Þ

Fig. 9 Ibuprofen release
profile from alginate (j),
alginate-thiol (m) and alg-
PEGAc (d) tablets based on
alginate LF200S using 1:2
drug:polymer content.
Experiments were performed
in PBS pH 7.4 at 37�C

Fig. 8 Maximum
detachment force (MDF) of
13 mm dry uncross-linked
compressed polymer samples
to fresh small intestine
surface at room temperature
(n = 4)
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Here, Mt and M? are the absolute cumulative amount of drug released at time
t and at infinite time, respectively, k is a constant incorporating structural and
geometric characteristic of the device, and n is the release exponent, indicative of
the drug release mechanism.

Generally speaking, the power law can be referred to as a superposition of two
apparently independent mechanisms participating in drug transport, a Fickian
diffusion observed in diffusion-controlled systems and a case-2 transport, describes
in many cases of drug release from glassy polymers during polymer swelling. The
power law equation has two distinct physical boundary meanings: n = 0.5, indi-
cating a diffusion-controlled drug release mechanism (Fickian diffusion) and
n = 1.0, indicating a swelling-controlled drug release mechanism (case-2 trans-
port). Values of n between these two limiting values can be described as a
superposition of both phenomena mentioned above and is often termed anomalous
transport. The limiting values of n presented above are valid for slab geometry
only [51–53]. The samples used in this study have similar physical characteristics
as a thin slab since their surface cross section area is significantly larger than their
width (A �d).

Fits of the experimental release data to Eq. 3 lead to exponent values in the
range of 0.6 and 1.0 (Table 2). Dry polymer samples are characterized by a
swelling driven phase transition from dried compressed state where the drug
molecules entrapped in the tablet remain immobile until wetting and hydration is
accomplished and the drug molecules are allowed to freely diffuse. Therefore, a
swelling-controlled delivery mechanism (where n = 1.0) is expected, as indeed
observed for the native alginate sample. However, modification of the alginate
decreases the power law exponent. Furthermore, increasing the bulkiness of the
side group decreased the power low exponent: Alginate-thiol consists a small side
group of only one amino-acid (Cystein) while the final alginate-PEGAc has longer
10 kDa PEG side chain. The decrease in the power law exponent was attributed to
two separate processes: (1) decrease in electrostatic repulsion between the polymer
chains and (2) increase in steric effects due to the increased bulkiness of the side
chain. Alginate is an anionic polyelectrolyte therefore one would expect that its
volume will increase rapidly following sample hydration and swelling due to
electrostatic repulsion. Modification of the alginate in which the carboxyl groups
are replaced with the nonionic cystein or PEG groups decreases the electrostatic
repulsion phenomena thus decreasing the degree of swelling and as a result the
power exponent. Moreover, due to the chemical nature of the molecular modifi-
cation, Cystein or PEGAc, the probability for physical and/or chemical chain inter-
molecular interactions such as hydrogen bonds and disulfide bond have increased.
Thus, changing the polymer modification might increase the polymer self

Table 2 Fit parameter
obtained from the power low
model Eq. 3 for the different
polymer samples

Polymer sample k n

Alginate LF200S 0.0019 1.00
Alginate-thiol 0.0089 0.76
Alginate-PEGAc 0.0233 0.60

452 M. Davidovich-Pinhas and H. Bianco-Peled



interaction which leads to a decrease in the chains free volume which, in turn,
prevents the drug molecules from diffusing freely. In addition, increase in bulki-
ness of the side group can hinder drug diffusion. The variation in the value
n between the thiol and PEGAc branching could be therefore attributed to the
length and chemical characteristics of the side group. The longer the chain length,
its ability to create covalent and non-covalent bonds is higher, due to the presence
of larger number of functional groups which are free to interact, thus reducing the
polymer’s swelling. At the same time, the larger side group obviously limits drug
diffusion. Overall, an increase in bulkiness of the side group increases the diffusion
controlled effect on the drug release mechanism which brings the power law
exponent value closer to 0.5.

6 Summary

Drug delivery systems based on mucoadhesive polymers is a promising platform
that offer benefits such as prolong residence time of pharmaceuticals localized in
the vicinity of the mucosal surface, a rapid uptake of a drugs into the systemic
circulation through the relatively permeable mucus membranes, and enhanced
bioavailability of therapeutic agents that become possible due to avoidance of
some to the natural defense mechanisms of the body. This chapter reviews some of
the recent advances in the field of mucoadhesive polymers, with a special
emphasis on covalently binding systems and in particular the new family of
acrylated mucoadhesive polymers. Acrylated polymers covalently associate with
mucin glycoproteins through a sulfidryl-acrylate Michael type addition reaction, as
demonstrated using both NMR and rheometry measurements. To date, two acry-
lated mucoadhesive polymers—PEG-DA and alg-PEGAc—were synthesized, and
their ability to act as a mucoadhesive drug release vehicle was characterized and
compare to other covalently binding mucoadhesive polymers.

The combination of enhanced mucoadhesion properties and controlled drug
release abilities opens a way to clinical applications that will benefit from the
administration of drugs through the mucosa surface. As an example, administra-
tion of drugs with poor bioavailability is more efficient due to the substantially
longer retention times. Additionally, drugs which are sensitive to the hostile
environment in the GI track can be delivered systemically. Another obvious
example is local drug delivery to the surroundings of the mucosa.
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Thermosensitive Polymers for Controlled
Delivery of Hormones
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Abstract Thermosensitive polymeric systems, which remain as solution at room
temperature and transform into gel at body temperature, have been extensively
investigated for biomedical and pharmaceutical applications. The gel depot formed
at the site of injection after the administration of an aqueous polymeric solution
provides several benefits over the conventional delivery systems. These thermo-
sensitive drug delivery systems are easy to formulate by simple mixing of thera-
peutic agents with the aqueous polymeric solutions, easy to administer by single
injection, remain stable at the physiological conditions for a definite period of
time, provide excellent stability for labile biomolecules such as proteins and
peptides, and maintain the controlled and sustained release profile of the incor-
porated agents. Most of these systems are biodegradable and biocompatible,
thereby eliminating the need of surgical explantation. This chapter discusses the
classification of temperature sensitive systems, their synthesis and characterization
procedures and provides a survey of recent literature on the in vitro and in vivo
applications of thermosensitive polymers for controlled delivery of hormones.
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List of Abbreviations

AUC Area under the curve
ATRP Atomic transfer radical polymerization
BE Butyl vinyl ether
BMA Butyl methacrylate
CD Circular dichroism
CDCl3 Deuterated chloroform
Cmax Maximum plasma concentration
CMC Critical micelle concentration
CMT Critical micelle temperature
DLS Dyanamic light scattering
DPH 1,6-diphenyl-1,3,5-hexatriene
D2O Deuterated water
DMSO-d6 Deuterated dimethyl sulfoxide
DSC Differential scanning calorimetery
EGVE Ethylene glycol vinyl ether
FT-IR Fourier transform infrared spectroscopy
G-CSF Granulocyte colony stimulating factor
GLP Glucagon-like peptide
GPC Gel permeation chromatography
hGH Human growth hormone
HP-b-CD Hydroxypropyl-b-cyclodextrin
HPLC High performance liquid chromatography
IGF Insulin-like growth factor
ISO International organization of standardization
LA/GA Lactic acid/Glycolic acid
LCST Lower critical solution temperature
LNG Levonorgestrel
MALDI Matrix-assisted laser desorption/ionization
ME Methoxyestradiol
Mn Number average molecular weight
MPA Methyl prednisolone
MPEG Methoxy poly(ethylene glycol)
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Mw Weight average molecular weight
NIPAAm N-isopropyl acrylamide
NMR Nuclear magnetic resonance
PAGE Polyacrylamide gel electrophoresis
PDEAAM Poly (N, N0-diethylacrylamide)
PDI Polydispersity index
PEG Poly(ethylene glycol)
PEO Poly(ethylene oxide)
pGH Porcine growth hormone
PLA Poly(lactic acid)
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PLGA Poly(DL-lactic acid-co-glycolic acid)
PNIPAAm Poly(N-isopropylacrylamide)
PPO Poly(propylene oxide)
RAFT Reversible addition-fragmentation chain transfer
sCT Salmon calcitonin
SD Sprague–Dawley
SEM Scanning electron microscopy
SLS Static light scattering
TEM Transmission electron microscopy
TMS Tetramethyl silane
TSN Testosterone
UV Ultraviolet

1 Introduction

Development of new protein/peptide therapeutics has increased exponentially due
to the explosion of genomic information, final mapping of the human genome, and
functional studies of proteins/peptides in the pathology of various diseases [3, 50, 70].
The total global market for protein/peptide drugs was $47.4 billion in 2006.
The market is estimated to reach $53 billion by the end of 2010 with an average
annual growth rate of *7% [45]. These protein/peptide therapeutics include
hormones, growth factor, enzymes, interferons, interleukins, modified and engi-
neered antibodies. Unfortunately, upon oral administration these macromolecules
can easily lose their biological activity in gastrointestinal tract (GI tract) with poor
absorption into systemic circulation. As a result, oral administration of these
macromolecules is usually avoided and parenteral delivery routes (such as intra-
venous, subcutaneous and intramuscular) are commonly adopted. Besides the
limitations in administration route, protein/peptide therapeutics also require fre-
quent dosing to achieve and maintain therapeutic effects, due to rapid clearance
in vivo. The high frequency of injections often results in low patient compliance
due to pain, stress and inconvenience.

In order to relieve the stress caused by frequent injections and increase patient
compliance, various delivery routes such as intranasal, intra-pulmonary, trans-
dermal, buccal, and vaginal have been investigated. However, low bioavailability
which is caused by poor membrane permeability and enzymatic metabolism at
absorption sites limits the application of protein/peptide therapeutics through these
delivery routes. Currently, frequent administration via injection is still preferred
over those delivery routes. This highlights the need of a suitable delivery system
which can control the delivery of proteins and peptides over a long period to
increase patient compliance and maintain therapeutic effects while showing
comparable bioavailability to conventional injection administration. To achieve
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these goals, polymer based parenteral controlled drug delivery systems attracted a
great deal of research interest, because polymer matrix was found to be able to
slow down the release rate of loaded therapeutics. Thermosensitive polymers
based in situ gel forming controlled delivery systems have potential to resolve the
difficulties in the delivery of protein/peptide therapeutics due to their larger
loading capacity, ease of formulation, and smaller initial burst release [26].

