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Abstract

Three-dimensional growth of fibroblasts on carbon fibre mesh and assessment of biocom-
patibilty by in vitro and in vivo examination was done. Suitable size carbon fiber mesh
after sterilization, placed in six well cell culture plate. The mesh was co-cultured with
p-MEEF cells. At different time intervals the viability and proliferation of the p-MEF cells
was evaluated. The primary objective of this study was biological evaluation of carbon
fibre mesh which can be used for creation of three-dimensional scaffolds for tissue engi-
neering. Among the possible forms of implants, fibrous matrices are highly promising for
the tissue regeneration by acting as a cell-supporting scaffold. Results of in vitro observa-
tions of the morphology p-MEEF cells seeded on the surface of carbon fibre mesh shows
adhesions and attachment of fibroblasts cells to carbon fibres on day 3 post seeding. They
attached firmly and were uniformly spread along the fibres on day 5 postseeding and
mostly spindle-shaped and cover almost all their surface on day 7 postseeding and such a
spreading of cells indicates good adhesions and biocompatibility of carbon fibres. In vivo
examination of retrieved sample on day 30 post implantation shows that carbon fibre
mesh was covered by dense thick fibrous connective tissue.

Keywords: carbon fibers, carbon fiber mesh, primary mouse embryo fibroblasts
(p-MEF), in vitro examination, in vivo examination

1. Introduction

Carbon fiber (CF) consists of a multitude of unique physical, chemical and biological character-
istics that can be utilized and exploited for a number of diverse applications. Being light weight,
high strength, and chemically stable, so they are applied in various fields including aeronautical
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science and space science. Investigation of applications of carbon fibers to biomaterials was
started 30 or more years ago, and various products have been developed. It is used widely in
imaging equipment structures to support limbs being X-rayed or treated with radiation.

Carbon fiber is frequently supplied in the form of a continuous tow wound onto a reel. The
tow is a bundle of thousands of continuous individual carbon filaments held together and
protected by an organic coating, or size, such as polyethylene oxide (PEO) or polyvinyl alco-
hol (PVA). Each carbon filament in the tow is a continuous cylinder with a diameter of 5-10
micrometers and consists almost exclusively of carbon. The earliest generation had diameters
of 16-22 micrometers and later fibers have diameters that are approximately 5 micrometers.
Precursors for carbon fibers are polyacrylonitrile (PAN), rayon and pitch.

The latest technological progress has realized nanolevel control of carbon fibers, applications
to biomaterials have also progressed to the age of nanosize. Carbon fibers with diameters in
the nanoscale (carbon nanofibers) dramatically improve the functions of conventional bioma-
terials and make the development of new composite materials possible. Carbon nanofibers
also open possibilities for new applications in regenerative medicine and cancer treatment.
The first three-dimensional constructions with carbon nanofibers have been realized, and
it has been found that the materials could be used as excellent scaffolding for bone tissue
regeneration. We have developed an innovative approach for the use of CF as a scaffold in the
repair of tendon and ligaments and as a suture material for repair of hernial ring.

Carbon as an inert element has advantages over other materials because it is a basic con-
stituent of tissues. The high proportion of tissues of living organisms is composed of carbon
compounds so it should be tolerated by the tissues. Over the past 25 years various carbon
materials have been investigated in many areas of medicine [1, 2].

The physical and chemical properties of CFs are also determined by their microstructure. This
is particularly important in the case of CFs used in medicine. One of the earliest medical uses
of CFs was replacement or repair of ligaments and tendons [3-5]. Most of the studies on car-
bon fibrous implants confirm that CFs do not inhibit tissue growth, and thus can act as a scaf-
fold for tissue proliferation [3, 6]. Controversy surrounds the mechanism of the disintegration
and removal of the implanted CFs. A histological study showed that the CFs gradually broke
down and migrated into the nearest lymph nodes with no apparent detrimental effect [6]. In
all instances the CFs acted as a scaffold that allowed the regeneration of tendon and ligament.
In contrast to these investigations, Morris et al. [7] showed that fragmentation of fibers did
not occur and implant debris was not found in the regional nodes. Moreover, CFs induced
significantly more tissue ingrowth than polypropylene mesh at 6-12 months postoperatively.
A probable elimination mechanism by erosion of carbon particles and their retention in the
fibrous capsule surrounding the implant [8]. Although the results of most investigations of
CFs in vivo were evaluated as good, several authors were skeptical as to the superiority of
carbon fibrous implants over other prosthetic materials [9, 10]. Carbon fibers were consid-
ered to be a good candidate biomaterial for total hip replacement and internal fixation in the
form of composites [11]. In spite of controversial results with CFs used for replacement and
reconstruction of ligaments and tendons, several other clinical studies were undertaken. The
different results obtained in evaluating CFs as a biomaterial can probably be explained by the
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use of different types of carbon fibers of different physical, structural and chemical properties,
resulting from many technological parameters. Most of the papers concerning examinations
of CFs for medical purposes describe neither the type of carbon fibers used nor their funda-
mental properties determining their behavior in a biological environment. We will discuss the
use of carbon fibers in biomedical applications under different headings:

