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Chapter 1
Introduction

I. Introduction
Wound healing is a complex interactive repair process, which is triggered by deviations in
homeostasis due to tissue injury. It is characterized by sequential phases of inflammation, cell
migration and proliferation, extracellular matrix (ECM) synthesis, angiogenesis and remodeling,
leading to the restoration of tissue continuity [1]. However, while some amphibian wounds heal by
regeneration, post-natal human wound healing will ultimately result in a mature scar. Tissue repair
culminating in scar tissue is obviously essential to survival; control of such repair would be
advantagous since quantitative defects (excess tissue or deficiency of tissue) can have disastrous
consequences. A scar allows for a rapid reestablishment of structural integrity However,
inadequate healing can result in dehiscence, anastomotic leakage or contraction of the wound [2],
leading to hypertrophic scars and keloid. Contraction of scar tissue can seriously hamper tissue
growth. An example in which inadequate tissue repair can have deleterious consequences on
growth, is for instance following palatal surgery in patients with complete or incomplete cleft lip,
alveolus and/ or palate. In these patients, inadequate soft tissue regeneration and scar tissue has
been found after surgery [3-6], leading to an aberrant midfacial morphology. This seems to be due
to diminished maxillary growth, as compared to non-operated individuals [6]. Therefore, ideally
after wounding there would be a rapid closure of the wound and regeneration of the dermal and
mucosal architecture, without the formation of a scar and subsequent inhibition of growth or
mobility.
A possible way to accomplish adequate regeneration of a wound, is by Tissue Engineering (TE).
TE is defined as "an interdisciplinary field in which the principles of engineering and the life
sciences are applied toward the generation of biologic substitutes aimed at the creation,
preservation, or restoration of lost organ function" [7]. It might be suggested, that TE can
encompass the use of a biocompatible, biodegradable, three-dimensional microtextured polymer
scaffold, which acts as an adhesive- guiding- and supporting material for individual cells or tissue
components. In addition, it can serve as a delivery vehicle for growth factors, and through its
biodegradability, will obviate the need for future explantation.
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II. Wound healing
II,,

Phases in wound healing

Inflammatory phase
All cellular activities in wound healing are carefully regulated. Immediately following injury of
endothelium, platelets adhere to the damaged endothelium and release clotting factors and growth
factors contained in their alpha granules (Fig. 1). There is a transient vasodilation followed by a
vasoconstriction. As the fibrin matures, the wound area is then sealed by a dried clot, preventing
further loss of fluids and electrolytes from the wound and contamination of the wound from the
outside. Various growth factors released by the platelets initiate the healing cascade. This early
phase of wound healing lasts from 30 minutes, up to one day [8].
^Epidermis
Fibrin
Erythrocyte
Blood vessel
—

Tissue monocyte —63)

Dermis

Fibroblast
Mast cell

Figure 1 : At the initial time of tissue disruption, platelets release coagulation factors and growth factors to initiate the
healing process Adapted from Schwartz SI, et al, editors. Principles of Surgery. 6th ed. New York: McGraw-Hill, 1993:
ch 8 [9].

Within a short time, polymorphonuclear (PMNs) granulocytes start to adhere to the endothelial
cells in the adjacent blood vessels (margination), and migrate actively through the walls of the
vessels (diapedesis. Fig. 2). The PMNs are attracted to the site of injury by chemical signals
(Chemotaxis) released from the damaged tissue, bacteria, and products of inflammation. The major
function of PMNs is to remove bacteria and foreign bodies (antigens) from the wound site to
prevent infection. During this time, the epithelial cells begin to migrate under the clot and distant
epithelial cells begin to proliferate to supply additional new cells to reestablish the epithelial
surface.

Wound
Macrophage

Neutrophil

Tissue
monocyte
Fibroblast

-^P^"

Margination

Diapedesis
Figure 2: Within the first days of tissue injury, neutrophils attach to surrounding vessel walls (margination) and then
move through the vessel walls (diapedesis) to migrate (Chemotaxis) to the wound site. Adapted from Schwartz SI, et
al. editors. Principles of Surgery 6,h ed. New York: McGraw-Hill. 1993: ch 8 [9]
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Proliferative or fibroplasia phase
The next phase of tissue repair is characterized by the presence of the wound macrophage, after
two or three days (Fig. 3). This is a highly specialized cell, derived from the fixed tissue monocyte,
which, in turn, originates from the circulating peripheral blood monocytes. The macrophage is also
a rich source of growth factors, apart from being a phagocytic cell responsible for the complete
removal of debris, bacteria and degenerating host cells (Table 1). It is thought of as the "orchestra
conductor", directing in a very orderly fashion all the various cells, factors, and matrix components
required for normal tissue repair. By this stage of repair, granulation tissue is formed, the epithelial
bridge is complete and from the epithelial cells enzymes will be released to dissolve the scab.
Epithelial cells will continue to proliferate to rebuild the required layers of epithelium. Subsequently,
re-epithialisation and wound contraction reduce the wound surface [8, 10].

Epithelial
bridge

Fibroblast
Wound macrophage
Tissue
monocyte

Figure 3: The fibroplasia phase is characterized by movement of wound macrophages into the site of injury, which in
turn attracts fibroblasts. The fibroblasts then repair the site by producing new connective tissue matrix. Adapted from
Schwartz SI, et al, editors. Principles of Surgery. 6 l h ed. New York: McGraw-Hill, 1993: ch 8 [9].

Remodeling phase
The final phase of tissue repair, the remodeling phase, starts after about 2 weeks when collagen
accumulation within the wound is maximal [10]. This phase can last for years, as the cellular
components at the injured site try to achieve a matrix structure similar to that prior to injury. This
phase is an ongoing process of collagen synthesis and breakdown [8] (Fig. 4).

Fibroblast

Tissue
monocyte

Blood
vessel

Macrophage Figure 4: The remodeling phase is characterized by an equilibrium between collagen synthesis and collagen
degradation in an effort to reestablish the connective tissue matrix that was destroyed by the tissue injury. Adapted
from Schwartz SI, et al, editors. Principles of Surgery, β"1 ed. New York: McGraw-Hill, 1993: ch 8 [9].
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Fetal wound healing

Under some conditions, embryonic or early fetal wounds are able to heal without the formation of
scars. Gestational age seems to be important in determining whether a fetal wound will scar.
Generally, early embryo's do not scar, while late-gestation fetuses heal with adult-like scar
formation [11-13]. Therefore, a transition period exists during which fetal wounds start to heal in the
usual adult-like manner with scar formation. Subsequent research has documented several
differences between fetal and adult wound healing:
1)

2)

3)

4)

Fetal tissue oxygenation is much less than that of adult tissue [11, 12]. Adzick et. al
measured tissue ρθ2 in both fetal and adult sheep, and found tissue pCVs of 16 mm Hg
and 45-60 mm Hg respectively. However, the significance of these findings is questionned,
since adult wound healing studies have shown that tissue hypoxia results in delayed wound
healing [14]
Fetal wound angiogenesis is reduced [12, 15] In an immunohistochemical study of lip
wounds in fetal, neonatal- and adult mice by Whitby [15], staining for type IV collagen and
lamimn in fetal wounds did not reveal significant new capillary formation, but vascular
structures resembling adjacent normal fetal tissue. In addition, they stained for
Transforming Growth Factor-beta (TGF-ß) and basic Fibroblast Growth Factor (bFGF) [15],
but these growth factors were not detected. Because, according to the authors, TGF-ß and
bFGF have been implicated in neovascularization [16], they suggested that the absence of
significant neovascularization in lip wounds in fetal mice was caused by the absence or
reduced levels of TGF-ß and bFGF.
Different cytokine growth factor profile in fetal wounds [17].
Fetal wounds exhibit a reduced inflammatory response, due to an altered cytokine profile;
ι. e. fetal wounds appear to contain relatively low amounts of TGF-ß [11, 12, 16]. In
addition, this reduced inflammatory response is due to the lack of self/non-self immunologic
identity, which develops not earlier than until mid-gestation. In a study by Whitby [16], TGFß was detected in lip wounds of adult and neonatal mice, but not in similar wounds in day
16 of gestation (fetal) mice.
To investigate the role of TGF-ß 1 in the conversion of "scarless" fetal wound healing, to
healing with scar formation, Houghton et al. [18] wounded day 14 fetal mouse limbs as well
as day 18 mouse limbs by incision. The wounded day 14 limbs that received recombinant
TGF-ß 1 daily showed scar formation in contrast to wounded day 14 limbs without TGF-ß1.
The wounded day 18 limbs that had received anti-TGF-ß 1 mimicked the architecture of the
normal dermis, whereas, significant collagen deposition occurred in wounded day 18 limbs
that did not receive anti-TGF-ß 1. These studies therefore support the hypothesis that
"scarless" fetal repair is due to intrinsic properties of the fetal wound, and not due to other
unique characteristics of the fetal environment, such as amniotic fluid [18]
The fetal wound environment is different.
Fetal wounds are continuously bathed in a warm, sterile amniotic fluid that is rich in
hyaluronic acid, fibronectin, and growth factors like insulin-like growth factor II. On the
other hand, amniotic fluid is relatively deficient in TGF- β [17].
There are two simple ways to investigate the role of the environment in the fetal wound
healing process, either put adult skin in the fetal environment, or place fetal skin in the adult
environment [11, 19], transplanted both adult sheep skin and fetal sheep skin (120-day of
gestation) to 60-day gestation (term=145 days) fetal lambs. Both adult, 120-day fetal skin
transplant and 60-day recipient skin were incisionally wounded 40 days later, at day 100.
The adult wounds and the fetal- to fetal skin transplants were shown to heal with scar
formation, while the fetal recipient skin did not scar. This study suggests that the
differentiated skin of the adult cannot be modulated to heal without a scar by exposure to
amniotic fluid, and that fetal skin healing properties are intrinsic to fetal skin and are not
caused by the fetal environment.
The reverse of this experiment was also carried out by Lorenz et al. [20] and by Ferguson
[21]. In the study by Lorenz, fetal skin was transplanted in the adult environment and healed
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5)

•

•

•

•

with or without scarring depending on the location of the graft in the adult but independent
of amniotic fluid. In the study of Ferguson, fetal incisional wounds in day 2 pouch young
marsupials healed rapidly and scar-free outside of the sterile, fluid uterine environment of
the mother opossum. Thus, although the fetal wound environment is different to that in
adults, these studies additionally suggest that the ability of fetal skin to heal without scar
formation is principally a function of the intrinsic properties of fetal tissue.
The fetal ECM has a different composition
Some components of the ECM have also been implicated in scarless fetal healing.
Especially, this holds true for hyaluronic acid (HA), a nonsulfated glycosammoglycan It is
abundant in high concentrations in the ECM in regions with cellular proliferation and
regeneration and in the fetal wound, in marked contrast to adult wounds. HA is also thought
to play a role in angiogenesis. For instance, it can inhibit blood vessel formation in
granulation tissue [12]. Amniotic fluid also contains a HA-stimulating factor, similar to that in
fetal serum, as well as a high concentration of HA itself [1]. HA may even prevent an
inflammatory response by decreasing lymfocyte adhesion and migration [22]. Besides an
altered presence of HA, also the expression of a number of other matrix and cell
components are different:
Fibronectin (Fn) is expressed at high levels during the early stages of wound healing in
general, and is a major component of the primary ECM during tissue repair Fibronectin is
involved in the migration of all the major cell types into the wound site [12]. In a study by
Longaker [23] featuring fetal incisional wounds, Fn was detected much earlier after
wounding than in adult rabbit wounds, whereas Whitby [15] found the timing and pattern of
Fn deposition was similar in fetal, neonatal and adult mouse lip wounds, although Fn was
detected for a longer period of time in the adult mouse wounds.
Tenascin is an ECM glycoprotein, which facilitates cell movement, and is deposited earlier
in fetal than in adult wounds [15, 24]. However, very few studies have been carried out on
tenascin in fetal wound healing [12].
Collagens are deposited in a normal reticular pattern, at a greater rate but in lower
quantities due to a higher turnover, in fetal wounds compared to adult wounds [13]. Normal
fetal rat tissue contains a higher proportion of type III to type I collagen than adult rat tissue
[25]. However, it is known that (late-gestation) fetal wounds heal with scarring long before
the transition from a fetal to an adult type III to I collagen ratio, so it is unlikely that the
differences in these collagen ratios are of major importance in the scar-free fetal phenotype
[12]
Whitby [15] found that the major difference between collagens in fetal and adult wounds in
mice was in the organisation of the collagen fibrils. In the fetus, collagen was deposited in a
reticular fashion, indistinguishable from the surrounding dermis, but in the adult collagen
fibrils were deposited in dense parallel bundels, typical of scar tissue Fetal fibroblasts can
proliferate, and synthesize collagen simultaneously, in contrast to adult fibroblasts. This
may contribute to a faster rate of healing [26].
The myofibroblast is thought to play a prominent role in adult wound contraction and scar
formation, and is characterized by alpha smooth muscle actm (ASMA) expression. In
wounds in fetal lamb after 100 days of gestation, when ASMA first appears, scar formation
begins [27].

In conclusion, fetal wound healing is fundamentally different from wound healing in the adult.
Scarless healing appears to be related to the altered cytokine profile of the fetal wound [2, 18] or
the different composition of the fetal wound matrix [13]. Indeed, fetal tissue repair may be a
process more closely resembling regeneration and growth rather than healing by scar formation. If,
therefore, the mechanisms that determine scarless wound repair in the fetus are understood, then
this knowledge could be utilized to improve adult wound repair.
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III.

Post-natal wound healing

IliaImpaired wound healing
Section II dealt with regular adult and fetal wound healing. Unfortunately, in specific cases the
wound healing process in adults is impaired, and will therefore develop differently. An impaired
wound can be the result of several (pathological) conditions·
• Burns- the loss of the barrier function of the skin and the presence of necrotic tissue in the
wound can harbor a predilection place for infection Loss of (epi) dermal tissue can hamper
reepitheliahsation, and together with the destruction of capillaries can give rise to an immunocompromised wound-site [10].
• Metabolic disorders- for instance in steroid therapy and Diabetes Mellitus. As a consequence
of steroid therapy, the immune system can be downregulated, with a resultant higher infection
risk and impaired wound healing. In Diabetes, several factors contribute to impaired wound
healing. Microangiopathic alterations of the arterial system lead to tissue ischemia and
inadequate tissue oxygenation. A high titer of bloodglucose serves as a convenient culture
medium for microorganisms in ulcus wounds, which can lead to an increase in necrotic tissue.
As a result of polyneuropathy, pain perception is lost so that no warning is given before
wounding. Pressure ulcus wounds can develop on the foot due to muscle weakness. In
addition, there are signs that the immune system of diabetic patients is locally deficient in
wounds [9].
• Aging- the elderly heal more slowly and with less scarring There is gradual attenuation of the
inflammatory response with age and a slower gain in tensile strength. In vitro studies have
documented an age dependent decrease in the proliferative potential of fibroblasts and
epithelial cells [10].
• Vascular disease- for instance arterial- and venous insufficiency. Arterial insufficiency leads to
inadequate tissue oxygenation, which is needed for aerobic metabolism and proper neutrophil
function. Adequate tissue oxygenation is also a requirement for hydroxylation of proline and
lysine to form stable collagen fibrils [10]. Venous insufficiency can give rise to leg ulcers; when
there is edema, the sequestered extracellular and extravascular fluid increases the diffusion
distance for oxygen and results in a lower tissue oxygen tension (PO2) In the case of lower
extremity venous insufficiency, the chronic protein leak from the capillaries results in
pericapillary deposition. This so called "cuffing" is a further barrier to oxygen and nutrient
diffusion, and possibly functions as a site of nonspecific binding of growth factors, making them
less available to the wound environment [10]. Other reasons why venous leg ulcers are so slow
to heal include a slow epithelialization rate of about 1cm a month This is because an ulcer is in
fact a full-thickness injury, and epithelialization can therefore only originate from the margins of
the wound. In addition, because the skin on the lower leg is tightly adherent and somewhat
inelastic, contraction of the skin is less effective in reducing wound size in venous leg ulcers
compared to wounds in different anatomical localizations [9].
• Radiation therapy- leads to arteriolar fibrosis and impaired oxygen delivery. In addition, there
is progressive obliteration of blood vessels in the radiated area over time Radiation also
causes intranuclear and cytoplasmic damage to fibroblasts, and this appears to limit their
proliferative potential [10].
• Infection- a bacterial count in the wound of more than 105 organisms per gram of tissue, leads
to wound healing impairment by prolonged inflammation. In turn, this leads to an exudate of
serum proteins and inflammatory cells, which serves as a rich culture medium for bacterial
outgrowth. Epithelialization is delayed due to the presence in granulation tissue of endotoxins
that are produced by bacteria, and by the excessive release of proteases that is triggered by
the inflammatory reaction [17]
• Chronic mechanical lacerations of the wound- when the integrity of a wound is
compromised repeatedly, a chronic wound will develop. Such a chronic wound has significantly
increased tissue levels of proteases and collagenases, which are capable of degrading matrix
proteins and growth factors. It is unknown whether growth factor levels are depressed because
of proteolysis, primary inhibition of release, or secondary phenotypic changes in the cell of the
chronic wound [10]
14
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Decubitus or pressure wounds- these wounds are the end-result of prolonged mechanical
pressure in a certain direction, whereby the pressure produces ischemia in the tissue by
occluding the microcirculation This occurs when the tissue pressure exceeds the capillary
filling pressure of 25 mmHg Healing can be enhanced when patient nutrition is optimahsed and
bacterial overgrowth can be arrested [9]
Nutrition- malnounshment and catabolic states lead to impaired healing, because wound
healing requires energy and an anabolic state [10]
Post-natal scar forming conditions

Scar tissue in the dermis is defined as connective tissue composed of collagen fibers organised in
arrays parallel to the skin surface with a modest density of cells and blood vessels [28] Scarring
results from an accumulation of extracellular matrix proteins, particularly type I collagen The
increase in collagen during wound healing may occur as a result of an increased production of
collagen, or a decrease in collagen degradation per cell [29]
Wound contraction can be defined as the movement of normal tissue towards the centre of the
wound by forces generated within the wound [30] The cooperation of the surrounding tissue is
critical for the process to proceed If the surrounding tissue is tightly locked into place and the
forces generated by the granulation tissue are not large enough to move the tissue, then wound
contraction will be minimized [28] Two theories for the cellular origin of wound contraction have
been postulated The first is concerned with a specialised fibroblast, the myofibroblast, which has
functional and structural characteristics in common with fibroblasts and muscle cells This theory
proposes that the myofibroblast is responsible for contraction [27] The second theory suggests
that the locomotion of normal fibroblasts leads to contraction [28] Nowadays, it seems likely that
migrating fibroblasts at the wound margins generate sufficient force to initiate wound contraction
As wound contraction proceeds and tension in the tissue increases, myofibroblasts strongly
enhance wound contraction [31] When contraction stops and the wound is fully re-epitheliahsed,
myofibroblasts disappear by apoptosis [32] As mentioned before, it has been proposed that ASMA
is the force-generating element in myofibroblasts This is based on studies showing that the extent
of contraction is proportional to the amount of ASMA expression in myofibroblasts [33, 34] One
can distinguish two aetiologically different excessive scar conditions Hypertrophic scars and
keloids
• Hypertrophic scars
Hypertrophic scars contain an overabundance of dermal collagen, and are often seen on the upper
torso and across flexor surfaces, where they invariably result in contractures of the healing tissue
[35] They respect the boundaries of the original injury and do not extend into normal, unwounded
tissue They usually develop within the first month after wounding and often subside gradually [10]
Although genetic predisposition has not been proven, this condition occurs more frequently in
Asians and Blacks The incidence of hypertrophic scarring is about 39 to 68 percent after surgery,
and 33 to 91 percent after burns, depending on the depth of the wound [35]
Excessive scar tissue formation can either be the result of an increased matrix synthesis, a
reduced breakdown of matrix proteins, or both In hypertrophic scars, besides the increase in
synthesis and turnover of collagen, the relative amount of type III collagen remains increased in
time, compared with normal scar tissue and normal skin Wound fibroblasts found in hypertrophic
scar tissue have been proven to be more sensitive for TGF-ß-stimulation, and respond to a lower
concentration of the factor compared with normal fibroblasts [35] In addition, in post-burn
hypertrophic scars in humans, it was found that a subset of TGF-ß type I and type II receptor
overexpressmg fibroblasts showed a transient accumulation and increased TGF-ß responsiveness
at the wound site [36] Myofibroblasts have been suggested to be central in the pathogenesis of
wound contraction [26] In contrast, they are not identified in rat wounds until day 7 after wounding,
when 50% of the wound area has been reduced by wound contraction [28] However, the presence
in hypertrophic scars of ASMA-contaming myofibroblasts may represent an important element in
the formation of scar contracture, which is seen exclusively in hypertrophic scars In normal wound
healing, when contraction stops and the wound is fully epithehahzed, the ASMA-myofibroblast
phenotype will disappear [32] However, in hypertrophic scars, they persist [35] Improvement of
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hypertrophic scars may be obtained with pressure garments, topical silicone sheeting applications,
corticosterois injection therapy, laser therapy or reexcision and closure [10]
• Keloids
Keloids are scars with an overabundance of extracellular matrix, especially collagen The absolute
number of fibroblasts is not increased, but the production of collagen continually outspaces the
activity of collagenase, resulting in a scar of ever increasing dimensions True keloids are
uncommon and occur predominantly in dark-skinned people with a genetic predisposition for keloid
formation In most cases, the gene appears to be transmitted in an autosomal dominant pattern It
is also associated with connective tissue disease [35] Keloids typically develop several months
after injury and rarely, if ever, subside A keloid behaves like a benign tumor and extends into or
invades the normal surrounding tissue This creates a scar that is larger than the original wound In
keloids, myofibroblasts are generally absent [35] Increased protein expression of TGF-ß 1 and 2
have been found in keloid fibroblasts cultures compared with TGF-ß 3-protein expression and
normal human dermal fibroblast cultures [37] The cause of keloid is unknown Immunoglobulin G
levels are increased, which suggests possible auto-immune stimulation, resulting m a chronic
inflammatory response with continued collagen deposition [10] The treatment of keloids is difficult
In contrast to hypertrophic scars, keloids tend to recur after surgical excision Although many
therapies have been tried, none is ideal [10]
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IV.

Growth factors

A polypeptide growth factor, as defined originally, is an agent promoting cell proliferation: its
interaction with an external receptor is thought to lead to intracellular changes preparing the cell for
DNA synthesis and division These proteins also induce the migration of cells, and thus are not
only mitogens but are also chemo-attractants that recruit leucocytes and fibroblasts to the injured
area [38].
Growth factors have been named either for their cellular origin (macrophage-dehved growth factor,
MDGF), their target cell specificity (epidermal growth factor, EGF), or their activity in tumor cell
culture (transforming growth factor, TGF-ß) Many of the growth factors are structurally closely
related [38].
Growth factors are involved in wound healing (Table 1), and can migrate to the wound in more than
one way. Some growth factors, such as insulin-like growth factor I (IGF-I), are transported in
plasma bound to a large-molecular-weight carrier protein and thus are delivered m an endocrine
fashion. Other growth factors, like platelet-derived growth factor (PDGF) and TGF-ß, are
synthesized by one cell and used by another local cell, termed paracrine delivery. Other growth
factors are produced and used by the same cell in an autocrine fashion
The action of growth factors on cells is mediated by cell surface receptors that show specific and
high affinity receptor binding to the hgand. Activation of growth factor receptors elicits a chain of
rapid sequence biochemical events within the target cell, like stimulation of tyrosine kinase activity
or serine-threonine kinase activity, the latter in TGF-ß [38]. Because TGF-ßs have been implicated
in wound healing, they have been a focus of the current studies and therefore will be described in
detail in the next paragraphs.

Table 1 : Growth factors involved in wound healing Adapted from Greenfield LJ et al, ed Surgery Scientific principles
and practice, 2 th ed Philadelphia Lippmcott-Raven Publishers, 1997 Chapter 3 [10]

Growth factor
Transforming
growth factor β
Transforming
growth factor α

Abbreviation
TGF-ß

Source
All cells

Target
All cells

TGF-α

Platelet-derived
growth factor

PDGF

Fibroblast growth
factor

FGF

Platelets
Keratinocytes
Macrophages
Platelets
Macrophages
Fibroblasts
Endothelial cells
Smooth muscle cells
Macrophages
Fibroblasts
Endothelial cells

Epidermal growth
factor

EGF

Insulin-like
growth factor I /
Somatomedin C
lnterleukin-1

IGF-I / Sm-C

Platelets
Macrophages
Keratinocytes
Fibroblasts

Epithelial cells
Fibroblasts
Endothelial cells
Neutrophils
Macrophages
Fibroblasts
Smooth-muscle
cells
Endothelial cells
Epithelial cells
Fibroblasts
Chondroblasts
Epithelial cells
Endothelial cells
Fibroblasts
Fibroblasts
Endothelial cells

IL-1

Macrophages

17

Fibroblasts
Neutrophils
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V.

Transforming Growth Factor

The term "transforming growth factor" was originally introduced to describe a class of polypeptides,
which stimulated the anchorage-independent growth of fibroblasts in vitro [39] The accompanying
morphological transformation of a normal cell phenotype to a malignant phenotype, also implied a
role for TGFs as potential inducers of malignancy However, this transformation was subsequently
shown to be reversible following removal of TGF from the culture medium [39]
Va

Isoforms of Transforming Growth Factor

Experiments in the 1980s resulted in the isolation of two molecules ι e TGF-α, a close relative of
epidermal growth factor (EGF), and TGF-ß [40-42] TGF-ß is the original member of a superfamily
of molecules which includes five TGF-ß isoforms (TGF-ß 1 to 5), the inhibms/activins, bone
morphogenetic proteins and a number of other distantly-related molecules [39] There are three
mammalian TGF-ß isoforms, TGF-ß 1, TGF-ß 2, and TGF-ß 3, each with both distinct and
overlapping functions They are localized to three different chromosomes (human chromosomes
19q13, 1q41, and 14q24 respectively)
Vb.

The TGF-ß peptide gene and transcription

TGF-ß is a 25,000 molecular weight polypeptide, which consists of a homodimer of two identical
112 ammo acid chains linked by disulfide bonds TGF-ß 1 has been mapped at chromosome
19q13 1-q13 3 [43] The TGF genes show a high degree of shared sequence homology (70-80 %)
in the carboxy terminal mature region [39] The DNA sequence of each TGF-ß gene is highly
conserved during evolution This means that the genomic structure of TGFs hardly differs between
species The superfamily proteins are characterized by a conserved carboxy terminal feature
consisting of a seven cysteine "knot" Almost all TGF-ß family members contain this structure
TGFs are synthesised and secreted as large pro-peptides consisting of three regions, an ammo
terminal (5') signaling sequence, a pro-domain and a mature protein carboxy (3') domain [44] The
TGF-ß 1 gene encodes a 390-amino acid precursor molecule, which contains a signal peptide, the
active TGF-ß molecule, and an associated pro-protein region, called the latency associated peptide
(LAP) TGF-ß 2,3 promotors have little sequence homology to the TGF-ß 1 promotor [45] The
promotor for TGF-ß 1 is distinguished from those of TGF-ß 2 and 3 by its lack of a classic TATAA
box and by the presence of multiple regulatory sites [46] These differences in the respective
promotor regions help to explain the differential patterns of TGF-ß gene expression and regulation
observed in vivo and in vitro [39]
Vc.