1.1 Thermosensitive Polymers

Aqueous solutions of some polymers show abrupt changes in their solubility as a
function of change in temperature. These polymeric systems exhibit sol to gel
transition either by elevating or lowering the temperature. Depending upon the
phase change behavior in response to temperature, they are classified as positive
and negative (reverse) temperature sensitive systems. This reverse thermogelation
property constitutes one of the most promising strategies for the development of
injectable systems for biomedical application. The main components of this sys-
tem are thermosensitive polymers and water. At lower critical solution temperature
(LCST), the interaction (hydrogen bonding) between water molecules and polymer
become unfavorable compared to polymer–polymer and water–water interaction
and therefore phase separation occurs as the polymer dehydrates. Consequently,
aqueous polymer solutions display low viscosity at ambient temperature but
exhibit a sharp increase in viscosity following a small temperature rise, forming a
semi-solid gel at body temperature [56]. Some amphiphilic copolymers can self
assemble in an aqueous environment to form micelles. These micelles show
polymer–polymer interactions at higher temperature, which leads to gel formation.
Thus, the ideal thermosensitive delivery system should be liquid/free flowing at
room temperature, and should quickly form gel at/near body temperature [56].
Therapeutic agents can be dispersed/dissolved in sol state and injected using a
syringe into subcutaneous layers or at diseased site to form gel depots. The major
advantages of these delivery systems are the absence of organic solvents, ease of
formulation, less invasive administration by single bolus injection, less expensive
and controlled release of incorporated agents to obtain sustained therapeutic
action. It is also reported that the drugs incorporated in these delivery systems
conserve their physical and chemical stability and biological activity during the
release period.

The prototype of thermosensitive polymers is poly(N-isopropyl acrylamide)
(poly-NIPAAM) [62]. An aqueous solution of poly-NIPAAM is liquid below
32�C, and turns into gel above 32�C. However, poly-NIPAAM cannot be used
for biomedical application due to its well-known cytotoxicity and non-biode-
gradability. The first type of triblock thermosensitive copolymers is poly(ethyl-
ene oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO–PPO–PEO) known
as poloxamers or Pluronics� [7, 54]. Aqueous solutions of these polymers show
gelation at body temperature, at concentration higher than 15% w/w.
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Unfortunately biocompatibility studies revealed that this concentration leads to
notable cytotoxicity and increases plasma cholesterol and triglycerol levels in
rats after intraperitoneal injection [48, 73]. Macromed Inc. further modified the
triblock copolymers by using poly lactic acid (PLA) and poly D,L-lactic-
co-glycolic acid (PLGA) to replace PPO as the hydrophobic block, producing
copolymers such as PEG–PLA–PEG, PEG–PLGA–PEG, and PLGA–PEG–
PLGA. These types of polymers have thermosensitive gel transition property,
excellent biodegradability and promising controlled release for drugs [32, 33].
ReGel�, which contains 23% of ABA triblock copolymer (PLGA–PEG–PLGA)
in phosphate buffer saline (pH 7.4), has been used for drug delivery. Variety of
biodegradable components including poly (e-caprolactone), poly (propylene
fumarate), poly(R)-3-hydroxybutyrate have also been modified by hydrophilic
PEG blocks or other materials to develop biodegradable thermogelling delivery
systems [6, 24, 28, 37, 42, 74].

2 Synthesis and Characterization of Thermosensitive Polymer

2.1 Synthesis

Extensive research has been conducted towards the designing of amphiphilic
copolymers having distinct and novel macromolecular architectures. Reversible
addition-fragmentation chain transfer (RAFT) polymerization [21, 23, 47, 71, 81],
ring opening polymerization [8, 79], atomic transfer radical polymerization
(ATRP) [21, 41, 44, 63, 64], and Michael-type addition reaction [72] are the most
commonly adopted synthetic routes for designing specific temperature sensitive
block polymers. For example, poly(N-isopropyl acrylamide) can be synthesized by
RAFT, ATRP, or Cerium (IV) redox initiated polymerization, while living anionic
polymerization is reported to be a better choice for poly (N, N0-diethylacrylamide)
(PDEAAM) synthesis. Living cationic polymerization is employed for the syn-
thesis of a series of block copolymers containing vinyl ether moiety [21]. A new
method of synthesis of thermosensitive cyclotriphosphazenes by stepwise nucle-
ophilic substitution reactions has been reported [67]. Depending upon the property,
performance and functional need, various polymeric architectures have been
synthesized.

2.2 Characterization

Different properties of thermosensitive polymers are characterized using various
analytical techniques presented in Table 1.

The details of the characterization techniques are presented below.

Thermosensitive Polymers for Controlled Delivery of Hormones 461



2.2.1 Structural Characterization

The structure/composition of the synthesized polymer, completion of the poly-
merization reaction, degradation residues, and presence of impurities can be elu-
cidated by NMR and FT-IR Spectroscopy [16, 33, 59, 65]. Deuterated solvents
such as CDCl3, D2O, DMSO-d6 are used to dissolve the copolymers and tetra-
methylsilane (TMS) signal is taken as the zero chemical shift (d). Signals origi-
nating from different protons and carbons are used for the confirmation of the
structure, while the empirical idea about the molecular weight can be obtained by
integrating the signals pertaining to different chemical groups present in the
copolymer (1H-NMR) [33].

Table 1 Characterization of thermosensitive polymers

Polymer property Analytical technique/method References

Structural
characterization,
Completion of
polymerization
reaction

Nuclear Magnetic Resonance
(NMR), Fourier Transform
Infrared Spectroscopy (FT-IR)

Singh et al. [59], Tang and Singh
[65], Cho et al. [16], Jeong et al.
[33], Cui et al. [20], Du et al.
[22]

Molecular weight and
distribution

Gel permeation chromatography
(GPC)

Singh et al. [59], Jeong et al. [35],
Chen et al. [12]

Micelle formation/
visualization/micelle
size

NMR (1H and 13C-NMR) Jeong et al. [33]
Transmission electron

microscopy (TEM), dynamic
light scattering (DLS)

Soga et al. [51, 53], Park et al.
[60, 61]

Critical micelle
concentration (CMC)

Dye solubilization method Jeong et al. [33]
Fluorescence spectroscopy Basu et al. [5]

Critical micelle
temperature (CMT)

Static light scattering (SLS) Soga et al. [60]

Phase inversion/
temperature
sensitivity and cloud
point

Tube inversion method Jeong et al. [34]
Dynamic mechanical analysis Jeong et al. [35]
Differential scanning

calorimetry (DSC)
Ultraviolet spectroscopy (UV) Lutz et al. [44], Mori et al. [46]

Rheology/Viscosity Viscometry Vermonden et al. [68]
Hydrogel microstructure Confocal microscopy Vermonden et al. [69]

Scanning electron microscopy
(SEM)

Hydrogel swelling, In
vitro degradation

GPC Hu et al. [24]
FT-IR
DSC

In vitro and in vivo
biocompatibility

Cell viability assay Chen and Singh [15], Tang and
Singh [65]Histological evaluation of

implanted site using
microscopy
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2.2.2 Molecular Weight and Polydispersity Index

The ratio of the weight average molecular weight (Mw) and the number average
molecular weight (Mn) of the polymer is known as polydispersity index (PDI),
which is used as an indicator of the molecular weight range of the polymer. PDI
close to 1 is an indicator of monodispersity in molecular weight. Molecular weight
and molecular weight distribution of the synthesized polymers can be determined
using gel permeation chromatography (GPC) [12, 35, 59]. For example, Singh
et al. [59] have used GPC for determination of the polydispersity index of ther-
mosensitive polymers (i.e., PLGA:PEG:PLGA, PLA:PEG:PLA and PEO:dl-PLA:
IPDI:dl-PLA-PEO). It was found to be in the range of 1.09–1.46 with unimodal
distribution and a narrow molecular weight distribution. Unimodal GPC trace with
low polydispersity values suggests that polymers had sufficient purity for use in
drug delivery. Even though GPC is a traditional and most prevalent technique used
for the molecular weight determination, it has a limitation that it is calibrated to
molecular weights for specific polymers and it has very low mass resolution. For
this reason, it is usually coupled with Matrix Assisted Laser Desorption Ionization
(MALDI) mass spectroscopy which has high mass range [31].

2.2.3 Micelle Formation, Critical Micelle Concentration
and Temperature

Amphiphilic thermosensitive copolymers form a core–shell structure in aqueous
environment. The corona is formed by hydrophilic backbone while hydrophobic
side chains form a core of the micelle. Micelle formation can be elucidated by a
number of analytical techniques such as NMR spectroscopy, DLS, Viscometry,
and dye solubilization method [1,6-diphenyl-1,3,5-hexatriene (DPH)] etc. Using
deuterated organic/aqueous solvents selective for each block in the copolymer, the
micelle formation can be monitored by 13C-NMR spectroscopy. Micelle formed
can be visualized using cryo-Transmission Electron Microscopy (cryo-TEM) [60, 61].
Fluorescence spectroscopy using pyrene probe method is the most widely used
and successfully employed method for critical micelle concentration (CMC)
determination [5]. Dye solubilization is another method where, the hydrophobic
dye [e.g. 1,6-diphenyl-1,3,5-hexatriene (DPH)] is dissolved in methanol and
injected using a microsyringe into aqueous polymeric solution at various con-
centrations and allowed to equilibrate at 4�C for a specific time period before
measurements. After equilibrium, CMC is determined using UV–visible spec-
trometry [2, 33]. Equations used for the determination of polymer molecular
weight from static light scattering (SLS) can also be employed to micellar systems
to obtain the average diameter of a micelle as well as critical micelle temperature
(CMT) [60]. DLS is usually employed for determination of hydrodynamic size of
the micelle, which is a function of temperature and concentration of the polymeric
system [33]. For example, [33], used above mentioned analytical techniques such
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as 13C-NMR, dye solubilization, and light scattering to study the micelle formation
of PEG–PLGA–PEG block copolymer.

2.2.4 Phase Inversion of Thermosensitive Polymers

Thermosensitive polymers exhibit reverse temperature dependent water solubility,
i.e. these polymers are soluble in aqueous solutions at low temperatures and phase
separation occurs with increase in temperature [21]. This temperature is known as
lower critical solution temperature (LCST). The cloud point which is also known
as a measure of thermosensitivity and storage stability of the polymers can be
determined using UV spectroscopy and tube inversion method [12, 34, 59]. DSC
and strain-controlled rheometers are also useful in determining the sol–gel tran-
sition of aqueous polymeric solutions [35, 77].

2.2.5 Rheological Measurements

Type and length of monomers, polymer concentration, pH, and temperature are
some important factors which greatly affect the mechanical properties of the
thermosensitive hydrogels [68]. Influence of temperature, polymer concentration,
and molecular weight on the hydrogel viscosity can be studied using dynamic
rheological measurements [68]. Though the rheological characteristics of ther-
mosensitive hydrogels are very important, only few rheological studies using
biodegradable thermosensitive polymers have been reported.

2.2.6 Hydrogel Microstructure

Porous morphology of hydrogels and the types of domains that are formed during
gel formation can be visualized using SEM, while confocal laser scanning
microscopy is also a useful technique for imaging the hydrophobic and hydrophilic
regions of hydrogels [69].