¢ In vitro biocompatibility evaluation
¢ In vivo biocompatibility evaluation

o Subcutaneous implantation of carbon fibers

O

Carbon fibers in repair of abdominal wall defects

O

Carbon fiber mesh in reconstruction of abdominal wall defects

o

Carbon fibers for gap repair of flexor tendons

* Clinical applications

2. In vitro biocompatibility evaluation

2.1. Introduction

Tissue engineering is the process of creating functional three dimensional (3-D) tissue by
combining cells with scaffolds to facilitate cell growth, organization and differentiation. The
most important aspect of tissue engineering is the adhesion and proliferation of cells on scaf-
fold material. Biocompatibility of CFs has been the subject of numerous researches. Some
of investigators concluded that CFs induces the growth of new tissue [12]. However, there
were also announcements questioning biocompatibility of CFs [13-15]. The different opin-
ions regarding biocompatibility of CFs may be explained by the use of different types of CFs
of different physical, structural and chemical properties, resulting from many technological
parameters [15, 16]. It has been demonstrated that the cellular response to the fibrous carbon
material depends on the degree of crystallinity of the material; therefore only selected types
of CFs are suitable for tissue treatment purposes [16-18].

The fibroblasts are common cells present in the connective tissue that synthesizes and con-
tinuously secretes precursors of extra cellular matrix. Fibroblasts play an important role in
regeneration of new tissue due to their growth accelerating property of tissue cells by secret-
ing several growth factors and extra cellular matrix (ECM). Primary mouse embryonic fibro-
blasts (p-MEFs) have a number of properties making them an attractive cell culture model.
Compared to other primary explant cultures they are easy to establish and maintain, prolifer-
ate rapidly resulting in large numbers of cells produced from a single embryo within several
days. Major histocompatibility complex (MHC) Class II antigens are present on the trans-
planting cells which is responsible for graft rejection. Fibroblasts lack these surface molecules
and this makes them relatively immunologically inert.
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In the present study, carbon fiber mesh was cut in desired size and after sterilization, placed
in six well cell culture plates. The mesh was co-cultured with p-MEF cells. At different time
intervals the viability and proliferation of the MEF cells was evaluated. The primary objective
of this study was biological evaluation of carbon fiber mesh which can be used for creation
of three-dimensional scaffolds for tissue engineering. Carbon fiber used as scaffold for tissue
regeneration could simultaneously serve as a support for drug delivery or biologically active
agents which would stimulate the tissue growth. Therefore, in this study, we investigated the
behavior of carbon fiber mesh in biological environments and their interaction with cells and
tissues under in vitro and in vivo conditions.

2.2. Materials and methods

In vitro tests in cell cultures were performed in Biomaterials and Bioengineering Laboratory,
Division of Surgery, Indian Veterinary Research Institute, Izatnagar, Uttar Pradesh, India. Prior
to cell culture, the carbon fiber mesh was autoclaved at the temperature of 120°C for 30 min.
The primary mouse embryo fibroblasts culture (p-MEF) was done as per standard protocol. The
cells obtained were washed twice with DMEM containing antibiotics and were centrifuged at
2500 rpm for 8-10 min. The cells were resuspended in cell growth media (DMEM-Low glucose)
containing 10% FBS and antibiotics (Mixture of 100 units/ml penicillin and 100 pg/ml strepto-
mycin). The cells were counted countess cell counting kit (Invitrogen) and plated at an average
of 2.2 x 10° cells/cm? in T-25 flasks. They were maintained at 37°C in a humidified atmosphere
of 5% CO, in CO, incubator. Day after the primary culture, the spindle shaped fibroblast cells
were observed and the non-adherent/dead cells were removed by changing the medium. When
the cells attained 80-90% confluency (as assessed by observing under inverted microscope,
the cells were passaged into new culture flask. Culture medium was removed and cells were
washed twice with HBSS (with antibiotic). The cells were detached from the culture flask by
using 2 ml of 0.5% of trypsin. The trypsin activity was stopped by adding equal volume of cul-
ture medium containing FBS and flushed properly to get the attached cells in the suspension.