Activation of TGF-ß

The LAP, which differs in composition between isoforms [47, 48], has three side chains, two of
these are asparagme linked mannose-6-phosphatase (M-6-P) oligosachandes [44] In TGF-ß 1,
following removal of the signal, the gene product undergoes proteolytic cleavage between two
arginine residues, to produce mature TGF-ß 1 and the LAP Prior to secretion, disulfide-lmked
homodimers of TGF-ß 1 noncovalently associates with homodimers of LAP to produce the small
latent TGF-ß 1 complex, which is inactive The LAP is apparently necessary for correct folding of
TGF-ß 1 during synthesis Purified LAP is capable of associating with and inactivating mature TGFß 1, presumably by rendering the resulting complex incapable of binding the TGF-ß 1 receptor [45]
The fate of the LAP once cleaved from mature TGF-ß 1 has not yet been determined, although it
may be degraded by enzymes such as plasmm [44] The TGF-ß 1 latent complex isolated from
platelet α granules or from several cultured cell lines consists of a large latent TGF-ß 1 complex,
which contains the small latent complex and a 125-to 160- k Da protein, the latent TGF-ß-bindmg
protein (LTBP) The LTBP binds the small latent complex by disulfide bonds Although LTBP is not
required for latency, this additional protein may facilitate secretion of the large latent complex Both
the LTBP and LAP must be removed before the mature protein can function [45]
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Activation of TGF-ß 1 has been reported in vitro and somewhat sparser in vivo. In vitro methods
include extremes of pH, heat, plasmin, and the transglutaminase/Factor XIII of the coagulation
system [44]. In vivo the process of activation has not yet been fully established but evidence
suggests that plasmin may also activate TGF-ß 1, under the control of tissue plasminogen activator
(tPA), urokinase plasminogen activator (uPA) and the plasminogen activator inhibitors (PAI).
Activation in vivo may be due in part to binding of the M-6-P residues on the LAP to the M-6-P/IGFII receptor, which invokes a conformational change of the molecule thus allowing proteolytic
cleavage of the active TGF-ß 1 out of the latent complex [44].
Vd.

TGF-ß binding

TGF-ß can bind to a variety of matrix proteins including biglycan [49], decorin [50-52], fibronectin
[44, 53, 54], collagen IV and α-2-macroglobulin [55]. Much of the serum TGF-ß 1 and 2 is
covalently or non-covalently bound to α-2-macroglobulin. This could therefore be a potential
clearance mechanism for excess TGF-ß [44], since a-2 macroglobulin differentially inhibits TGF-ß
1 and 2 receptor binding [55]. Although TGF-ß 2 biological activity is inhibited by a-2
macroglobulin, the biological activity of TGF-ß 1 is not [55].
νε.

TGF-ß receptors and signal transduction

The TGF-ßs have three mam cellular (glycoprotein) receptors. The Type I Receptor (RI, 65-70
kDa), and the Type II Receptor (Rll. 85-110 kDa) are transmembrane serine/threonine kinases,
which both have to be present for signaling. Unlike most other growth factors, TGF- signaling
occurs via serine /threonine kinase as opposed to tyrosine kinases [44] (Fig 5).
TGF-ß 1 initially binds to the Type II receptor, which has a constitutively active kinase. RI then
binds to the TGF-ß molecule and becomes phosphorylated by Rll RI and Rll form a heteromeric
complex and a signal is generated. So both R I and R II are required for TGF-ß signaling [56, 57].
The Type III Receptor (Rill, betaglycan) which is non-signaling, functions mainly to present TGF-ß
to Rll [44]. Although several different Type I or Type II TGF-ß receptors have been described [57],
receptor specificity for the TGF-ß isoforms 1, 2 and 3 remains largely uninvestigated [44]. This is
mainly due to the absence of adequate data concerning the TGF-ß signaling pathways.
Nevertheless, the identification of the intracellular MADR (mothers against decapentaplegicrelated) proteins [36], which are presumed to function downstream in the TGF-ß receptor signaling
pathway, may help to clear the mechanism by which the different isoforms are activated by
seemingly the same receptor. Finally, a few other receptors have been described, but, as yet, little
remains known of their precise function and localisation [45, 58].
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Figure 5: Transforming Growth Factor ßs and Wound Healing. "Reprinted from the International
Journal of Biochemistry and Cell Biology 1997; 29 (1); 63-78 O'Kane 8. Ferguson MWJ Transforming
Growth Factor betas and Wound Healing [44]. Copyright (1997), with permission from Elsevier Science".
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Function of TGF-ß

TGF-ßs regulate cell proliferation and differentiation, including the expression of extracellular
matrix proteins and integrins, via interactions with distinct receptor types [59-61]. TGF-ß also
induces Chemotaxis of fibroblasts [62], and monocytes [63]. All are believed to play major roles in
differentiation and tissue morphogenesis [49]. TGF-ß's are powerful growth inhibitors for cell types
of epithelial, endothelial and hemopoietic lineage [39, 46], but generally are stimulatory for cells of
mesenchymal origin [64]
Various in vitro and in vivo studies have shown that there are no major differences in function
among the TGF-ß subtypes [65, 66]. However, in wound healing TGF-ß 3 appears to have another
function than TGF-ß 1 and 2. This will be elucidated in the following paragraphs
Vg.

Localisation and release of TGF-ß in vivo

TGF-ß 1, like platelet derived growth factor (PDGF), is found in high concentrations in the alpha
granules of platelets and is released during degranulation at the site of injury [40]. TGF-ß 1 is
released in two forms. 1) The "large" latent complex, consisting of TGF-ß with the LAP and LTBP
proteins, which is released into the serum. 2) The "small" latent complex, that contains only TGF-ß
and the LAP. This latter form is retained in the clot and becomes available only after dissolution,
thus serving as a slow-release form of TGF-ß at sites of injury [67]. The large TGF-ß complex
regulates its own production by macrophages in an autocrine way [8], although TGF-ß production
may also be stimulated in both paracrine- and even endocrine ways [46].
TGF-ß 1 is abundantly present in nearly all tissues and cells, whereas TGF-ß 2 is mostly restricted
to body fluids such as saliva, amniotic fluid, breast milk and the aqueous and vitreous body of the
eye [67]. TGF-ß 3 is not present in large amounts in either fluids or tissues, but has been detected
in adult heart, lung, testis, uterus, brain, as well as in a variety of embryonic tissues. In the
embryonic palate, it regulates the fusion of the palatal shelves [68, 69]. Finally, TGF-ß 3 is the only
isoform which is constitutively expressed in the intact human epidermis [70].
Vh.

TGF-ß 1

TGF-ß 1 has a profound regulatory influence on diverse cellular processes including
embryogenesis, inflammation and tissue repair, and the immunologic response [64, 71] TGF-ß 1 is
a bifunctional molecule, as it may be either stimulatory or inhibitory, depending on its cellular
environment [72]
Though generally associated with inflammation, TGF-ß 1 has the ability to down regulate
inflammatory activity through its influence on macrophage function Essentially all cells have
receptors for TGF-ß (with the exception of erythrocytes) and thus can at least theoretically respond
to it. TGF-ß 1 is generally stimulatory for cells of mesenchymal origin and inhibitory for cells of
epithelial or endothelial origin. It stimulates Chemotaxis of fibroblasts, as well as their production of
extracellular matrix components. In addition to stimulating matrix synthesis, TGF-ß 1 inhibits matrix
degradation by inhibition of (wound) proteases (serine, thiol-, and metalloproteinases), and
stimulates the synthesis of protease inhibitors (plasminogen-activator inhibitor, tissue inhibitor of
metalloproteinases) [64].
Vi.

TGF-ß 1 in wound healing

A bulk of evidence has emerged concerning the role of TGF-ß in wound healing. This
encompasses mainly TGF-ß 1, though the most interesting action on wound healing is the
presumed anti-scarring effect of TGF-ß 3. TGF-ß 3 will be discussed in a later paragraph. In some
of the following studies which illustrate the wound healing potential of TGF-ß, it is not clear which
TGF-isotype is responsible for the identified effects, because at the time of these experiments,
researchers did not yet discriminate between the particular TGF-ß isotypes. The three isotypes
differ in their expression in the early phases of wound healing; TGF-ß 1 and 2 are expressed
immediately after wounding, while TGF-ß 3 is expressed much later. At later times, the levels of
21
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expression of TGF-ß 1 and 2 are significantly lower, suggesting an inverse relationship between
the TGF isoforms during wound healing [44].
Shortly after the discovery of TGF-ß, several studies reported an acceleration in wound healing
after TGF-ß administration. Sporn et al. [73] injected purified bovine TGF-ß into wire mesh
chambers in the backs of rats and observed an accumulation of total protein, collagen and DNA.
Roberts et al. [72] demonstrated that subcutaneous injection of TGF-ß 1 resulted in a rapid
reversible increase in granulation tissue formation at the site of administration in newborn mice. In
a subsequent paper [74], Roberts showed that exogenous TGF-ß induces fibrosis and
angiogenesis when injected subcutaneously into newborne mice. Lawrence et al. [8] demonstrated
increased collagen synthesis in wire-mesh wound healing chambers in rats, when injected with
TGF-ß 1. Both incisional [75] and excisional [76, 77] dermal wounds treated with a single
application of TGF-ß 1 showed increased ECM formation Mustoe et al. [75] investigated the effect
of exogenous TGF-ß, purified from platelets, on the healing of incisional wounds in the backs of
rats and reported an increase in breaking strength of 220 % after only 5 days, and acceleration of
healing by approximately 3 days. McGee et al. [78] also reported that a single application of
recombinant TGF-ß 1 accelerated wound healing and increased tensile strength in incisional rat
wounds. Quaglino et al. [79, 80] described the effects of TGF-ß 1 on healing in excisional and also
incisional wounds in a porcine model. Granulation tissue formation was increased at 6 days postwounding in the incisional wounds and in situ hybridisation studies revealed an upregulation of
expression of ECM proteins.
Vj.

Potential role of TGF ß-1 in impaired wound healing

Impairment of the healing process can occur for instance as a consequence of chemotherapy,
metabolic disorders, aging, vascular disease, pressure or radiation therapy [44]. Supplementation
with TGF-ß 1 appears to accelerate healing in impaired wounds. Beck et al. [81-83] gave a single
systemic dose of recombinant human TGF-ß to rats with impaired healing. This study contained
two groups; aged rats and gluco-corticoid treated rats The single dose increased the breaking
strength of incisional wounds to levels similar to normal young rats. Steroids reduce the numbers
of inflammatory cells and macrophages in a wound, so the addition of TGF-ß 1 probably acted on
the fibroblasts to increase collagen deposition and therefore tensile strength. It was noted that,
although the circulatory half life of TGF-ß1 was less than 5 min, the same effect could be achieved
whether TGF-ß 1 was given 24 hours before wounding, at the time of wounding or 4 hours after
wounding. This group also demonstrated that repeated injection of TGF-ß 1 reversed steroid
impaired healing, but observed that at a distant injection site (technically another wound), there
was a fibrotic response.
Vk.

Involvement of TGF-ß 1 in fibrotic conditions

Increased synthesis or dysregulation of TGF- β 1, leading to overproduction of TGF- β 1, may
result in excessive matrix generation seen in fibrotic disease states such as hepatis cirrhosis,
pulmonary fibrosis, scleroderma and keloid formation, or in (other) connective tissue disorders like
rheumatoid arthritis [84, 85]. This fibrotic response to TGF-ß 1 up-regulation, appears a frequent
finding in conditions such as pulmonary fibrosis [86, 87], liver- and kidney disease, reviewed by
Border et al [88] Additional proof that TGF-ß 1 is implicated in fibrotic disease is given by Border
[89] in an experimental model of induced acute mesangial proliferative glomerulonefntis in rats,
where administration of anti-TGF-ß 1 supressed the increased production of extracellular matrix
and dramatically attenuates histological manifestations of the disease. These findings are
supported by Denis et al. [90], who, in a mouse model of immune-induced lung fibrosis, showed
that treatment with anti-TGF-ß 1 antiserum leads to a substantial decrease in lung fibrosis and
granulomatous response.
Non-healing human chronic wounds, whether diabetic, decubitus or venous are a significant
clinical problem. Higley et al. [91] described the localisation of TGF-ß 1 and TGF-ß 2 in biopsies
from patients with venous ulcers. There was less reactive TGF-ß 2 in both the control wounds and
ulcers Venous ulcers have characteristic extra-cellular matrix 'cuffs' around blood vessels [92].
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There are high levels of TGF-ß 1 bound to these blood vessel cuffs in venous ulcers, but very little
in the wound bed. In contrast, in normal wounds, TGF-ß 1 is localised in the granulation tissue but
absent in blood vessel cuffs. Distributions of TGF-ß s in chronic wounds may be more important
than total amount [44]. Studies of exogenous addition of growth factors to chronic human wounds
have been disappointing. There are many reasons for this. The receptor status of chronic wounds
is often unknown and variable. The mode of delivery is very important, chronic wounds have high
levels of proteases, so topical application in the absence of a protease inhibitor is unlikely to yield
pharmacological doses to the target cells deep in the wound [44]. In order to circumvent this, a
growth factor may be applied to the wound on a delivery vehicle.
Vi.

TGF-ß 2

TGF-ß 2 is produced in a precursor form of 414 amino acid residue. A homodimer of the C-termmal
112 amino acid represents the biologically active form of this protein. It has been localised to
chromosome 1q14, and in contrast to TGF-ß1 and 3 does not contain the fibronectin-bmding
sequence, which could play a role in cellular adhesion [43]. TGF-ß 2 is predominantly present in
fluids such as saliva, amniotic fluid, breast milk and the eye [67] TGF-ß 2, like TGF-ß 1,
accelerates both normal -and impaired wound healing. This can be concluded from a study by
Cox, in an in vivo model of natural impaired full- thickness wounds in the dermis and partial
thickness wounds to the epidermis in aged mice [93]. In addition, Ksander [94] demonstrated that a
single treatment with exogenous TGF-ß 2 can accelerate repair in guinea pig dermal wounds
allowed to heal by secondary intent
ν,η.

TGF-ß 3

The TGF-ß 3 gene is located on a different chromosome than the other two isoforms, namely on
chromosome 14q23-q24 [43]. In TGF-ß 3, activation starts when the amino-terminal pro-domain
consisting of a signal sequence and LAP (together 412 ammo acids), is proteolytically cleaved to
produce a mature carboxy-terminal subunit of 112 ammo acids. Mature TGF-ß 3 exhibits 80% and
83% similarity with TGF-ß 1 and TGF-ß 2, respectively [43] TGF-ß 3 mRNA expression is found in
the developing embryonic palate and increases in intensity prior to fusion. Mice lacking a functional
TGF-ß 3 gene die shortly after birth and show a cleft palate phenotype which is related to
disruption of fusion of the palatal shelves In addition, distinct spatial and temporal patterns of TGFß 3 expression are found in the heart, lungs and mammary glands during the various stages
ofdevelopment and lactation. Expression of TGF-ß 3 is also found in various cell lines, mainly of
mesenchymal origin [39]. It is not yet known whether TGF-ß 3 has different receptors than the
other isoforms, or binds to specific ECM proteins.
TGF-ß 3 has specifically been implicated in wound healing. Exogenous injection of TGF-ß 3 into
cutaneous, incisional wounds resulted in a marked improvement in the architecture of the
neodermis and a reduction in scarring [95]. The treatment of wounds with TGF-ß 3 also induced a
lower monocyte and macrophage content, increased vasculansation and a lower fibronectm,
collagen III and collagen I deposition in the earlier stages of healing. In marked contrast, other
reports found that TGF-ß 3 induces Chemotaxis of polymorphonuclear cells and that collagen and
ECM deposition where, in fact, increased by TGF-ß 3 supplementation to various wounds
Cox et al. [39, 93] tested the effects of locally applied TGF-ß 3 in three different age- impaired
wound healing models, at doses ranging from 0.01-10 μg /cm2 per application The results show
that in a partial thickness thermal wound model in aged mice, daily topical application of the growth
factor accelerated re-epitheliahsation over a 7-day period (up to 4 -fold when compared against
placebo treatment) to a rate associated with young, non-compromised animals In full-thickness
incisional wounds in aged rats, a single application of TGF-ß 3 enhanced primary intent healing
processes, resulting in an increase in wound strength (up to 3-fold over placebo treated wounds) at
day 7 following injury.
In subcutaneous porous chamber implants (a model for secondary intent healing), daily injection of
the growth factor into the chamber over a 7-day period enhanced (up to 3-fold) the levels of
granulation tissue, total protein, deoxynbo-nucleic acid (DNA) and collagen when compared
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against placebo treatment. TGF-ß 3 is significantly more potent than TGF-ß 1 and TGF-ß 2 in
stimulating neovascularisation and vascular rearrangements in vivo [39]. In dermal ulcers on rabbit
ears, Wu [96] applied TGF-ß 3 topically on day 7 post-wounding, and found an increase of
granulation tissue formation by 100 %, but no reduction in scarring. Murata [97] determined the
direct effects of TGF-ß 3 on cultures of human dermal fibroblasts, and showed that TGF-ß 3
enhances collagen synthesis through TGF-ß 1-dependent and -independent mechanisms of action
and that it can downregulate and limit the action of TGF-ß 1
Summarizing, it appears that addition of TGF-ß to a wound may lead to reduced scarring. Further,
TGF-ß 3 could promote wound healing by a) recruiting macrophages and fibroblasts, b) stimulating
fibroblast proliferation and ECM synthesis and, as an indirect consequence, c) keratinocyte
migration, resulting in a reduction of wound volume and a faster closure rate. Depending on tissue
concentration of TGF-ß 3, it may either enhance or suppress the inflammatory reaction. TGF-ß 3
may also stimulate wound angiogenesis and normalize the phenotype appearance of the epidermis
to a terminally- differentiated state [39].
Vn.

Neutralising antibodies to TGF-ß 1 and 2

Modulation of the growth factor profile of the early wound site seems to be a critical therapeutic
point for controlling scarring. In a study by M. Shah et al. [95] exogenous addition (multiple
injections) of neutralising antibody to TGF-ß 1, and TGF-ß 2 to cutaneous wounds in adult rodents
reduced scarring, the number of inflammatory cells, collagen deposition, and neovascularisation in
the early stages of wound healing. Treatment did not alter the tensile strength of the wound.
Treatment with neutralising antibody to TGF-ß 1 alone also reduced number of inflammatory cells
and collagen deposition, though only marginally reduced scarring. Reduction of TGF-ß 2 alone or
reduction of (ß1 +ß 2 + β 3) had no effect on scarring, but the combination of anti-ß 1 and anti-ß 2
was synergistic in preventing scarring [95] It therefore appears, that the effect of scarring depends
on the ratio of TGF-ß 3 relative to TGF-ß 1/ 2 early in the wound healing cascade [97].
V0.

Delivery vehicles of TGF-ß and release kinetics

Several vehicles have been used to deliver growth factors to the wound in the early phases of
wound healing. A suspension of a growth factor may be applied topically onto the wound,
containing saline solution [76, 77], or a 3 % methycellulose suspension [81]. Alternatively, a growth
factor like TGF-ß can be applied to a wound on a carrier, of which it is subsequently released.
Several carrier-concepts have been described. This carrier can be a sponge made of bovine
collagen either with or without heparin [94], or a (micro-grooved) polymer membrane, on which the
solution is loaded through a 'wetting' technique [98], and is consecutively released into the tissue.
In a study by Mustoe et al. [75] the effectiveness of a single application of TGF-ß was greatly
improved by the use of a collagen suspension (which shows a lag-fase before TGF-ß 3 is
released), instead of a saline solution. This suggested that a prolonged local exposure of the
wound to TGF-ß was beneficial. Pandit [99] delivered (bovine bone) TGF-ß through a collagen
scaffold onto full-thickness skin defects in rabbits and found that this combination enhanced the
healing process.
Midy [100] measured the controlled release of adsorbed basic fibroblast growth factor (bFGF) from
a carbonated apatite carrier in vitro, and found a maximum release of bFGF of 27% of the
adsorbed amount. Gombotz [101] evaluated the release kinetics and bone inducing capability of
TGF- β 1 when loaded onto a porous calciumsulfate implant or a porous implant made from a
composite of poly-lactic-co-glycolic acid and demineralized bone matrix, in vivo, and found a
release of biologically active TGF-ß 1 for over 300 h.
The carrier can be made of a biodegradable material. For instance, both bovine collagen and polyl-lactic acid are biodegradable, which obviates the need for an explantation operation, where
carriers made from silicone remain unaltered.
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Time and number of application(s) of TGF-ß in wounds

Conflicting results though have been found to the effect on wound healing using multiple
applications of TGF-ß at the time of wounding [81] or repeated applications of TGF-ß in time [82].
In addition, it has been found that systemic administration of TGF-ß up to 24 hours in advance of
wounding is effective in enhancing repair [83, 102]. The latter finding could be partly explained by
the ability of TGF-ß to autoregulate its own production by amplifying the initial "endocrine like"
action of the systemic TGF-ß with subsequent paracrine and autocrine mechanisms [67] The
design of most wound healing studies though, has consisted of a single application of TGF-ß
applied topically at the time of wounding, because this has generated sufficient impact on wound
healing [75, 81,94].
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VI.

Microtextured Polymer Surfaces and Contact Guidance

VU

The poly-l-lactic acid polymer

Poly-L-lactic acid (PLA) is an aliphatic polyester and belongs to the α-hydroxy group. PLA can
exist in two stereoisomeric forms D and L. PLA has a crystallinity of about 37% (as a general rule:
the greater the crystallinity of a polymer, the greater are its stiffness and density). Average
molecular weight for L- PLA has been reported to range from 50 to 756 k Da [103]
PLA is a biodegradable material that is mainly degraded by hydrolytic scission of the ester
linkages, resulting in the formation of lactic acid [104]. Lactic acid is eliminated from the body by
incorporation into the tricarboxylic acid cycle. The lactic acid is finally predominantly excreted by
the lungs as CO2 and to a lesser extent in urine [103] PLA implants labeled with radioactive
carbon (14C) and placed subcutaneously in rats for 3 months resulted in no significant radioactivity
in feces or urine, confirming that the polymer is degraded and probably eliminated through CO2
during respiration [105].
The degradation rate of PLA depends on numerous factors such as molecular weight, thermal
history, geometry, blood supply at implant site, crystallinity of the polymers and wettability of the
polymer [103]. Crystallinity appears to increase during degradation, because polymer hydrolysis
usually starts in the amorphous portion of the specimen as water can intrude easily into these
regions. Therefore, a partly crystalline polymer will be preferentially degraded in the amorphous
portion, leaving the crystalline regions temporarily intact [103]. At high concentrations, the
degradation products can cause a decrease in localised pH, resulting in tissue damage. These
polymers undergo bulk degradation leading to a sudden decrease of mechanical properties without
a change in the overall dimensions of the polymer [104].
Vlb

Microtextured Polymer Surfaces

Microtextured polymer surfaces are designed surfaces made from polymers with configurations of
regular size and density including grooves, wells, ridges and hills, the dimensions of which are
smaller than 20 μΐη [106]. Photo-lithographic techniques are commonly used in microelectronics
processing, to prepare surfaces with well defined morphologies. Using this technique, features in
the range of micrometer can be etched precisely and uniformly on a variety of substrata, like
silicon. Because a typical animal cell is a few micrometers in diameter (10 to 20 μπι), surface
textures generated using photolithography are ideal for studying cell and tissue responses to
different surface morphologies [107]. Further, the microtextured polymer surfaces can be
transferred into tissue and act as a three-dimensional scaffold to support and form an adhesive
substrate for the cells, which are employed in wound reorganisation Thereby it mimicks the natural
counterpart, the extracellular matrix (ECM), of the body. Finally, they can function as a carrier for
growth factors [98].
Vl c

Cellular adhesion to substratum surfaces

When surgical implants are placed in the human body, they elicit a chronic tissue response
characterized by an ever-increasing capsule of granulation tissue, which becomes fibrotic and
eventually contracts This tissue capsule does not adhere to the implant surface itself and so
allows relative sliding and friction between tissue and implant The friction promotes the
unhindered accumulation of serous fluid and inflammatory cells at this interface, often resulting in
significant problems. In theory, connective tissue adhesion, if it could be achieved, would anchor
the implant in its designated tissue bed, would eliminate the potential dead space next to the
implant, would reduce or even prevent the formation of a chronic inflammatory tissue capsule, and
would preclude or greatly dimmish the late onset of implant infection [108]. Cell attachment to a
substratum can be accomplished in two ways
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A)

By manipulation of the physico-chemical properties of the surface.

When cell attachment is not mediated by ECM proteins, surface properties like surface chemistry,
charge, or free energy, can direct cell attachment [107] One way to influence these properties, is
by a radiofrequent glow-discharge (RFGD) treatment. This treatment increases the surface-energy
or -wettability of materials and encourages connective-tissue/implant attachment [109].
Another way to influence surface properties, is by protein preadsorption. Cell attachment to the
substratum is always mediated by extracellular matrix (ECM) proteins adsorbed on the surface
Surface properties can affect cell attachment by influencing the ability of the substratum to adsorb
protein and/or by altering the conformation of the adsorbed protein. Preadsorption of the
biomatenal surface with proteins like fibronectin can enhance cell attachment and spreading of a
cell on a substratum, thereby increasing cell adhesion and biocompatibility of an implant material
[106].
B)
By optimizing surface topography
Surface topography means the configuration of a surface including its relief and the position of its
natural and man-made features [106]. The topographical pattern on a surface can be made to be
random or specific. A random topographical pattern can be created by increasing surface
roughness, for instance by grit-blasting. A specific topographical pattern can be manipulated in a
specific way by texturing of surfaces.
The effect of surface morphology on cell adhesion was illustrated in experiments by Rich and
Harris [110], in which they showed that normal and transformed fibroblast cells prefer smooth
surfaces and shun away from roughened areas on polystyrene surfaces. In contrast, macrophages
preferred rough surfaces It has to be said however, that surface chemistry could also be the cause
of these results. Nevertheless, the finding that different cell types react differently to surface
roughness is called rugophilia/ rugophobia, and this reaction mechanism is important in implant
design because more than one cell type is expected to interact with the surface [107]
An example of specific manipulation of topography is shown in studies by Brunette [111] who
studied cell attachment on titanium grooved substrata (groove width 4 μπι, depth 3 μηπ) and
showed that epithelial cells attached with greater efficiency on grooved substrata than on smooth
surface The increase in the number of attached cells was not found to be due to the increased
surface area of the grooved substrata Von Recum, Wu and co-workers [106] implanted silicone
surfaces that had been cast from metal surfaces with grooves created by grinding, which produces
a wavy texture without acute surface discontinuities including sharp corners, they could not
measure any texture related effects in the tissue response. They therefore concluded that the
texture related cues might rest in the sharp corners or acute discontinuities.
Vld.