2.2.7 In vitro Degradation and Hydrogel Swelling

Hydrolytic degradation of the thermosensitive polymers should be examined in
neutral, acidic, and basic conditions by using suitable media. The polymer solu-
tions are incubated at different pH in shaking water bath at 37�C. Time-dependent
hydrolytic behavior of the polymer can be determined by monitoring the molecular
weight decrease of the polymer using GPC, which gives essential insights into the
pH dependency of the degradation pathway [40]. The effect of degradation on
the structure of the polymer can be determined using DSC, FT-IR, and by plotting
the decrease in number average molecular weight versus time [27].
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2.2.8 In vitro Biocompatibility

The ultimate approval of the delivery system by regulatory agencies depends on a
number of factors including cytotoxicity, biodegradability and biocompatibility.
Though biodegradable polymers degrade into small water soluble molecules which
are excreted from the body, good biodegradability does not assure good bio-
compatibility. Non-biocompatible materials lead to various immune responses,
and may cause tissue damage, necrosis and fibrosis at the site of injection.
A standard cell viability assay based on mitochondrial succinate dehydrogenase
activity measured by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) is the most widely used method for evaluation of in vitro biocom-
patibility of thermosensitive polymeric delivery systems. In 1996, Ignatius et al.
first reported higher sensitivity of polymers cytotoxicity by MTT assay compared
to Agar diffusion test [29].

PLGA based polymers have been found to have good biodegradability [58].
Degradation of PLGA polymers mainly relies on non-specific hydrolysis of the
polymer backbone by water in surrounding tissue. Lactic acids and glycolic acids
produced by polymer degradation are absorbed by surrounding tissue and utilized
in the tricarboxylic acid cycle and further metabolized into carbon dioxide and
water. Although MTT assay is more sensitive than Agar diffusion test for the
intrinsic cytotoxicity of polymer extracts it cannot reveal the effect of decreased
pH during polymer degradation on biocompatibility. It is known that degradation
of biodegradable polymers results in lowering of pH surrounding the gel depot.
The low pH can cause acute inflammation in surrounding tissue. Thus, reports of
biocompatibility of biodegradable polymer based in situ gel forming drug delivery
systems are controversial. Furthermore, the appearance of bulk gel at injection site
may also cause acute inflammation. In order to further address the effect of the two
factors on biocompatibility of polymer, in vivo biocompatibility studies are highly
suggested.

2.2.9 In vivo Biocompatibility and Biodegradability of the Polymeric
Delivery Systems

The in vivo biodegradability and biocompatibility of the delivery systems can be
evaluated by observing the extent and duration of tissue inflammatory response
after implantation/injection of the delivery system in vivo. Thus, evaluation of
in vivo biocompatibility of a biodegradable polymer is based on the timeline of
inflammation and results of tissue wound-healing. Polymers with good bio-
compatibility should only cause a transient inflammation, reversible tissue dam-
age and minimal granulation [65]. Tang and Singh [65] evaluated the in vivo
biocompatibility of the thermosensitive polymeric depots of mPEG–PLGA–
mPEG in rats. The polymeric hydrogel was injected subcutaneously into the
upper portion of neck of rats and the appearance of gel lumps was monitored
regularly. Subcutaneous tissue surrounding the injection site was removed at
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predetermined time points and examined for the presence of any formulation
materials, and any sign of chronic inflammation, granulation tissue, and fibrous
capsule formation, and immunological reaction was monitored during the entire
period of study [65]. The polymeric delivery systems should comply with the
regulations given by the International Organization of Standardization (ISO) [30]
for implant materials.

3 In vitro Release of Hormones from the Delivery Systems

A variety of thermosensitive polymers such as Pluronic�, PNIPAAm, have been
employed for the controlled delivery of many hormones including insulin,
calcitonin, growth hormone etc. [4, 51, 53, 66, 76]. Though Pluronic� gels release
drugs slower than solutions, the overall release period rarely exceeds few days, and
hence they have been mainly studied for short-term therapies like pain manage-
ment [49]. One clear advantage of these polymeric delivery systems is their
capability to solubilize many peptides/proteins, hormones and to incorporate them
uniformly inside the delivery systems. Since copolymer structure, composition and
amount are the most important factors which control the release of drugs from
thermosensitive polymers, small changes lead to significant effect on sol–gel
formation and drug release [79]. Jeong et al. [32], reported a hydrogel consisting of
blocks of poly (ethylene oxide) and poly (L-lactic acid) (PEO–PLA–PEO), which
can only be loaded with bioactive molecules in an aqueous phase at an elevated
temperature (*45�C), where it forms a sol. This loading procedure limits the
nature of the drugs that can be incorporated in the drug delivery system to those
that are not prone to degradation at higher temperature. On the other hand,
hydrogels made of mPEG–PLGA–mPEG triblocks showed a prolonged release of
a peptide hormone, salmon calcitonin when incorporated at room temperature [66].

One of the most encountered challenges during the development of a delivery
system for peptide hormones is maintaining their bioactivity throughout the entire
release and storage period. In environments other than their physiological ones,
peptide hormones may undergo rapid denaturation and lose their conformational
stability and biological activity. A Number of analytical techniques such as
polyacrylamide gel electrophoresis (PAGE), circular dichroism (CD) spectros-
copy, high performance liquid chromatography (HPLC), FT-IR, mass spectros-
copy and matrix-assisted laser desorption/ionization (MALDI) can be used to
determine the structural integrity and stability of the incorporated hormone.
A number of additives are known to increase the protein stability through exclu-
sion of proteins from surrounding harsh environment, limiting proteins spatial
movement, and reducing protein–protein interactions [70]. For example Tween 20,
and hydroxypropyl-b-cyclodextrin (HP-b-CD), has been shown to prevent the
thermal and interfacial denaturation of porcine growth hormone and to stabilize
insulin [9, 80].
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4 In vivo Absorption and Therapeutic Efficacy of Hormones
from Thermosensitive Delivery Systems

This section discusses controlled in vivo delivery of hormones from various
thermosensitive polymer based systems.

4.1 PLGA and PEG Based Thermosensitive Systems

An ABA triblock copolymer (PLGA–PEG–PLGA, ReGel�) based thermosensitive
drug delivery system was evaluated by Kim et al. [36] for controlled delivery of
zinc insulin (0.2 wt% zinc) using Sprague–Dawley (SD) rats. There has been a
steady plasma concentration of insulin up to day 15 after a single subcutaneous
injection of insulin loaded ReGel� to meet the basal and postprandial insulin
requirements.

Choi and Kim [19] designed an insulin (10 wt% zinc carbonate)/ReGel� for-
mulation system for sustained release of basal insulin over a week by a single
injection in Zucker Diabetic Fatty rats. In vivo insulin release from the ReGel�

depot was almost constant (4–10 lg/L) for a period of 10 days following a single
subcutaneous injection. The bioactivity of the released insulin was indicated by the
decreased blood glucose level in diabetic animals during insulin release period.
These studies indicate the usefulness of ReGel� based insulin delivery systems to
maintain basal insulin requirements in diabetic patients for a longer period of time.

A ReGel� (23% w/w) based porcine growth hormone (pGH) formulation was
characterized by Zentner et al. [79] in a bio-efficacy study using hypophysecto-
mized rats. A single subcutaneous injection of ReGel�/pGH (70 mg/ml, 1 ml)
exhibited similar efficacy (weight gain) equivalent to daily injections of 5 mg of
pGH for 14 days (total 70 mg of pGH). The ReGel� polymer based formulation
was also evaluated for the controlled release of granulocyte colony-stimulating
factor (G-CSF) in rats. Rats administered with a single subcutaneous dose of
ReGel�/G-CSF (100 lg/kg of G-CSF) produced similar extent of white cell
induction comparable to daily i.v. injection of conventional G-CSF for 10 days
(total 100 lg/kg of G-CSF).

Chen and Singh [15] modified the block structure of PLGA–PEG–PLGA
(1400–1000–1400) for control delivery of porcine growth hormone (pGH). For-
mulations containing pGH were prepared by adding the hormone into 30% (w/v)
aqueous solution of triblock copolymer. A comparative study was done by dif-
ferent formulations of pGH in New Zealand white rabbits at two different dose
levels (4.2 mg/kg and 1.2 mg/kg). Rabbits injected intravenously with 4.2 mg/kg
of pGH solution showed very fast clearance of pGH with a maximal serum con-
centration (Cmax) of *1521 ng/mL. The subcutaneous injection of pGH solution
resulted in a Cmax of *29.3 ng/mL and *7 ng/mL for high and low dose,
respectively. The bioavailability of pGH by subcutaneous injection is only *8.2%
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for high dose and *6% for low dose. While the subcutaneous injection of ther-
mosensitive triblock polymer based pGH formulation maintain a constant level of
exogenous pGH (3–7 ng/mL for high dose and 2–4 ng/mL for low dose) for
4 weeks. The thermosensitive polymer based formulation enhanced 4.5 fold and
14.5 fold bioavailability of pGH from high dose and low dose formulation,
respectively compared to pGH solution upon subcutaneous injection.

Chen et al. [11] further extended the application of PLGA–PLE–PLGA
(1400–1000–1400) thermosensitive polymer for controlled delivery of levonoge-
strel (LNG) and testosterone (TSN) in vivo. LNG containing delivery system
maintained the constant LNG level in female rabbits for 6 weeks after single
subcutaneous injection (Fig. 1). The polymeric delivery system also showed
controlled release of TSN in castrated rabbits for more than 2 months (Fig. 2).
Significant increase (p \ 0.05) in relative bioavailability of steroidal hormones
was observed in comparison to control solution. These polymeric systems main-
tained an effective drug concentration in blood for longer duration, which might be
useful in reducing the dosage frequency as well as the adverse effects.

The mPEG–PLGA–mPEG copolymer (40% w/v of EG12-L35G12-EG12,
Mw = 4300 Da) based thermosensitive in situ gel forming drug delivery system
was developed for long term controlled release of salmon calcitonin (sCT) after
single subcutaneous injection [66]. Polymeric formulation A with higher loading
concentration of sCT (0.5% w/v) and formulation B with lower loading concen-
tration (0.25% w/v) were administered to female wistar rats followed by mea-
surement of serum levels of sCT and calcium. Both the polymeric formulations

Fig. 1 In vivo absorption of
LNG in rabbits after
subcutaneous administration
of LNG formulations
(a) control solution (12 mg/
ml LNG in DMSO),
(b) Thermosensitive polymer
formulations (12 mg/ml
LNG, copolymer PLGA–
PEG–PLGA, 30% w/v). All
data points are
mean ± standard deviation
(n = 4). [From Chen et al.
[11] Reprinted with the
permission of Wiley
Publishers]
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showed a relatively low initial burst release in comparison to the rats injected with
sCT solution in phosphate buffer saline (Fig. 3a, b and c).