After the primary culture, when adherent cells reached to 90% confluency, they were detached
with 0.25% trypsin-EDTA solution. Growth medium i.e. DMEM containing 10% fetal bovine
serum was added and mixed properly to get single cell suspension. The carbon fiber mesh was
cut into small pieces and washed 4-5 times with antibiotics containing Dulbecco’s Modified
Eagle Medium (DMEM) and was placed in wells of the culture plate. The cells were seeded at
the rate of 2 x 10* cells/cm.? It was maintained at 37°C in a humidified atmosphere of 5% CO,
in a CO, incubator. The growth media was changed after 48 h. The seeded mesh was observed
and processed for morphological assessment on day 3, 5 and 7 postseeding. Morphological
examination was performed using Scanning Electron Microscopic Examination. The seeded
mesh was fixed in 2% glutaraldehyde for SEM examination.

2.3. Results and discussion

A good amount of p-MEF cells were cultured from a single pregnant mouse. Cells were
plated in a T-25 flask. A large number of spherical cells were observed under phase con-
trast microscope. Cells were maintained in CO, incubator and observed daily under inverted
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phase contrast microscope to assess the viability and proliferation of cells. The cells showed
characteristic growth and adherence pattern in vitro and proliferated rapidly to complete the
monolayer in 4 days. The morphology of in vitro cultured cells clearly indicated the presence
of primary mouse embryo fibroblasts. Effects of the tested materials on the adhesion, growth
and morphology of cells on the fibers were evaluated by SEM examination.

Morphology of carbon fiber mesh showed that carbon fibers filaments were closely woven.
In vitro observations of the morphology of cells seeded on the surface of carbon fiber mesh
showed that they attached firmly and were uniformly spread along the fibers on day 5 post
seeding and mostly spindle-shaped. They cover almost all their surface on day 7 post seeding
and such a spreading of cells indicates good adhesions and biocompatibility of carbon fibers.
The assumption that carbon as the fundamental element in biological tissues would not induce
adverse reactions encouraged scientists to use carbon fibers in medicine as the implantable
biomaterial [18]. In the field of regenerative medicine carbon materials are becoming increas-
ingly attractive as they can be modified to be integrated into human bodies for promotion of
tissue regeneration and treatment of various diseases.

3. In vivo biocompatibility evaluation

3.1. Subcutaneous implantation of carbon fibers
3.1.1. Materials and methods

Carbon fibers and mesh were implanted subcutaneously on either side of the spine in four
Wistar rats. Animals were anesthetized using xylazine and ketamine anesthetic combina-
tion. The animals were restrained in sternal recumbency. Dorsal thoracic area was pre-
pared for aseptic surgery. On either side of the spine 1 cm long skin incision was given
lateral to the spine on both left and right side and subcutaneous pouches were created. The
implants were pushed in the pockets and the skin incision was closed with simple inter-
rupted sutures using polyamide suture no 1-0. The Carbon fibers and mesh were retrieved
back on day 30 post-operatively. The retrieved implants were preserved in 10% formalin
saline solution. The tissues were processed by routine paraffin embedding technique and
the sections were cut at 5 micron thickness. The sections were stained with hematoxylin and
eosin (H & E) stain.

3.1.2. Results and discussion

Retrieved sample on day 30 post implantation shows that carbon fibers and mesh were cov-
ered by dense thick fibrous connective tissue. Complications like infection or pus formation
was not seen in the vicinity of any implanted biomaterials. The tissue response to implanted
materials was more pronounced as observed in SEM examination. The implant was agglomer-
ated and surrounded with granulation tissue. Individual carbon fiber was adhered with thick
granulation tissue which included different types of cells and shows high biocompatibility of
carbon fibers which was clearly observed in high magnification (Figure 1).