Contact Guidance

The phenomenon, that cells orient themselves in response to the underlying surface morphology,
is called contact guidance [112]. The most profound responses are elongation, alignment, and
migration along grooves, whereby an increasing packing density of cues increases the
responsiveness of cells to topographic cues (and decreases their response to adhesive cues)
[113].
In vitro studies:
Brunette et al. [114] showed that cell orientation was dependent on groove depth and that cells
were able to change shape by conforming to the underlying surface morphology. Dunn and Brown
[115] used grooved substrata with varying groove width, ridge width (space between grooves), and
groove depth and showed that cell alignment was inversely proportional to ridge width in chick
heart fibroblasts. Clark et al. [113] used parallel grooved substrata with varying dimensions (4-24
μπι repeat spacings and 0.2 to 1.9 μη grooved depth) and three cell types, to study contact
guidance of cells. They found that repeat spacing between grooves had a small effect on cell
alignment, whereas groove depth had a more significant effect. They also showed that the
susceptibility to topography was cell type dependent and that it depended on whether or not cellcell interactions were allowed. Green et al. [116] demonstrated that the fibroblast growth rate
responded best to pillars and least to wells, indicating that raised morphological aspects of ridges
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or pillars may contain the signals rather than those of depressed grooves and wells In our
research group, Den Braber [117] found that for all surface textures more than 70% of the focal
adhesions were found on the ridges Further, van Kooten [53] also studied the focal contacts of
fibroblasts, adhered to fibronectm-precoated textured silicone surfaces with 2, 5 and 10 μιη groove
width and 0 5 μιη groove depth They found that on the 2 μιη grooved surfaces, the vast majority of
focal contacts were deposited on the ridges However, on the 5-and 10 μη silicone surfaces, cells
were increasingly able to form these contacts also in the grooves
Den Braber [118] used micro-textured silicone substrata with a groove and ridge width of 2 0, 5 0
or 10 μπι, and a groove depth of 0 5 μηι Dermal fibroblasts were cultured on these substrata, and
it appeared that neither the presence of the surface grooves, nor the dimensions of these grooves
had an effect on cell proliferation The fibroblasts on the 2 μ η implants and to a lesser extent on
the 5 μιη implants showed contact guidance In addition, it was observed that the cells on the
microtextured substrata were capable of spanning the grooves In a separate study, Den Braber et
al [119] evaluated the effect of surface treatment and surface microtexture on cellular behaviour
and concluded that physico-chemical parameters such as wettability and surface free energy
influence cell growth, but play no measurable role in the shape and orientation of cells on
microtextured surfaces
Walboomers et al [120] compared the differences in contact guidance of fibroblasts in relation to
differences in surface material composition Using four different substrates, they found that even if
no sharp discontinuities are present, microtextures are still potent of inducing contact guidance
Besides surface texture, also surface chemistry was found to have an influence on cell
morphology In additional studies on the influence of groove width and depth, they found that
fibroblasts cultured on 1 or 2 μιη wide (and 1 μπι depth) grooves on microtextured polystyrene
surfaces seemed to lie on top of the ridges, whereas they appeared to be able to descend into the
grooves on wider 5 and 10 μπι grooves [121] When groove depth was also varied, it appeared that
cells followed the contours of shallow and wide microgrooves, but bridged the grooves on deeper
and narrower ones [122] Subsequently, they investigated the role of the cellular actm cytoskeleton
in contact guidance When actm polymerization was inhibited, cell attachment on grooved
substrates was impaired, but cells independently oriented to the direction of the microgrooves This
orientation was established fastest on the narrow grooves They concluded that an intact actm
cytoskeleton is no prerequisite for the occurrence of contact guidance and the interplay between
the filopodium and ECM molecules seems to be the determining factor in the establishment of
contact guidance [123]
In vivo studies
Chehroudn [109] sought to determine the ability of surface topography to orient and direct cell
locomotion He therefore compared tissue reaction of percutaneous titanium-coated implants with
V-shaped grooves, which were either vertical or horizontal oriented to the long axis of the implant,
with smooth control surfaces, when implanted in the skull of rats The titanium-coated implants had
pitches of 7, 30 and 39 μπι, and a groove depth of 3 10 and 22 μιη The reactions of fibroblasts to
microtexture differed greatly with the size of the applied texture In addition, it appeared that
epithelial downgrowth was accelerated on the vertically oriented grooved surfaces and inhibited on
the horizontally oriented grooved surfaces Hence, epithelial tissue demonstrated contact guidance
on implants in vivo [109]
Picha et al [124] used one-sided pillared textured silicone implants (with pillars of 100 μπι in
diameter and 500 μπι in height), and placed them subcutaneously in the dorsum of rat with the
pillared side facing towards the fascia They evaluated the impact of implant site and fixation on
tissue reaction It appeared that fibrosis was reduced in most implant sites and blood-vessel
proximity was improved, compared with smooth controls Further, they observed that fibrouscapsule formation and inflammatory reaction were dramatically reduced compared with smooth
controls, when the implant was placed in fatty tissue bed It was thought that the fatty tissue acted
as a stress-absorbing layer, and that fat tissue does not elicit a cellular response to the micropillars
as does fascial or muscle tissue In this way, a less severe initial inflammatory reaction occurred
Suture fixation of the implants did not produce a significantly different response in these tests
[124] Von Recum and co-workers studied the implantation of porous implant surfaces in dogs
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They found that a topography of 1 to 2 μπι allowed direct fibroblast attachment, which diminished
the presence of inflammatory cells [125].
These findings confirm that surface texturing can affect capsule formation, inflammatory reaction
and neovascularization after implantation in soft tissue, thereby improving implant performance
significantly. On the other hand, in a study by Den Braber [126] with silicone micro-grooved
implants in rabbits, the thickness of the fibrous capsule around the implant was not affected by a
microtexture. Only the presence of immunological cells as well as the number of blood vessels
around the implants were markedly influenced. Also, Walboomers et al. could not find an effect of
microtextunng of either silicone-or polystyrene implants on morphological characteristics of capsule
formation in soft tissue [127, 128].

Chapter 1
VII.

Rationale and hypothesis

The following studies will elucidate whether or not a microtextured poly-l-lactic acid implant loaded
with a growth factor can, when inserted in a surgical wound, improve soft tissue regeneration and
limit scar tissue formation and wound contraction. This technique, if proven to generate effect, can
therefore create a novel approach to wound healing.
We therefore hypothesize that scar tissue following surgery can be prevented, when a surface can
be developed, which consists of a biocompatible, biodegradable and microtextured material, which
promotes tissue geometry and tissue repair while limiting the inflammatory reaction.
To test this hypothesis, the following questions need to be answered:
1.

Does microtexturing of subcutaneous (biodegradable) membranes lead to

A)
B)
C)
D)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction
Superior tissue attachment?

2

Does enhanced tissue adhesion of subcutaneous microtextured (biodegradable) polymer
implants lead to.

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?

3.

Does immobilization of microtextured (biodegradable) polymer implants lead to.

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?

4.

Can microtextured (biodegradable) membranes be used for controlled release of TGF-ß 3:

A)
B)

In vitro
In vivo (subcutaneous)9

5.

Does loading with TGF-ß 3 of subcutaneous microtextured (biodegradable) membranes
lead to.

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?
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Soft tissue response to silicone and poly-l-lactic acid implants with a periodic or random surface micropattern
INTRODUCTION
In current clinical practice, the implantation of biomaterials into the human body is an
everyday event. However, the integration of such foreign materials into tissue can be
associated with some problems. When a foreign material is implanted into soft tissue,
initially an acute inflammatory reaction ensues. Since most implant materials are designed
to be inert, they do not dissolve readily and thus may give rise to chronic inflammation, with
the formation of a capsule of fibrous tissue around the implant This situation is described
as a foreign body reaction [1]. When the biocompatibihty of an implant material is poor,
chronic inflammation can result in the development of a thick, fibrous capsule and capsule
contraction. Further, a lack of tissue attachment allows a widening of the tissue-implant
interface and migration of the implant [2]. Ultimately these events can result in functional
distortions, infections, and implant failure [2].
Earlier studies [1, 3-8] have shown that tissue reaction to artificial materials is dependent on
surface properties such as surface topography. Surface topography is defined by two
different characteristics: texture and roughness [6]. Texture is characterized by
micromachmed surface configurations with precisely controlled dimensions and distribution
Surface roughness is characterized by surface configurations of random size and
distribution. Roughened surfaces currently are used in silicone breast implants [9-11]
According to some authors [10, 12], surface roughness can lead to a random orientation of
the capsule fibers (instead of a circumferential orientation). If so, this would prevent the
organisation of contractile tissue and thus prevent contractures from evolving.
In a reverse approach to the problem of capsule contraction, some researchers do try to
attain organisation of the capsule fibers. In several reports [2, 3, 13-17] it has been shown
that microtextured substrates can direct orientation, spreading and locomotion of cells in
vitro ('contact guidance'). In addition, in vivo studies [1-4, 7, 8, 18, 19] have shown that
tissue attachment can be enhanced and connective tissue elements around an implant can
be oriented by surface microtextunng. In a study by Campbell [1], it appeared that a porous
topography of 1 to 2 μίτι in pore size allowed direct fibroblast attachment, which reduced the
presence of inflammatory cells Using similarly sized micro-grooved surfaces, this was
confirmed by others [4].
Because the results of previous studies remain inconclusive, and sometimes even
contradictory, we undertook the current in vivo study. Here, we evaluate the effects of
surface topography on tissue attachment, capsule quality, capsule quantity and
inflammatory cells around an implant. We hypothesized that optimal soft tissue regeneration
and wound healing following surgery would be attained if a substrate could be used that
promote connective tissue organisation, tissue attachment, and tissue repair while limiting
the inflammatory reaction.
To test this hypothesis, we compared tissue reaction to one specific micro-grooved surface
with one specific roughened surface and with a smooth surface. We used a double-sided
micropatterning to limit differences in mobility between both sides of the implant and the
surrounding tissue. The substrates were made from two polymers: silicone, which is non
biodegradable, and poly-l-lactic acid (PLA), a biodegradable polymer. In its biodegradability,
PLA offers major potential as a scaffold in wound-healing applications, and it also would
circumvent the need for an explantation operation. We chose a goat model because in
large animals, tissue reaction to implants is known to be more comparable (than, for
instance, in rodents) to that in human wound healing.
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MATERIALS AND METHODS
Implant production
First, we prepared molds with three surface modifications.
1) Micromachmed texture: using photo-lithographic techniques, micro-grooved patterns
with a groove depth of 1.0 μηι and a ridge and groove width of 10.0 μιη were made in
silicon (Twente Microproducts, Enschede, The Netherlands).
2) Random roughening: a roughened surface was produced in steel, prepared by grit
blasting with AIO2 particles.
3) Smooth glass surfaces were used to serve as molds for the controls
The molds were used for the production of implants of two polymers (silicone and poly-llactic acid). In total, 108 implants were made, 54 of silicone and 54 of PLA. For each
polymer, 18 implants had a micro-grooved surface, 18 had a randomly roughened surface,
and 18 had a smooth surface.
Poly-l-lactic acid implants
Poly-l-lactic acid (Mv = 3· 105, Purac Biochem, Gonnchem, The Netherlands) was dissolved
in chloroform (10 g / 300 ml). This polymer has a high-molecular-weight and crystallinity [20]
and a high elastic modulus compared to silicone [17]. No data are available regarding the
degradation characteristics of the specific PLA used, but the high molecular weight would
indicate a long degradation time [21]. Solvent casting was performed by putting 12 ml of the
PLA solution on the molds. In order to make the PLA visible during recovery in the implant
study, a small amount of black Cosmesil ® (FeaO^ ; Principality Medical Ltd., Newport,
South Wales, UK), was added. Such substances frequently are used in maxillo-facial
prosthetic devices. These colorants are nontoxic and have proven biocompatibility [22] A
pilot experiment showed that the proliferation of dermal fibroblasts remained unaltered when
Cosmesil® was added to silicone cultunng substrates (data not shown).
After evaporation of the chloroform, the replicas were removed from the molds. From these
sheets, coin-shaped implants were cut (1 mm thick and 8 mm in diameter). Then two
replicas were joined together- with the surface pattern facing outwards- by sealing the outer
perimeter with a heated iron punch.
Silicone implants
In order to obtain a double-sided microtexture, a medical-grade silicone rubber
(polydimethylsiloxane, NuSil MED-4211, NuSil Technology, Carpmteria, Ca., USA) was cast
in between two molds. To render the silicone visible during retrieval in the animal study, a
small amount of yellow Cosmesil ® (FeO; Principality Medical Ltd., Newport, South Wales,
UK) was added.
After polymerization, the silicone rubber sheets were removed from the molds From these
sheets, coin-shaped implants were cut (1 mm thick and 8 mm in diameter). To prevent
tissue reaction to leftover leaching of monomer or other components, the implants were
washed in 10% liqumox solution (Alconox, New York, NY), cleaned ultrasomcally in 1%
liquinox, and rinsed thoroughly in reverse osmosis water (Millipore Corp. Bedford, MA,
USA) Then they were washed in 70% and 100% alcohol and dried in air
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Surface characterisation
For the characterisation of micro-grooved and smooth surfaces, please see earlier studies
of our group [13] The randomly roughened surface events were characterised by atomic
force microscopy (NanoScope Ilia, Digital Instruments, S Barbara, CA, USA) The mean
dimensions measured 26 μπι in spacing and 2 9 μίτι in depth for roughened silicone
substrates and 20 μιη in spacing and 2 μιη in depth for PLA
Experimental Animals
Six healthy adult female goats weighing approximately 50 kg each were used The animals
were kept in a stable according to national guidelines Prior to experiments, approval of the
Ethical Committee for Animal Experiments of the University of Nijmegen was recieved The
various implants were inserted subcutaneously, parallel with the epidermis, in fibrous tissue
in between two layers of the panmculus carnosus (in the flanks of the animals) Each animal
received all the different types of implants at each implantation time Randomization was
obtained with a Latin square implantation schedule
Surgery was performed under general anesthesia induced by intravenous pentobarbital (25
mg kg 1) and atropine (0 5 mg) After oral-tracheal intubation, anaesthesia was maintained
by ethrane (2-3%) with a constant volume ventilator For the insertion of the implants, the
skin was shaved, washed, and disinfected with iodine Longitudinal full thickness incisions
(2 cm long) were made on both sides of the vertebral column Then lateral to the incisions,
subcutaneous pockets were created by sharp dissection In each pocket, one implant was
inserted After implantation the incisions were closed using Vicryl® suture material Starting
one hour postoperatively, the animals received Albipen® (Mycopharma, De Bilt, The
Netherlands) as an antibiotic, for three days, to minimize postoperative infection risk The
implants were left in place for 1, 3 and 12 weeks The implantation procedure was done in
three separate surgical sessions At the end of the experimental period, all the animals were
sacrificed by a lethal dose of Pentobarbital The implants and surrounding tissues were
removed and prepared for histologic evaluation
Histologic evaluation techniques
After retrieval, the tissue-covered implants were fixed in 4% buffered formaldehyde for one
week, dehydrated in a series of ethanol, embedded in LR White resin (Polysciences,
Warrington, USA) and polymerised overnight at 55°C LR White was chosen because its
low viscosity allows excellent penetration of tissue but does not interfere with silicone After
polymerization of the resin, tissue blocks were cut in half, and the silicone implants were
removed manually out of the specimens Previous research showed that the removal of the
silicone implants does not disrupt the tissue integrity at the interface [8, 23] The PLA
implants were left in place Thereafter, 6 μητι sections were cut using a Leica RM 2165
Microtome equipped with a D knife Of each tissue block, at least 3 sections were made for
evaluation Sections were stained with methylene blue and basic fuchsm Each section was
evaluated at four predetermined locations in the capsule surrounding the implant so that
representative data were obtained (Figure 1 (a, b)) All sections were examined with a Leica
DM RBE light microscope with a 2 5 χ and a 40 χ objective The method for
histomorphometnc evaluation was adapted from an earlier publication of our group [24, 25]
We evaluated the tissue reaction on four locations of the capsule Two locations were on
the cutis side of the implant, and two locations were on the subcutaneous side of the
implant The designated evaluation points were placed about 1/3 the distance from the edge
of the implant At each location in the capsule we determined three parameters 1 ) capsule
quality (in arbitrary points 0-4) 2) capsule thickness (in layers of fibroblasts) and 3)
interface quality (in arbitrary points 0-4) For a description of the arbitrary point scale, see
Table 1
Observations were done in triplicate, and the scores were pooled Since the number of
newly formed blood vessels in the capsules appeared to be very low, they were not
quantified
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Table 1: Histological grading scale for soft tissue implants.
Reaction Zone Response
Capsule Qualitatively

Score

Capsule tissue is fibrous, mature, not dense,
resembling connective or fat tissue in the non-injured
regions
Capsule tissue is fibrous but immature, showing
fibroblasts and little collagen
Capsule tissue is gramous and dense, containing both
fibroblasts and many inflammatory cells
Capsule consists of masses of inflammatory cells with
little or no signs of connective tissue organization
Cannot be evaluated because of infection or other
factors not necessanly related to the material
Capsule thickness rating
1-4 fibroblasts

4

5-9 fibroblasts

3

10-30 fibroblasts
>30 fibroblasts
Not applicable
Interface Qualitatively
Fibroblasts contact the implant surface without the
presence of macrophages or foreign body giant cells
Scattered foci of macrophages and foreign body cells
are present
One layer of macrophages and foreign body cells is
present
Multiple layers of macrophages and foreign body cells
are present
Cannot be evaluated because of infection or other
factors not necessanly related to the material

2
1
0

3
2
1
0

4

4
3
2
1
0

Statistical analysis
The means and standard deviations were calculated from the histomorphometric data.
Square root transformation to obtain normality was applied to the data. Subsequently, they
were compared with an ANOVA 5-way (only two-way interactions), using SPSS 9.0 for
windows.
RESULTS
Macroscopic findings
The post-operative period was uneventful for all the animals. At the time of implant retrieval,
thin fibrous capsules surrounded all the implants. There were no macroscopic signs of an
inflammatory reaction in any of the tissue specimen.
Light microscopy
Examination of the histologic sections revealed a fairly uniform tissue response for all the
tested substrates (Figure 1 (a, b)). In about 5% of the tissue specimens the implants were
surrounded by fat tissue (randomly divided between surface modifications and material).
Because it is known that this alters the formation of a fibrous capsule [19], these specimens
were excluded from further evaluation. Furthermore, the specific PLA we used did not show
any clear microscopic signs of degradation in the time period studied. The micro-grooved
surface conveyed its topography excellently at the implant-capsule interface (Figure 2a).
After one week of implantation, capsule thickness was estimated to be about 15 cell layers
for both polymer groups. Many fibroblasts and some inflammatory cells (macrophages and
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polymorphonuclear granulocytes, based on morphological appearance) were observed In
capsules (Figure 2b). Short bundles of collagen were deposited. The cells in the interface
along the microtextured surface were arranged in an orderly way; frequently one cell was
lying in a groove while the neighboring cell was facing a ridge (Figure 2a).
From three weeks on, hardly any inflammatory cells were present in the capsules. After
twelve weeks, capsule thickness had developed to about 25 layers for the PLA implants,
and to about 20 cell layers of fibroblasts for the silicone implants. In the capsules, cellularity
had decreased and long parallel bundles of collagen were deposited. The fibroblasts usually
had a flat shape, and the capsules surrounding all the surfaces and materials showed more
connective tissue organisation than they had after 1 or 3 weeks (Figure 2cd). At the
interface, frequently a layer of inflammatory cells was present. Based on morphological
appearance, these invariably were macrophages or polymorphonuclear granulocytes.

Figure 1a: Capsule around randomly roughened PLA implant after 12 weeks of
implantation (original magnification 5 x).

Figure 1b: Schematic representation of the micrograph shown at la. C = capsule, IM =
implant. SI and 82 depict scoring sites on cutis side of implant, S3 and S4 depict scoring
sites on subcutaneous side of capsule. Arrow depicts muscle layer on subcutaneous side of
capsule.
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Figure 2a: Interface of micro-grooved silicone implant after 3 weeks of implantation (original
magnification 80 x). A = fatty tissue of subcutls, C = capsule, R = ridge of substrate, G =
groove, arrow depicts phagocytotic cell at interface.

Figure 2b: Inflammatory cells in capsule of smooth silicone surface after one week of
implantation (original magnification 80 x). C = capsule, S = surrounding fibrous tissue, arrow
indicates inflammatory cells in capsule.

IME
Figure 2c: Capsule around smooth silicone surface after 12 weeks of implantation (original
magnification 80 x). C = capsule, S = surrounding fibrous tissue, arrows indicate nucleus of
fibroblast. Note the flat shape of the fibroblasts, the deposition of parallel bundles of
collagen and the absence of Inflammatory cells.
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Figure 2d: Capsule around smooth PLA surface after 12 weeks of implantation (original
magnification 80 x). C = capsule, S = surrounding fibrous tissue, arrows indicate nucleus of
fibroblasts. Note the flat shape of the fibroblasts, the deposition of parallel bundles of
collagen and the absence of inflammatory cells.

Histomorphometry
Capsule Quality:
The results for the capsule quality measurements are shown in Figure 3. All implants
yielded significantly higher scores (p<0.05) with increasing implantation time (1 vs. 3 weeks,
1 vs. 12 weeks and 3 vs. 12 weeks). This means that at prolonged implantation, capsules
became less dense with cells and that more of them resembled connective tissue in the
non-injured regions. Further, significant differences in capsule quality were found between
silicone implants and PLA implants: capsules around the PLA implants had a significantly
higher capsule quality than did capsules around the silicone implants (p<0.05). No
significant differences were found among micro-grooved, randomly roughened, and smooth
implants.
capsule quality

iiiiii
sillO

silx

sils

pla10

week 1
l week 3
l week 12

plax

plas

implants
Figure 3: Scores of capsule quality at each implantation time. High score means good
quality capsule (Table 1).
Capsule thickness:
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The results from the capsule thickness scores are shown in Figure 4. All implants yielded
significantly lower scores (p<0.05) with increasing implantation time (1 vs. 3 weeks, 1 vs. 12
weeks and 3 vs. 12 weeks). The capsules around the micro-grooved implants were
significantly thicker than were the capsules around either the randomly roughened or the
smooth implants (p<0.05). The capsules around the smooth implants were, in turn,
significantly thicker than the capsules around the randomly roughened implants (p<0.05).
capsule thickness

siHO

silx

sils

pla10

plax

pia

implants

Figure 4: Scores for capsule thickness at each implantation time. High score means thin
capsule.
Interface:
A (mono) layer of inflammatory cells frequently was present at the interface between implant
and tissue. Characterisation of this layer (Fig. 5) showed that for all implants a significant
increase in interface quality occurred with time (1 vs. 3 weeks, 1 vs. 12 weeks and 3 vs. 12
weeks; p<0.05). No significant differences in the presence of interfacial cells were found
between silicone and PLA implants. When interface quality was assessed, differences were
found among the various surface modalities. The interface of randomly roughened implants
showed a significant lower quality than the interface of either micro-grooved or smooth
implants (p<0.05). In addition, the interface of micro-grooved implants showed a significant
lower quality than did the interface of smooth implants (p<0.05).

interface

siHO

silx

sils

plaid

plax

implants

Figure 5: Scores for interface quality at each implantation time. High score means low
number of interface cells.
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This study was initiated to evaluate the tissue reaction in goats to implants with different
surface topographies, that is, a micro-grooved texture, a randomly roughened surface, and
a smooth surface. In addition, we intended to compare the tissue reaction to PLA and to
silicone (a biodegradable vs. a non-biodegradable implantation material). Although
generalisation of the outcome of this in vivo study remains complicated, we attempted to
clarify some unresolved issues
Generally, the outcome of this study was comparable with a previous in vivo study of our
group [8]. However, there were some differences. Different animals, polymers, microgrooves and implant shapes were used In the current study we increased the uniformity of
materials and methods and therefore the comparability. We used just one implant shape,
one specific micro-grooved surface, and one specific at random micro-roughness, and we
used a large-animal model
To study the influence of the implant material on the tissue reaction, we used two polymers
in this study: biodegradable PLA and non-biodegradable silicone Although PLA starts to
degrade early after implantation, no marked degradation could be detected both
macroscopically and microscopically. This probably is due to the high molecular weight of
the PLA used We therefore assume that there was no influence of the degradation process
on tissue reaction. Still, when tissue reaction was compared, we found differences between
the two polymers. Around the silicone implants there was a significantly lower capsule
quality compared to the PLA implants We propose that this discrepancy can be attributed to
inherent physico-chemical differences between silicone and PLA, namely, the mechanical
features Compared to PLA, silicone has a lower elasticity modulus by a factor of 1000.
Such differences may lead to altered pressure and shear forces of the implants on the
surrounding tissue and thus may affect pen-implant healing [19].
When the tissue reaction to 10 μπι micro-grooved implants was evaluated, it was found that
the 10-μπι micro-grooved surface conveyed its texture excellently at both sides of the
tissue-implant interface The microgrooves were completely filled with tissue, which enabled
mechanical interlocking of the implant with the surrounding tissue and optimization of tissue
attachment. Various researchers have suggested that a microtextured implant surface with
maximal tissue attachment may aid in mechanical interlocking and reduced interfacial shear
forces. Consequently, seroma formation and a severe inflammatory reaction could be
prevented, and a less fibrous reaction and correspondingly thinner capsules would result [1,
2, 4, 14, 15, 19] Unfortunately, our results did not corroborate these reports We did not
find the presence of significantly less inflammatory cells in the interface of 10-μΓη textured
surfaces compared with smooth surfaces. In addition, significant differences in cell density
and connective tissue organisation of the capsules were not observed surrounding the
microtextured implants. On the contrary, capsules around micro-grooved implants grew
significantly thicker than did capsules around smooth or randomly roughened implants
In a similar previous study in our group, Den Braber [4] found that, with time, the capsules
around subcutaneous micro-grooved silicone implants in rabbits became significantly more
dense with cells and collagen fibers. On the other hand, we have to note that the
conformation of the subcutaneous tissue layers in these two species is somewhat different.
In contrast to rabbits, the panmculus carnosus of the goat consists of two muscle layers As
the implants in the current study were placed in between these muscle layers, the tissue
reaction likewise could be different
To explain the absence of favourable significant effects of the micro-grooved substrates on
capsule formation, we propose the following. We observed the presence of a monolayer of
inflammatory (phagocytotic) cells present at the interface of the micro-grooved surface. It
appears that these interfacial cells are indeed arranged in an orderly way: one cell is placed
in a groove of the surface, and the neighboring cell is faced next to a ridge. However, the
capsular fibroblasts, which preside beyond the inflammatory cell layers, presumably cannot
sense through this layer of cells the difference between textured and smooth surfaces [8].
Thus no further influences on the formation of a fibrous tissue capsule are induced by the
microtexture. We therefore suggest that the lack of significant effects of surface
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microtopography on capsule formation in our study is related intrinsically to the general
wound-healing response to the implants.
For the randomly roughened surfaces, we found that the mean scores for capsule quality
and thickness were not significantly different compared to those for smooth and microgrooved surfaces. Apparently, neither the application of a standardized micropattern nor a
randomly applied micro-roughness to a surface allows for a definitive influence on capsule
quality or capsule thickness. However, compared with the micro-grooved and smooth
substrates, these surfaces did demonstrate significantly more inflammatory cells at the
implant-tissue interface. This suggests that the randomly roughened topography attracts
immune cells to the interface. This phenomenon is not new. The preference of immunologic
cells to adhere to roughened surfaces also has been described in in vitro studies and is
known as "rugophilia" [26].
We hypothesized that the application of a standardized pattern of microgrooves to a surface
would promote speedy, superior connective tissue organisation and tissue attachment,
while limiting capsule thickness and the inflammatory reaction. Although tissue attachment
and interlocking appear to be enhanced by the 10-μΓη micro-grooved pattern, this did not
lead to thinner or more mature capsules around these implants or to a decrease in the
number of inflammatory cells that appeared at the implant-tissue interface. These results
therefore lead us to dismiss our initial hypothesis.
Summarizing, this study showed that there are no favourable effects of surface texturing on
capsule formation around subcutaneous implants. Capsules around PLA implants were of
higher quality than capsules around silicone implants Although randomly roughened
micropatterning of surfaces lead to thinner capsules, this texture did not lead to more
matured capsules and even appeared to induce more inflammatory cells at the implanttissue interface than did smooth surfaces.
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Introduction
Earlier studies [1, 2, 3, 4] have found that tissue reaction to artificial scaffolds or substrates
is dependent on surface properties, like surface topography Previous studies of our group
already concerned in vivo experiments featuring micropatternmg of polymers, albeit with
varying implant designs [5-8] In one such study, we investigated the tissue reaction to
different topographical surface modifications [9] We found that a randomly roughened
surface negatively influenced tissue healing, compared with smooth surfaces When
standardised patterns of micro-grooves were applied to the implant surface, it was observed
that the micro-grooves were completely filled with tissue Furthermore, the groove pattern
had a definitive influence on the way cells oriented to the implant surface However, this
micro-grooved pattern did not influence the quality or thickness of the fibrous tissue capsule
that had formed around the implants These observations lead us to the question, whether a
tissue-healing response could be further improved by pre-conditioning the implant surface
Several processes are percieved to be involved in cell adhesion to a surface The initial
(non-specific) approach towards the substratum surface is governed by electrostatic and
Van der Waals interactions [10] After this initial stage, cells can either directly adhere to the
substratum, or specific interactions occur when the cells attach to proteins that are
adsorbed to the surface [11] In view of this, cell adhesion can be enhanced through two
methods First, by a redirection of surface charge, and second by a protein pre-coatmg on
the implant surface
A redirection of surface charge can be achieved by increasing surface free energy, for
instance with a radio-frequency glow discharge (RFGD) treatment [12-17] It has been
postulated that tissue attachment will subsequently be encouraged [18]
Early cell- or protein adhesion to polymer implants shortly after implantation seems to result
in a more favourable tissue reaction [4, 19] For example, early protein adhesion promotes
tissue adhesion to the implant, which decreases the width of the implant-tissue interface
and anchors the implant in the surrounding tissue Consequently, less mechanical friction
will occur at the implant-tissue interface, leading to a reduced fibrotic reaction [20] To
obtain such a favourable tissue adhesion, an "adhesion protein" can be applied onto the
surface that binds cells nonspecifically Such adhesion proteins have hydrophobic side
chains Therefore they have affinity for hydrophobic surfaces, such as silicone and polylactic acid This hydrophobic effect permits the protein molecules to attach to the surface of
the polymer, which, in turn, immobilizes the hydrophilic portions of the protein [19] The
hydrophihc portions of the adhesion protein then are assumed to bind nearby cells through
mediation of integnns [4, 21] Fibronectm (Fn), which is an extracellular matrix glyco-protem,
has been designated as such an adhesion protein In numerous in vitro studies, cell
adhesion and -proliferation was enhanced by Fn pre-coatmg [4, 10, 16, 19, 22, 23, 24, 25,
26]
We propose that in vivo both a RFGD and a Fn surface treatment will increase celladhesion Therefore, in this study we compared the effect of these two methods of surface
pre-conditioning, on tissue healing around an implant The treatments were applied to
implants made from two different polymers silicone, which is non-biodegradable, and poly-llactic acid (PLA), a biodegradable polymer