Formulation A showed an increased concentration of sCT over a period of
*21 days post subcutaneous administration accompanied with a significant
(p \ 0.05) decline in serum calcium level for *20 days. At the same time, for-
mulation B showed an increased sCT concentration up to *40 days and a sig-
nificantly (p \ 0.05) lower serum calcium levels for more than a month in
comparison to the control group. Formulation A showed a higher initial burst
release as compared to formulation B which is attributed to the release of sCT
located in the hydrophilic zone of the in situ formed gel and the push-out effect of
the system during the gel formation [66]. The therapeutic efficacy of released sCT
from polymeric formulations was also evaluated by determining the preventive
effect of sCT against methylprednisolone acetate (MPA)-induced osteopenia.
Serum level of osteocalcin (a marker for bone formation) and the number of
osteoclasts (a marker for bone resorption) were evaluated. It was found that rats
administered with a bolus subcutaneous injection of polymeric formulation of sCT
in the beginning of the MPA treatment retained their normal serum osteocalcin
level for 4 weeks from the administration of formulation A and for 6 weeks from
administration of the formulation B. However, there was a significant (p \ 0.05)
decrease in serum osteocalcin level in the MPA treated rats as compared to the
blank control. Bone turnover study showed a significant (p \ 0.05) increase in the
number of osteoclasts in MPA treated rats as compared to the blank control group.
MPA-induced increase in the number of osteoclasts was prevented, in rat tibia,

Fig. 2 In vivo absorption of
TSN in rabbits after
subcutaneous administration
of TSN formulations
(a) Control solution (300 mg/
ml TSN in DMSO),
(b) Thermosensitive polymer
formulations (300 mg/ml
TSN, copolymer PLGA–
PEG–PLGA, 30% w/v).
[From Chen et al. [11]
Reprinted with the
permission of Wiley
Publishers]
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after administration of formulation A for the first 4 weeks. However, it failed to
inhibit the increase in osteoclasts number after 8 weeks of treatment with MPA.
In comparison, formulation B significantly (p \ 0.05) restrained the MPA-induced
increase in the number of osteoclasts in rat tibia for 8 weeks.

4.2 Poloxamer Based Thermosensitive Systems (Pluronics)

Pluronic gel (PF127) was administered in vivo and evaluated for delivery of
insulin in normal rats [4]. In vivo evaluation of serum insulin and glucose levels
was performed after subcutaneous administration of various insulin formulations
including insulin solution, PLGA based insulin nanoparticles, insulin-loaded
PF127 gels (20 and 30% of PF127) and insulin nanoparticle-loaded PF127 gels
(20 and 30% of PF127). PF127 gels showed a prolonged and delayed hypo-
glycemic effect of insulin which was inversely proportional to the polymer

Fig. 3 Serum sCT
concentration after
administration of a sCT
solution b sCT-loaded
polymeric formulation A, and
c sCT-loaded polymeric
formulation B in rats. (n = 6)
Key: (filled diamond) rats
administrated with blank
polymeric formulation, (open
diamond) rats administrated
with sCT polymeric
formulation A, (open
triangle) rats administrated
with sCT polymeric
formulation B. [From Tang
and Singh, [66] Reprinted
with the permission of
Springer Publishers]
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concentration. The longest hypoglycemic effect was observed using PLGA
nanoparticles dispersed in PF127 gel (20 and 30% w/v). This was illustrated by a
3.1 fold increase in the area under curve (AUC) for insulin bioavailability as
compared to the simple solution. A reduced absorption rate of insulin was
observed at higher concentration of PF127. This could be attributed to the
decreased diffusion of insulin as a result of micellar entanglement and increased
viscosity of the formulation in body fluids [10, 43]. The formulation with 30%
PF127 was evaluated to perform better in controlling the release of insulin
among the various formulations studied.

A thermoreversible polymer based suppository system for insulin delivery,
which formed bioadhesive gels at body temperature and showed an enhanced
bioavailability, was formulated by Yun et al. [78]. Streptozotocin-treated male SD
rats were administered with different suppository formulations and subsequently
subjected to a comparative pharmacodyanamic study accompanied with a quan-
titative histological assessment of rectal mucosa. The thermoreversible insulin
liquid suppositories [insulin: P407: P188: polycarbophil: sodium salicylate]
exhibited the optimal physicochemical properties and showed good safety profile
in rats. It also showed significant (p \ 0.05) reduction in plasma glucose levels
than did the solid and liquid suppositories without sodium salicylate in rats,
thereby confirming the absorption enhancing effect of sodium salicylate. Thus,
thermoreversible insulin liquid suppositories could be potentially developed as a
safe, convenient and effective rectal delivery system for insulin.

4.3 Poly(organophosphazenes) Based Thermosensitive Systems

A cationic protamine conjugated poly (organophosphazenes) based thermosensitive
drug delivery system was reported for the sustained delivery of human growth
hormone (hGH) [52]. To investigate the effect of protamine on hGH release profile,
comparative pharmacokinetics studies were performed in male SD rats using various
hGH formulations, such as hGH solution, non ionic hydrogel loaded with hGH, and
ionic hydrogel loaded with hGH after subcutaneous injection. In non ionic hydrogel,
the maximum plasma concentration (Cmax) was decreased by half and the half-life was
increased by more than twice as compared to that of hGH solution alone. However,
both the hGH solution and non ionic loaded hGH showed significant (p \ 0.05) burst
release of the hormone. The pharmacokinetics data revealed that with the increasing
amount of protamine in the hydrogel, the Cmax was decreased and the half-life of hGH
increased due to the complex formation between the cationic protamine and anionic
hGH. In case of ionic hydrogel with higher concentration of protamine, there was 20
fold increase in the half-life as compared to hGH alone and release was sustained for
3 days. The release profile and efficacy of various hGH formulations were also
investigated in male cynomolgus monkeys after subcutaneous injection.

Recently, a thermosensitive biodegradable drug delivery system of 2-meth-
oxyestradiol (2-ME) was designed using poly (organophosphazene) polymer [17].
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The efficacy of this delivery system was evaluated in a mouse orthotpic breast
tumor (MDA-MB-231) model by monitoring tumor volume and CD31 immuno-
histochemical staining. The hydrogel containing a relatively low concentration
(15 mg/kg) of 2-ME showed the better antitumor and antiangiogenic activity
relative to the original formulation.

5 Applications of Thermosensitive Polymeric Delivery Systems

Hormone implants are the most widely administered delivery systems for con-
trolled and long term release of hormones. However, certain issues are associated
with implants such as their cost, inconvenience, and discomfort of the minor
surgery which is required to insert or remove the device by professionals due to
their non-biodegradable nature. Recently, several biodegradable depot formula-
tions have been reported for the controlled delivery of both protein and steroidal
hormones. Table 2 depicts the recent applications of temperature sensitive poly-
meric delivery systems employed for the delivery of hormones.

6 Summary

In conclusion, the primary requirements of a successful controlled release product
focuses on increasing patient compliance as well as obtaining a desired release
profile of the therapeutic moieties. Various polymeric delivery systems have been
approved for bulk production and clinical applications. However, challenges such
as bioresponse features, biocompatibility, controlled and optimum release, and
stability of the therapeutic moieties in the formulation remain a challenge.

Polymeric in situ gels have a significant advantage over the conventional
dosage forms as they provide a sustained and prolonged release of various drugs
and have been particularly used for the delivery of protein hormones. In addition,
they also possess improved stability and biocompatibility characteristics. Use of
biodegradable and water soluble thermosensitive polymers for the in situ gel
formulations can make them more acceptable and excellent drug delivery systems.
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Intrinsically Conducting Polymer
Platforms for Electrochemically
Controlled Drug Delivery

Darren Svirskis, Bryon E. Wright, Jadranka Travas-Sejdic
and Sanjay Garg

Abstract Intrinsically conducting polymers (ICPs) combine the physical prop-
erties of polymers with the electrical properties of metals. This unique group of
polymers can be loaded with drugs and then electrochemically stimulated to
control the rate at which drug is released. Drug delivery systems based on ICPs
have the exciting potential to match treatment requirements with highly controlled
drug release using facile electronic control—leading to improved patient out-
comes. The application of ICPs to controlled release can be broken into three
general types of platform. In ICP matrix systems, drug is directly incorporated into
the ICP and release rates are determined by the redox state of the ICP. ICP/
hydrogel composite systems are an elaboration in which ICPs are polymerized
inside a hydrogel network, actuation of the ICP component drives drug release.
In electromechanical systems the ICP can either act as a mechanical actuator or
selective membrane to pump or gate the release of drug. This chapter details the
basic properties and preparation of ICPs as it relates to controlled drug delivery
and considers appropriate drugs for each system. IR and Raman spectroscopy,
scanning electron microscopy, and scanning probe microscopy are described as
techniques important to the characterization of ICPs. Finally, a discussion of the
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challenges and prospects faced in the development of ICP systems for controlled
release is given.

1 Introduction

Patients with chronic illness or abnormal physiological conditions often have
an accompanying high frequency medication regime. Poor compliance with
such medication regimes is an obstacle to the successful treatment of chronic
health problems including those with an elevated cardio-vascular risk, psychiatric
health problems [1, 2], or chronic infectious diseases [3]. Further, frequent dosing
with short acting dosage forms can lead to high peak concentrations with toxic
drug levels and low trough concentrations where the drug may be ineffective [4].
Controlled release systems providing extended steady levels of drug release help
overcome these issues. Whilst many polymeric controlled release formulations
have been developed they have predetermined release rates that cannot be easily
altered or halted once applied. What is desired is a means to match the dose to the
clinical need, even as the need might change; this is the promise of intrinsically
conducting polymer (ICP) based drug delivery systems (DDS).

ICPs are a unique class of materials that combine the ease of processing and
advantageous physical properties of polymers with the electrical properties of
metals. Pioneering work on ICPs by Heeger, MacDiarmid and Shirakawa in the
late 1970s led to them being awarded the Nobel Prize in Chemistry in 2000. This
exciting group of materials has since been widely researched and applied, e.g.,
toward light emitting devices, integrated circuits, electromagnetic shielding,
corrosion inhibitors, antistatic coatings, field effect transistors and sensing devices
[5]. ICPs have also been used in biomedical settings as biosensors, for nerve
regeneration, and increasingly as components in DDS [4, 6, 7].

As the name implies, ICPs are intrinsically conductive, without the need for
conductive particle or coatings to be added as in earlier conducting polymer for-
mulations. All ICPs share an uninterrupted and ordered p-conjugated polymer
backbone that provides the conduction pathway. By analogy with semiconductors,
the conductivity of ICPs is dependent on the chemical nature of the material as
well as the means by which charge is carried within. This can be tuned by the
choice of ionic dopants and by modifying the redox state of the backbone. The
alteration in redox state of an ICP results into a movement of ions into and out of
the polymer. This can be used to drive ion fluxes and/or to cause mechanical
deflections of the polymer, both of which can be exploited to control drug release
through the application of an external electronic control signal. The exciting
potential of ICP based DDS is this ability to electronically alter the rate of drug
delivery in response to patient symptoms, blood results, treatment response or
clinician’s instruction.
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ICPs that have been used for DDS can, in general, be categorized into ICP
matrix systems, ICP/hydrogel composite systems and electromechanical systems.
The release of drugs from ICP matrix systems can be directly modified by
altering the redox state of the ICP, leading to subsequent changes in polymer
charge or volume [7] and resulting alterations in drug flux. ICP/hydrogel com-
posite systems are prepared through polymerization of an ICP inside a hydrogel
network. This approach has the advantage of increased drug loading and
broadening the range of drugs the system can be applied to. Electromechanical
systems rely on the use of ICPs as actuators for pumping or gating the release of
drug from a reservoir. As actuators for drug release systems, ICPs are highly
energy efficient and possess desirable mechanical properties suited to in vivo
application [8].