87



88 Recent Developments in the Field of Carbon Fibers

In histopathological examination foreign body-type multinucleated giant cells were observed
to be accompanied with some eosinophils and mast cells. The structure of the muscle tissue
surrounding the implant was regular. There was increased number of fibroblasts at day 30
post implantation. Histological observation revealed that carbon fibers stimulated extensive
fibrocellular reaction with minimal infiltration of inflammatory cells at the site.

Based on microscopic observations we have confirmed that adhesion of cells to carbon fiber
mesh. According to in vivo studies, carbon fiber mesh due to their porosity enables more effi-
cient growing of cells and connective tissue within the structure of implant. Biocompatibility
of carbon fibers has been the subject of numerous researches, however individual researchers
implemented it in their own experiments without further physical and chemical characteriza-
tion, and also without specifying the sterilization methods, so that cases of toxic effects of fiber
degradation products on the human body were also reported [19-21].

Carbon fibers in many cases were well tolerated by the recipient and did not cause the around
foreign body reactions [16]. Moreover the tendon or ligament newly developed on a carbon
scaffold was morphologically very similar and functionally identical to the replaced natural
structure [22]. It has been demonstrated by the later studies that the cellular response to the
fibrous carbon material depends on the degree of crystallinity of the material; highly crys-
talline, high modulus fibers are not suitable for medical purposes, while amorphous fibers
are excellent for implants [16]. Grabinski et al. [23] reported that toxicity of carbon materials
depends also of dimensions and after 24 h the carbon nanotubes showed increased cellu-
lar toxicity when compared to the carbon fibers and carbon nanofibers. Our results clearly
demonstrated the excellent biocompatibility of those carbon fibers; however, they also clearly
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Figure 1. SEM examination showing individual carbon fiber adhered with thick granulation tissue having different
types of cells.
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confirmed that biological activity is even more desirable. Three thousand filaments of carbon
fibers were used to reconstruct the experimentally created full thickness linear abdominal
wall defects in rabbits [24].

3.2. Carbon fibers in repair of abdominal wall defects
3.2.1. Introduction

The successful reconstruction of abdominal wall defect is challenge to surgeon. Prosthetic
materials like small intestine mucosa [25], human dura mater [26], polyester fabric [27],
expanded polytetrafluoroethylene [28] have been used in reconstruction of large abdomi-
nal wall defects. Problems peculiar to each of these prosthetic materials have reduced pro-
longed and widespread clinical acceptance. Ideally, carbon fiber not only provides structural
strength, but also acts as a scaffold on which the body may lay down collagen to complete
the repair particularly in long term [29]. Braided carbon fibers have a place in the repair of
tendon [30, 31]. So we have studied the carbon fibers in repair of abdominal wall defect in
rabbits.

3.2.2. Materials and methods

Sixteen New Zealand white rabbits of either sex were randomly divided into two equal
groups (group I and II) of 8 animals. Mid ventral abdominal region was chosen for the pur-
pose of study. Food for 18 h and water for 6 h was withheld before operation. The ventral
abdominal area was prepared for aseptic surgery and the operation was performed under
general anesthesia. The animals were retained in dorsal recumbency. After skin incision a
linear full thickness defect of 3 cm in the mid ventral aspect of abdominal wall was created
and repaired with continuous suture pattern using 3000 filaments of carbon fiber and 1-0
black braided nylon, in-group I and II, respectively. Injection streptopenicillin @ 100 mg/kg
body wt. and Injection diclofenac sodium @ 2 mg/kg body wt. were given intramuscu-
larly for 3 days in all animals. The surgical wound was cleaned with povidone iodine and
dressed daily with antiseptic ointment. Skin sutures were removed till the completion of
skin healing.