MATERIAL AND METHODS
Implant production
In analogy with our previous study [9], we manufactured molds with three surface
modifications
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1) Microtexture Using photo-lithographic techniques, micro-grooved patterns with a groove
depth of 1 0 μιη and a ridge- and groove-width of 10 0 μπι were made in silicon (Twente
Microproducts, Enschede, The Netherlands)
2) Random roughening A roughened surface was produced in steel, prepared by gntblastmg with AIO2
3) Smooth glass surfaces were used to serve as molds for controls
The molds were used for the production of silicone and poly-l-lactic acid implants In total,
324 implants were made, 162 of silicone and PLA each Of each polymer, 54 implants had a
10 μπι texture, 54 had a randomly roughened surface and 54 had a smooth surface
Silicone
For the preparation of double-sided microtextured implants, medical-grade silicone rubber
(polydimethylsiloxane, NuSil MED-4211, NuSil Technology, Carpmtena, Ca, USA) was
casted in between two molds To render the silicone visible during retrieval, a small amount
of yellow Cosmesil ® (FeO) (Principality Medical Ltd , Newport, South Wales, UK), was
added After polymerization, the silicone rubber sheets were removed from the molds From
these sheets, coin-shaped implants were cut of 1 mm thick and 8 mm in diameter To
prevent toxic effects by leaching of residual monomer or other components, the implants
were washed in 10% liqumox solution (Alconox, New York, NY), cleaned ultrasomcally in
1% liqumox, and rinsed thoroughly in reverse osmosis water (Milhpore Corp Bedford, MA,
USA) Then they were washed in 70% and 100% alcohol, and air-dried
Poly-l-lactic acid
Poly-l-lactic acid (Mv = 3 105, Purac Biochem, Gormchem, The Netherlands ) was dissolved
in chloroform ( 10 g /300 ml ) Solvent casting was performed by putting 12 ml of the PLA
solution on a silicon mold In order to render the PLA visible during recovery, a small
amount of black Cosmesil ® (Ρβ2θ3) (Principality Medical Ltd , Newport, South Wales, UK)
was added After evaporation of the chloroform, the replicas were removed from the molds
From these sheets, coin-shaped implants were cut of 1 mm thickness and 8 mm in
diameter Finally, two replicas were joined together with the surface pattern facing outwards,
by sealing the outer perimeter with a heated iron punch
Surface characterization
For complete surface characterization, reference can be made to previous publications [9,
27]
Surface preparation
The prepared implants were treated in three different ways
1) 108 implants (54 PLA, 54 silicone) were used without pre-treatment
2) 108 implants (54 PLA, 54 silicone) received a radio-frequency glow discharge treatment
(RFGD, 5 mm, in Argon, 150 mTorr)
3) 108 implants (54 PLA, 54 silicone) were placed in a solution of bovine plasma-derived
fibronectm (Sigma, St Louis, MO), 5 μg/ml After loading of the implants with fibronectm,
these were freeze-dned O/N, resulting in a coating of 2 5 μg of fibronectm /cm2
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Experimental Animals
Six healthy adult female goats were used, weighing approximately 50 kg. The animals were
kept in a stable according to national guidelines Prior to experiments, the Ethical
Committee of the University of Nijmegen approved the intended animal experiments. The
various implants were inserted in the subcutis of the flanks of the animals, in fibrous tissue
between two layers of the panniculus carnosus. Randomization was obtained with a Latin
square implantation schedule. Surgery was performed under aseptic conditions, with
general anesthesia induced by intravenous pentobarbital (25 mgkg"1) and atropine (0.5 mg).
After oral-tracheal intubation, anaesthesia was maintained by isofluraan (2%) with a
constant volume ventilator. For the insertion of the implants the skin was shaved, washed
and disinfected with iodine. Longitudinal full-thickness incisions (2 cm long) were made on
both sides of the vertebral column. Then, subcutaneous pockets were created by sharp
dissection. In each pocket, one implant was inserted After implantation, the wounds were
closed using Vicryl ® suture material. The animals received the antibiotic Albipen ®
(Mycopharma, De Bilt, The Netherlands) for three days, to minimize postoperative infection
risk, starting one hour post-operatively. The implants were left in place for 1, 3 and 12
weeks. The implantation procedure was done in three separate surgical sessions, one for
each implantation period. At each operating session, goats received all the various implants.
In total, each goat received 54 implants After 12 weeks, all animals were sacrificed by a
lethal dose of Pentobarbital. The implants and the surrounding tissues were removed and
prepared for histological evaluation
Histologic evaluation techniques
After retrieval, the tissue-covered implants were fixated in 4% buffered formaldehyde for
one week, dehydrated in a series of ethanol, embedded in LR White resin (Polysciences,
Warrington, USA) and polymerised overnight at 55°C. LR White was chosen because its
low viscosity allows an excellent penetration of the tissue, but does not interfere with the
silicone. After polymerization of the resin, tissue blocks were cut in half, and the silicone
implants were manually removed out of the specimens. The PLA implants were left in place.
Thereafter, 6 μπτι sections were cut using a Leica RM 2165 Microtome equipped with a D
knife. Of each tissue block at least 3 sections were made for evaluation. Sections were
stained with methylene blue and basic fuchsin. Each section was evaluated at four pre
determined locations in the capsule surrounding the implant, so that representative data
were obtained (Figure 1). All sections were examined with a Leica DM RBE light
microscope with a 2.5 χ and 40 χ objective. The method for histomorphometric evaluation
was adapted from an earlier publication of our group [28]. We evaluated the tissue reaction
on four locations of the capsule: Two locations were on the cutis side of the implant, and
two locations were on the subcutaneous side of the implant The designated evaluation
points were placed about 1/3 distance from the edge of the implant (see Figure 1). At each
location in the capsule, we determined three parameters 1) capsule quality (in arbitrary
points 0-4) 2) capsule thickness (in layers of fibroblasts) and 3) interface quality (in arbitrary
points 0-4). Observations were done in triplicate and the scores were pooled. For a
description of the arbitrary point scale, see Table 1. Since the number of new-formed blood
vessels, in the capsules appeared to be very low, they were not quantified.
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Figure 1: Capsule around Fn pre-treated 10 μΐη micro-grooved PLA implant after 3 weeks
of implantation. C means capsule, L means lumen, were implant was placed before it was
manually removed out of the specimen (original magnification 5 x). SI and S2 depict
scoring sites on cutis side of implant, S3 and S4 depict scoring sites on subcutaneous side
of capsule.
Statistical analysis
The means and standard deviations were calculated, from the histomorphometrical data. On
the data, square root transformation to obtain normality was applied. Subsequently, they
were compared with an ANOVA 5-way (only two-way interactions), using SPSS 9.0 for
windows.
Table 1: Histological grading scale for soft tissue implants.
Reaction Zone Response
Capsule Qualitatively:

Score

Capsule tissue is fibrous, mature, not dense,
resembling connective or fat tissue in the non-injured
regions
Capsule tissue is fibrous but immature, showing
fibroblasts and little collagen
Capsule tissue is gramous and dense, containing both
fibroblasts and many inflammatory cells
Capsule consists of masses of inflammatory cells with
little or no signs of connective tissue organization
Cannot be evaluated because of infection or other
factors not necessarily related to the material
Capsule thickness rating:
1-4 fibroblasts

4

5-9 fibroblasts

3

10-30 fibroblasts
>30 fibroblasts
Not applicable
Interface Qualitatively
Fibroblasts contact the implant surface without the
presence of macrophages or foreign body giant cells
Scattered foci of macrophages and foreign body cells
are present
One layer of macrophages and foreign body cells is
present
Multiple layers of macrophages and foreign body cells
are present
Cannot be evaluated because of infection or other
factors not necessarily related to the material

2
1
0
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RESULTS
Macroscopic findings
The post-operative period was uneventful for all animals. At implant retrieval, all implants
were surrounded by a thin, fibrous capsule. There were no macroscopic signs of an
inflammatory reaction due to micro-organisms in any of the tissue specimens.
Light microscopy
Examination of the histological sections revealed a fairly uniform tissue response for all
tested substrates. In about 5% of the tissue specimens it was observed that the implants
were surrounded by fat tissue (randomly distributed among the different surface treatments,
surface modalities and materials). Because it is known that this alters the formation of a
fibrous capsule [29], these specimens were excluded from further evaluation. The specific
PLA we used did not show any clear microscopical signs of degradation in the time period
studied. The micro-grooved surface topography of the capsule directly mirrored the external
surface of the implant. After one week of implantation, capsule thickness was estimated to
be about 15 cell layers for both polymer groups. Capsules invariably showed many
fibroblasts and
some inflammatory cells (macrophages and polymorphonuclear cells, based on
morphological appearance). Short bundles of collagen were deposited. The Fn-treated
surfaces showed a considerable inflammatory reaction at discrete parts of the fibrous
capsule, in all animals and for both polymers tested (Figure 2).

Figure 2: Immunologic reaction after one week on dermal-side of capsule of Fn-treated
micro-grooved PLA implant (original magnification 80 x). Note the microtexturing (arrow), C
means capsule, S means subcutaneous tissue.
We have to emphasize, that we did not quantify the frequency or localisation in the capsules
of this reaction, due to its localized occurrence. In addition, when such an inflammatory
reaction was encountered, it generally did not contribute to the designated score for the
capsule quality or the interface quality. This was because this particular inflammatory
reaction was mostly observed in the one-week specimen, and it therefore became
superimposed onto the initial inflammatory reaction, due to the surgical trauma, which
accompanied implantation. The resulting scores for the capsule quality and interface quality
therefore were not markedly influenced. At the implant-capsule interface, a layer of
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multinuclear (giant) cells was present. The cells in the interface along the microtextured
surface were arranged in an orderly way; frequently one cell was lying in a groove, while the
neighboring cell was facing a ridge (Figure 3).

Figure 3: Interface of fibronectin pre-coated 10 μιη micro-grooved silicone implant after 1
week of implantation (original magnification 80 x). C means capsule, R means ridge of
substrate, G means groove; note the phagocytotic cell at the interface (arrow).
From three weeks on, hardly any inflammatory cells were present in the capsules, apart
from the Fn-treated surfaces. Here, still a layer of (multinuclear) giant cells was present, at
the interface.
After twelve weeks, capsule thickness had developed to about 25 layers for the PLA
implants, and about 20 cell layers of fibroblasts for silicone implants. In the capsules,
fibroblasts were present and usually had a spindle-like shape. Long, parallel bundles of
collagen were deposited, and cellularity had decreased. Finally, the inflammatory reaction in
the capsules around Fn treated surfaces, observed after the one- and three-week
implantation periods, had completely disappeared at 12 weeks of implantation.
Histomorphometry
Histomorphometric data were collected, and means and standard deviations were
calculated. Table 2 shows the combined means and standard deviations within all pre
treatment groups. When data were pooled for capsule quality, capsule thickness and
interface quality, the standard errors of the mean were low: respectively 0.04, 0.05 and
0.05.
Results of untreated PLA and silicone implants have been extensively reported before [9],
and therefore we will not discuss the differences among the various topographies here in
detail further. For all substrate types, we will only focus on the untreated and RFGD or Fn
treated substrates.
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Table 2: Statistical data of histomorphometrical observations

Group

η

Mean

Standard deviation

-RFGD

91

2 83

0 92

-No treatment

94

2 76

0 93

-Fn

93

2 69

1 01

-RFGD

91

2 00

0 53

-No treatment

93

2.08

0.64

-Fn

92

2 07

0 58

-RFGD

91

2.26

0.66

-No treatment

94

2.32

0.71

-Fn

92

2.29

0.66

Capsule quality

Capsule thickness

Interface quality
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Capsule Quality:
The results for the capsule quality measurements are shown in Figure 4. No significant
differences in capsule quality were observed between either Fn pre-coated- or untreated
implants, and RFGD pretreated- or untreated implants, independent of surface modality or
surface material.
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Figure 4: Scores of capsule quality at each implantation time.
High score means good quality capsule (Table 1). Sil means silicone, PLA means poly-llactic acid, 10 means 10 μηι texture, X means randomly roughened texture, S means
smooth surface. R means RFGD treatment, F means fibronectin pre-coating, minus (-)
means no pre-treatment.
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Capsule thickness:
The results from the capsule thickness scores are shown in Figure 5. There were no
significant differences in capsule thickness scores between the Fn-pre-coated, RFGDtreated and untreated silicone and PLA implants, in the time periods studied.
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Figure 5: Scores for capsule thickness at each implantation time.
High score means thin capsule. Sil means silicone, PLA means poly-l-lactic acid, 10 means
10 μηι texture, X means randomly roughened texture, S means smooth surface. R means
RFGD treatment, F means fibronectin pre-coating, minus (-) means no pre-treatment.
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Interface cells
The results from the interface quality scores are shown in Figure 6. No significant
differences in interface quality were observed between either Fn pre-coated- or untreated
implants, and RFGD pretreated- or untreated implants, independent of surface modality or
surface material.
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Figure 6: Scores for interface quality at each implantation time.
High score means low number of interface cells. Sil means silicone, PLA means poly-l-lactic
acid, 10 means 10 μηι texture, X means randomly roughened texture, S means smooth
surface. R means RFGD treatment, F means fibronectin pre-coating, minus (-) means no
pre-treatment.
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Discussion
This study was initiated to evaluate the tissue reaction in time to implants with different
surface pre-conditioning e.g. a Fn pre-coatmg or a glow discharge treatment. We applied
these treatment modalities on three different surface topographies; a micro-grooved texture,
a randomly roughened surface and a smooth surface These implants were either made
from silicone or from PLA (non-biodegradable vs. biodegradable). Although of course all
implants come into contact with Fn to some extent in the wound site early after implantation
[30], in this study, only Fn-treated surfaces showed a considerable early inflammatory
reaction in all animals, for both polymers tested (Figure 3) That Fn indeed was present on
the surfaces, and the antigens were still intact after freeze-drying, can be deduced from the
observation that an inflammatory reaction was seen in most Fn treated capsules at early
implantation times. This is in contrast to the capsules around RFGD-treated or non-treated
implants, in which not such an inflammatory reaction was seen.
There are several possible explanations for the severe inflammatory reaction. We suppose
that the used bovine Fn is structurally similar to goat Fn. If this indeed is true, than we
observed an unspecific reaction directed against bovine antigen from other substances,
which were purified together with the fibronectin from the plasma. On the other hand, if our
assumption was incorrect, and bovine Fn is not structurally similar to goat Fn, the
inflammatory reaction could be a mixture of specific and unspecific immunological factors of
the host against the bovine fibronectin- or the other bovine plasma antigens. With prolonged
implantation time, the inflammatory reaction disappeared. Apparently, Fn was removed from
the tissue with increasing implantation time. Consequently, we did not find significant
differences in capsule maturation, thickness or in the number of interface cells in the longer
implantation times between Fn treated- and untreated surfaces.
To our knowledge, no in vivo studies have yet been conducted, that featured adsorbed Fn
onto polymer surfaces. In contrast, one group did attempt to evaluate the tissue reaction to
a substrate with covalently bound Fn. In a study by Okada [31], human plasma-derived Fn
was covalently immobilized to disc shaped silicone substrates, and implanted
subcutaneously in Wistar rats for 2 to 16 weeks. Compared with untreated substrates,
thickness of the capsules around Fn containing substrates was not significantly different.
They also found a severe inflammatory reaction around the Fn containing substrates in the
early implantation periods, which gradually disappeared with implantation time. The authors
attributed the disappearance of the severe inflammatory reaction to degradation of the Fn.
These results corroborate the current results. We however expected a different tissue
reaction to the adsorbed bovine Fn in the current study, due to a different experimental
model. It is however debatable, whether a prolonged presence of Fn on the implants,
especially when there is an interspecies discrepancy, would even be desirable. Prolonged
presence could lead to a longer inflammatory reaction, which would not aid in optimal tissue
integration of the implants. In addition, one could argue, that tissue adhesion takes place
early after implantation, which would obviate the need to anchor Fn to the surface for longer
periods of time.
There were no significant differences in capsule quality, capsule thickness or in the number
of inflammatory cells at the interface when surfaces were either Fn treated- or RFGD
treated surfaces. Due to the low standard errors in our study, we are confident that the
presented data are sufficiently accurate, to justify the conclusion that there are no relevant
differences in tissue reaction between the various pre-treatments.
Because of the hydrophobic nature of bare silicone and PLA surfaces, cells will not adhere
when they come into contact with them. However, when Fn is brought into contact with
polymer implants, it will adhere to the surface and cells will bind to the Fn with specific
adherence proteins (integrms). It has therefore been suggested, that pre-coatmg of polymer
implants with Fn will promote cell adhesion in vivo. In vitro, studies that concerned Fn precoating of substrates, indeed showed that cell adhesion was enhanced [4, 10, 16, 19, 22,
23, 24, 25, 26]. Nevertheless, the in vivo situation of course is totally different to the in vitro
situation In the in vivo situation, immediately after implantation, the wound healing process
evolves with its multitude of inflammatory cells, serum proteins, blood clots and growth
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factors. Apparently, this process could very well disturb any additional cell adhesion
capacities Fn treatment could harbor.
Treatment of surfaces with RFGD, also did not lead to thinner, more maturated capsules
and less interface cells, compared with untreated implants. The in vitro effects of RFGD,
which are reported to be the result of increased surface wettability- such as cell adhesion
and cell spreading- did not materialize into a more favourable tissue reaction around an
implant in our study. In a study by Kilpadi [32], RFGD treated Dacron® (polyethylene
terephalate) velour implants were implanted subcutaneously in dogs for two months In
agreement with the current study, they found that neither capsule thickness, nor volume
percent of macrophages, fibroblasts, blood vessels, collagen or the average diameter of
blood vessels of the capsule were influenced by RFGD treatment of implants.
The absence of a noticeable effect of a Fn coating or RFGD treatment in our implantation
study, was not in line with our prior expectations on basis of the in vitro studies Indeed, as
mentioned above, cell attachment to a substrate in cell culture and tissue attachment to a
substrate in living tissue are inherently different. In vitro, cells do not attach, spread and
proliferate on a non-treated surface, especially not to severe hydrophobic ones like the
polymers we used. For cell attachment to occur, a (glyco-) protein has to act as a mediator
between cell and biomaterial, or specific "chemical groups" have to be introduced (as with
RFGD), to act as mediators. In vivo however, mechanical compression can also contribute
to tissue attachment of the wound bed to the substrate. This may obviate the need for
additional surface pre-treatments. The (serum) proteins that are part of the wound healing
response, may also be a necessary intermediate for in vivo tissue adhesion These events
represent major differences between the in vitro- and in vivo situation, and this discrepancy
therefore can well explain the lack of any additional effects of surface treatment with either
Fn- or RFGD on tissue healing.
In conclusion, in our study, pre-treatment of polymer implant surfaces with Fn or RFGD
treatment did not significantly improve tissue reaction around implants with micro-grooved,
roughened or smooth surfaces.
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The effect of bone-anchoring and micro-grooves on the soft tissue reaction to
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The effect of bone-anchonng on the soft tissue reaction to micro-grooved implants
INTRODUCTION
Whenever an artificial substrate is implanted, an inflammatory reaction ensues
around the implant, leading to the development of a thick fibrous capsule around the
substratum, capsular contraction by myofibroblasts, and frequently seroma
production at the interface [1]. The lack of tissue attachment allows widening of the
tissue-implant interface and migration of the implant. Ultimately, these events can
result in functional distortions, infections, and implant failure [1]
A substratum to be used as a template for tissue-regeneration, therefore has to
satisfy several requirements. The significance of the implant design varies greatly
from one application to another. However, the material has to be biologically inert by
eliciting a minimal inflammatory response and a capsule of minimal thickness
Further, it should preferably degrade in time, thereby limiting inflammatory reaction
In addition, such a substratum should ideally yield maximum tissue attachment, be
non-toxic and non-carcinogenic.
Due to a lack of tissue attachment to the implant, relative sliding and friction exists
between substratum and surrounding tissue, which can worsen if the implant is
placed in tissue that tends to be in motion (e.g. muscle tissue, external forces like
rubbing) [1, 2] These events can lead to a widening of the tissue-implant interface
and implant migration It presents an intriguing question, what the consequences of
motion are on tissue reaction at the interface of the implant We therefore
hypothesize, that less mobility between implant and surrounding tissue, will lead to
increased maturation of the fibrous tissue capsule, thinner capsules and less
inflammatory cells at the interface
However, most previous work on implant fixation is performed in small animals, using
sutures for fixation. To unravel the influence of motion between implant and
surrounding tissue on the final tissue reaction, we compared the tissue reaction to
micro-grooved implants at a subcutaneous implantation site (model of mobility) with a
subperiosteal implantation site on the frontal bone of the skull (model of immobility) in
a large animal model
Earlier studies have found that tissue reactions to artificial scaffolds or surfaces are
dependent on surface properties like surface topography [3-7] Topography may be
defined as the morphology of a surface, and can be exemplified by a micromachined
pattern of parallel grooves and ridges [8]. It has been found that a precisely
controlled surface topography can direct cell orientation and locomotion ('contact
guidance') in vitro [2, 9-11, 12]. In addition, previous in vivo studies [1-4, 13, 14]
indicated that tissue attachment, inflammatory reaction and connective tissue
organisation around an implant might be favourably influenced by microtextured
surfaces. Unfortunately, several recent reports [15-18] could not confirm these in vivo
effects of microtextured surfaces.
In the current study, we investigated the effect of bone-anchoring and micro-grooves
of 2 and 10 μιη, on peri-implant tissue healing in larger animals. The substrata were
made of poly-l-lactic acid (PLA)