Polypyrrole (PPy) is the ICP most commonly used in drug delivery research;
however, other ICPs including PPy derivatives [9], polyanaline (PANI) [10] and
PEDOT (poly(3,4-ethylenedioxythiophene)) [11] have also been used. PPy
therefore receives the most attention in this chapter and is a suitable model to
represent ICPs for DDS. Another reason to highlight PPy is that initial work has
shown that PPy is biocompatible [4, 12] while there is limited data available for
other ICPs.

This chapter details the general properties and preparation of ICPs as well as
specifics relevant to each ICP platform. A discussion is offered concerning the
relationship between ICP platform and drug choice. Techniques used for their
characterization are described including IR and Raman spectroscopy, scanning
electron microscopy and scanning probe microscopy. Finally, a brief discussion of
the challenges and prospects faced in the development of ICP systems for the
controlled release of bioactive agents is given.

2 Properties of ICPs

2.1 Conductivity

The electrical conductivity of ICPs is attributed to their uninterrupted and ordered
p-conjugated backbone. The level of conductivity depends on the density and
mobility of electrons to act as charge carriers [13, 5]). In their oxidized state the
ICP chains (Fig. 1) contain ‘holes’ following the removal of electrons. Neigh-
boring electrons are free to move into these holes, allowing the progression of
charge along the polymer and explaining the resultant conductivity. Charge pro-
gression occurs favorably along a polymer chain but can also occur between
polymer chains. PPy can be synthesized with conductivities ranging from 10-4 to
103 S cm-1 [14–19], levels commonly associated with semiconductors. The
mobility of charge carriers is affected by conformational and chemical defects
within the polymer. The absolute value is often established during synthesis of the
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polymer depending on the growth pattern of polymer chains and is influenced by
temperature, time, pH, dopant type and concentration [16]. Conductivity has been
used as a parameter to assess the quality of the polymer formed and to investigate
its stability [14, 19–23].

2.2 Ion Movement in ICP Matrices

When the redox state of an ICP is altered there is a subsequent change in the
charge of the polymer backbone (Fig. 1). To balance these charges there will be
movement of mobile ions into or out of the polymer bulk. ICPs can be prepared
using dopant anions with differing degrees of mobility in the polymer matrix.
When smaller, more mobile anions are selected for the preparation of ICPs, these
anions are able to leave the polymer on reduction as there is a loss of electrostatic
attraction between ion and film [24]. This process is illustrated in Eq. 1.

PPyþ=A� $ PPy0 þ A� ð1Þ

However, if bulkier anions are used as dopants during ICP polymerization,
these will be immobilized within the polymer [24]. On redox switching, as the
anion is unable to exchange out of the ICP, mobile cations in the surrounding
solution will move into the polymer to balance charge according to Eq. 2.

PPyþ=A� þ Bþ $ PPy0=A�=Bþ ð2Þ

2.3 Volume Change

Volume changes in ICPs are due to the movement of solvated ions, into or out
of the polymer, in response to a change in net charge when redox state is
altered [25]. If highly mobile anions are used in the preparation of ICPs it is

Fig. 1 Reversible redox
activity of PPy. Reprinted
from [111] with permission
from Elsevier
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the movement of these anions that drives actuation (Eq. 1); the ICP will be
swollen on oxidation due to the increased presence of solvated anions within
the polymer matrix and collapsed on reduction. However if immobile anions
are use in the preparation of ICPs it is the movement of mobile solvated
cations that drives actuation (Eq. 2); with the polymer swollen on reduction and
collapsed on oxidation. Frequently actuation can be attributed to neither anion
nor cation movement alone, in which case mixed-ion driven actuation is
observed [26].

3 Synthesis of ICPs

Conducting polymer synthesis involves the oxidative polymerization of
monomer units. Oxidation can be achieved either chemically, using a chem-
ical oxidant, or electrochemically through the application of an oxidizing
potential [13]. To create ICP platforms for drug delivery electrochemical
oxidation is favorable, as it affords finer control and increased flexibility over
the polymerization process. For PPy, polymerization begins when soluble
pyrrole monomers are oxidized to radical cations which dimerize with radi-
cal–radical coupling at the a-position [27]. Following this coupling, the
neutral product can be oxidized to a radical and in turn can react with a
monomer, dimer or oligomeric radical to continue polymerization. The elec-
trostatic repulsion of the radicals is balanced in part by the solvent but also
requires the presence of anions which are incorporated into the ICP as it
forms [28]. When using electrochemical oxidation it is desirable to poly-
merize the product on the electrode. However, some polymerization will also
occur in solution. By controlling the experimental conditions the balance
between product forming in solution, or on the electrode, can be influenced.
The electropolymerization conditions employed allow the morphological and
electromechanical characteristics of the product to be influenced by control-
ling the amount and rate of polymerization. Figure 2 is a schematic repre-
sentation of the oxidation of monomer units to PPy. As the oxidation potential
of the monomer is greater than the oxidation potential of the polymer, the
newly formed polymer will be in the oxidized form [29]. The resulting
positive charges on the polymer chain are counterbalanced by incorporation of
anionic dopants (A-). For PPy the ratio of anionic dopant to pyrrole subunits
is between 0.25 and 0.33 [29–32].

N
H

A-N
H

A-
+ 

- e-
+ Fig. 2 Polypyrrole

synthesis. Reprinted from
[111] with permission from
Elsevier
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3.1 Synthesis Parameters that Influence Polymer Product

Electrochemical oxidation is often favored over chemical oxidation in the prep-
aration of ICP based drug delivery systems as it allows for tighter control over the
quantity and properties of polymer produced. Oxidation takes place in a two- or
three-electrode cell using a working electrode (WE) and a counter or auxiliary
electrode (CE), with or without a reference electrode (RE). Materials used as the
WE and CE should be inert, and electrically inactive at the potentials used for
polymerization. The material selected to act as the WE will influence the initial
polymerization of PPy and will determine the morphology of very thin films [21].
However, as the polymer thickness increases new polymer is formed over an
existing polymer layer, decreasing the influence of the WE material. Electrodes
should always be carefully cleaned and polished, such as with Al2O3 paste, to
provide a reliable and repeatable surface. The most common reference electrodes
used are either silver/silver chloride (Ag/AgCl) or saturated calomel electrodes
(SCE).

Oxidative polymerization can be achieved using different electrochemical
methods including constant current density (galvanostatic mode), constant
potential (potentiostatic mode) and cyclic voltammetry (CV, or potentiodynamic
mode). A benefit of using constant current is to produce homogenous polymers
with good mechanical strength and adhesion to the underlying electrode [28, 33].
When a three-electrode synthesis setup is used and constant current applied, the
resulting potential can be recorded. It is possible to use constant current to poly-
merize ICPs with a two-electrode cell, although care must be taken to ensure the
potential does not increase to levels where the quality of the polymer produced
would be negatively influenced. If the potential is too high overoxidation can occur
whereby the conductivity and electroactivity of the polymer are impaired with a
loss of mechanical properties and decreased adhesion to the substrate [28, 33]. For
a given set of synthesis parameters there will be an anodic activation potential
below which polymerization will not occur. This is the minimum potential
required to oxidize the monomer units to begin polymer formation. For example,
from an aqueous solution containing 0.5 M pyrrole and 0.1 M adenosine tri-
phosphate (ATP), polymerization will not occur at potentials under +0.60 V
(vs SCE) [34].

Drug release profiles from a polymer matrix will be affected by polymer
morphology. By controlling the parameters of the electrochemical polymerization
the morphology of the newly formed polymer can be altered. PPy prepared at
lower current densities (\1 mA cm-2), or at lower anodic potentials (\0.8 V),
will be dense and compact with smoother surfaces, while PPy films grown at
higher charge densities ([5 mA cm-2), or higher anodic potentials ([0.9 V), will
form open, porous structures with more irregular surfaces [35–37].

It is often desirable to form polymer as a continuous film on the surface of the
working electrode. During initiation of the PPy polymerization process,
soluble pyrrole monomers are oxidized to radical cations which dimerize with
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radical–radical coupling at the a-position [27]. This neutral dimer can be oxidized
to a radical and in turn can react with a monomer, dimer or oligomeric radical to
grow the chain. Initially, soluble intermediates form, but as the chains grow in
length and exceeds a critical length, the solubility limit is reached and precipitation
occurs onto the WE [28]. The electronic efficiency of polymer formation onto the
WE is always less than 100%. One reason for this is that some soluble oligomers
of PPy will not achieve the critical chain length and so remain soluble in the
solvent. In addition, other oligomers will precipitate but in solution rather than
onto the WE [27, 29]. Stirring inhibits the electrochemical formation of PPy, likely
due to movement of oligomer units away from the WE preventing their precipi-
tation and attachment [38].

While efficiency is below 100%, if synthesis variables are kept constant the
amount of charge passed during polymerization can be used to estimate the
quantity of polymer produced. Depending on the total thickness of polymer
produced and the total polymerization time, estimates of between 240 and
600 mC cm-2 charge density have been reported to produce a 1 lm thick film of
PPy [33, 37, 39]. While the total amount of charged passed is frequently used to
estimate film thickness, it does not account for differences in polymer
morphology.

By using different dopant anions in the preparation of ICPs the morphology,
properties and function of the final polymers can all be influenced [29, 38]. Fonner
et al. compared PPy films prepared with either chloride (Cl), p-toluene sulfonate
(pTS) or poly(styrene sulfonate) (PSS) as the anionic dopant. For the same amount
of charge passed during synthesis the Cl doped films were between 2 and 8 times
thicker than pTS or PSS doped films, profilometry showed PPy-Cl had the
roughest surface and PPy-PSS the smoothest surfaces [15].

4 ICP Based Drug Delivery Systems

Various drug delivery systems with an ICP component have been created. This
section considers which drugs are appropriate for use in ICP based DDS, then
examines different systems. These systems will be discussed in turn and have been
categorized into ICP matrix system, ICP/hydrogel composite systems, and elec-
tromechanical ICP systems.

4.1 Drug Selection

When considering the suitability of a drug for use in an implantable drug releasing
system several factors have to be considered. Drugs with short half lives are
desirable as they have a reduced risk of accumulation. An implanted controlled
release formulation can improve the efficacy of a drug requiring frequent
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administration compared to conventional dosage forms in two ways. Firstly, high
rates of non-adherence have been reported in patients requiring chronic therapy
and implanted systems are useful to ensure adherence [40]. Secondly, by regu-
lating the rate of drug release, controlled release systems are able to reduce the
peak to trough ratio of drug in the body to maintain desirable levels. This reduces
the potential for loss of response or toxic effects due to low or high levels of drug,
respectively [41]. Parenteral delivery is an attractive option for drugs with poor or
variable bioavailability, a lower total quantity of drug can be used to achieve
required, predictable blood concentrations. The toxicity of the drug to local tissues
must be considered as following implantation of the system drug concentrations
can be relatively high in the surrounding area.