3.2.3. Results and discussion

Surgical wounds appeared apparently healthy throughout the period of observation in both
the groups. None of the wound showed any complication like gaping or infection. Gross
observations at day 7 shows more vascularity around carbon fibers at the site and on day 30,
the carbon fibers were covered by white fibrous tissue. On day 60 the carbon fibers including
knots were completely buried under the newly formed tissue. Carbon fibers were well toler-
ated macroscopically with no evidence of infection or sinus formation. Increased vascular-
ity observed in the present study at the site repaired with carbon fibers was also observed
by Kumar et al. [31] following reconstruction of superficial digital flexor tendon with car-
bon fibers in crossbred calves. Increased vascularity at the reconstruction site is the normal
response to injury which is essential for reabsorption of clot and dead cells and finally in the
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laying down of fibrous tissue [32]. Uniform covering of prosthetic material with a layer of
white connective tissue of variable thickness due to formation of fibrous connective tissue and
subsequently laying of collagen fibers was observed [27].

On the contrary, in group I, the carbon fiber implant in the rabbit abdominal wall defect
had induced extensive fibrous tissue (collagen fiber) reaction. The inflammatory cells
were almost found negligible in the stroma, which indicates the host tissue tolerance to
carbon fibers as described by Kumar [33]. The deposition of more collagen fibers in the
healing tissue and chronic cell reaction adjacent to the carbon fibers/fibrils along with
macrophages, few foreign body giant cells and microgranulomas have similarly been
observed by earlier workers in relation to carbon fibers and Mersilene mesh [29, 34].
Subsequent to repair of abdominal wall defect with PTFE and Marlex mesh similar find-
ings were also reported [35]. The chronic cellular reaction persisted throughout the obser-
vation period of 90 days in the form of microgranulomas and foreign body giant cells
around carbon fibrils [31].

3.3. Carbon fiber mesh in reconstruction of abdominal wall defects
3.3.1. Introduction

A large abdominal wall defect presents a difficult problem for the surgeon. Conventional
techniques involving no artificial reinforcement of the abdominal wall run a high risk of recur-
rence. In repairing the large abdominal wall defects, surgeons have used prosthetic materials
of different composition and structures to replace lost tissue [36]. Carbon fibers have been
used successfully for reconstruction of tendon [30, 31]. It elicits a strong stimulus to collagen
formation and grows stronger with age [37]. Ideally, carbon fibers not only provide structural
strength, but also act as a scaffold on which the body may lay down collagen to complete
the repair process, particularly in long term [29]. Keeping in view the possible advantage of
carbon fibers, the present study was conducted for reconstruction of abdominal wall defects
with carbon mesh in rabbits.

3.3.2. Materials and m ethods

Clinically healthy adult New Zealand white rabbits (12) of either sex were divided randomly
into groups I and II having 8 animals in group I and 4 animals in group II (control). Mid-
ventral abdominal region was chosen for the purpose of study. Food for 18 h and water for
6 h was withheld before operation. The ventral abdominal area was prepared for aseptic sur-
gery and operation was performed under general anesthesia. Thiopental sodium (2.5%) was
injected intravenously in the ear vein “to effect” for anesthesia. A full thickness 2 x 3 cm defect
in mid-ventral abdominal wall was created and immediately repaired with carbon mesh in
animals of group I. The carbon mesh was prepared from the carbon sheet. The carbon sheet
was cut in desired shape and size. The carbon mesh was washed in acetone and autoclaved
before use. In animals of group II the linear abdominal muscular wall incision was made and
repaired with black braided nylon. Daily dressing of suture line with povidone iodine was
done till recovery.
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3.3.3. Results and discussion

Collagen and hydroxyproline content increased gradually up to 30 days in both the groups.
However, significant (P < 0.05) increase was observed up to day 60 in group I and up to day
30 in group II animals. Elastin percentage increased in the healing tissue in both the groups
up to 30th day. On the basis of the present study it can be concluded that the carbon mesh
can be used for the reconstruction of large abdominal wall defects. Carbon fibers were used
for the repair of experimental large abdominal incisional hernias in sheep [34]. The carbon
fibers were well tolerated by animals and no herniation was reported in 20 sheep repaired
with carbon fibers. Greenstein et al. [38] used polylactic acid carbon mesh for repair of experi-
mentally created ventral hernias in rats. In another experimental study fascial defects in dogs
were repaired with carbon fibers. Bilateral defects (1 cm square) were made in the fascia of
the back and mechanical strength and stiffness at the sites were measured 3-12 months after
operation. Defects repaired with carbon fibers were significantly stronger 12 months after
operation compared with defects repaired with polypropylene mesh and unrepaired defects
[39]. It is concluded that carbon fiber mesh act as biocompatible material and significantly
increases mechanical strength at the repair site. It stimulated fibroplasias, resulted in strong
fibrous reaction at the site. Experimental results in animals have been reported but on perusal
in literature no report was found using carbon fiber mesh for the repair of external abdominal
hernias in clinical cases.