MATERIALS AND METHODS
Implant production
For the fabrication process and the characterisation of the microtextured PLA
substrata, reference can be made to previous publications [9, 17, 18]. According to
the manufacturer, bulk-degradation of the used PLA is not to be expected within the
first year of implantation
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We prepared molds with three surface modifications:
1) 2 μπι micro-texture: using photo-lithographic techniques, micro-grooved patterns
with a groove depth of 1.0 μιη and a ridge- and groove-width of 2 0 μΐη were made
in silicon (Twente Microproducts, Enschede, The Netherlands).
2) 10 μπι micro-texture: using photo-lithographic techniques, micro-grooved patterns
with a groove depth of 1.0 μπι and a ridge- and groove-width of 10.0 μπι were
made in silicon (Twente Microproducts, Enschede, The Netherlands)
3) Smooth glass surfaces were used as molds to serve as controls.
These molds were used for the production of sheets of poly-l-lactic acid polymer (Mv
= 3· 105, Purac Biochem, Gormchem, The Netherlands), equipped with microgrooves.
From these sheets coin-shaped implants were cut with a thickness of 2 mm and
diameter of 8 mm. Just before use, all implants received a radio-frequency glow
discharge treatment (RFGD, 5 mm, in Argon, 150 mTorr) to ensure proper surface
wettability for cell adhesion.
In total, 108 implants were made The implants used for subcutaneous implantation
had micro-texturing on both sides. The implants used for subperiosteal implantation
were smooth on one side and microtextured on the other side. In addition, some
implants were double-sided smooth. These samples served as controls.
Experimental Animals
We used 18 healthy adult female goats, weighing approximately 50 kg. The animals
were kept in a stable according to national guidelines. Prior to the experiments,
approval was acquired by the Ethical Committee for animal experiments of the
University of Nijmegen. Each animal received three subcutaneous implants. They
were inserted parallel to the epidermis into subcutaneous pockets in the right flank of
the animal. The pockets were located between fibrous tissue of two muscle layers of
the panniculus carnosus. Simultaneously, three implants were implanted
subperiosteally on the frontal bone. Implantation times were two-, four- and twelve
weeks. At each implantation time, six goats were operated upon, and each received
all three types of implants.
Implantation procedure
The goats were placed under general anesthesia with pentobarbital 25 mg/kg and
Atropine (Atropine Sulfate 0.5 mg). After oral-tracheal intubation, anesthesia was
maintained with Ethrane® 2-3%, with a constant volume ventilator For the insertion
of the implants the skin was shaved, washed and disinfected with iodine.
Subcutaneous implants
Three full thickness longitudinal incisions (two cm long) were made through the skin
on the right side of the vertebral column. Then, lateral to the incisions, subcutaneous
pockets were created by blunt dissection with scissors. In each pocket, one implant
was inserted. After implantation the wounds were closed using Vicryl® suture
material.
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Subperiosteal implants on the frontal bone
Each goat received three implants on the frontal bone of the skull, placed triangularly
on the right side of the midline. They were inserted by a single, full-thickness linear
incision of four cm, extending to the bone. The periosteum was opened and a pocket
was created by blunt dissection Then, the implants were placed subpenosteally, and
fixed to the bone with a titanium screw (Stabilok®, Henry Schein, Utrecht, The
Netherlands) through the center of the implant. Implants were placed with the
smooth side facing the bone. After implantation, the periosteum and other tissue
layers were sutured with Vicryl®.
Post-operative management
Starting one hour postoperatively, the animals received Albipen® (Mycopharma, De
Bilt, The Netherlands) as an antibiotic. It was administered for three days, to
minimize postoperative infection risk The implants were left in place for two, four and
twelve weeks. At the end of the experimental period, all animals were sacrificed after
general anaesthesia by a lethal dose of Pentobarbital. The implants and surrounding
tissues were removed and prepared for histological evaluation
Processing of histological specimens
Subcutaneous implants
After retrieval, the tissue-covered implants were fixed in 4% buffered formaldehyde
for 4 hours, dehydrated in a graded series of ethanol, and embedded in paraffin
completely. Thereafter, 6 μΐη sections were cut using a Leica RM 2165 Microtome
equipped with a D knife (Rijswijk, The Netherlands). Of each implant at least 3
sections were made for each evaluation parameter.
Subperiosteal implants
After retrieval, the tissue-covered implants were fixed in 4% buffered formaldehyde
for 4 hours and dehydrated in a graded series of ethanol. Because proper sectioning
of paraffin embedded tissue blocks containing an PLA implant and bone was not
possible, these implants were impregnated in methamethylacrylate (MMA) and
dibuthyl pthalate (DBP) at 4°C for 2 weeks. For polymerisation, the tissue specimens
were immersed in MMA and DBP with benzoylperoxide and Ν,Ν-dimethyl paratoluidin. During polymerisation, the bottles containing the tissue specimens were
placed in an alcohol bath of -18°C. Subsequently, 6 ym sections were cut using a
Leica RM 2165 Microtome equipped with a D knife. Of each implant at least 3
sections were made for each evaluation parameter.
Histological evaluation
Histomorphometric evaluation
For histomorphometric evaluation, sections were stained with haematoxilin and eosin
(paraffin sections) or methylene blue and basic fuchsin (MMA-DBP sections). The
method of histomorphometric evaluation was adapted from an earlier publication [18].
The tissue reaction to the implants in the subcutaneous tissue was evaluated on four
locations in the capsule: two on the cutis side of the implant, and two on the
subcutaneous side of the implant The tissue reaction to the implants in the
subperiosteal tissue was evaluated on two locations on the subperiosteal side of the
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capsule The evaluation points were taken at about 1/3 of the diameter of the implant.
For each of these evaluation points, we determined three parameters (Table 1)
1) capsule quality in arbitrary points from 0-4
2) capsule thickness (in layers of fibroblasts)
3) interface quality in arbitrary points from 0-4
Observations were performed in triplicate, by two observers.
Picrosirius red collagen staining
Sections were stained with picrosirius red [20] to detect collagen fibers. We had
preferred to detect collagen I fibers with immunohistochemistry, but to date no antigoat antibodies are available We tested a number of other collagen I antibodies, but
none showed the desired cross-reactivity. Sections were counterstained with
haematoxillin (Merck, Darmstadt, Germany) according to Levarne [21]. Each section
was evaluated at four pre-determined locations in the capsule surrounding the
implant to obtain representative data. Sections were examined with a Leica DM RBE
light microscope (Rijswijk, The Netherlands), equipped with a 2.5 χ and 40 χ
objective. The picrosirius red sections were subsequently examined under polarized
light to visualize mature collagen. Picrosirius red stains mature collagen red or
orange; immature collagen stains green or remains non-stained.
Table 1: Histological grading scale for soft tissue implants.
Reaction Zone Response
Capsule Qualitatively

Score

Capsule tissue is fibrous, mature, not dense,
resembling connective or fat tissue in the non-injured
regions
Capsule tissue is fibrous but immature, showing
fibroblasts and little collagen
Capsule tissue is gramous and dense, containing both
fibroblasts and many inflammatory cells
Capsule consists of masses of inflammatory cells with
little or no signs of connective tissue organization
Cannot be evaluated because of infection or other
factors not necessanly related to the material
Capsule thickness rating
1-4 fibroblasts
5-9 fibroblasts
10-30 fibroblasts
>30 fibroblasts
Not applicable
Interface Qualitatively
Fibroblasts contact the implant surface without the
presence of macrophages or foreign body giant cells
Scattered foci of macrophages and foreign body cells
are present
One layer of macrophages and foreign body cells is
present
Multiple layers of macrophages and foreign body cells
are present
Cannot be evaluated because of infection or other
factors not necessanly related to the material
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Immunohistochemistry
Besides the aforementioned staining methods, immunohistochemical staining on otsmooth muscle actin, collagen type III and macrophages expression was performed.
Therefore, paraffin sections were collected on 2-aminopropyltriethoxysilane (Sigma,
St. Louis, USA) coated slides, deparaffinated and rehydrated.
MMA sections were deplastified by washing them three times in a 20 minutes bath,
containing a mixture of equal volumes of xylol and chloroform Subsequently,
sections were mounted on Superfrost ®plus slides (Menzel-Gläser, Braunschweig,
Germany). Before staining, all slides were rinsed in phosphate-buffered saline (PBS)
for 10 minutes.
a- Smooth muscle actm staining
Sections were treated with 3% H2O2 in PBS for 10 minutes to block endogenous
peroxidase and rinsed in PBS at room temperature Then, the sections were preincubated with 5% bovine serum albumin (BSA, Sigma) in PBS After pre-mcubation,
the sections were incubated with monoclonal lgG2a mouse anti-a- smooth muscle
actm (Sigma), 1:1600 for 45 minutes. After washing with PBS, the sections were
incubated with goat anti-mouse IgG conjugated with peroxidase (Sigma), 1:100 for
45 minutes. After washing with PBS, peroxidase activity was detected through
incubation with Sigma Fast (Sigma).
Collagen type III staining
The sections were pre-treated with 0,1% pronase in PBS for 10 minutes at 37°C to
retrieve the collagen epitopes. After washing in PBS for removal of endogenous
peroxidase, they were treated with 3% H2O2 in PBS for 30 minutes and rinsed in
PBS. The sections were then pre-incubated with 5% BSA in PBS. Thereafter, the
sections were incubated with rabbit anti-type III collagen (Chemicon, Pittsburgh,
USA), 1:1600 overnight. After washing with PBS, sections were incubated with
biotinylated goat anti-rabbit antibody (Chemicon), 1.400 for 45 minutes. After
washing with PBS, the sections were treated with avidine-biotine peroxidase complex
(ABC-PO) (Vector laboratories, Burlingame, USA). Peroxidase activity was detected
by incubation with Sigma Fast™ diaminobenzidm (DAB) (Sigma) Staining was
enhanced by incubating the samples with 0.5% CuSO^ in a 0.9% NaCI solution for 5
minutes. Sections were rinsed in tap water for 5 minutes, and counter-stained for 10
seconds in haematoxylin (Merck) after Delafield. Immunohistochemical controls
included replacement of the primary antibodies with PBS and mouse IgG, rabbit
serum or goat serum (Sigma).
Macrophage staining
For macrophage staining, a monoclonal mouse anti-human macrophage cell-surface
marker, anti-CD-68 (clone EBM 11, Dako, Glostrup, Denmark) was used. Apart from
macrophages, this antibody also recognises CD-68 on peripheral blood monocytes,
Langerhans cells of skin, interdigitating reticulum cells of T-cell zones, large
lymphocytes, basophils and mast cells. The antibody is also known to give cross
reactivity with goat CD 68.
After deparaffinizing the sections, antigens were retrieved by treatment with trypsin 250
(DIFCO, cat. no. 0152-13) with 2 mg/ml Tris/HCI (50 mM, pH 7.5, at 37°C). Incubation
with anti-CD68 was done at a concentration of 1:100, followed by anti-mouse-biotin
(Jackson Labs, West Grove, PA) and Elite Vectastain ABC-PO (Vector). Sections were
rinsed in PBS after every step. The substrate for PO was DAB.
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Statistical analysis
The means and standard deviations of triplicate data were calculated from the
histomorphometrical analyses Data were compared with a 5-way ANOVA (with twoway interactions, by SPSS 9 0 for Windows)

RESULTS
Macroscopic findings
The post-operative period was without clinical problems for all animals At implant
retrieval, all subcutaneously- and subpenosteally placed implants were surrounded
by a thin fibrous capsule There were no macroscopic signs of a gross inflammatory
reaction in any of the tissue specimens
Light microscopy
Examination of the histological sections revealed a fairly uniform tissue response for
all tested substrates This means that in all sections, normal skin and underlying
tissues could be determined, and all implants were encapsulated by a fibrous layer,
which could be clearly discerned from the original connective tissue
About 27% (5 subcutaneous, 24 subperiosteal) of the tissue specimens (randomly
distributed among the different surface modalities) were excluded from further
evaluation This was necessary because of a wide variety of reasons sometimes we
simply were not able to retrieve the implant from the tissue, or bone was formed in
the periosteal layer covering the implants on the frontal bone (Fig 1 ab) This
prevented a reliable application of our evaluation scale In addition, when implants
were surrounded by fatty tissue, they were excluded because it is known that this
drastically alters the formation of a fibrous capsule [2] Furthermore, we also found
an inflammatory reaction around a small number of the two-week implants that were
placed subpenosteally Thus, in total, a considerable number of the subpenostally
placed implants had to be excluded from further evaluation
The specific PLA we used did not show any clear microscopical signs of degradation
in the time period studied The micro-grooved surface topography of the capsule
directly mirrored the external surface of the implant After two weeks, capsules
invariably showed the presence of many fibroblasts and some inflammatory cells
Based on morphological appearance, we designated these cells to be either
macrophages or polymorphonuclear cells Short bundles of collagen were observed
At the implant-capsule interface, a layer of multmuclear (giant) cells was present The
cells in the interface along the microtextured surface were arranged in an orderly
way, frequently one cell was lying in a groove, while the neighboring cell was facing a
ridge (Fig 2ab)
From four weeks on, hardly any inflammatory cells were present within the fibrous
tissue capsules However, at the interface, still a layer of multmuclear (giant) cells
was present between implant and tissue
After twelve weeks, the shape of the fibroblasts in the capsules had usually flattened
Long, parallel bundles of collagen were observed, and cellulanty had decreased
compared with the four-week specimen Furthermore, capsules exhibited an
alignment of fibroblasts parallel to the implant surface, that was substantially more
pronounced when compared to the earlier time periods of two- and four weeks
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Figure 1 A: Cross-section of subperiosteally placed 2 urn implant and capsule after
12 weeks of implantation. B=bone, L=lumen (implant removed), C=capsule,
P=periosteum, D=dermis, E=epidermis. B) Cross-section of subperiosteally placed 2
μηη implant, with periosteum containing ossification (arrows), after 4 weeks of
implantation (both at original magnification 2.5 x).

Figure 2a: Fibrous tissue capsule around subperiosteally placed 10 μηι implant after
2 weeks of implantation (original magnification 20 x). G=groove of implant, R=ridge of
implant, C=capsule, P=periosteum, F=fibroblast. Arrow Indicates interfacial cell in
groove. B) Example of excellent capsule quality, only after 2 weeks of implantation, in
capsule around subperiosteal 10 μηι implant (original magnification 40 x).
Histomorphometry
Capsule Quality
Subcutaneous implants
When scores of all surface modalities were taken together, we found significantly
(p<0.05) higher scores for capsule quality with increasing implantation time. This
means that in time, capsules became significantly less dense with cells, and
connective tissue organisation improved (Fig. 3a).
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Subperiosteal implants
In parallel with the results of the subcutaneously placed implants, when scores of all
surface modalities were taken together, all subpenosteally placed implants showed
significantly (p<0.05) higher capsule quality with increasing implantation time (Fig.
3b).
Subcutaneous vs. subperiosteal implants
Subperiosteal implants had significantly (p<0.05) higher quality capsules after two
and four weeks than the subcutaneous implants (Fig. 3).
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Figure 3: Scores of capsule quality at each implantation time. A) Subcutaneous
implants b) subperiosteal implants. High score means good quality capsule (Table 1).
Capsule thickness
Subcutaneous implants
When scores of all surface modalities were added, we determined a significant
(p<0.05) thickening in time of the capsules (Fig. 4a).
Subperiosteal implants
When scores of all surface modalities were added, capsules around subperiosteal
implants became significantly (p<0.05) thinner in time between two and twelve weeks
of implantation (Fig. 4b).
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Subcutaneous vs. subperiosteal implants
We found a marked contrast in the development of capsule thickness between the
two implantation sites. In time, capsule thickness increased around subcutaneous
implants, whereas capsules around the subperiosteal implants became progressively
thinner. Still, after two and four weeks, capsules around the subcutaneous implants
were significantly (p<0.05) thinner than capsules around the subperiosteal implants
(Fig. 4).
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Figure 4: Scores for capsule quantity at each implantation time. A) Subcutaneous
implants B) subperiosteal implants. High score means thin capsule.
Interface quality
Subcutaneous implants
When scores of all surface modalities were taken together, we found a significant
(p<0.05) increase in interface quality from two to twelve weeks of implantation (Fig.
5a).
Subperiosteal implants
When we compared the two and twelve-week implantation periods, a significantly
(p<0.05) higher score was designated at longer implantation time, when scores of all
surface modalities were taken together (Fig. 5b).
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Subcutaneous vs. subperiosteal implants
No significant differences in interface quality were found between the subcutaneousand subperiosteal implants, at the various implantation periods (Fig. 5).
Figure 5: Scores for interface quality at each implantation time. A) Subcutaneous
implants b) subperiosteal implants. High score means low number of interfacial cells.
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Picrosirius red staining
Picrosihus red staining with polarized light was performed, to detect mature collagen
fibers in the capsules (Fig. 6 ab). PLA surfaces implanted in both subcutaneous and
subperiosteal locations generally showed staining for mature collagen. Occasionally,
the staining pattern differed, in that the intensity of the staining was sometimes
inhomogenous within capsules and also between capsules of different implants.
However, the differences could not be related to implantation-periods, surface
modifications or implant-location.
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Figure 6: Picrosirius red staining (A and B) and collagen III staining I. A)
Capsule around subcutaneous 10 μίτι micro-grooved implant after 4 weeks of
implantation showing picrosirius red staining for mature collagen. I=interface,
C=capsule, S=subcutaneous tissue. Original magnification 10 x; implant Is removed
(A and Β). B) Same implant capsule as in A), now showing birefringency with
polarization microscope. C) Capsule around subcutaneous 2 μπι micro-grooved
implant after 12 weeks of implantation, showing staining for collagen III (arrows;
original magnification 40 x).
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Immunohistochemistry
a- smooth muscle actin
A monoclonal antibody against a-SMA was used to detect myofibroblasts in the
capsules around the various implants. Representative pictures of our findings are
depicted in Figure 7. No differences in the presence of a-SMA in the capsules were
detected between the various implants, implant-sites or implantation times.

Figure 7: a-SMA staining. L=lumen (implant removed), C=capsule, S=subcutaneous
tissue. Arrows indicate a-SMA staining. A) Dermal scar tissue resulting from incision
(original magnification 40 x), D=dermis, E=epidermis. B) 12 week old capsule around
2 μΓη implant (original magnification 20 x). Large arrow indicates a-SMA in capsule,
small arrow indicates 2 μπι microtexture. C) 4 week old capsule around 2 μηι implant
(original magnification 20 x). D) 4 week old capsule around smooth implant (original
magnification 20 x).
Collagen III staining
Collagen III staining was done to detect collagen type III fibers in the capsules (Fig. 6
c). All the various surfaces, implanted in both the subcutaneous and the
subperiosteal locations, showed considerable staining for collagen III, at all timepoints. No differences were discerned in collagen III staining of the capsules between
the various subcutaneous- and subperiosteal implants.
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Macrophage staining
We used a monoclonal mouse anti-human CD-68 cell-surface marker, to detect cells
from the macrophage lineage. Frequently, the interfacial cells around the implants at
each implantation time did show staining for this cell-surface marker (Fig. 8).
Nevertheless, no specific effect on macrophage expression was observed by implant
location, implantation-time or surface topography.

Figure 8: Interface of subcutaneous 10 μηι implant after two weeks of implantation,
with CD 68 positive cells at the interface, and at the border between the capsule and
the subcutaneous tissue (large arrows). I=interface, C=capsule, S=subcutaneous
tissue. Thick arrowheads depict CD 68 negative cells (original magnification 40 X).

DISCUSSION
This study was done to investigate whether motion between implant and surrounding
tissue influences the tissue reaction to these implants. In addition, we intended to
evaluate the tissue reaction to PLA implants with different surface micro-textures e.g.
2 μηι micro-grooved, 10 μΐη micro-grooved and smooth.
We have to note that a number of the subperiosteal implants (17%) were covered
with bone on the subperiosteal side, and were therefore excluded from the study.
However, as this bone-forming occurred mostly around implants in the same goat,
we do not perceive this phenomenon to be of essential influence to the observed
effects.
Comparison of the obtained histological data, revealed a number of striking
differences. First, analysis of the order of connective tissue organisation, as
evaluated by fibroblast alignment, and involvement of inflammatory cells in the soft
tissue reaction around the implants, learned that the subpehosteally placed implants
had a higher capsule quality than their subcutaneous counterparts at two and four
weeks of implantation. This finding supports the hypothesis that frictional forces
around an implant can hinder a fast organisation of connective tissue and attract
more inflammatory cells to the implantation site.
Second, we observed a significant difference in capsule thickness between
subcutaneous and subperiosteal implants. Capsules around subcutaneous implants
increased in thickness during implantation. In contrast, capsules around subperiostal
implants became significantly thinner in time. We attribute this finding to the influence
of shear forces due to the proximity of active muscle groups, as present in the
surrounding tissue of the subcutaneous implants. Apparently, such shear forces are
virtually absent in the surrounding tissue of the bone-fixed subperiostal implants. We
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know that stress and movement at an implant interface produces "mechanical
irritation" of the surrounding tissue, which leads to increased fibrosis [2].
A third remarkable finding, was that the increase in capsule thickness was not
associated with a more severe imflammatory reaction at the interface around the
subcutaneously located implants. Currently, we can not provide an explanation for
this phenomenon.
Nevertheless, we have to add that the subperiosteal implant site differs in some
aspects from the subcutaneous implant site. For instance, the vascularisation of
subcutaneous tissue will be different from the periosteum. Also there will be
differences in the number and nature of the cell types and the biochemical factors (e
g. cytokines) active at both sites.
In this study, we used a-SMA to investigate whether the capsules around the various
implants differed in the presence of myofibroblasts, which indicates a predisposition
for capsular contracture. However, the staining pattern we found did not reveal any
differences in the expression of this marker in the capsules of the implants studied. In
addition, we performed a picrosinus red and an immunohistochemical staining to
obtain insight into the presence and distribution of matured collagen and collagen III
in the tissue capsules. All tissue capsules stained for collagen type III, and most
tissue capsules also stained for matured collagen. These findings support our
subjective description of the tissue response to the various implants. Here, also no
clear differences in morphological appearance of the soft tissue surrounding the
implants was observed.
On the basis of morphologic criteria, the interfacial cells at the surface of most
implants resembled inflammatory cells of the monocytic/macrophage lineage We
therefore used a staining agent against the CD-68 cell-surface marker of such cells.
The majority of interfacial cells did stain for this marker. This confirms that these cells
were indeed macrophages. The CD-68 marker has also been used by Kamel et al.
[22], in an immunophenotypic study of capsules around silicone breast implants,
retrieved during explantation surgery. They found that within the fibrous capsule, only
occasional mononuclear cells were present. Besides, these cells were primarily of
the histiocytic phenotype, i.e. macrophages. In agreement with our study, most CD68 positive cells were concentrated near the implant-tissue interface
Further, we observed no significant differences in capsule quality, capsule thickness
or interface quality between 2 μΐη micro-grooved, 10 μιτι micro-grooved and smooth
surfaces. In vitro, these surface modifications are known to cause adherent cells to
orient towards the groove direction. Evidently, this cell-orientation effect does not
cause marked changes in wound healing around an implant. Our histology showed,
that in the interface of both micro-grooved surfaces, frequently a monolayer of cells
was present. Previously, we hypothesized already [17] that the capsular fibroblasts,
which preside beyond this interfacial cell layer, presumably cannot sense the
difference between textured and smooth surfaces through this layer of cells As a
consequence, an effect on the tissue formation and organization, exemplified by
fibroblast alignment, is prevented.
Other researchers suggested, that double-sided micro-grooved surfaces can
contribute to mechanical interlocking and tissue attachment of the implant [1, 2, 4, 8,
14, 23]. Subsequently, this improved interlocking can reduce interfacial shear forces
between implant and surrounding tissue [2]. In our histological sections we always
observed interdigitation of tissue into the surface grooves. This appears to indicate
superior interlocking Nevertheless, this did not result in an improved capsule and
interface quality, or to thinner capsules.
In summary, we conclude that increased mobility of an implant relative to the
surrounding tissue negatively influences capsule quality and capsule thickness We
therefore recommend that when designing an implant, the anchoring and
immobilization of the implant into its environment is seriously taken into consideration
and is therefore optimized. On the other hand, within the limits of the current study,
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we were unable to prove the existence of an effect of implant-surface topography on
m vivo soft tissue response This result however does not rule out different
applications of these standardized micropattern in implantology, such as in
percutaneous devices [24]
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Release of bioactive transforming growth factor- β 3 from microtextured polymer surfaces in vitro and in vivo
Introduction
Transforming Growth Factor-betas (TGF-ßs) are homodimenc polypeptides that regulate cell
proliferation and differentiation. In addition, they regulate the expression of extracellular matrix
proteins and mtegrins, via interactions with distinct receptor types [1-4]. The three mammalian
isoforms, TGF-ß 1, TGF-ß 2 and TGF-ß 3 are powerful growth inhibitors for most cell types of
epithelial, endothelial and hematopoietic cell lineages [1, 5, 6], and generally growth stimulatory for
cells of mesenchymal origin [6]. TGF-ß 3 is specifically involved in wound healing [1, 7, 8]. In
addition, exogenous injection of TGF-ß 3 into cutaneous, incisional wounds results in reduced
scarring, inflammation and extracellular matrix generation [8]. It therefore seems an intriguing
prospect to examine whether TGF-ß 3 can also improve tissue healing around soft-tissue implants.
A carrier may be used to apply a growth factor to a wound. In the literature, several vehicles have
already been used to deliver growth factors to the wound in the early phases of wound healing
These include collagen [9, 10], ceramics [11, 12] and porous glass [13]. Although these
approaches differ in the chemical and structural characteristics of the vehicles and in the method
the growth factor is adsorbed to the surface, the release kinetics of the loaded growth factor from
the above mentioned carriers generally show an initial rapid release of the growth factor, after
which the release slows down significantly.
In order to reliably determine the effect of TGF-ß 3 on wound healing, it is important to
characterize the release kinetics of the growth factor from its carrier. This information is required to
establish a predictable dose-response relationship for future in vivo applications Previously, we
have used micro-grooved silicone tubes as a carrier for TGF-ß 3 (0-250 ng) [14] and silicone and
poly-l-lactic acid (PLA) disc-like substrates for in vivo implantation [15, 16]. For comparison, we
used the latter two carriers in the current experiments Unfortunately, no effect of TGF-ß 3 on the
tissue response to the implant was observed. TGF-ß 3 did not affect the thickness or conformation
of fibrous tissue capsules around these implants. An explanation for this observation is difficult to
provide. In the aforementioned study by Gehrke [14], the release kinetics of loaded TGF-ß 3 from
the implant surface were poorly described. Also, the amounts of TGF-ß 3 used in this study were
relatively low.
Therefore, the aim of the current study was to evaluate the in vitro and in vivo release of TGF-ß 3
from microtextured silicone and PLA implant surfaces In addition, the bioactivity of the released
TGF-ß 3 as well as the diffusion into the surrounding tissue were examined in order to provide the
basis for future applications of TGF-ß 3 in vivo to modulate wound repair and scarring
MATERIAL AND METHODS
Implant production
For the fabrication process and characterisation of the microtextured PLA and silicone substrates,
reference can be made to previous publications [15-17]. Briefly, coin-shaped substrates (1 mm
thick and 8 mm in diameter) were cut from poly-l-lactic acid (Μν=3· 105; Purac Biochem,
Gorinchem, The Netherlands) or medical-grade silicone rubber (polydimethylsiloxane, NuSil MED4211, NuSil Technology, Carpinteria, Ca., USA). Onto the surface of these substrates, microgrooved patterns were applied, with a groove depth of 1.0 μπι and a ridge- and groove-width of
10.0 μπι. This grooved micropattern enlarges the surface area available for growth factor adhesion,
enabling more growth factor to be applied Another advantage of the micro-grooved pattern is that
the micro-grooves can direct orientation, spreading and locomotion of cells m vitro ("contact
guidance') [18].
The substrates used for the in vitro assay had microtexturing on one side, whereas the substrates
used for the in vivo studies had a double-sided microtexture. Before use, all substrates received a
radio-frequency glow discharge treatment (RFGD, 5 mm in argon at 150 mTorr) to enhance
surface wettability.
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In vitro TGF- β 3 release
To measure the amount and kinetics of TGF-ß 3 released from the substrate surface, an in vitro
release assay was performed in culture medium. We used silicone and PLA microtextured
substrates A sterile buffer solution containing 100 ng of human recombinant TGF-ß 3 (R&D
Systems, Abingdon, Oxon, UK) was pipetted onto the substrates and subsequently freeze-dned
Then, the substrates were placed in a 24 well plate in 2 ml of modified Eagle's medium (a-MEM,
GIBCO BRL, Life Technologies B.V., Breda, The Netherlands) supplemented with 10% fetal calf
serum (FCS, GIBCO) and gentamycin (50 μg/ml;GIBCO) In addition, several wells were filled with
medium only, to be used as negative controls. Incubation was performed on a shaker at 370. At
the time-points 30 min, 1 hour, 2 hours, 4 hours and 24 hours, we aspirated 100μΙ of the medium
of each well and added 100μΙ of fresh a-MEM solution to fill up the well again.
Thereafter, the amount of TGF-ß 3 in the aspirated samples was measured with the use of a TGFß 3- specific Enzyme Linked Immuno-Sorbent Assay (ELISA). For this purpose, a 96 well plate was
coated with 100μΙ of a monoclonal anti-human TGF-ß 3 capture antibody at 2-4 μg/ml (R&D
Systems, Inc.) and stored at 4° C. To each well, either a sample for the standard curve, or 50 μΙ of
the aspirated experimental sample was added After washing, captured TGF-ß 3 was detected by a
biotinylated anti-TGF-ß 3 antibody (200 ng/ml, R & D Systems, Ine ). The amount of bound
antibody was detected using streptavidin conjugated to horseradish peroxidase (62,5 pg/ml;
Zymed lab., San Francisco, USA). This was followed by incubation with a substrate solution (1.1
mixture of H2O2 (0.02%; R & D Systems, Ine ) and tetramethylbenzidme (0.3%-0 4%; Medix
Biotech., San Carlos, CA)) for 20-30 minutes at room temperature. The reaction was stopped by
the addition of 0.5 M h^SO^ and the amount of TGF-ß 3 was determined by measuring the
absorbance at 450 nm, using a 96-well / microplate reader (EL 800 Universal Microplate Reader,
Biotek Instr. Inc., Winooski, Vm, USA). A linear standard curve was constructed using stocksolutions of TGF-ß 3 (4 μg/ml, R & D Systems, Inc.)
Subsequently, the chemical nature of the release pattern was determined. For this, data were fitted
into the following equation:
F ( 0 = 3 ( 1 - 0 (formulai).
In this equation F is the amount of released growth factor, a is the saturation level of growth factor
and b is the time of release. The characteristic release time is the time period, after which 63%
(=1-e"1) of the substance has been released
In vitro TGF- β 3 activity assay
In parallel to the in vitro release assay, silicone and PLA microtextured substrates were loaded
with 100 ng TGF-ß 3 each These implants were also submerged in cultunng medium, and 100 μΙ
of medium was aspirated at 24h In these samples, TGF-ß bioactivity was assessed using a
method adapted from previous publications [19-24] This method is based on the ability of active
TGF-ßs to inhibit the proliferation of mink lung epithelial cells (MLEC) (CCL-64, ATCC, Manassas,
VA, USA). The cell cycle of this cell line is arrested in the G Ì phase by TGF-ß 3 [22].
MLECs were cultured in Dulbecco's Modified Eagle's medium (DMEM) (GIBCO BRL, Life
Technologies B.V., Breda, The Netherlands) supplemented with 10% FCS and 100 U/ml penicillin
(GIBCO), 100 μg/ml streptomycin (GIBCO). One day prior to the experiment, the cells were
passaged 1:3 to ensure exponential growth. The cells were trypsimsed and plated into a 96-well
cell culture plate (104 cells / well in 100 μΙ). Human recombinant TGF-ß 3 was diluted in DMEM
containing 0.1 % bovine serum albumin (BSA) in order to prepare a standard curve in the range of
0-20,000 pg/ml 100 μΙ aliquots of the standards or the release samples were added to the
experimental wells containing the MLECs.
After incubation for 20 h at 37° C, 25 μΙ of a solution of 20 μΟί /ml of [methyl-3H]-thymidine (420
kBq/ml; Amersham, Little Chalfont, UK) in DMEM was added to each well. The plates were then
incubated for an additional 4h at 370C, washed in cold phosphate-buffered saline (PBS) and stored
overnight at -80°C. The cells were then harvested on a filter using a cell harvester (Tomtec,
Hamden, USA)
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The radioactivity of each sample was counted in a betaplate reader (LKB 1205 Pharmacia /
Wallac, Finland) A standard curve was constructed by calculating the percentage of [methyl-3H]thymidme incorporation in the TGF-ß 3 standard wells compared to that of the controls without
TGF-ß 3 Finally, the amount of active TGF-ß 3 in each of the release samples was estimated from
the standard curve
In vivo TGF-ß 3 release
Experimental Animals
To limit the use of animals, we only used microtextured PLA implants in this study Both the
release assay and the bioassay indicated that there were no significant differences between
silicone and PLA implants regarding the kinetics of TGF-ß 3 release
Four healthy adult male Wistar rats were used, weighing approximately 250 g. The animals were
kept in the laboratory according to national guidelines, and received chow and water ad libitum.
Prior to the experiments, approval was acquired from the Ethical Committee for animal
experiments at the University of Nijmegen.
The rats were anaesthetized with pentobarbital 60 mg/kg i.m. and atropine (0.1 mg per rat). For the
insertion of the implants the dorsal skin was shaved, washed and disinfected with iodine. Three
full-thickness longitudinal incisions (1 cm long) were made through the skin. Two incisions were
made on the right side of the spine and one on the left side. Then, lateral to the incisions,
subcutaneous pockets were created by blunt dissection with scissors. Into the first pocket, a microgrooved PLA implant was placed, onto which 100 ng of recombinant human TGF-ß 3 had been
freeze-dned. Into the second pocket, an implant without TGF-ß 3 was placed. The last pocket was
left empty and was closed forthwith (sham). The implants were placed parallel to the dermis All
wounds were closed using Vicryl® suture material. After implantation periods of 1 h, 8 h, 24 h and
3 days, one rat was sacrificed by CO2 asphyxiation. The implants and surrounding tissue were
removed and appropriately prepared for the TGF-ß bioassay.
Preparation of cryosections
After retrieval, tissuesamples were placed onto sterile cork discs carrying a drop of sterile
methylcellulose (6%), snapfrozen in liquid nitrogen, and stored at -80°C for a maximum of two
months. Thick cryosections (20 μηη) were cut using a cryostat (Slee HRM, Mainz, Germany) and
placed onto sterilized 13-mm round covershps to be analyzed for active TGF-ß 3 in the PAI1/luciferase assay. The orientation of the cryosectioning was either across the middle of the
implant (triplicate sections vertically to the dermis) or parallel to the implant starting at the implanttissue interface (serial sections towards the epidermis) (Fig. 1). The covershps carrying the
sections were placed into a petri dish at -20°C and analysed immediately.
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Figure 1 : Preparation of tissue cryosections for PAI/L assay.
Plasminogen activator inhibitor-1/ Luciferase (PAI/L) assay
The PAI/L assay bioassay for active TGF-ß 3 was performed as described before [25, 26]. For the
PAI/L assay, a truncated TGF-ß-inducible PAI-1 promoter was fused to a firefly luciferase reporter
gene and subsequently transfected into MLECs generating a highly sensitive, TGF-ß-responsive
cell line [25]. The PAI/L assay is specific for active TGF-ß 1, -β 2, and -β 3, and the detection limit
is approximately 5 to 10 pg/ml. This assay has been used previously for the quantification of active
TGF-ß in liquid samples as well as in tissue cryosections [25, 26]. Mink lung epithelial cells
transfected with the PAI/L reporter construct were a generous gift from Dr. Daniel B. Rifkin (New
York University Medical Center, New York, NY).
MLECs were cultured in DMEM supplemented with 10% FCS, L-glutamine (2mM), Hepes (10 mM),
and geneticin (250 μg/ml). Cells were used between passage 8 and 52. MLECs were plated into
24-well cell culture dishes (3 χ 105 /ml, 500 μΙ/well) in culture medium and incubated for four hours
at 370C. Then, serum-containing medium was replaced with 500 μΙ of serum-free DMEM containing
0.1% pyrogen-poor BSA (PAA Laboratories, Cölbe, Germany), Hepes (10 mM), and L-glutamine (2
mM) (DMEM/BSA medium). The coverslips carrying cryo-sections were placed upside down onto
the MLECs in the 24-well plates.
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To generate standard curves for TGF-ß activity, serial dilutions of recombinant human TGF-ß 3 (0
to 500 pg/ml) in DMEM/BSA medium were added to the MLECs together with coverslips [26]
Samples and TGF-ß standards were incubated with the MLECs overnight at 37°C. MLECs were
then washed in PBS and lysed with 200 μΙ of luciferase cell lysis buffer for 20 minutes at room
temperature. Forty-five μΙ of the lysates was transferred in triplicate into a Microlite 96-well plate
Luciferase activity in the lysates was determined using an MLX Microliter Plate Luminometer
(Dynex Technologies, Chantilly, VA) [25]. The TGF-ß activity in the tissue samples was read from
the standard curve
Results