In addition to the general considerations when selecting a suitable drug for use
in an implantable system, extra factors must be examined if the drug is to find
use in an ICP matrix system. To ensure the biological activity of the candidate
drug is preserved it should not be electroactive in the window of potentials used
during the preparation or operation of the DDS. The drug charge is important
during both incorporation and release from the DDS, therefore the pKa must be
taken into account. As high levels of drug loading may not be possible the drug
should be relatively potent (require \1 mg release per day) [42]. Drug selection
is not so limited for ICP/hydrogel composite systems or for electromechanical
systems based on ICPs for two reasons. Firstly, as drug can be loaded into these
systems after preparation, the drug avoids the harsh conditions which may be
used during manufacture where often an acidic environment and an oxidizing
potential predominate. Secondly, theoretically higher levels of drug loading are
possible.

4.2 ICP Matrix Systems

4.2.1 Drug Incorporation

Bioactive agents may be incorporated into ICP films either during, or following the
polymerization process. For some drugs carrying a negative charge, the drug itself
can be used as the dopant molecule allowing polymerization to proceed (Fig. 2).
In 1984 Zinger and Miller prepared PPy using ferrocyanide as the anionic dopant
[43]. Cationic drugs can also be incorporated into ICPs during synthesis [7]. The
mechanism of this incorporation was reported by Thompson et al. to involve a
combination of electrostatic and hydrophobic interactions between drug, anionic
dopant and polymer, along with physical entrapment [33].

There are limitations to incorporating drug into an ICP during polymerization,
such as the bioactive molecule interfering with the polymerization process [43]
and difficulty maintaining electrical contact between polymer and the WE [33].
The impact of these limitations can be minimized by using a two-layered
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synthesis approach. Here an initial layer of ICP is prepared without the bioactive
molecule. Once a complete layer of ICP covers the WE a second layer con-
taining the drug can be polymerized. By using this approach Thomson et al.
prepared PPy using pTS and a neurotrophin growth factor with the excellent
mechanical properties usually expected from PPy and improved adhesion
between the polymer and WE [33].

Many researchers choose to incorporate bioactive agents into ICP matrices
after the polymer has been prepared. In this way optimal polymerization
conditions can be used without having to consider the effect on drug loading or
stability. The processes described in Eqs. 1 and 2 help describe the electro-
statically controlled incorporation of anionic or cationic drugs. Konturri et al.
prepared PPy films using pTS as the anionic dopant. In order to incorporate
anionic drugs of interest into the ICP, the polymer films were cycled between
-0.8 and +0.5 V at 10 mV s-1 in a 0.1 M solution of Na+ and a selected
anion. This forced the ICP to repeatedly alternate between reduced and oxi-
dized states and the pTS was exchanged for either salicylate, naproxen or
nicoside anions [35].

The post-synthesis electrostatic incorporation of several cationic drugs into
conducting polymers has been reported [9, 31, 44, 45]. To achieve this PPy films
were prepared using large immobilized anions including melanin or poly(styrene
sulfonate). Following synthesis cationic drugs were incorporated on reduction of
the ICP as described in Eq. 2. When reduced the ICP charges are neutralized, but
there will be a net negative charge in the ICP matrix due to the immobilized
anions. In this state cationic species will be attracted into the polymer from the
surrounding solution. Care must be taken as this is not a selective process and all
species present in the environment have the potential to be incorporated into the
polymer.

It is also possible to promote the incorporation of neutral drugs into ICP films
following synthesis. George et al. used anionic biotin as the primary dopant during
PPy synthesis [46]. After preparation, the polymer was incubated with streptavidin
which bound to the biotin in the ICP film. This approach greatly increases the
range of drugs that can be incorporated into the ICP film as streptavidin has
multiple binding sites and the ICP–biotin–streptavidin complex could potentially
bind a range of biotin labeled compounds. Biotinylated nerve growth factor (NGF)
was used as a model compound and was bound to the PPy film [46]. An alternate
approach was reported by Bidan et al. who used anionic b-cyclodextrins (CDX) as
dopants to prepare PPy [47]. Following polymerization the uncharged antipsy-
chotic drug, N-methylphenothiazine (NMP), was loaded into the ICP when the film
was submerged in a 0.1 M NMP solution. The mechanism for this loading relied
on the hydrophobic tendencies of NMP; the interior of the CDX is hydrophobic
relative to the surrounding aqueous solution therefore NMP moved into the CDX
interior.

A summary of the polymerization conditions used in published studies to
prepare ICP matrix based DDS is given in Table 1.
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4.2.2 Drug Release

Electrostatic Driven Release

Electrostatic forces can be utilized to control the release of both anionic and cationic
bioactive agents according to the processes described in Eqs. 1 and 2. This process
was first illustrated by Zinger and Miller in 1984 following incorporation of gluta-
mate anions into PPy films [43]. Release was tested when no electrical stimulation
was applied to the PPy films and when a reducing -1.0 V was applied. A 14 times
increase was seen in the reduced films compared to the unstimulated films. Similarly
Konturri et al. were able to release increased amounts of salicylate, naproxen and
pTS anions from PPy films on application of a reducing potential [35]. These
researchers noted that despite having a smaller molecular weight than naproxen,
nicoside anions could not be released from PPy. This suggests that molecular weight
is only a partial determinant of whether a species will be mobile in an ICP matrix. An
alternative approach to using electrical stimulation to alter the redox state of ICP
films is to use a chemical approach [36]. Pernaut and Reynolds used a chemical
reducing agent to promote the release of ATP anions, however lower levels were
released compared to electrochemical reduction of the ICP. This may have been due
in part to the impermeable nature of the chemical reductant into the ICP, allowing for
only surface reduction of the PPy film, but not of the bulk material. Moreover, with a
chemical reductant fine control of the redox state of an ICP is lost, as is the ability to
cycle between redox states. The applicability of such an approach must also be
questioned when designing a system for in vivo use as a sufficiently powerful
reducing environment may not be present.

Ge et al. investigated drug release from gold microelectrode arrays consisting of
36 microelectrodes [48]. Each of the microelectrodes was covered in either
PPy-ATP or PPy-sulfosalicylate. The electrical stimulus to each microelectrode
could be individually controlled. In this way the release of 1 or 2 drugs could be
achieved in a pulsatile fashion from a single silicon chip. One issue with using an
ICP matrix to achieve controlled drug delivery is the inability to completely shut off
release. Often in the absence of electrical stimulation ICP matrices still release drug
due to diffusion processes. Ge et al. were able to reduce the open circuit release of
sulfosalicylate from PPy-sulfosalicylate films by polymerizing a layer of PPy-Cl on
top of the drug containing layer [48]. This greatly reduced the spontaneous release
of sulfosalicylate whilst the electrically stimulated release could still be achieved.

Release of cationic drugs can be driven by the electrostatic oxidation of ICP
matrices. When oxidized, electrons are removed from the ICP backbone creating a
positive charge; the resulting electrostatic repulsion will encourage the cationic
drug to leave the polymer. This was initially demonstrated by Miller et al. who
prepared PPy and PPy derivatives with immobilized anions [9, 44, 45]. Following
synthesis cationic dopamine was incorporated into the ICP on reduction according
to Eq. 2. Subsequently, when the polymer was oxidized dopamine was released
from the film. Interestingly the polymer film could then be reloaded with dopamine
on reduction and released on oxidation. Similarly, Hepel and Mahdavi prepared
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PPy-melanin films and were able to incorporate the cationic drug chlorpromazine
on reduction, and release the drug when the ICP was oxidized [31].

Novel approaches have allowed even neutral drugs to be released under elec-
trostatic control. Following preparation of PPy with biotin as the primary dopant
streptavidin was introduced followed by the biotinylated drug [46]. On subsequent
electrochemically driven reduction, release of the biotin–streptavidin–biotinylated
drug complex was observed. A nerve growth factor was used as the model drug
and the biological activity of this entity was retained following biotinylation.
An alternative approach was taken by Bidan et al. where uncharged NMP drug was
incorporated into a PPy film doped with CDX [47]. The bioactive agent was seen
to release on oxidation of the ICP. When the oxidizing stimulus was applied NMP
was oxidized to NMP+. Two possible release mechanisms were proposed; firstly,
release was due to electrostatic repulsion between PPy+ and NMP+, and secondly,
NMP+ is more polar than NMP promoting drug to leave the hydrophobic CDX
core and enter the surrounding aqueous media. It is likely that both proposed
mechanisms play a role in drug release.

Actuation Driven Release

ICPs can undergo volume changes following electrochemically driven alterations
in redox state [26]. The actuating properties of ICPs have been utilized in various
ways to control drug release. Bidan et al. prepared dexamethasone containing
poly(lactic-co-glycolic acid) fibers and coated these with the ICP PEDOT [11].
The PEDOT coating was partially permeable to the bioactive agent; under 25% of
total dexamethasone was released after 54 days. However, following electrical
stimulation which cycled PEDOT between redox states, up to 75% of incorporated
dexamethasone could be released in a controllable fashion. The observed increase
in drug release may have been due to cracks opening in the PEDOT coating on
actuation increasing the permeability of drug through the ICP coating.

Actuation has been identified as a driving mechanism for drug release from ICP
matrices [7]. Release of cationic risperidone from PPy films doped with pTS did not
follow the expected release pattern attributable to electrostatic forces following
electrochemically driven redox stimulation. Instead, an increase in release of cationic
drug was seen on reduction with a decrease in release on oxidation. AFM character-
ization allowed a correlation to be made between increased drug release and expansion
of the polymer film. It was concluded the faster rates of drug release observed may
have been due to the expanded film being more permeable to risperidone.

4.3 ICP/Hydrogel Composite Systems

Hydrogels are a cross-linked networks of hydrophilic polymers [49]. These
polymeric materials are able to absorb a great deal of water ([20% with some

494 D. Svirskis et al.



capable of 99% ? (w/w)) whilst maintaining their 3D structure. Hydrogels, like
ICPs, are capable of responding to environmental changes—physical properties
can be altered in response to temperature, pH, electrical signal, light and
mechanical pressure [50]. However, the speed of response is often slower than
ICPs. By creating composite ICP/hydrogel materials researchers have attempted to
overcome some of the limitations usually noted with straight ICP systems, namely;
large drug molecules may be unable to be released, only low levels of drug loading
can be achieved, drug charge may be incompatible with system design.

