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Abstract: At present it is scientifically and clinically proved that the main cause of relapses, which occur after
difficult surgical operations involving the use of implants, is the fact that organism’s own tissues can’t fuse
with an implant. As a result of this the topical problem is to increase the biological compatibility of applied
materials. As the processes of the implant rejection take place at the cellular level, elaboration of modern
methods to research and control these processes with appropriate spatial resolution is a very important
problem. In this paper, by the example of a mesh polypropylene endoprosthesis, the way to study some
physical properties of the biomaterial with the help of AFM is shown. The results obtained demonstrate that
AFM and AFS allow one to investigate the inner structure of a polypropylene fiber and a series of physical
parameters involved in regeneration. The studies carried out with the help of AFM allow us to analyze the
processes taking place on the surface and in the inner structure of a polymer applied in medicine and biology
and to conclude about the reliable fixation of an implant.
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INTRODUCTION visualize single silicon atoms and organic molecules [1-4]

Over the last two decades new microscopy methods polymers formed on the surface of nanostructures [5-9].
to study the surface with the nanometer and atomic Various  synthetic  polymers  used   as  biomaterials
spatial resolution are intensively developed in [10, 11] are widely applied in medicine. In tests of
experimental physics. At present they are combined into produced polymeric materials and the modification of
a method named scanning probe microscopy (SPM). those already introduced, the topical problem is the
Recently  atomic  force  microscope  (AFM)  has  been biological compatibility of applied polymers and how long
more widely in use. The main advantage of AFM in their useful properties remain. In spite of great
comparison with STM (scanning tunnel microscopy) is achievements of science and technology in this field, the
the possibility to obtain a surface image of both problem of organs and tissue substitution has not been
conductive and non-conductive materials with the solved yet and the quality of materials used does not meet
nanometer  and atomic resolution. AFM measurements the requirements to the full. It is not possible to
can be carried out in atmosphere, vacuum and even in distinguish a unique material applicable in all cases.
liquid.  In  addition  to its higher image resolution, AFM Polypropylene is widely used in surgical treatment of
is distinguished by the possibility to obtain a three- hernia to substitute defective tissues [12]. Polypropylene
dimensional (3-D) topographic surface image and to is obtained by polymerization of propylene. It is used in
visualize its electric, magnetic, tribological and other the form of monofilament fibers weaved in a mesh
characteristics. differing in the structure of the network, size and form of

Nowadays AFM is widely used in different fields of interfibrillar stretches (Figure 1).
human activities: in fundamental science devoted to Morphological, histochemical and immunological
surface research, simple analysis of the surface roughness interactions of endoprotheses with surrounding tissues
degree and obtaining impressive 3-D images. One can and  cultivated  cells  have been examined in detail [13-17].

as well as bioplasts and tissues, the laminar structure of
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Fig. 1: Mesh polypropylene endoprosthesis unique endoprostheses meeting the following

However, many optical microscopy investigations are resistive to infections [10, 11].
restricted to processes taking place around the synthetic Prior to AFM measurements, an exact place for
material only, i.e., in adjacent tissues and cells of mesh scanning was selected using a digital camera with optical
endoprotheses. The change of the polypropylene ZOOM-128.  Figure  2  shows the optical image of the
biomaterial in the organism, namely, the morphology of cross-section of the conjunctive tissue with implanted
the surface of the mesh fibers two years after of its fibers of a mesh polypropylene endoprosthesis (view from
implantation into the abdominal cavity was studied by above). Borders of the fiber and the beam of the AFM
scanning electron microscopy [18]. At present it is cantilever situated directly above the fiber are clearly
established that conjunctive tissues grow through seen. This device allowed the measurements in the
interlaced  fibers  of  a  polypropylene   endoprosthesis regions needed for the study avoiding artifacts due to the
[16, 17]. At the same time there are no literature data on wrong place for scanning.
how the reaction of the organism manifests in the internal Investigations were carried out by the contact
structure of a polypropylene fiber itself. It is still not clear method at room temperature in the air and 40-50%
where to place an endoprosthesis so that the organism’s humidity on an AFM Solver P47H ( NT-MDT  Inc.,
tissues could grow better through it since clinical studies Russia). Standard silicon cantilevers CSG11 ( NT-MDT
provide contradictory results. Thus it was necessary to Inc., Russia) with the stiffness coefficients of 0.06 N/m
investigate the processes of fiber fixation in tissues in were used. The typical radius of the cantilever’s tip
greater detail. curvature was less than 10 nm. Scanning was performed

In this paper, it is shown for the first time that AFM with the resolution of 1024x1024 points.
may be used in order to visualize and evaluate some Two contact modes were used in the work: the
physical properties of the surface of cross-sections of constant force mode (the registration of the surface
polypropylene fibers of implants revealing the processes topography) and the lateral force mode. The lateral force
taking place in the inner structure of polypropylene mode allows one to distinguish regions with different
implanted in different regions of the abdominal cavity [19]. constants of friction as well as to mark out the features of
These studies allowed us to conclude about the reliable the surface relief [20]. These possibilities are used in
fixation of an endoprosthesis and to elaborate combination with obtaining the surface relief in order to
recommendations on how to provide a proper fusion of an characterize the sample under investigation in more detail.
implant with surrounding tissues in order to avoid Atomic-force spectroscopy (AFS) results provided
postoperative complications. information about some physical properties of the surface