3.4. Carbon fibers for gap repair of flexor tendons
3.4.1. Introduction

Formation of gap between cut ends and peritendinous adhesions after surgical repair are the
major problems in tendon reconstruction. Carbon fibers have been used to fill the gap between
the cut ends of the tendon in hoses, rabbits, dogs, sheep and donkey. Biocompatibility and
non-carcinogenicity coupled with the ability to sustain tissue growth are the rationale for
the utilization of filamentous carbon as a synthetic substitute. Carbon as an inert element
has advantages over other materials because it is a basic constituent of tissues. The high pro-
portion of the tissues of living organisms is composed of carbon compounds so it is well
tolerated by the tissues. An ideal biomaterial is that “instead of fighting” biology it should
“smoothly integrate into living tissue.” The present study describes the use of carbon fibers
for gap repair of tendon.

3.4.2. Materials and methods

Twenty-four tenorrhaphies were performed at the mid-metatarsal region in 12 crossbred
calves under xylazine-ketamine spinal analgesia having 6-18 months of age and weighing
120-250 kg. A 2.5-cm long gap was created in the superficial digital flexor (SDF) tendon and
immediately repaired with carbon fibers. About 3000 carbon fibrils (diameter of each fila-
ment was 7.5 micron) were taken and allowed to recoil upon themselves to form a two ply
twist implant of 6000 carbon fibrils filament. They were threaded in straight cutting suturing
needle with fine nylon suture material used to tow these carbon fibers. This implant was
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washed with acetone for 2 min before autoclaving. Under epidural anesthesia a curvilinear
incision was made at mid medial metatarsal region and superficial digital flexor tendon (SDF)
was exposed. A 2.5 cm long defect was created in the SDF. The cut ends of SDF tendon were
repaired with carbon fibers using modified locking loop suture pattern (Figure 2). The skin
incision was closed with nylon sutures. Both the hind limbs were utilized for the study. The
animals were evaluated on the basis of clinical, radiological, gross, histopathological and
scanning electron microscopic observations.

3.4.3. Results and discussion

Clinical examination revealed a slight increase (P > 0.05) in rectal temperature, heart and
respiratory rate for 2—4 days post-operation. Milder pain and exudation as well as earlier
restoration of tendon gliding movements and weight bearing were seen. Air-tendogram in
the carbon fiber group on day 30 revealed restoration of continuity across the defect of the
tendon. Regression of peritendinous adhesions and swelling at the reconstructed site at later
stages was observed indicative by the clear demarcation among these structures. On day 90
the tendon at the reconstructed site attained near normal thickness and density. Angiography

Figure 2. Repair of 2.5 cm long defect in SDF tendon using carbon fibers.
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showed hypervascularization at the reconstructed site on day 14 in the carbon fiber group. On
days 30 and 90, blood vessels were normally organized.

Gross observations showed filling of the defect with granulation tissue with more vascularity
on day 7, which was less prominent at day 14). On day 30, the neotendon formed was slightly
thicker and comparable to normal tendon in appearance and texture (Figure 3). On day 90,
it exhibited all the characteristics of a fully developed tendon. A longitudinal split section
showed intact carbon fibers strand surrounded by neo tendon. Peritendinous adhesions were
maximum on day 7, and later on reduced gradually (Figure 4). Microscopically, an acute
inflammatory reaction in the periphery of carbon fibers was observed on day 7. Immature
fibroblasts were arranged in a haphazard pattern at this stage. By day 14, numerous newly
formed capillaries and comparatively more mature fibroblasts were present in between and

Figure 3. Gross observation on day 30, split section showing formation of neotendon.
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Figure 4. Gross observation on day 90 and its split section exhibiting all characteristics of a fully developed tendon.

around the carbon fibers which were aligning parallel to the longitudinal axis of the tendon.
By day 30 the healing tissue exhibited longitudinal orientation of collagen fibers and was at a
more advance stage of maturation. By day 90, the neotendon formed simulated the picture of
normal tendon. Scanning electron microscopic observation revealed formation of neotendon
between carbon fiber strands, resulting in thickening of the implant. Longitudinal grooving
on the carbon fiber filaments was also observed. In later stages parallel collagen fibers resem-
bling normal tendon were observed.