The first ICP/hydrogel composite was created when PPy was electropolymer-
ized inside a polyacrylamide hydrogel by Gilmore et al. Table 2 [51]. This tech-
nique allowed an ICP to be grown with a total volume of ca. 36 cm3, far greater
than could be produced from a straight ICP due to mechanical constraints. To form
these composite materials contact is required between a working electrode and the
hydrogel (Fig. 3). If the hydrogel contains ICP monomer, on commencement of
electropolymerization the ICP will be polymerised first on the WE then start to
grow through the hydrogel using the gel fibres as a template. Kim et al. formed
PPy inside a polyacrylamide hydrogel when a constant 0.5 mA cm-2 was applied
to a three electrode setup with the WE immersed in the hydrogel [52]. PPy was
seen to grow out from the electrode through the hydrogel (Fig. 4). After 2 h the
hydrogel was completely permeated, however even after 24 h the total PPy content
was reported as\5% (w/w). At these relatively high levels of PPy the structure of
the hydrogel was compromised due to excessive water ingress in response to the
increase in osmotic pressure caused by PPy and counterions. By controlling the
extent of ICP polymerization within the hydrogel supporting network the water
content of the gel could be maintained, while the composite material was con-
ductive and redox active. It should be noted that the speed of response to redox
activation was slower compared to an intact ICP which may be due to reduced ion
mobility or reduced conductivity in the composite materials.

Small et al. prepared composite ICP/polyacrylamide materials by growing PPy
or PANI with various counterions [53]. Following polymerization of the ICP
inside the gel a high proportion of water (80–95% (w/w)) was maintained.
A model drug calcon was released from the composite materials following
application of -0.75 V, demonstrating the open pore structure of the hydrogel was
maintained after ICP polymerization. The pore size of the hydrogel can be
influenced by controlling the gelation process which has implications for drug
mobility inside the composite matrix [10].

Lira and de Torressi prepared a PANI-polyacrylamide composite to test the
release of safranin dye as a model drug [10]. To incorporate safranin the composite
material was placed in 5 mM safranin solution for 24 h. Release was tested at open
circuit, and when either -0.2 V or +0.6 V was applied. An increase in safranin
was noted when an oxidizing +0.6 V was applied to the composite system. This
was accompanied by expansion of PANI within the hydrogel pores and a corre-
sponding increase in the efflux of water and safranin [10]. The same researchers
have also examined PPy grown inside a polyacrylamide hydrogel [54]. Raman
spectroscopy proved a useful tool to examine the distribution of PPy inside the gel.
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Fig. 3 Three electrode cells allowing for the polymerisation of ICP/hydrogel composite material
with flexible geometries. Reprinted from [53] with permission from Elsevier
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Polyacrylamide gels were prepared with larger or smaller pore sizes. PPy distri-
bution was far more uniform in the larger pore sizes (2.0 nm) compared to
irregular distribution observed in hydrogels with smaller pore sizes (0.5 nm).

In other work, a poly(vinyl alcohol)-heparin hydrogel was covalently bound to
a PPy film [55]. Although the ICP and hydrogel were not intimately interwoven,
heparin release was found to be twofold greater when the system was stimulated
with electrical current compared to when it was not. The increase in drug release
was not fully elucidated but was attributed to actuation effects of the ICP swelling
and contracting altering the water content of the hydrogel and affecting the release
of heparin from the hydrogel. These results are somewhat surprising as PPy was
reported to have been polymerised by applying a constant +8 V. This high voltage
would have been expected to severely overoxidize the polymer and would have
reduced its actuating properties [28].

Recently, neural electrodes were coated with ICP/hydrogel composites to
provide materials for implantation which were soft, with low impedance and high
charge density, which could provide for the controlled release of the anti-
inflammatory drug dexamethasone [56]. When drug release from an ICP coating
was tested without the hydrogel component a burst release pattern was seen, with
95% of the dexamethasone releasing within the first 5 weeks. However when the
composite ICP/hydrogel system was used this burst release was decreased with
only 60% releasing within 5 weeks, allowing for more prolonged sustained release.

Compared to using straight ICP matrices for the controlled release of drugs,
ICP/hydrogel composite systems offer the possibility of higher drug loading and
the ability to apply the system to a wide range of bioactive agents with differing
physicochemical parameters. ICP actuation appears to be the main mechanism of
controlling drug release from ICP/hydrogel composite systems [10]. However
there are possible drawbacks including slower response to redox stimulation,
alterations in mechanical properties, and issues with electrode to ICP contact.

Fig. 4 ICP polymerisation inside a hydrogel. Reprinted from [52] with permission from Elsevier
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4.4 Electromechanical ICP Systems

The controlled release of drugs from electromechanical systems have several
potential advantages over other ICP platforms including better reproducibility,
increased applicability of the system to a wide range of drugs, increased reliability
and the ability to completely shut off release. ICPs actuators have found biomedical
application and have been researched extensively as artificial muscles [57]. These
same actuating properties can be utilized to control the release of drugs from
electromechanical systems by operating values or in a pump arrangement. ICPs are
promising materials to use as actuating components in biomechanical systems as
they perform reliably in body fluids, are highly energy efficient with low power
requirements, are inexpensive and are biocompatible [4, 8].

Low et al. investigated the ICP PANI for use as a microactuator, both as a single
material and in combination with the hydrogel poly(2-hydroxyethylmethacrylate) [58].
Different combinations of these microactuators and electrodes could be used to

Table 2 Polymerisation conditions for ICP/hydrogel composites

Hydrogel ICP reactants/mol L-1 Synthesis
conditions

Drug Release
conditions

Reference

Polyacrylamide Pyrrole/0.2
NaNO3/0.5

Constant
current

N/A N/A [51]

Poly(vinyl
alcohol)

Pyrrole/0.1
pTS/0.1

+8 V Heparin 1 mA [55]

Polyacrylamide Anline/0.5
HCl/1

+0.75 V Safranin
(model
drug)

-0.2 V
+0.6 V

[10]

Polyacrylamide PPy composites from:
Pyrrole/0.2
Nitrate or dextran
sulfate or
chondroitin sulfate
or tiron or
polyvinylsulfonate
or dodecylsulfate
or chloride or pTS/
0.05

PANI composites
from:

Aniline/0.2
Chloride or nitrate or

pTS/1.0

Calcon (model
drug)

-0.75 V [53]

Polyacrylamide Pyrrole/N/A
pTS/0.1 or NaNO3/1

0.5 mA cm-2 N/A N/A [52]

Alginate EDOT/0.01
LiClO4/0.1

0.5 mA cm-2 Dexamethasone Open
circuit

[56]

Polyacrylamide Pyrrole/0.4 or 0.5
Sodium nitrate/1.0 or

1.2

0.6 or 0.7 V Safranin -0.5 V
+0.5 V

[54]
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control the movement of drug containing fluid from a reservoir (Fig. 5). Electro-
chemically controlled volume changes were observed in both materials but the
combinational material occupied a larger volume and had a smoother morphology,
both desirable properties for sealing valves.

An electromechanical system was assembled by Tsai and Madou consisting of a
drug reservoir, circuitry and microbatteries [59]. Release of drug from the reser-
voir was controlled by a PPy/gold bilayer valve. On application of +1.2 V, the
valve opened an aperture and allowed drug to escape from the reservoir. There is
the possibility of constructing a device containing multiple drug reservoirs, each
containing the same drug, or different drugs. Xu et al. demonstrated that the
controlled release of dye from an array of reservoirs could be achieved by

Fig. 5 Alternate arrangements of ICP actuators to control the flow of fluid though an opening;
(a) sphincter configuration, (b) plunger configuration, (c) tube configuration. Reprinted from [58]
with permission from Elsevier
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actuating individual valves consisting of PPy/gold bilayers [8]. By using multiple
drug reservoirs complex release patterns could be achieved.

A different approach was taken by Stassen et al. who used the ICP poly
(3-hexylthiophene) to control the movement of dopamine through a membrane
[60]. A membrane containing pores of a determined size was coated with a thin
layer of ICP, sufficient to cover the membrane whilst maintaining the open pores.
On oxidation of the ICP the polymer coating expanded reducing the permeability
of the membrane to the bioactive agent. On reduction the ICP contracted rendering
the membrane more permeable to dopamine, 40% more drug was able to pass
through the membrane with the ICP in the reduced state.

5 Characterization

5.1 Infrared and Raman Spectroscopy

Infrared (IR) and Raman spectroscopy are complementary techniques useful to
examine the various stretching and bending modes indicative of certain intramo-
lecular bonds and are used to identify functional groups. These techniques can be
used in isolation or together to identify and characterize ICPs. Raman spectros-
copy was used by Kilmartin et al. to provide information on the oxidation state of
PPy films [61] and by Chiu et al. to study dopants’ effect on PEDOT oxidation.
Typical absorption peaks of PPy seen with Raman spectroscopy are displayed in
Table 3. A strong band at 1,580 cm-1 is attributed to C=C backbone stretching, a
shift in this band to higher wave numbers can be used to indicate lower doping
levels of PPy, or shorter polymer chain lengths [17, 62]. IR spectroscopy bands
typical of PPy are often observed between 1,400 and 1,650 cm-1 and are attributed
to C=C and C–N bonds [37, 63–65]. Both IR and Raman spectroscopy can be used
to detect overoxidation of PPy, due to the formation of carbonyl groups, seen
around 1,700 cm-1 on IR spectra [63, 66], or around 1,620 cm-1 on Raman
spectra [28]. In addition, both techniques can be used to identify species present in
the ICP matrix [12, 37, 63, 65]. An alternate application of Raman spectroscopy
has involved the examination of PPy penetration as it is grown inside a

Table 3 Raman absorption bands observed in PPy [17, 28]

Bonding Absorption peak (cm-1)

C–H out of plane bending (oxidized PPy) 927
C–H in-plane deformation Doublet at 1,050 and 1,080
C–H or N–H in plane bending 1,240
PPy ring stretching Doublet at 1,320 and 1,380
C=C backbone stretching 1,580
C=O 1,620
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polyacrylamide hydrogel network [54]. By looking at the spectra at different
locations of the polymer, Raman data suggested PPy was able to distribute more
homogeneously inside the hydrogel with pore diameters of ca. 2.0 nm compared to
those gels with pore diameters ca. 0.5 nm.

5.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) can be used to examine the surface mor-
phology of a polymer. The surface morphology displayed has been used to explain
different cell interactions with ICP and can have a bearing on cell adhesion and
compatibility [67]. Figure 6 displays a typical image of PPy, the surface of which is
often described as ‘cauliflower like’ with multiple small projections coming off
larger projections [7, 33]. The surface morphology of polymer films often changes
during the polymerization process. Thin PPy films containing different dopants may
appear similar, but differences are noticeable as the films grow to greater thick-
nesses [67]. Indeed great variation in polymer surfaces can be produced by
adjusting the polymerization parameters [17], or when different dopant anions are
used during polymerization [68]. Unfortunately SEM is only able to image dry
samples. This is may provide false representations of a surface that will find in vivo
use in an aqueous environment.