Experiment 1 : In vitro release kinetics of TGF-ß 3
At representative time-points, we sampled the medium for the presence of TGF-ß 3. In this way,
the in vitro release profile of TGF-ß 3 from silicone and PLA implants was determined up to 24 h
(Fig. 2). We found a burst-like release of TGF-ß 3 from microtextured silicone and PLA implants
The release profile of the growth factor from both PLA and silicone implants showed a good fit to
the formula (1) For PLA the characteristic release time was (b) = 29 + 18 min, and for silicone (b)
= 34 + 6 min This means that the data can well be described by an exponential curve.
After 30 minutes, about 60% of the loaded growth factor had been released into the medium from
both materials. After 2 hours virtually all TGF-ß 3 that had been loaded onto the microtextured
silicone substrates, was detected in the medium. Similarly, about 80% of loaded TGF-ß 3 onto
microtextured PLA substrates had been released after 2 hours These amounts slightly increased
over a time period of 24 hours. Although Figure 2 is representative of the data obtained, small
differences were observed in the relative release kinetics of TGF-ß 3 from silicone and PLA
implants between replicates of the assay.
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Figure 2: In vitro release assay of TGF- β 3 (50 ng) loaded onto microtextured silicone or PLA
implants.
Experiment 2: In vitro bioactivity of released TGF-ß 3
A mink lung epithelial cell inhibition assay was performed to assess the bioactivity of TGF-ß 3
released from microtextured silicone and PLA implants A standard curve was constructed (Fig 3)
and the amount of active TGF-ß 3 in the 24-hour release samples was estimated. When data from
the release study was combined with data from the bioassay, released TGF-ß 3 from microtextured
silicone and PLA implants was found to remain partly active (Fig 4). TGF-ß 3 released from the
PLA and silicone implants retained about 30- 50% of its bioactivity after 24 h.
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Figure 3: Standard curve for determining the release of active TGF-ß 3 from microtextured silicone
and PLA implants. TGF-ß 3 activity is characterized by a decrease in the percentage of
[methyl-3H]-thymidine incorporation into MLECs compared to controls.
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Figure 4: Inhibition of the proliferation of MLECs by TGF-ß 3, released from microtextured silicone
and PLA implants within 24 h. This was characterized by a decrease in the percentage of [methyl3
H]-thymidine incorporation compared to controls. Sil, silicone; PLA, poly-l-lactic acid. Data
represent the mean values +/- SD of 4 implants. Black bars, 40-fold dilution of the samples;
white bars, 200-fold dilution. Indicated values are estimates of the concentration of TGF-ß 3 in the
diluted release media. Values with asterisks (*) are read from the most reliable part of the standard
curve.
Experiment 3: Detection of active TGF-ß 3 released from microtextured PLA implants in vivo
The post-operative period was uneventful for all animals. We cryosectioned the tissue block
containing the implant in two planes in order to establish the spatial distribution of TGF-ß 3
released into the surrounding tissue. We made cross-sections through the middle of the implant
(Fig. 1 ). This enabled the detection of TGF-ß 3 that was present on both sides of the implant and
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in the surrounding tissue. As is illustrated in Figure 5 a, we could detect the presence of TGF-ß 3
from 1 h post-implantation up to 24 h post-implantation.
Further, we also cryosectioned the tissue surrounding the implant, at a plane perpendicular to the
cross-sections (Fig. 1 ). We detected the presence of active TGF-ß 3 in the tissue adjacent to the
PLA implants both at 1 and 8 h post-implantation but not anymore at 24 h post-implantation (Fig. 5
b). Therefore the 3-day samples were not further analysed.
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Figure 5 B: Bars depict the amount of active TGF-ß 3 detected in tissue sections adjacent to the
implant surface. Error bars depict the SD of triplicate cell lysates of MLECs incubated with single
sections.
Finally, we were interested in determining the distance of diffusion of the released active TGF-ß 3
into the tissue surrounding the PLA implant. For this, consecutive tissue sections were cut 80 μιτι
apart, starting from the implants towards the epidermis. As is illustrated in Figure 6, active TGF-ß 3
could be detected at a maximal distance of 320 μιτι from the implant (in the direction of the lamina
basalis) at 1 h post-implantation. A similar distribution pattern of active TGF-ß 3 was also ound in
the surrounding tissue of the 8-h samples, but in this case detection was restricted to a distance of
160 μπι from the implant.
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Figure 6: Diffusion of active TGF-ß 3 through adjacent tissue, from the implant surface towards the
lamina basalis Average control level means the level of active TGF-ß detected in tissue adjacent
to control implants after 1 and 8 hours Error bars indicate the SD of triplicate cell lysates of
MLECs incubated with single sections

Discussion and conclusion
The impetus for this study was to develop a suitable technology to deliver a biologically active
growth factor, in this case TGF-ß 3, to wounds We firstly showed that TGF-ß 3, when loaded onto
microtextured silicone and PLA implants, is released in a burst-like manner into the local
environment After 30 minutes, about half of the TGF-ß 3 loaded onto silicone or PLA substrates
was detected in the medium This was not unexpected, because the growth factor was applied by
freeze-drymg and not covalently immobilized onto the surface Apparently, the growth factor has a
low affinity for the surface of these polymer carriers and is not durably retained After this initial
burst, the residual growth factor left on the substrates was more slowly released, and after 24
hours about 80 to 100% of loaded growth factor was found in the medium As mentioned, the
release kinetics were somewhat variable between experiments Nevertheless, we conclude that
there are no major differences in the release kinetics between the (RFGD-treated) silicone and
PLA implants A disadvantage of the burst release with in vivo applications could be that the
growth factor is turned over before it can have a biological effect In a wound, natural TGF- β 3 is
also released in bursts from 24 h onwards [27] Therefore, when one compares the in vivo
temporal release pattern of endogenous TGF-ß 3 with that of substrate-adsorbed TGF-ß 3, it
appears that they partially overlap
On the basis of the data obtained in the in vitro release experiment, we applied a curve-fitting
method The data from the release kinetics of TGF-ß 3 were well described by an exponential
curve From this method, we derived that the characteristic release time of the growth factor from a
micro-grooved carrier was approximately 30 minutes Such a release pattern is usually described
as a "surface release" or "zero-order" release Release of TGF-ß 3 adsorbed onto microtextured
substrates therefore follows a different pattern compared to the release of growth factors
incorporated in for instance sol-gel silica-based porous glass scaffolds [13] From a porous glass
carrier, growth factor release apparently consists of an initial rapid release with a subsequent
"diffusion-controlled" first-order release In our study, we also found an initial rapid surface release
of growth factor, but there was no diffusion-controlled first-order release after the initial release
period
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To examine whether the TGF-ß 3 released from the implants remained biologically active, we used
a bioassay. On the basis of both the in vitro release and bioassay data, we demonstrated that the
released TGF-ß 3 indeed partially retained its activity. In a comparable study by Gombotz [12] the
growth factor was also not covalently bound to the (biodegradable) substrates. The bioactivity of
the released TGF-ß 1 was measured, and TGF-ß 1 released from all implants was found to retain
over 90% of its bioactivity. This is a much higher percentage of activity of the released growth
factor than we found. The question arises, why part of the loaded growth factor in this study has
become non-functional Usually, growth factors lose their activity when their tertiary conformation is
disrupted. Such damage can be caused by repeated freezing and thawing or by prolonged storage
of the growth factor Another possibility is that the growth factor simply lost its functional capacity
by autolysis This possible explanation has also been proposed by Nicoli [19].
As the third part of the current study, we determined whether active TGF-ß 3 was also detectable
in the tissue surrounding an implant, when placed subcutaneously in rats. For the in vivo detection
of TGF-ß 3 we only used PLA substrates, because no significant difference in the release pattern
or functionality of TGF-ß 3 between silicone- and PLA-loaded substrates was observed. We loaded
the implants with 100 ng of TGF-ß 3, similar to the in vitro release assays. However, the growth
factor was freeze-dhed onto both sides of the implant. In vivo TGF-ß 3 activity could be detected
up to 24 hours post-implantation in the tissue cross-sections through the implant. In the tissue
surrounding the implants, active TGF-ß 3 was detected in significant amounts up to 8 hours post
implantation. Thus, there were no major discrepancies between the release pattern in vitro, and
our in vivo results.
We did not detect significant amounts of active TGF-ß 3 after 3 days of implantation. It seems
plausible that, when TGF-ß 3 is released from the implant surface into the tissue, it may
subsequently bind to a-2 macroglobulin [28], decorin [29], to cell-surface receptors like betaglycan
[4] or to parts of its precursor protein (latency associated protein (LAP)) [30]. Some of these
interactions are known to inactivate TGF-ß Consequently, TGF-ß 3 might not be measured any
further with this bioassay which probably requires diffusion of active TGF-ß 3 out of the tissue
section. Alternatively, TGF-ß 3 might have been metabolized or degraded by cells.
Interestingly, at one hour post-implantation, we could define a diffusional pattern of TGF-ß 3
through out the tissue surrounding the implant, away from the implant towards the epidermis We
were able to detect active TGF-ß as far as 320 μπι away from the implant This distance may be
comparable to approximately 40 layers of fibroblasts. Apparently, at this time-point, not all the
active TGF-ß 3 is bound to proteins or cells. This is an interesting phenomenon; it indicates the
ability that TGF-ß 3, when released from implants, to diffuse through the tissue and reach wounds,
even at a considerable distance from the implant.
In summary, we demonstrated that TGF-ß 3 was released in a burst-like manner from
microtextured silicone and PLA surfaces in vitro and that TGF-ß 3 released from these substrates
remained (at least in part) functional. In addition, we showed that active TGF-ß 3 released from
these implants could be detected in vivo for up to 24 hours. Shortly after implantation, released
active TGF-ß 3 migrated through subcutaneous tissue and could be detected up to 320 μπι away
from the implant.
Consequently, we conclude that TGF-ß 3 loaded onto microtextured polymer membranes remains
functional when released in vitro and in vivo and may represent an alternative way to introduce a
growth factor into a wound.
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Soft tissue reaction to micro-grooved poly-l-lactic acid implants loaded with
Transforming Growth Factor-ß 3.
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Soft tissue reaction to micro-grooved poly-l-lactic acid implants loaded with Transforming Growth Factor-ß 3
Introduction
Wound healing is characterized by the sequential occurrence of acute inflammation,
granulation tissue formation and remodeling to scar tissue. Although the process of wound
healing is of paramount importance for survival of the human species, it also can lead to
functional and cosmetic problems. This is especially apparent in hypertrofie scarring
following burn wounds and in keloids, or in scars of (incisional-) or excisional wounds. It
would therefore be both rewarding and challenging to develop methods to reduce scarring,
thereby improving functional and cosmetical outcome.
An excessive tissue response also constitutes a clinical problem in medical implantology,
where the foreign body response can lead to a chronic state of inflammation, resulting in a
thick, fibrous capsule and in some cases, capsule contraction [1] There are large
similarities between the connective tissue reaction, which occurs around an implant and
forms the capsule, and scar formation. For instance, the presence and geometry of newly
formed collagen bundles that are deposited by fibroblasts in a wound and around an implant
are comparable. In addition, there is a similar occurrence of an acute inflammatory reaction.
In studies by Shah et. al., exogenous injection of Transforming Growth Factor beta 3 (TGFß 3) into cutaneous, incisional wounds in rats resulted in a marked improvement in the
architecture of the neodermis and in a reduction of scarring [2]. The treatment of these
wounds with TGF-ß 3 also induced a lower monocyte and macrophage content, increased
vasculansation and gave rise to a lower fibronectm, collagen I and collagen III deposition m
the earlier stages of healing. Therefore, we hypothesize that the application of TGF-ß 3 in
combination with an implant, can reduce scarring following implantation. TGF-ß 3 loaded
onto an implant surface may alter the structure of the tissue surrounding the implant by
reducing extra-cellular matrix accumulation, the number of inflammatory cells and the
presence of contractile elements, like myofibroblasts. On the other hand, the application of a
growth factor on an implant requires a suitable implant surface configuration. A solution for
this problem is to provide the implant surface with a standardized pattern of micro-grooves.
Through capillary action, the micro-grooves can be filled with a growth factor solution. An
additional advantage is that micro-grooves have also been suggested to alter the tissue
reaction around an implant. It has been proposed that micro-grooves can enhance tissue
attachment to the implant, and can specifically direct fibroblasts according to topographical
cues [3-7]. This will then result in a directional deposition of collagen bundles in the wound.
Nevertheless, such an advantageous influence was not observed in all studies regarding
this subject [8-10].
In view of the above mentioned, the aim of the current study was to specifically direct the
tissue reaction to an implant in vivo, by providing the surface with a microtexture, and load it
with TGF-ß 3. An important issue, when loading a growth factor onto a carrier, is the activity
of the growth factor after application and implantation. In a previous study, we already
demonstrated that TGF-ß 3 is released from a microtextured surface and remains functional
after implantation [9].
MATERIAL AND METHODS
Implant production
For the fabrication process and characterisation of the microtextured poly-l-lactic acid (PLA)
substrates, reference can be made to previous publications [5, 10-12]. Briefly, using photolithographic and solvent casting techniques, sheets of PLA (Μν=3· 105; Purac Biochem,
Gorinchem, The Netherlands) were made. Onto the surface of these sheets micro-grooved
patterns were applied with a groove depth of 1.0 μπι and a ridge- and groove-width of 10.0
μητ The sheets were cut into coin-shaped implants of 2 mm thick and 8 mm in diameter.
The implants had micro-grooves on both sides Implants were sterilized in ethanol at room
temperature before use. In total, 36 implants were made.
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Loading of substrates with TGF-ß 3
Human recombinant TGF-ß 3 (R&D Systems, Abingdon, UK) was loaded onto the PLA
implants First, TGF-ß 3 was dissolved in 4 mM HCl with 1 mg/ml bovine serum albumin
(BSA, Sigma, St. Louis, USA). Then, 500 μΙ ahquots were pipetted into eppendorf tubes,
and freeze-dned overnight. Implants were either loaded with 1 or 2,5 μg of TGF-ß 3. Control
implants were made using the same procedure, but without TGF-ß 3 in the solution. We
have previously demonstrated this method of loading of a growth factor on such implants to
be effective [9].
Experimental animals and implantation procedure
A total of 36 healthy adult male specified pathogen free Wistar rats were used, weighing
approximately 250 g (6 rats per data point). The animals were housed according to national
guidelines, and received chow and water ad libitum. Prior to the experiments, approval was
acquired from the Board for animal experiments of the University of Nijmegen. The various
implants were inserted in a subcutaneous pouch on the right flank of the animal. Each
animal received one implant. Implantation times were two and eight weeks
The rats were placed under general anesthesia with pentobarbital 60 mg/kg i.m and
atropine (0.1 mg). Before the insertion of the implants the skin was shaved, washed and
disinfected with iodine. One full-thickness incision (1 cm) was made through the skin, on the
right side of the vertebral column Then, a subcutaneous pocket was created by blunt
dissection with scissors. In each pocket, one implant was inserted. After implantation, the
wounds were closed using Vicryl® suture material
Wound healing was observed clinically at regular intervals until completion. After the study
period, rats were sacrificed by CO2 suffocation The implants and surrounding tissues were
removed and prepared for histological evaluation.
Histological evaluation techniques
All histological procedures were performed at room temperature. After retrieval, the tissuecovered implants were fixed in 4% buffered formalin for two days, dehydrated in a graded
series of ethanol and embedded in paraffin. Thereafter, 6 ym sections were cut using a
Leica RM 2165 Microtome equipped with a D knife. Sections were stained with either
methylene blue and basic fuchsm, or picrosihus red. Further, immunohistochemical
stamings were performed to detect α-smooth muscle actin, collagen III and tissue
macrophages (three sections for each staining). All sections were examined with a Leica
DM RBE light microscope at a magnification of 2.5 χ and 40 x.
Methylene blue and basic fuchsin
Sections stained with methylene blue (Merck, Darmstadt, Germany) and basic fuchsin
(Merck) were evaluated for overall tissue response to the implants. We evaluated the tissue
reaction on four locations of the capsule: two locations on the cutaneous side of the implant,
and two locations on the subcutaneous side of the implant The evaluation points were
located about 1/3 distance from the edge of the implant. The method of evaluation was
adapted from an earlier publication [13, 14]. Evaluation of the histological sections was
performed by two observers, independent of each other. At each location, we determined
three parameters (first two parameters in arbitrary points 0-4, for a description of the point
scale see Table 1 ):
1 ) capsule quality
2) interface quality
3) capsule thickness
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Ad 3) The thickness of the fibrous capsule was measured on microscopic images, projected
(magnification 400 x) on a color monitor, using a CCD/RGB camera (Sony DXC151P)
Subsequently, measurements were performed in the same 4 predetermined fields as
mentioned above. The fields were positioned at regular intervals m the capsule surrounding
the implant.
Table 1: Histological grading scale for soft tissue implants.
Score

Reaction Zone Response
Capsule

Qualilalneiy

Capsule tissue is fibrous, mature, not dense, resembling

A

connective or Idi tissue in the non-in|ured regions
Capsule tissue is fibrous bui immature, s h o w i n g

fibroblasts

3

and little collagen
Capsule tissue is gramous and dense, containing both
fibroblasts

2

and m a n \ i n f i a m m a t o ^ cells

Capsule consists o f masses o f i n f l a m m a t o o cells w i t h little

1

or no signs o f connective tissue organization
Cannot be evalualed because o f infection or other laclors not

0

necessarily related to the material
Capsule ihn kness

rating

1-4

fibroblasts

4

5-9

fibroblasts

3

10-30

2

fibroblasts

> 3 0 fibroblasts

I

N o t applicable

0

Interface

Qualitatively

Fibroblasts contaci the implant surface without the presence

4

o l macrophages or foreign b o d \ giani cells
Scattered foci o f macrophages and lorcign bod> cells are

3

present
One layer o f macrophages and loreign body cells is present

2

M u l t i p l e layers o l macrophages and foreign body cells are

1

present
Cannot be evaluated because o l i n l e c l m n or other laclors not

0

necessarily related to the material

Picrosirius red collagen staining
Three sections of all specimen were stained with picrosirius red (Sigma) [15], to detect
collagen fibers. Sections were counterstained with haematoxilin (Merck) Each section was
evaluated at the same four pre-determmed locations The sections were subsequently
examined under polarized light, to visualize mature collagen. Picrosirius red stains mature
collagen red or orange; immature collagen stains green or does not stain.
a- smooth muscle actin staining
For the a- smooth muscle actin (α-SMA) staining, paraffin sections were hydrated and
treated with 3% H2O2 in PBS for 10 minutes to block endogenous peroxidase and rinsed in
PBS at room temperature. Then the sections were pre-mcubated with 5% BSA in PBS. After
pre-incubation, the sections were incubated with monoclonal lgG2a mouse anti-α- smooth
muscle actin (Sigma), 1:1600 for 45 minutes. After washing with PBS, the sections were
incubated with goat anti-mouse IgG conjugated with peroxidase (Sigma), 1.100 for 45
minutes. After washing with PBS, peroxidase activity was detected through incubation with
Sigma Fast™ diammobenzidin (DAB). The α-SMA staining was evaluated using a scoring
scale (Table 2), on the same four locations of the capsule that were selected for the
histological evaluation.
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Table 2: Grading scale for a-SMA immunohistochemical staining.