4. Clinical applications

Successtul repair of abdominal wall defect requires closure of defect without undue tension
on suture line. To reduce the recurrence rates, surgeons had used prosthetic materials of dif-
ferent structures and composition to bridge the tissue defects of large hernias that cannot
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be approximated primarily without placing excess tension on the suture line. Carbon mesh
is available as a prosthetic sheet for bridging abdominal wall defects. This material is inert
and has been proved to be biocompatible in experimental trials in rabbits [40]. In the present
study carbon mesh was utilized in the treatment of cattle with abdominal wall hernias where
repair by direct tissue approximation could not be accomplished without unacceptable ten-
sion across the suture line.

4.1. Materials and methods

Six crossbred heifers aged between 12 and 18 months with congenital umbilical hernias with-
out complication were taken up in this study. After washing with acetone for 2 min, the mesh
was autoclaved. The animals were kept on fasting for 24 h before surgery. Preoperatively all
these animals received antibiotic therapy and surgery was carried out in dorsoventral recum-
bency. Analgesia at the site of operation was achieved by field block by using 2% Lignocaine
hydrochloride. After preparing the site aseptically, a semicircular skin incision was made over
the swelling. The subcutaneous tissue, abdominal muscles and hernial rings were separated.
Carbon mesh was implanted subfascially. Interrupted sutures were then placed 1.5 cm from
the edge of prosthesis and 1.5 cm apart, circumscribing the edges of the musculofascial defect
by using Vetafil (1.1 mm). In all herniorrhaphies, the mesh was strengthened with Vetafil by
using vest over pant technique. The skin incision was closed in routine manner. Injection
Oxytetracycline for 5 days and Injection Diclofenac sodium for 3 days were administered
intramuscularly. Antiseptic dressing was done with Betadine till suture removal. Sutures
were removed on 12th postoperative day.

4.2. Results and discussion

All the animals were partially anorectic for 2 days thereafter feeding pattern was com-
pletely normal. Carbon mesh was well tolerated by all animals. Carbon mesh acted as a
biocompatible scaffold and did not degrade or loose strength [38]. Slight inflammatory
swelling was observed at the operated site, which may be due to tissue reaction to surgical
trauma [41].

Seroma formation after hernioplasty with different biomaterials in human beings was also
reported [42] and this complication was treated by aspiration and compression [36]. In pres-
ent study, infection at the mesh-implanted site was not observed. It may be due to preopera-
tive use of antibiotics in all the animals. Judicious use of local and systemic antibiotics was
useful in decreasing the infection rate. Excessive tension on suture line forced the suture line
to cut the tissue by progressive aseptic necrosis [43]. Hard swelling at the reconstruction site
was recorded on day 12 in all animals, which gradually decreased and subsided completely
between 34 and 40 days. This may be due to excessive production and deposition of fibrous
tissue in the interstices of the mesh [29]. Later on decrease in hard swelling may be due to
gradual disintegration of carbon fibers, phagocytosis and removal of debris. Carbon fiber
implant induced extensive fibrous tissue reaction with neovascularization around it. The
inflammatory cells were almost negligible in the stroma which indicated the host tissue reac-
tion tolerance to carbon fibers [44]. The deposition of more collagen fibers in the healing tissue
and chronic cell reaction adjacent to the carbon fibrils along with macrophages, few foreign
body giant cells and microgranulomas has been reported [29].
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Two cases of umbilical hernia in dogs have been successfully repaired using carbon fibers
as suture materials [45]. The hernial ring was about 3 ¢cm in diameter in both the cases.
Carbon fibers filaments (6000 filaments of 7.5 micron diameter) were used to repair the
hernial ring. There was an uneventful recovery without untowards reaction. Braided
carbon fibers as a suture material for the repair of hernia in a buck and in buffalo calf
with no untoward reaction have been used successfully [46]. Use of carbon fibers for
the reconstruction of abdominal wall defects has been reported [47]. About 3000 carbon
fibrils were taken and allowed to recoil upon themselves to form a two ply twist implant
of 6000 carbon fibrils filament. This implant was washed with acetone for 2 min before
autoclaving. They were used as sutures for the closing hernial ring. Carbon fibers have
the advantage of being a non-irritable biomaterial of reasonable tensile strength. These
fibers evoked less inflammatory response. Abundant fibrous tissue was produced around
the carbon fibers.