5.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a high resolution technique for studying ICP
surfaces in situ and to provide information on morphological changes during
oxidation and reduction events. AFM involves measuring the surface forces

Fig. 6 SEM image of PPy-
pTS [7]
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between a sharp stylus probe and a surface [69]. In the fundamental mode of AFM
a cantilevered probe is raster-scanned over the sample while maintaining constant
force between the probe and sample. The basic information gained is a map of the
surface topography. The standard spatial resolution for AFM scans is in the
nanometer range in plane and Ångstroms in height and a single scan can cover
hundreds of micrometers on a side. As in other scanning probe microscopies an
AFM can be modified to gain additional information about the sample composi-
tion, mechanical, electrical, magnetic and other properties [70]. An important
advantage of using AFM to study ICPs over other high resolution techniques such
as SEM is the ability to scan in situ and within electrochemical liquid cells
(Fig. 7). The ability to scan a film under liquid allows for greater correlation with
in vivo performance as a drug delivery system.

AFM has been widely applied to the study of ICPs starting from about 1994.
Early studies concentrated on general morphology and roughness measurements
resulting from changes in polymerisation or oxidation conditions [71–77]. In 1999
several groups introduced AFM as a means to study the out-of-plane actuation of
thin film ICPs [25, 78, 79]. This was a substantial breakthrough as the volume
changes that ICPs undergo upon oxidation and reduction cycling could be directly
measured with high spatial and temporal resolution. This complemented mea-
surements from quart crystal microbalance (QCM) and ellipsometry studies and
led to a more general understanding of ICP chemomechanical actuation [80, 81].
Other studies have used AFM for the study of ICP nucleation and mechanical
properties, for nanoscale characterization and patterned deposition [82–87].

Different ions used in the preparation of PPy have resulted in films with vastly
differing % strain [25, 88]. AFM measurement of volume changes during ICP
actuation have been directly linked to drug release rates from an ICP matrix
formulation [7]. By modelling the system as linear and time-invariant (LTI), a
simple model describing actuation was proposed [89] as per Eq. 3

ZðtÞ ¼ Z1 1� e�t=s
� �

ð3Þ

Fig. 7 AFM image of an
80 lm line of PPy-
dodecylbenzene sulfonate
film immersed in phosphate
buffered saline (PBS). Height
changes vs time are shown
when ±0.6 V is applied at
0.05 Hz
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Where Z(t) is the function describing the height of the film over time. The
characteristic time constant, s, is the time it takes the system height to reach
*67% of its final actuation magnitude.

This equation has been used to describe both oxidation and reduction forced
actuation and improves upon the standard description using constant strain rates
which only take into account a linear actuation pattern. This description will allow
the use of control theory for both open loop quantification of drug release and
closed-loop feedback control of drug dosing for implantable systems.

5.4 Scanning Ion Conductance Microscopy

Scanning ion conductance microscopy (SICM) [90–92] is another scanning probe
technique that is being applied to the characterization of conducting polymers in
our laboratory. Instead of a sharp stylus, SICM probes the local ionic conductance
near the pore opening of a drawn capillary, which can be very small—from
micrometers to nanometers. Like AFM, SICMs can be operated in situ and to
measure topography; however, the real advantage of SICM is the ability to read out
and/or change the ionic composition near a conducting polymer. The possibilities
are therefore twofold. Firstly, SICM produces spatially and temporally resolved
information about the localized ionic conductance which gives a measure of the
movement of dopants including ionic drugs, allowing a map of the polymers ability
to release drugs to be produced. Secondly, by driving a current through the SICM
probe ICPs can be deposited or modified with high spatial resolution (Fig. 8).

6 Stability

There is limited data available on the stability of ICPs. To be clinically useful an ICP
based DDS must be able to be prepared in advance and stored until administration
to the patient. Conductivity measurements have been used as an indicating parameter

Fig. 8 Representative scanning ion conductance microscopy (SICM) setup (a), SEM image of
the capillary pore (b) and AFM image of an electrodeposited ICP spot using this setup
(c) (unpublished, courtesy of C. Laslau)
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to assess stability [14, 19–23]. This is an easily measured parameter that gives an
indication of alterations in polymer structure that may occur over time. The dopant
anion used, and its concentration during synthesis, have been shown to influence the
stability of the final product. PPy films prepared with pTS appear more stable than
PPy prepared with either ClO4

-, BF4
-, NO3

- [14] or dodecyl sulfate [18]. PPy-pTS
prepared from solutions containing pTS at concentrations of 0.05 M or higher have
shown enhanced stability compared to polymers prepared from lower pTS concen-
trations [19]. Not surprisingly, temperature during storage affects stability. Brie et al.
reported PPy-pTS films stored at ambient temperatures showed an increase in
conductivity for ca. 2 weeks followed by a slow loss of conductivity [14]. At tem-
peratures between 80 and 120�C a similar pattern was reported by separate inves-
tigators but the decline in conductivity began after a shorter time [20]. PPy-pTS films
containing risperidone stored at 40�C also showed an increase in conductivity after
6 days, followed by a subsequent decline [23]. The conductivity observed in ICPs is
known to be reliant on the presence of conjugated polymer chains [93]. In addition to
the propagation of charge along polymer chains, ‘charge-hopping’ between polymer
chains also occurs [94]. The initial increase in conductivity reported may be due to a
realignment of polymer chains promoting the ‘charge-hopping’ between chains.
Over time a decline in conductivity is reported in the literature. This appears to be due
to the irreversible loss of conjugation of the ICP backbone when PPy reacts with
oxygen producing carbonyl defects [14, 95]. Supporting data for this hypothesis can
be found in FTIR investigations which have noted the appearance of a band at
1,690 cm-1 characteristic of a, b-unsaturated ketones due to the oxidation of PPy
[16]. To add to this body of evidence Truong et al. reported an experiment where
PPy-pTS films were stored at 150�C either in air or an oxygen free environment [18].
The conductivity of the films stored in air began to fall immediately, however the
films stored in an oxygen free environment showed no decrease in conductivity after
3 days. If oxygen was subsequently introduced to the system conductivity started to
fall immediately.

Recently the actuation parameters of PPy-pTS films containing risperidone were
used to assess the stability of the DDS. ICP films were stored at 40�C and the
amplitude of actuation of these films was seen to decline over a 6 day period [23]. As
actuation was attributed as a driving force behind drug release this helped explain the
observed decline in drug releasing rates with time. If ICP based DDS are to find use in
the clinical setting the stability of these devices needs to be fully investigated and the
stability profile improved, to ensure the DDS remains functional on storage.

7 Considerations for the Design of ICP Based Drug Delivery
Systems

There is a great opportunity for using drug-eluting ICPs in controlled release
formulations, especially in standalone applications, but their success will ulti-
mately rely on the means used to control release. Therefore consideration must
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be given to the design of the DDS. The basic release process relies on the
controlled oxidation and reduction of the ICP, leading to the redox-coupled
release or retention of the drug. The redox state of the polymer can be controlled
chemically or electrically—leading to two different potential means to control
release.

It would be difficult to transfer techniques used in vitro to chemically oxidize or
reduce ICPs for in vivo use. However, there is the possibility that redox control of
the drug eluting ICP could be coupled to changes to the in vivo redox potential,
e.g. in response to increases in H2O2 during dermal wound inflammation [96].
However, the magnitude of chemical redox potential required to actuate drug
release in ICPs is of a scale larger than that normally utilized by biological systems
and so it is unlikely that redox changes in vivo could be used to control release
directly. Instead, amplification of biological signals to produce substantial redox
activity in the ICP would be required—for example consider wound inflammation.
Reactive oxygen species such as hydrogen peroxide are a component of the local
inflammation response at micromolar concentrations [97]. This spike in the
hydrogen peroxide concentration during wound inflammation occurs at levels
insufficient to oxidize ICP for drug release, nor would one want to disrupt the
normal paracrine signaling function. However, by analogy with redox-amplified
biosensors, small amounts of the oxidant could be coupled to a redox species in an
ICP-based drug delivery formulation applied to the wound, leading to amplifica-
tion of the oxidizing signal [98, 99]. Hence, the drug would be released during the
inflammation event and turned off as it subsides. A related strategy would be to use
the response of a stimulus-sensitive hydrogel in an ICP/hydrogel composite to
biological signals lacking electrochemical activity to trigger actuation of the ICP
and release of a drug [100].

On the other hand, facile electrical stimulation of drug-eluting ICPs has been
demonstrated but applications will require a device to protect the drug releasing
ICP from uncontrolled release and provide controlled electrical stimulation.
A listing of the desired characteristics for an implantable device can be substantial
and would include: small size, localized delivery, appropriate lifetime and sta-
bility, limitation of the secondary effects on surrounding tissue, inherent safety
from overdosing, and convenient loading, powering and programming.

Implantable electronic devices with some or all of the above characteristics
have been developed for clinical use; examples include pacemakers, drug
pumps, and biosensors. One exciting possibility would be to use telemetry to
communicate with and power an implanted device [41, 101, 102]. The basic
setup involves a small transmitter that is implanted into the animal and a
receiver that is, in this case, kept underneath the animal’s cage. The transmitter
can be made very small, with volumes close to 1 mL, and with batteries and
electronics sufficient to send signals back to the receiver via telemetry for
months on end.

It should be noted that a strong correlation between electrical stimulation and
drug release needs to be established in vitro in order to implement an electrically
controlled dose. As an example, the link between actuation and dosing established
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using AFM and in vitro release was described using simple control theory that can
be directly used for dosing control [89]. An alternative for controlling dose would
be to create a large array of small, ‘all-or-nothing’ doses using ICP microfabri-
cation and then using electrical stimulation to selectively trigger release of indi-
vidual or sets of doses [103]. Finally, a dose regime requiring large volumes of
drugs would make an ICP matrix formulation less attractive, however alternatives
to direct loading of the ICP with drug are possible. For instance, the ICP could be
used as an electromechanical valve or as a switchable selective membrane as a
gate on a drug-containing reservoir, allowing the reservoir could be reloaded
externally via syringe injection [104].

8 Conclusion

ICPs are an expanding class of materials and one of the more exciting applications
is for ICP based DDS. The driving motivation is to realize exact control of drug
release by the application of an external electronic control signal. Three general
platforms of application are being currently pursued: ICP matrix systems, ICP/
hydrogel systems, and electromechanical systems. Whether based on direct control
of the ion flux or by indirect control of release from hydrogels or reservoirs, the
basic principle is the same: alterations in the redox state of the ICP provide the
crucial link between the facile control afforded by electronics and tunable drug
release. There are, however, significant hurdles to overcome before ICP-based
DDS could be fully realized. Future research should aim to increase the quantities
of drug that can be released as current levels of release may be sufficient for
localized effects but are generally insufficient if systemic delivery of drug is
required. Devices with ICPs as drug-releasing components need to be designed.
While these could simply receive external control signals an exciting prospect is to
use inherent or external feedback signals to create a closed loop, self regulating
system. And for long term application, more research needs to address the in vivo
stability and biocompatibility of ICPs developed for DDS. Certainly, the
advancement of these exciting materials within DDS is expanding and will con-
tinue to do so because the final outcome is a compelling one: exact matching of
drug release to treatment requirements, thereby fully optimizing patient treatment
outcomes.

Acknowledgements Thanks to Cosmin Laslau for providing the SICM figure.
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