Staining aSMA

Score

Considerable staining

3

Increased staining

2

Light staining of cytoplasma of cells

1

No staining in capsule

0

Collagen type III staining
After hydration, the sections were pre-treated with 0,1 % pronase in phosphate-buffered
saline (PBS) for 10 minutes at 37°C to retrieve the collagen epitopes. After washing in PBS,
they were treated with 3% H2O2 in PBS for 30 minutes for inactivation of endogenous
peroxidase, and rinsed in PBS. The sections were then pre-mcubated with 5% BSA in PBS.
Thereafter, the sections were incubated at 40 °C with rabbit anti-rat type III collagen
(Chemicon, Pittsburgh, USA), 1:1600 overnight. After washing with PBS, sections were
incubated with biotmylated goat anti-rabbit antibody (Chemicon), 1:400 for 45 minutes. After
washing with PBS, the sections were treated with avidme-biotme peroxidase complex (ABCPO) (Vector lababoratories, Burlingame, USA). Peroxidase activity was detected by
incubation with DAB. Staining was enhanced by incubating the samples with 0 5% CUSO4 in
a 0.9% NaCI solution for 5 minutes. Sections were rinsed in tap water for 5 minutes, and
counter-stained for 10 seconds in haematoxylin (Merck). Immunohistochemical controls
included replacement of the primary antibody with PBS. The collagen III staining was
evaluated on the same four locations of the capsule that were selected for the histological
evaluation.
Macrophage staining
To stain macrophages, we used a monoclonal mouse anti-rat macrophage marker, ED-1
(Serotec, Kidlington, Oxford, UK). This antigen is expressed by the majority of tissue
macrophages and weakly by peripheral blood granulocytes.
After hydration of the sections, antigens were retrieved by treatment with 0.2% trypsin
(DIFCO 250, cat. no. 0152-13) in Tns/HCI (50 mM, pH 7.5, at 37°C). Anti-ED 1 was used in
a concentration of 1. 400, followed by incubation with anti-mouse-biotin (Jackson Labs,
West Grove, PA) and Elite Vectastain ABC-PO (Vector). Sections were rinsed in PBS after
every step. The substrate for PO was DAB. The macrophage staining was evaluated on the
same four pre-determined locations of the capsule that were selected for the histologic
evaluation.
Statistical analysis
The averages and standard deviations were calculated from the histomorphometrical data
and the data of the a-SMA staining. Data were compared with a two-way ANOVA and a
Tukey post-ANOVA test, and a Student t-test for time comparison (by SPSS 9.0).
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Results
Macroscopic findings
The post-operative period was uneventful for all animals. At implant retrieval, all implants
were surrounded by a thin fibrous capsule. There were no macroscopic signs of an
inflammatory reaction in any of the tissue specimens.
Light microscopy
Examination of the histological sections revealed a fairly uniform tissue response for all
tested substrates. In all sections, normal skin and underlying tissues were found, and all
implants were encapsulated by a fibrous layer, which could be clearly discerned from the
original connective tissue. The specific PLA we used did not show any clear microscopical
signs of degradation In the time period studied. The micro-grooved surface topography of
the external surface of the implant, was directly mirrored in the side of the tissue capsule,
facing the implant (Fig. 1). The cells in the interface along the microtextured surface were
arranged in an orderly way; frequently one cell was lying in a groove, while the neighboring
cell was facing a ridge.
Both after two- and eight weeks, the fibroblasts in the capsules were usually flat. Long,
parallel bundles of collagen were observed, and cellularity was low. Furthermore, capsules
exhibited an alignment of fibroblasts parallel to the implant surface (meaning good maturity
and capsule quality), and hardly any inflammatory cells were present within the fibrous
tissue capsules. At the interface, frequently a layer of multinuclear (giant) cells was present
between implant and tissue.

Implant

Fig. 1: Detail of a fibrous tissue capsule, around a subcutaneous implant with 10 μπη microgrooves, which was loaded with 2.5 μg of TGF-ß 3 (original magnification 40 x) after 2
weeks of implantation. G=groove of implant, R=ridge of implant, C=capsule,
S=subcutaneous tissue, Nnterface between tissue and implant surface.
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Histomorphometry
Capsule quality
In order to evaluate the influence of the different loaded amounts of TGF-ß 3 on capsule
quality, we compared the means of both implantation periods of each concentration. When
capsule quality of the implants with the various concentrations of TGF-ß 3 was compared, it
was found that capsules of the implants with 1 or 2.5 μ9 of TGF-ß 3 had significantly
(p<0.05) higher quality compared to the implants without TGF-ß 3 (Fig. 2).
capsule quality

inni

ν) 2

0

D 2 weeks
• 8 weeks

25

1

amount of loaded TGF-beta 3
[micrograms]

Fig. 2: Scores for capsule quality at each implantation time, depicted for each amount of loaded
TGF-ß 3. Asterisks depict a significant difference (p<0.05) between 1 vs. 1 μg and 0 vs. 2.5 μg,
when the means are compared. High score means good quality capsule (Table 1).
Interface quality
With increased time of implantation, a significantly (p<0.05) lower number of cells were
found at the interface of all implants (Fig. 3).

interface quality
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amount of loaded TGF-beta 3
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Fig. 3: Scores for interface quality at each implantation time, depicted for each amount of
loaded TGF-ß 3. Asterisks depict significant difference between the two parameters. High
score means low number of interfacial cells.
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Capsule thickness
Capsule thickness was directly measured at both the cutaneous- and subcutaneous side of
the capsules (Fig. 4). No significant differences in the thickness of the capsules were
detected with respect to the various TGF-ß 3 concentrations, In both Implantation periods
and on both the cutaneous- and subcutaneous sides of the Implants.

capsule thickness
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«νspecimen

Fig. 4: Measurements of capsule quantity. "Cutis" means capsule thickness measured on
cutaneous side of the Implant, "sub" means capsule thickness measured on subcutaneous
side of the Implant. 0 means Implants without TGF-ß 3, 1 and 2.5 mean 1 and 2.5 μg of
TGF-ß 3 loaded onto implants respectively.
Staining for matured collagen
A Plcroslrlus red staining was utilized to detect mature collagen In the capsules. All
capsules stained positive, but no marked differences emerged between the various Implants
(Fig. 5 AB).

Fig. 5: A) Plcroslrlus red staining in capsule of Implant with 2.5 μg of TGF-ß 3 (original
magnification 20 χ). B) Same Implant as In A) photographed with polarised light (orange
colour Indicates mature collagen, original magnification 40 x).
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α-Smooth Muscle Actin
A monoclonal antibody against α-SMA was used to detect myofibroblasts in the capsules
around the various implants. As is illustrated in Fig. 6 and 7, we quantitatively described the
presence of α-SMA. Significantly more (p<0.05) α-SMA was detected in the capsules of all
implants in the longer implantation period of 8 weeks, compared to the 2-week implantation
period. After 2 weeks, significantly (p<0.05) more α-SMA was detected in capsules of the
2.5 μg implants, compared to the implants with 1 μg and no TGF-ß 3.
After 8 weeks, a different pattern emerged: First, significantly (p<0.05) more α-SMA was
detected in capsules around the implants with 1 μg of TGF-ß 3, compared to the implants
without TGF-ß 3. Second, significantly (p<0.05) less α-SMA was detected in capsules
around the implants with 2.5 μg of TGF-ß 3, compared to the implants with no or 1 μg of
TGF-ß 3.

sma staining
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[micrograms]

Fig. 6: Scores for α-SMA staining. Asterisks depict significant difference between the two
parameters. High score means high intensity of staining (Table 2).
Collagen III staining
A monoclonal antibody was used to detect collagen III in the capsules. We detected
collagen III in capsules around all implants, but no marked deposition pattern emerged (Fig.
8 A).
Macrophage staining
We used a monoclonal mouse anti-rat cytoplasmatic- and cell-surface marker, to detect
cells from the macrophage lineage. The interfacial cells, which morphologically resembled
macrophages, all showed staining for this cell-surface marker. However, no specific staining
pattern could be discerned with relation to the amount of loaded TGF-ß 3, or length of
implantation time (Fig. 8 B).
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Fig. 7: a-SMA staining after 8 weeks. S depicts subcutaneous tissue, C depicts capsule
(original magnification 40 x). A) Capsule around an implant without TGF-ß 3, arrows
indicate a-SMA staining, designated a score of 2 out of 3 B) Capsule around implant with 1
ng of TGF-ß 3, arrows indicate a-SMA staining, designated a score of 3 out of 3 C) Capsule
around implant with 2.5 μg of TGF-ß 3, arrows indicate a-SMA staining, designated a score
of 1 out of 3.
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Fig. 8: A) Collagen III staining in capsule of implant with 2.5 ng of TGF-ß 3 (original
magnification 40 x).
Arrows indicate collagen III staining. B) ED-1 staining for
macrophages, in capsule and interface of implant without TGF-ß 3. Arrows indicate
macrophages at interface and in capsule. C means capsule, S means subcutaneous tissue

Discussion and conclusion
The final aim of our studies is to alter peri-implant tissue healing in such a way, that the
structure of the surrounding connective tissue resembles the original tissue. We
hypothesized that loading of TGF-ß 3 on a carrier would lead to a better architecture and
connective tissue organisation of the capsule. In addition, we expected a lower amount of
collagen in the capsules, leading to thinner capsules. Finally, we predicted a lower amount
of inflammatory cells in the capsule and at the interface of the implants that were loaded
with TGF-ß 3. We proposed that all these factors could eventually lead to fundamentally
improved peri-implant tissue healing and less capsular contraction.
In the study of Shah [2], exogenous injection of 20 ng of TGF-ß 3 into cutaneous, incisional
wounds of 1 cm in rats induced a lower collagen I and collagen III deposition in the early
stages of healing. We therefore expected TGF-ß 3 addition to lead to thinner capsules, and
lower amounts of collagen types I and III around the implants of the 2-week implantation
time. Our results from the capsule thickness comparisons however, showed that the matrix
accumulation, as measured by capsule thickness, was not influenced by TGF-ß 3.
Nevertheless, we did find a significant effect of TGF-ß 3 on capsule quality. The structure of
the connective tissue that forms the capsule, was more developed; cellularity was
decreased, the fibroblasts were more aligned and the shape of the fibroblasts had evolved
from ellipsoid to spindle-shaped.
We also analyzed the collagen types in the capsules at the selected implantation periods. In
the early phases of wound healing, collagen III is deposited by fibroblasts. During the
remodeling phase, collagen III is substituted by collagen I. We thus were interested whether
addition of TGF-ß 3 influences this process, since mature capsule are consisted of collagen
I. In addition, lower concentrations of both collagen subtypes were found in the study by
Shah [2]. Unfortunately, due to technical problems we were unable to use the
immunohistochemical marker for collagen I. Instead, we used picrosihus red staining which
detects all types of collagen. All implants showed collagen III staining, as well as a general
staining for the total collagen, but no differences were found between the various amounts
of loaded TGF-ß 3 or the implantation times.
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In view of this, we have to conclude that our hypothesis cannot be fully maintained. There
can be several possible reasons for this We used human TGF-ß 3 instead of rat TGF-ß 3,
because of availability reasons. However, the ammo acid homology of murine and human
TGF-ß is identical except for a single amino acid [16]. For rat and human cDNA, encoding
active TGF-ß 3, the sequence homology is 100 % [17] Also, we [this study] and others [18]
did not find an adverse immunologic reaction in the rat against human TGF-ß 3. In another
study [9] in which TGF-ß 3 was also loaded onto microtextured PLA implants and implanted
subcutaneously in rats, we even could detect active human TGF-ß 3 in tissue It therefore
seems very unlikely that the human TGF-ß 3 in this study was not functional.
Another reason for the absence of most of the putative effects of TGF-ß 3, may be that the
amounts used were not in the biological range. The normal physiological concentration of
TGF-ß 3 is in the order of picograms [19, 20]. In another study of our group, TGF-ß 3 was
applied to an implant at lower amounts [21]. These concentrations were based on studies in
which TGF-ß 3 was injected into incisional wounds [2]. In the study of Gehrke et al., also no
marked effects of TGF-ß 3 on peri-implant tissue healing could be observed Dose-response
studies on TGF-ß have shown that an optimal concentration exists, where the biological
effect is maximal [22-25]. Although we cannot exclude the possibility that the concentrations
we used in both studies were outside the biological effective range, we have nevertheless
currently investigated a very wide spectrum of amounts of TGF-ß 3 ranging from 0.1 ng to
2.5 μg. It is therefore very unlikely, that any putative effects of TGF-ß 3 on pen-implant
tissue healing were missed.
Studies in which exogenous TGF-ßs and neutralising antibodies against the TGF-ßs were
used in vitro and in vivo [2, 26], learn that the ratio of TGF-ß 3 to the levels of TGF-ß 1 and
TGF-ß 2 may be the determining factor for the altered wound reaction. The effectiveness of
TGF-ß 3 addition can be further amplified, because TGF-ß 3 has the ability to regulate its
own production [27-30, 31], upregulate its receptors, and downregulate TGF-ß 1 mRNA
levels [26] Furthermore, TGF-ß 3 can inhibit Chemotaxis of kerotmocytes [32], monocytes
and macrophages [2] Based on the above mentioned studies, we chose to load an excess
of TGF-ß 3 onto the implants. We suppose that the ratio of TGF-ß 3 to TGF-ß 1 / 2, which is
conditional for scar-free healing, is therefore changed. Nevertheless, apart from the effects
on capsule quality and a-SMA expression, exogenous TGF-ß 3 did not lead to most of the
hypothesized effects on pen-implant tissue healing in this study-model.
Of course, we have to emphasize that our model of peri-implant tissue healing is not
identical to models of healing of incisional dermal wounds. The foreign body response to the
implant can lead to an altered cytokine or growth factor profile of the tissue, leading to a
different cellular presence and extra-cellular matrix deposition in the wound. If the elastic
properties of the implant differ much from the elastic characteristics of the tissue that
surrounds it, it is possible that this alone can trigger inflammatory cells to the implantation
site Also the way tissue is traumatized differs between models. In incisional wounds both
wound margins are coapted virtually immediately, which enables continuation of the
traumatized margins. In implantology however, a superficial barrier initially prevents
restoration of tissue integrity. While degradation of biodegradable PLA could also interfere
with wound healing, The PLA we used had a much longer degradation time than the
implantation periods in the current study We indeed did not find any effects on tissue
healing that could be attributed to degradation.
Despite the absence of significant effects from TGF-ß 3 on the presence of inflammatory
cells and collagen deposition, we observed marked effects on the presence of a-SMA in the
fibrous tissue capsules. More a-SMA in the capsules was detected with prolonged
implantation time Therefore, this confirms the (longstanding) observation that the
contraction process only becomes manifest after the initial phases of wound healing have
passed. Contraction of capsules is an important factor in determining implant-performance
Hence, we also investigated whether TGF-ß 3, like TGF-ß 1 [33, 34], had an influence on
the presence of a-SMA in the surrounding tissue of an implant After 2 weeks, implants with
2.5 μg of TGF-ß 3 showed significantly increased staining for a-SMA, compared to implants
loaded with 0 or 1 μg of TGF-ß 3. In contrast, after 8 weeks a different pattern emerged.
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Although more a-SMA was detected around the 1 μg implants compared to the implants
without growth factor, less a-SMA was observed around the implants with 2 5 μ9 of TGF-ß
3 Interestingly, this pattern resembles the concept of an optimal growth factor
concentration, similar to the proposed bell-shaped dose-response curve of TGF-ß 3 in
animal models [22-25] It seems plausible, that with time the prolonged higher presence of
TGF-ß 3 lead to inhibition of TGF-ß 1 and 2 release Alternatively, a different subset of cells
involved in tissue repair may be activated by the higher concentration of TGF-ß 3, indirectly
leading to a decrease in the expression of a-SMA Future studies can focus on clearing the
mechanism(s) involved A possible method is to measure the presence of active TGF-ß 1
and 2 in the surrounding tissue [9, 35], or to measure TGF-ß 3 mRNA in the surrounding
tissue of the implant [36]
Finally, we also assessed the cells on the interface of the implants These morphologically
resembled macrophages With immunohistochemistry, we indeed were able to identify
these cells as members of the macrophagic-monocytic lineage Still, we did not find a lower
presence of these inflammatory cells around implants loaded with TGF-ß 3, at both
implantation periods
In summary, the absence of significant effects of TGF-ß 3 on capsule quantity and interface
quality suggests that TGF-ß 3 loaded onto a carrier does reduce matrix accumulation and
the inflammatory response, events that are part of wound healing around an implant Thus,
although anti-scarring effects of TGF-ß 3 have been described following topical application
in incisional wounds [2], these effects could not be fully confirmed with respect to wound
healing around an implant in this study On the other hand, TGF-ß 3 application showed
some effect on capsule geometry and the presence of contractile elements Perhaps slower
release by other delivery methods [37] may still change this In conclusion, the use of microgrooved PLA substrates loaded with TGF-ß 3 did not lead to an overall significantly
improved pen-implant tissue healing
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Chapter 7
Synopsis and final conclusions

Synopsis and final conclusions
Wound healing is a complex repair process, which follows disturbances in tissue integrity, due to
injury. Tissue injury can be acute or become chronic. Acute injury is the result of trauma, and a
wound can become chronic because of certain conditions that prevent the normal wound healing
response from closing the wound. Examples of such systemic- or local conditions are metabolic
disorders, ischemia or malnutrition. Disturbances in wound healing can be manifested in a variety
of ways. Apart from insufficiënt wound approximation, when the wound does close, it can contract
and cause both cosmetic- and functional disturbances. Also growth can be impaired. The current
studies were concerned with the prevention of the derailment of the wound healing response by
developing methods to manipulate wound healing. The specific aim was to fundamentally alter
tissue healing around implants by improving soft tissue regeneration and limiting the inflammatory
reaction, scar tissue formation and wound contraction. This aim can be fulfilled when the fibrous
tissue capsules are thinner with superior organisation of the connective tissue components, and
the presence of inflammatory cells in the capsule or interface is scarce or absent In chapter 1,
background information is given concerning wound healing, transforming growth factor-beta,
polymer scaffolds that can be used as implants, surface microtextunng and contact guidance. In
the following chapters, studies are described that address the problems and hypotheses that were
formulated in the introductory section. The research was specifically concerned with the design of
the implant (problems 1-3), the mechanical properties (1, 2), tissue adhesion to the implant (1, 2)
and the anchoring of the implant in tissue (1-3) In addition, the research was concerned with the
tissue reaction on the interface (1-3, 5) and the thickness, degree of cellularity and (geometrical)
constitution of the capsule (connective tissue organisation) (1-3, 5). Finally, the loading and
controlled release of a functional growth factor from implants in vitro and in vivo (4) was
investigated, and the presence of indicators of wound contraction in the capsules (5) In this
summary, this research is briefly discussed on a point-by-point basis.

1.

Does microtexturing of subcutaneous (biodegradable) membranes lead to:

A)
B)
C)
D)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction
Superior tissue attachment?

In chapter 2, this problem was addressed by evaluating the tissue reaction around implants with
different surface topography. Coin-shaped silicone and poly-l-lactic acid (PLA) implants were made
with double-sided parallel micro-grooves (depth 1.0 μη, width 10 0 μίτι), random roughness on a
micrometer scale, and smooth control implants These implants were inserted into subcutaneous
pockets created on the flanks of goats. After 1, 3 or 12 weeks, goats were sacrificed, the implants
retrieved and histologically processed. Light microscopic evaluation revealed the formation of
fibrous tissue capsules around all implant materials The PLA did not visibly degrade during the
study period. Histomorphometncal analyses were performed on capsule thickness, capsule quality
and the implant-tissue interface quality. Capsules around PLA implants showed significant better
capsule quality, compared with silicone implants. Compared to smooth implants, capsules around
micro-grooved implants were thicker, but capsules around roughened implants were thinner.
However, randomly roughened implant surfaces generally elicited a stronger and more prolonged
inflammatory reaction compared to smooth- and micro-grooved implant surfaces. It was concluded
that the application of micro-grooves or random surface roughness to polymer implants apparently
does not have beneficial effects on peri-implant tissue healing.
2.

Does enhanced tissue adhesion of subcutaneous microtextured (biodegradable) polymer
implants lead to:

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?
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From in vitro studies it is known that a plasma-treatment can enhance cell spreading. Similar
effects can be observed after pre-treatment of the surface with a protein coating, to mediate cell
adhesion. The aim of the current study was to evaluate the in vivo effects of these surface
modifications in a three-month experiment in a goat model We made silicone and poly-l-lactic acid
implants with double-sided parallel micro-grooves (depth 1.0 μΐη, width 10.0 μπι), a random
surface roughness, or a smooth surface. Implants either received a radio-frequency glow discharge
(RFGD) treatment, a fibronectm (Fn) pre-coating, or no pre-treatment. Subsequently, they were
inserted into subcutaneous pockets created on the flanks of goats for 1, 3 or 12 weeks. Histological
analysis showed that a fibrous tissue capsule had formed around all implants Histomorphomethcal
analysis was performed on capsule thickness, capsule quality and the implant-tissue interface
quality. Fn-treated surfaces showed a considerable early inflammatory reaction. Besides this,
RFGD treatment or Fn pre-coating did not further influence any of the measured parameters. In
conclusion, pre-treatment of polymer implant surfaces with Fn or RFGD treatment did not
significantly influence tissue reaction around implants with micro-grooved, roughened or smooth
surfaces
3.

Does immobilization of microtextured (biodegradable) polymer implants lead to.

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?

In chapter 4, we compared the tissue reaction to smooth and micro-grooved implants at different
implantation sites We hypothesized that subpenosteally less mobility is to be expected between
an implant and the surrounding tissue, which can lead to a more subdued tissue response. In
addition, we hypothesized that a similar effect can be reached when substrata are equipped with
micro-grooves.
Poly-l-lactic acid smooth or micro-grooved surfaces (width 2/10 μΓη, depth 1 μπι) were implanted
subperiosteally on the frontal bone of the skull and subcutaneously in the flanks of goats for 2, 4
and 12 weeks. After sacrifice, implants and surrounding tissue were histologically processed Light
microscopical and histomorphomethcal evaluation on capsule thickness, capsule quality and
implant-tissue interface was performed In addition, we stained for α-smooth muscle actm, collagen
and CD-68 expression.
All implants were surrounded by a fibrous capsule. Capsules around subperiosteal implants were
more matured than around subcutaneous implants. In time, capsule thickness significantly
decreased around subperiosteal implants, but increased around subcutaneous implants. The
applied surface topography did not influence the tissue reaction significantly. Also, nowhere
differences were found in the presence of collagen or α-smooth muscle actin. The interfacial cells
around all implants frequently showed staining for the monocyte-macrophage marker CD-68. We
concluded that in this model, decreased mobility of an implant relative to the surrounding tissue did
positively influence the peri-implant tissue response, but the applied surface topography did not.
4.

Can microtextured (biodegradable) membranes be used for controlled release of TGF-ß 3:

A)
B)

In vitro
In vivo (subcutaneous)?

Transforming Growth Factor beta 3 (TGF-ß 3) has been under investigation with the objective to
improve wound healing. Yet, little experimental knowledge exists about applications of TGF-ß 3 in
implantology and tissue engineering. In chapter 5, the release kinetics and bioactivity of TGF-ß 3
were determined, when released from microtextured silicone and poly-l-lactic acid (PLA) surfaces
in vitro and in vivo.
We loaded surfaces with 100 ng TGF-ß 3. An in vitro assay showed that TGF-ß 3 was released in
a burst-like manner. Released TGF-ß 3 was capable of inhibiting the proliferation of mink lung
epithelial cells, indicating that released TGF-ß 3 had remained at least partly active. Subsequently,
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an in vivo experiment (1h - 3 days) was performed using implants loaded with TGF-ß 3 In
cryosections, TGF-ß 3 activity was assessed with an in situ bioassay We found that active TGF-ß
3 was released up to 24 hours. Furthermore, released TGF-ß 3 could be detected up to 320 μίτι
from the implant. On the basis of these observations, we conclude that TGF-ß 3 loaded onto
microtextured polymer membranes remains functional when released in vitro and in vivo and
therefore, may represent an alternative for introducing a growth factor into a wound to achieve
long-term and long-range biological effects
5

Does loading of subcutaneous microtextured (biodegradable) membranes lead to

A)
B)
C)

Superior connective tissue organisation
A thinner capsule
Reduced inflammatory reaction?

In both normal and disturbed wound healing, the generation of large, contracting scars can raise
serious functional and cosmetic problems A possible strategy to minimize or avoid the generation
of scar tissue surrounding an implant is to apply TGF-ß 3 to the implant This was done in an in
vivo experiment, as described in chapter 6.
0, 1 or 2.5 μg of TGF-ß 3 was freeze-dried onto poly-l-lactic acid micro-grooved substrates (width
10 μπι, depth 1 μίτι) and implanted subcutaneously in the back of rats for 2 and 8 weeks. After
sacrifice, implants and surrounding tissue were histologically processed. Light microscopical and
histomorphometrical evaluation of capsule thickness, capsule quality and implant-tissue interface
was performed. In addition, we stained for α-smooth muscle actin (SMA), collagen and ED-1 (a
monocyte-macrophage marker).
All implants were surrounded by a fibrous capsule. Capsules of the implants loaded with 1 or 2.5
μg of TGF-ß 3 showed a significantly higher quality. This meant that capsules were more matured
compared to implants without TGF-ß 3 However, no significant differences were found in the
thickness of the capsules or in the quality of the interface. After 2 weeks, significantly more a-SMA
was detected in capsules of the implants, with 2 5 μg of TGF-ß 3, compared to 1 μg or no TGF-ß 3
latter 8 weeks, significantly more a-SMA expression was detected around all implants with 1 μg of
TGF-ß 3, compared to implants with 2.5 μg or no TGF-ß 3 In conclusion, the use of micro-grooved
PLA substrates with TGF-ß 3 did not lead to an overall improvement of pen-implant tissue healing.