During a 3-year period (2001-2004) 18 animals were surgically treated because of abdominal
wall defects [48]. Out of 18 animals 8 were bovines, 5 caprines and 5 canines. In each case
the defect was repaired with carbon fibers. Carbon fibers were placed either in simple inter-
rupted pattern or as mattress overlapping pattern. All the cases were successfully treated
and no complication was observed up to 6 months postoperatively. In the present study 6000
filaments of carbon fibers have been used for the repair of external abdominal wall defects/
hernias in 18 clinical cases of different species of animals having the hernial ring size range
from 1.5 to 8 cm in diameter with good results.

Carbon fibers for the repair of congenital umbilical hernias in five buffalo calves aged
5-13 months have been used. The size of the hernial rings in different animals ranged from
5 to 7 cm in diameter [49]. About 3000 carbon fibrils were taken and allowed to recoil upon
themselves to form a two ply twist implant of 6000 carbon fibrils filament. This implant was
washed with acetone for 2 min before autoclaving. Carbon fibers have the advantage of being
a non-irritable biomaterial of reasonable tensile strength. These fibers evoked less inflamma-
tory response and abundant fibrous tissue response around the carbon fibers. The amount of
fibrosis increased with time with a gradual transition of stress from the carbon fibers to the
induced fibrous tissue. The wound was healed by first intention in all the animals. Gangwar
et al. [50] reported the use of carbon fibers for the repair of umbilical hernias in six cow calves.
The size of the hernial rings in different animals ranged from 5 to 7 cm in diameter. About
3000 carbon fibrils were taken and allowed to recoil upon themselves to form a two ply twist
implant of 6000 carbon fibrils filament. All the animals recovered completely. No complica-
tion was observed at the repair site.

Successful repair of large umbilical hernia in a crossbred heifer has been reported using carbon
sheet. The hernial ring size was 12 x 10 cm in diameter. The carbon sheet was applied as inlay
graft and sutured with hernial ring by silk sutures. The animal show uneventful recovery and
no complication were observed up to 6 months postoperatively [51]. Similarly in another case
carbon mesh was used to repair large umbilical hernia in a crossbred male calf as inlay graft
where the hernial ring size was 8 x 10 cm in diameter. The animal show uneventful recovery
and no complication were observed up to 3 months postoperatively [52] (Figure 5a—c).
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Figure 5. Large umbilical hernia in a crossbreed male calf repair with carbon mesh (a) crossbred male calf showing
large umbilical hernia (b) opening of hernial sac and placing of carbon mesh for repair of hernial ring as inlay graft (c)
complete closure of defect after skin suturing.
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During a 4-year period (2001-2005) 9 animals (8 bovines and 1 caprine) were surgically trea-
ted for abdominal wall defects (hernia). In each case the defect was repaired with carbon
mesh. All the cases were successfully treated and no complication was observed up to 6
months postoperatively. In the present study carbon fiber mesh have been used for the repair
of external abdominal wall defects/hernias having the hernial ring size ranged from 6 to 15 cm
in diameter with good results. This is probably the first report in which carbon fiber mesh has
been successfully used for the repair of abdominal wall defects in clinical cases [53].

Use of carbon cloth/carbon fiber mesh for the repair of abdominal hernias in animals was
reported with good results [54]. Similarly, Gangwar et al. [55] used carbon fiber mesh for
the repair of external abdominal wall defect in a calf having the hernial ring size of 8 cm in
diameter with satisfactory results. Kh Sangeeta Devi et al. [56] operated six crossbred heif-
ers, 12-18 months old, with congenital umbilical hernia using carbon mesh. Results revealed
that all animals were clinically healthy after the surgery. Inflammation gradually decreased
between 34 and 40 days postoperatively. With significant increase in erythrocyte sedimen-
tation rate up to 30 days. Total leukocyte count and neutrophils returned to normal after
30 days. Histopathological lesions showed that the carbon fiber implant induced extensive
fibrous reaction with neovascularization. It is concluded that the carbon mesh can be used for
successful reconstruction of umbilical hernia in cattle.
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