Final conclusions
Ultimately, the ambition of all wound healing investigators is to obtain a better understanding of the
basic mechanisms which underly the wound healing process. The aim is to find a way to close a
wound as quickly as possible, independent of size or cause, and with the lost- or injured tissue
being regenerated ι. e. replaced by tissue, which closely resembles the original tissue.
In this thesis, experiments are described that form a contribution to this wound healing research.
The prime research objective of these experiments was to develop a strategy for regulating wound
healing, that can have a predictable impact on pen-implant tissue healing The proposed strategy
consisted of the application of different modifications to the surface of polymer implants The
modifications consisted of topographical alterations (chapters 2-4), plasma- or chemical pre
treatment (chapter 3), and the application of the growth factor TGF-ß 3 (chapter 6) The
hypothesized impact on tissue healing consisted of an improved soft tissue regeneration and
inhibition of scar tissue formation, inflammatory reaction and wound contraction. Also, some
fundamental mechanisms were addressed. For instance, the influence on tissue reaction of
movement at the interface between biomatenal and surrounding tissue (chapter 4). Further, the
loading of TGF-ß 3 on polymer implants was studied, and the in vitro release kinetics and activity,
and in vivo activity and diffusion were characterised (chapter 5).
A major finding in these studies was that the application of a microtexture to the surface of polymer
implants, whether it be standardized or at random, in general did not lead to thinner or higher
quality capsules with less inflammatory cells. It seems that the geometry of these textures, which
has been reported to result in topographical cues to fibroblasts in vitro, does not have a significant
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effect on capsule formation in vivo. A proposed explanation, is that the inflammatory cells which
are present at the interface and are closely situated to the impant-surface, therefore sterically
hinder the fibroblasts and prevent them from making contact with the texture, thus preventing
contact guidance and alignment. Apparently, the long-standing suggestion, that microtexturing of
implants has beneficial effects on peri-implant tissue healing, is false. Nevertheless, these results
do not exclude other possible utilisations of the standardized microtextured surface pattern; such
as for guided tissue regeneration of monolayers of for instance epithelial cells in percutaneous
devices, or when a growth factor has to be loaded onto the surface of an implant. Also,
experiments with different geometrical patterns of the standardized microtexture, may shed new
light on this technology.
Both pre-treatment of the surface of an implant with plasma or a fibronectin pre-coating, did not
significantly aid in thinner, higher quality capsules with less inflammatory cells. Apparently, the use
of methods that have been shown to enhance eel adhesion to implant materials in vitro, have no
marked influence on the soft tissue reaction in vivo.
Another long-standing issue, is the influence of movement of the implant relative to the surrounding
tissue, on tissue reaction In our model of relative immobility of the implant (superiostal location),
capsules were of higher quality and became thinner in time, compared to our model of mobility
(subcutaneous localisation) No differences in interface quality were observed. Movement between
implant and surrounding tissue evidently leads to a more severe, less organised connective tissue
reaction. Fixation of an implant relative to its surrounding tissue, may therefore prevent widening of
the tissue-implant interface, infections, migration of the implant and in implant failure.
A further part of our strategy to minimize or avoid the generation of scar tissue surrounding an
implant, was to apply TGF-ß 3 to the surface of microtextured implants Initially, the release
kinetics were characterized as being a burst-release, with the released TGF-ß 3 remaining
biologically active. An additional in vivo study showed that the released TGF-ß 3 was still active in
tissue 24 h post-implantation, and showed diffusion through tissue. Thus, the described method
may represent an alternative for introducing a growth factor into a wound to achieve long-term and
long-range biological effects. Evaluation of the putative effects was performed in a model of periimplant tissue healing. It was shown that implants with TGF-ß 3 only partly improved tissue
healing. This result however does not mean that application of TGF-ß 3 to other wounds has no
reducing effect on scar tissue.
More insight has yet to be gathered, in the temporal and spatial levels of the various bioactive
mediators, protein(ases) and extracellular matrix components, that are part of wound healing. In
addition, more knowledge is needed concerning the presence-, growth factor production- and
interactions of the cells that are part of wound healing. For instance, it remains to be determined
whether a specifically directed growth factor which is applied to a wound, has to be released in one
go- or has to be released slowly, to have the maximum desired effect. Depending on the required
mechanism of action, a fitting method of release can be utilized.
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List of abbraviations :
ECM
TE
PMN
TGF-p
bFGF
HA
Fn
ASMA
MDGF
EGF
IGF
PDGF
LAP
M-6-P
LTBP
tPA
RI
RM
DNA
PLA
RFGD
Mv
ANOVA
PBS
BSA
IgG
ABC-PO
DAB
FCS
ELISA
MLEC
PAI/L assay

Extracellular Matrix
Tissue Engineering
Polymorphonuclear
Transforming Growth Factor-beta
basic Fibroblast Growth Factor
Hyaluronic Acid
Fibronectm
Alpha Smooth Muscle Actin
Macrophage-Denved Growth Factor
Epidermal Growth Factor
Insulin-Derived Growth Factor
Platelet-Derived Growth Factor
Latency Associated Peptide
Mannose-6-Phosphatase
Latent TGF-ß Binding Protein
tissue Plasminogen Activator
Receptor 1
Receptor 2
Deoxyribo-Nucleic Acid
Poly-Lactic Acid
Radio-Frequency Glow Discharge
Molecular Mass viscosity
Analyses of Variance
Phosphate-Buffered Saline
Bovine Serum Albumin
Immunoglobulin G
Avidine-Biotine Complex with Peroxidase
Diaminobenzidine
Fetal Calf Serum
Enzyme Linked Immuno-Sorbent Assay
Mink Lung Epithelial Cells
Plasminogen Activator Inhibitor / Luciferase assay
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Samenvatting en uiteindelijke conclusies
Wondgenezing is een ingewikkeld herstelproces, dat in werking treedt na aantasting van de
weefselintegriteit, als gevolg van inwerkend trauma. Weefselschade kan acuut zijn, of chronisch
worden Acuut letsel is het gevolg van trauma. Een wond kan chronisch worden door bepaalde
factoren, die beletten dat wondsluitmg door de fysiologische wondgenezmgsrespons bereikt wordt.
Voorbeelden van zulke systemische- of lokale factoren zijn: Metabole afwijkingen, ischemie of
ondervoeding. Een gestoorde wondgenezing kan op meerdere manieren tot uiting komen.
Afgezien van een defecte wondsluitmg, kan in het geval van een bereikte wondsluiting de wond na
sluiting contraheren, zodat cosmetische en/of functionele afwijkingen ontstaan Tevens kan de
groei in sommige gevallen belemmert worden. In dit proefschrift werd getracht, een ontsporing van
het wondgenezingsproces te voorkomen, door een methode te ontwikkelen om de
wondgenezmgsrespons te modificeren. Het specifieke doel, was om de weefsel reactie rondom
implantaten fundamenteel te veranderen, door regeneratie van weke delen te bevorderen en de
ontstekingsreactie, littekenweefselvorming en wondcontractie te verminderen Dit doel wordt
bereikt indien de bindweefsel kapsels dunner zijn en een meer geordende structuur van de diverse
componenten vertonen, en er zowel in het kapsel en op de interfase minder of geen
ontstekingscellen zijn. In hoofdstuk 1 wordt achtergrondinformatie gegeven, over wondgenezing,
transforming growth factor-beta 3, polymère dragermaterialen die als implantaat gebruikt kunnen
worden, (micro) texturenng van het oppervlak van substraten en cel-geleiding. In de
daaropvolgende hoofdstukken worden de onderzoeken uiteengezet, waarin de problemen en
hypotheses, zoals vermeld in de inleiding, worden behandeld In deze samenvatting worden de
bedoelde onderzoeken puntsgewijs kort besproken. De onderzoeksvragen betroffen het ontwerp
van het implantaat (eerste 3 onderzoeksvragen), de mechanische eigenschappen (1, 2), de
weefselaanhechting aan het implantaat (1, 2) en de verankering van het implantaat in het
omgevende weefsel (1-3). Verder werd gekeken naar de weefselreactie ter plaatse van het
scheidmgsvlak tussen implantaat en het omgevend weefsel (interfase) (1-3, 5), en de dikte, mate
van cellulariteit en geometrie van het kapsel (geordende bindweefselstructuur) (1-3, 5) Tenslotte
naar het opbrengen en de gecontroleerde afgifte van een biologisch actieve groeifactor van
implantaten in vitro en in vivo (4), en de aanwezigheid van indicatoren voor wondcontractie in de
kapsels (5).
1.

Leidt het aanbrengen van een microtextuur op het oppervlak van biodegradeerbare
membranen tot:

A)
B)
C)
D)

Het ontstaan van een geordende bindweefselstructuur van het weefselkapsel
Dunnere weefselkapsels
Een minder omvangrijke (vroege) ontstekingsreactie
Een betere aanhechting van het omgevend weefsel (kapsel) aan de membraan?

Deze probleemstelling werd onderzocht in hoofdstuk 2, door middel van de evaluatie van de
weefselreactie rondom implantaten met verschillende oppervlaktestructuur. Muntvormige silicone
en polymelkzuur (PLA) implantaten werden voorzien van 1) een dubbelzijdig uitgevoerd patroon
van parallelle micro-groeven (diepte 1 μηη, breedte 10 μπι) of 2) een gerandomiseerde micro
ruwheid of 3) een glad oppervlak als controle. De verschillende implantaten werden subcutaan
begraven in de flanken van geiten. Na 1, 3 en 12 weken werden de geiten opgeofferd, de
implantaten geëxplanteerd en histologisch verwerkt en onderzocht. Bij licht-microscopische
evaluatie bleken alle implantaten omringd door een fibreus kapsel. Het PLA was met zichtbaar
gedegradeerd tijdens de studieperiode. Kapseldikte, kapselkwahteit en interfase-kwaliteit (op het
scheidingsvlak van het weefsel en implantaat), werden histomorfometrisch onderzocht De kapsel
kwaliteit rondom de PLA implantaten was significant beter dan die van silicone implantaten.
Vergeleken met de gladde (controle) implantaten, waren de kapsels rondom de implantaten met
een micro-groeven patroon dikker, en rondom de opgeruwde implantaten juist dunner. Echter, in
vergelijking met de gladde implantaten en de implantaten met micro-groeven, was de
onstekingsreactie rondom de opgeruwde implantaten in het algemeen heviger en langduriger.
Concluderend hebben micro-groeven of een gerandomiseerde ruwheid blijkbaar geen additionele
positieve invloed op de weefsel reactie rondom het implantaat.
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Hoofdstuk 7
2.

Is het mogelijk dat een betere weefselaanhechting aan implantaten met een microtextuur
op het oppervlak, aanleiding geeft tot de ontwikkeling van

A)
B)
C)

Een geordende bindweefselstructuur van het kapsel
Dunnere weefselkapsels
Een minder omvangrijke (vroege) ontstekingsreactie?

Uit in vitro onderzoek is bekend, dat een een plasmaehandeling van het oppervlak celspreiding
bevordert. Vergelijkbare effecten zijn te vinden na voorbehandeling van het oppervlak met een
eiwit. Het doel van het experiment in hoofdstuk 3, was om het in vivo effect van deze oppervlakte
behandelingen gedurende 3 maanden te bestuderen, in een geitenstudiemodel. Muntvormige
silicone en polymelkzuur (PLA) implantaten werden voorzien van 1) een dubbelzijdig uitgevoerd
patroon van parallelle micro-groeven (diepte 1 μιη, breedte 10 μιη) of 2) een gerandomiseerde
micro-ruwheid of 3) het oppervlak werd glad gelaten als controle. De implantaten kregen
vervolgens 1) een Radio Frequency Glow Discharge
(RFGD) behandeling, 2) een
voorbehandeling van het oppervlak door er een laag fibronectine op te vriesdrogen, of 3) geen
voorbehandeling. Vervolgens werden de implantaten gedurende 1, 3 of 12 weken subcutaan
begraven in de flanken van geiten. Bij evaluatie van het histologische beeld, was er rondom alle
implantaten een fibreus kapsel zichtbaar. Kapseldikte, kapselkwaliteit en interfase-kwaliteit (op het
scheidmgsvlak van het weefsel en implantaat), werden histomorfometrisch onderzocht. Rond de
met fibronectine voorbehandelde implantaten was een versterkte vroege ontstekingsreactie
aanwezig. Verder werden er geen effecten gezien van een voorbehandeling van implantaten met
RFGD of fibronectine op de geformuleerde criteria. Concluderend: de voorbehandeling van het
oppervlak van polymeer implantaten met RFGD of fibronectine, leidde niet tot signifikante effecten
op de weefselreactie rondom implantaten met een micro-groeven patroon, een opgeruwd- of glad
oppervlak.
3.

Leidt immobilisatie in het weefsel van polymeer-implantaten met een microtextuur op het
oppervlak, tot :

A)
B)
C)

Een geordende bindweefselstructuur van het kapsel
Dunnere weefselkapsels
Een minder omvangrijke (vroege) ontstekingsreactie?

In hoofdstuk 4 werd de weefselreactie rondom implantaten met een glad oppervlak of oppervlak
met microtextuur vergeleken op verschillende implantatie-localisaties. Onze hypothese was, dat er
op een subperiostale implantatie-localisatie minder beweging mogelijk is op het scheidingsvlak
tussen implantaat en omgevend weefsel. Hierdoor ontstaat mogelijk een minder uitgesproken
weefselreactie. Een tweede hypothese was dat er tevens een minder uitgesproken weefselreactie
plaatsvindt, wanneer het oppervlak van implantaten van micro-groeven wordt voorzien.
Polymelkzuurimplantaten met een microtextuur (diepte 1 μπι, breedte 2 / 1 0 μπι) of een glad
oppervlak, werden zowel subpenosteaal geïmplanteerd op het os frontale, alsmede subcutaan, m
de flanken van geiten gedurende 2, 4 en 12 weken. Na afloop van elke tijdsperiode werden de
implantaten met het omgevend weefsel histologisch bewerkt. Vervolgens werden de
histomorfometrische analyse resultaten, betreffende kapselkwaliteit -dikte en interfase-kwaliteit,
licht-microscopisch
en
histomorfometrisch
geëvalueerd.
Aanvullend
werden
(immunohistochemische) kleuringen verricht op α-Smooth Muscle Actin (SMA), collageen en CD68 expressie
Alle implantaten waren omringd door een fibreuse weefselkapsel De kapsels rondom de
subpenosteale implantaten waren beter gerijpt, vergeleken met de kapsels van de subcutane
implantaten. Met een langere tijd van implantatie werden de kapsels van de subperiosteale
implantaten dunner, en de kapsels van subcutane implantaten juist dikker. De verschillende
aangebrachte oppervlaktepatronen van micro-groeven, leidden met tot significante veranderingen
van de weefselreactie. Er werden ook geen specifieke verschillen gevonden in de aan- of
afwezigheid van collageen of α- SMA expressie in de kapsels van de diverse implantaten. De
cellen op de interfase van alle implantaten kleurden regelmatig aan voor de monocytenmacrofagen marker CD-68. Concluderend: in dit model had immobilisatie van het implantaat ten
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opzichte van het omgevende weefsel een positieve invloed op de weefsel reactie rondom het
implantaat, echter de toegepaste oppervlakte microtextuur niet.
4.

Kunnen biodegradeerbare membranen met een microtextuur op het oppervlak, gebruikt
worden voor de gereguleerde afgifte van TGF-ß 3:

A)
Β)

In vitro
In vivo?

Transforming Growth Factor beta 3 (TGF-ß 3) is onderzocht met betrekking tot een eventuele
toepassing in het verbeteren van de wondgenezingsreactie. Tot dusver is er echter weinig bekend
over de toepassing van TGF-ß 3 in de implantologie en in "tissue engineering" In hoofdstuk 5
werden de in vitro en in vivo afgifte en biologische functionaliteit van TGF-ß 3 vastgesteld, wanneer
het geladen was op silicone of polymelkzuur membranen met een microtextuur op het oppervlak.
De membranen werden met 100 ng TGF-ß 3 geladen. In een in-vitro-assay werd vastgesteld dat
het TGF-ß 3 afgiftepatroon een "burst-release" was. Verder was het afgegeven TGF-ß 3 in staat
om de proliferatie van "mink lung epithelial" cells te remmen, wat bewijst dat het afgegeven TGF-ß
3 in ieder geval (deels) functioneel is gebleven. Vervolgens werd er een in vivo experiment verricht
(1 uur- 3 dagen) van implantaten met geladen TGF-ß 3. Actief TGF-ß 3 in vnescoupes werd
gemeten met een in-vivo-bioassay. Het bleek dat actief TGF-ß 3 tot 24 uur na implantatie
afgegeven werd en in weefsel aantoonbaar was. Voorts kon actief TGF-ß 3, tot op een afstand van
320 μπι van het implantaat aangetoond worden Op basis van deze resultaten concluderen we, dat
TGF-ß 3, geladen op polymeer membranen met een oppervlaktemicrotextuur, afgegeven wordt en
functioneel blijft onder in vitro en in vivo omstandigheden Deze methode vormt derhalve een goed
alternatief om een groeifactor in een wond te brengen. Tevens worden zowel lokaal als op afstand
biologische effecten bereikt.
5.

Leidt het laden met TGF-ß 3 van biodegradeerbare membranen met een microtextuur tot'

A)
B)
C)

Een geordende bmdweefselstructuur van het kapsel
Dunnere weefselkapsels
Een minder omvangrijke (vroege) ontstekingsreactie?

In zowel normale als gestoorde wondgenezmg, kunnen grote contraherende littekens tot ernstige
functionele en cosmetische problemen leiden. Op basis van eerdere studies lijkt het wellicht
mogelijk om littekenvorming rondom een implantaat te verminderen of te vermijden, na de
applicatie van TGF-ß 3. Dit werd onderzocht in het in vivo experiment, zoals beschreven in
hoofdstuk 6.
0, 1 of 2.5 μg TGF-ß 3 werd op polymelkzuur substraten met een oppervlakte microtextuur
(breedte 10 μίτι, diepte 1 μπι) gevriesdroogd, en subcutaan begraven op de rug van ratten
gedurende 2 of 8 weken. Na opoffering werden de implantaten met omgevend weefsel
geëxplanteerd en histologisch bewerkt. Vervolgens werden de kapselkwahteit, kapseldikte en
mterfase-kwaliteit licht-microscopisch en histomorfometrisch geëvalueerd. Verder werden
(immuno)histochemische kleuringen toegepast om a-SMA, collageen en macrofagen aan te tonen.
Alle implantaten waren omringd door een fibreuze weefselkapsel De kapsels rondom implantaten
met 1 of 2.5 μg TGF-ß 3, waren van significant betere kwaliteit. Dit betekent dat de kapsels beter
gerijpt waren, vergeleken met kapsels van implantaten zonder TGF-ß 3. Echter, er werden geen
significante verschillen gevonden in kapseldikte of de kwaliteit van de interfase Na 2 weken was er
meer a-SMA expressie in de kapsels van implantaten met 2.5 μg TGF-ß 3 aanwezig, dan in
kapsels van implantaten zonder- of met 1 μg TGF-ß 3 Na 8 weken vonden we significant meer aSMA expressie in alle kapsels vergeleken met 2 weken. Verder werd er meer a-SMA expressie
gevonden rond implantaten met 1 μg TGF-ß 3, vergeleken met implantaten met geen of 2.5 μg
TGF-ß 3. Concluderend· het laden van PLA implantaten met een oppervlakte microtextuur met
TGF-ß 3 leidde niet duidelijk tot een gunstigere weefselreactie rondom het implantaat.
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Hoofdstuk 7
Uiteindelijke conclusies
Uiteindelijk, is het de ambitie van elke onderzoeker op het gebied van wondgenezing om een beter
inzicht te verkrijgen in de grond-mechanismen die het wondgenezingsproces bepalen. Het doel is
om een methode te ontwikkelen waardoor een wond zo snel mogelijk gesloten wordt, onafhankelijk
van oorzaak of grootte, waarbij het verloren gegane weefsel geregenereerd wordt of door weefsel
vervangen wordt, dat zeer veel gelijkenissen vertoont met het originele weefsel.
In dit proefschrift worden experimenten beschreven die een bijdrage leveren aan het
wondgenezingsonderzoek. Het belangrijkste doel van dit onderzoek was om een methode te
ontwikkelen om wondgenezing gericht te sturen, zodat er een voorspelbare invloed ontstaat op de
bindweefselreactie rondom een implantaat. De voorgestelde methode bestond uit het op
verschillende manieren modificeren van het oppervlak van polymère implantaten Deze
modificaties bestonden uit topografische veranderingen (hoofdstukken 2-4), een plasma- of
chemische voorbehandeling (hoofdstuk 3) en het opbrengen van de groeifactor TGF-ß 3
(hoofdstuk 6). Het hypothetische effect op weefselgenezing, bestond uit een verbeterde wekedelen-regeneratie en een vermindering van de vorming van littekenweefsel, ontstekingsreactie en
wondcontractie Tevens werd er een aantal fundamentele mechanismen onderzocht. Bijvoorbeeld
de invloed op de weefsel reactie van beweging op het scheidingsvlak tussen het biomateriaal en
het omgevende weefsel (hoofdstuk 4). Voorts werd het opbrengen van TGF-ß 3 op polymeer
implantaten bestudeerd, en het in vitro afgifte-patroon, de m vitro en in vivo biologische activiteit
alsmede de diffusie in vivo werden gekarakteriseerd (hoofdstuk 5).
Een belangrijk resultaat van deze onderzoeken, was dat de toepassing van een micropatroon op
het oppervlak van polymeer implantaten, of het nu een gestandaardiseerd- of een gerandomiseerd
patroon betrof, in het algemeen met tot dunnere kapsels van betere kwaliteit leidde, met minder
ontstekingscellen. Het lijkt erop dat de specifieke geometrie van de gebruikte micropatronen,
waarvan in vitro gebleken is dat fibroblasten hierdoor ruimtelijk gestuurd worden, geen significante
invloed heeft op het ontstaan van een weefselkapsel in vivo. Een verklaring hiervoor zou kunnen
zijn, dat de op het scheidingsvlak tussen implantaat en omgevend weefsel aanwezige
ontstekingscellen de fibroblasten ruimtelijk verhinderen om fysiek kontakt te maken met het
oppervlakte micropatroon. Hierdoor wordt wellicht contact-geleiding en gegroepeerde oriëntatie
van fibroblasten verhinderd. Blijkbaar is de gewortelde veronderstelling dat implantaten met een
oppervlakte micropatroon een gunstige invloed hebben op de weefselgenezing rondom een
implantaat, niet geldig. Echter, deze uitkomst sluit niet uit dat er mogelijk nog andere situaties
bestaan, waarbij de toepassing van een micropatroon op het oppervlak van implantaten wel
degelijk een plaats heeft. Voorbeelden zijn in de geleide weefsel regeneratie van monolayers van
epitheliale cellen op percutané membranen, of wanneer een groeifactor op het oppervlak van een
implantaat gebracht moet worden Ook kunnen onderzoeken waarin de ruimtelijke oriëntatie van
de gestandaardiseerde micropatronen gevarieerd wordt, mogelijk nieuwe toepassingen voor deze
techniek creëren.
De voorbehandeling van een implantaat met ofwel een plasma behandeling of een fibronectine
eiwitcoatmg, leidde niet tot signifikant dunnere kweefselkapsels van betere kwaliteit, en minder
ontstekingscellen Blijkbaar heeft de toepassing van methoden waarmee in vitro celadhesie aan
biomaterialen bevorderd wordt, geen evidente werking op de weke delen weefsel reactie in vivo.
Een andere lang bestaande vraag is, wat de invloed op de weefselreactie is van beweging tussen
het implantaat en het omgevende weefsel. In ons model van relatieve immobiliteit van het
implantaat (subpenostale locahsatie), waren de kapsels van betere kwaliteit en werden dunner in
de tijd, vergeleken met de kapsels rondom implantaten in ons model van mobiliteit (onderhuidse
locahsatie). Er werden geen verschillen van de kwaliteit van de interfase vastgesteld Het bestaan
van beweging tussen een implantaat en het omgevende weefsel leidt kennelijk tot een sterkere en
minder gecontroleerde bindweefselreactie Verankering van een implantaat temidden van het
omgevend weefsel, voorkomt hierdoor wellicht verbreding van de ruimte tussen biomateriaal en
omgevend weefsel de (interfase), infectie risico, migratie van het implantaat gevolgd door verlies
Een andere pijler van onze methode om de vorming van litteken weefsel rondom een implantaat
tegen te gaan of te beperken, bestond uit het opbrengen van TGF-ß 3 op het oppervlak van
implantaten met een gestandaardiseerd micropatroon. In eerste instantie werd het afgiftepatroon
vastgesteld, deze bestond uit een zogenaamde "burst-afgifte", waarbij de afgegeven groeifactor
biologisch actief bleef Een in vivo onderzoek toonde vervolgens aan dat het afgegeven TGF-ß 3
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24 uur na implantatie nog steeds biologisch actief was en in actieve vorm door het weefsel
diffundeerde. Deze methode vormt hierdoor wellicht een valide alternatieve manier om een
groeifactor in een wond te brengen, teneinde biologische effecten op lange termijn en op afstand te
bewerkstelligen. In een model waarin de weefsel reactie rondom een implantaat beoordeeld kan
worden, werden de potentiële effecten van opgebracht TGF-ß 3 in vivo onderzocht. Het bleek dat
de weefselgenezing rondom implantaten slechts deels verbeterd werd door TGF-ß 3 op te
brengen. Deze bevinding betekent overigens met noodzakelijk, dat de toevoeging van TGF-ß 3
aan andere wonden geen remmende werking heeft op het ontstaan van litteken weefsel.
Er is meer inzicht nodig m de ruimtelijke- en tijds-periodieke spiegels van de verschillende
vasoactieve substanties, protein(ases) en komponenten van de extra-cellulaire matrix, die een rol
spelen in het wondgenezmgsproces. Verder moet er nog meer kennis opgedaan worden
betreffende de aanwezigheid van en de groeifactorproductie van wondgenezmgscellen en de
interactie met andere cellen die deel uitmaken van het wondgenezingsproces. Er zou bijvoorbeeld
nog onderzocht kunnen worden, of -voor het optimaal verkrijgen van een specifiek biologisch effect
in een wond -het wenselijk is of de toevoeging van een specifieke groeifactor snel, danwei
geleidelijk dient te zijn. Afhankelijk van het benodigde werkingsmechanisme kan hierdoor dan het
meest optimale afgiftesysteem geselecteerd worden
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Stellingen behorende bij het proefschrift:

Microtextured biomedical polymers and growth factors in an attempt to
improve soft tissue healing

1.

Micro-groeven of een gerandomiseerde ruwheid hebben geen additionele positieve invloed
op de weefselreactie rondom een polymeer implantaat in de geit (dit proefschrift).

2.

Voorbehandeling van het oppervlak van polymeer implantaten met RFGD of fibronectme,
leid met tot signifikante effecten op de weefselreactie rondom implantaten met een microgroeven patroon, een opgeruwd- of glad oppervlak in de geit (dit proefschrift).

3.

Immobilisatie van het implantaat ten opzichte van het omgevende weefsel heeft een
positieve invloed op de weefselreactie rondom het implantaat in een geiten model (dit
proefschrift).

4.

Wanneer TGF-ß 3 op polymeer membranen met een oppervlakte microtextuur wordt
geladen, wordt het onder m vitro en in vivo omstandigheden afgegeven en blijft het
functioneel (dit proefschrift).

5.

TGF-ß 3 geladen op polymeer membranen met een oppervlakte microtextuur, vormt een
goed alternatief om een groeifactor in een wond te brengen om lokaal en op afstand
biologische effecten te verkrijgen (dit proefschrift).

6.

Het laden van PLA implantaten met een oppervlakte microtextuur met TGF-ß 3, leidde niet
duidelijk tot een gunstigere weefselreactie rondom het implantaat (dit proefschrift).

7.

Niet een academische promotie, maar de artsenstudie is in Nederland een levenswerk.

8.

De (biomedische) techniek staat voor niets In de toekomst zal het wellicht mogelijk zijn een
proefschrift te vervaardigen zonder zelf onderzoek te doen

9.

Biomedische wetenschap is een reis naar de horizon

10

Promotie-onderzoek is een sabbatical-leave voor sommige artsen.

Jack A. T. C. Parker
Nijmegen, 16 januari 2003.