MATERIALS AND METHODS polypropylene endoprosthesis. AFS is based on

In this work, cross-sections of monofilament fibers of beam of a cantilever at the interaction of a needle’s tip
a cellular polypropylene endoprosthesis (Figure 1) were with the surface of a sample depending on the distance
studied. Adult male rats, weighing 320-360 g, were tested. between them [20].
Firstly, this endoprosthesis was implanted between In order to decrease errors due to the adjustment and
aponeurosis and the muscular back layers (the front inaccuracy in determining the cantilever’s elasticity, a
abdominal wall of a rat has thin muscular layers, but its series of experiments were carried out during the first 3 h
back has much deeper ones; therefore the implant was after the preparation of samples. The adhesion force was
placed between aponeurosis and the back muscles in measured  in  various  regions  of the examined samples
order to produce a proper contact with muscular layers, (50-150  measurements)  because  the   preparation   of  the

but not with the subcutaneous fat). Secondly, it was
implanted between aponeurotic tissues and the
subcutaneous  fat.  The   experiments   were   carried  out
90 days after the surgical operation to ensure the
formation of conjunctive tissues and neovascularization
around the filaments of the synthetic material.

At present monofilament polypropylene meshes are

requirements: to be chemically inert, mechanically firm and

of cross-sections of monofilament fibers of a mesh

obtaining force curves showing the deflection of a flexible
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Fig. 2: Experimental microscopy image of the cross-section of the conjunctive tissue with implanted fibers of a
polypropylene endoprosthesis

samples (production of cross-sections on a microtome) population of macrophages increases dramatically and
results in the heterogeneous surface and the small area of fibroblasts form a collagen-like capsule on the polymer
the interaction with the surface (nearly 20 nm). Each time surface. An endoprosthesis (mesh) needed for
not less than three samples of the cross-sections of the hernioplasty  should  be  non-absorbable  and  steady.
conjunctive tissue with the implanted fibers of a The full integration of the mesh and tissues is an
polypropylene endoprosthesis were examined (Figure 2). important condition necessary for reliable hernioplasty.

In order to describe and detail the surface structure, The degree of the biomaterial invasion by tissues
phenomenological characteristics defined in terms of depends on the size of interfibrillar cells (pores), the
microgeometry and classical statistics were used [21]. structure of the surface and the mesh network and its
These characteristics determine the most general relief anatomic location. Different polypropylene meshes were
properties of all types of surfaces. To describe examined by optical microscopy and scanning electron
microgeometry of a surface, the following statistical microscopy in order to reveal the efficacy of their invasion
roughness parameters were defined: normal surface by the tissues of interfibrillar stretches [13-18]. However,
roughness   determining    the   center   of  symmetry, to study the inner volume of the implanted polypropylene
mean-square surface roughness determining the fiber with regards to the presence of the conjunctive
dispersion of a random quantity and characterizing the tissue is of special interest. AFM allows one to obtain the
dispersion of its single values from the center of nanometer resolution of the surface of cross-sections of
distribution, peak-to-peak height determining the a polypropylene fiber without the complicated preparation
difference between the maximal and minimal values of the of a sample and special experimental conditions.
relief height on the image. Cross-sections of the original polypropylene fiber

(before implantation) and conjunctive tissue surrounding
RESULTS AND DISCUSSION fibers (filaments) (Figure 2), i.e. the collagen-like capsule,

In vitro AFM Studies of Polypropylene Fibers: In Figure 3a, an AFM image of the cross-section of
Introduction of an implant into an organism is a
complicated surgical operation accompanied by the
disturbance of a living tissue, which produces a series of
local and general changes. In general, this reaction
manifests itself in several processes. The most important
of them are inflammation; implant’s biodegradation
(resorption); adaptation to the foreign body in an
organism by the formation of a shell (capsule, membrane)
around it allowing its neglect to some extent. The
formation  of a  capsule  around  polymer  takes  place  in
4-5 days after the operation. At this stage macrophages
begin to predominate, although in addition there are
lymphocytes,  plasmacytes  and  fibroblasts  as  well [10].
In the case of a biocompatible polymer, in 1-2 weeks the

were studied as models.

the fiber of the polypropylene endoprosthesis
(polypropylene surface) obtained by registering lateral
forces is shown. The surface of the cross-section is
laminar.  The  adhesion  force at the interaction of the
probe with the surface of original polypropylene,
roughness and peak-to-peak parameters were
F=(5.62±2.10)nN, Rq=(117.78±26.11)nm,
Ry=(649.01±68.73)nm, respectively (Table 1, Figure 5).

AFM images of the conjunctive tissue surrounding
endoprosthesis’ fibers demonstrated the rough cellular
surface structure (Figure 3b) with phenomenological
characteristics and values of the adhesion force three
times  less  than  those  of   synthetic  polypropylene
(Table 1, Figure 5).
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Table 1: Phenomenological parameters and the adhesion force at the interaction of the cantilever and sample with different surface types. Samples 
Implanted between aponeurosis Implanted between aponeurosis and the

Original and muscular tissue hypodermic cellular tissue
----------------------------------------------------------- ------------------------------------------------------------------ ----------------------------------------------------------
Types of Original Conjunctive Polypropylene Polypropylene
a surface polypropylene tissue after implantation Surface, type 1 Surface, type 2 after implantation Surface, type 1
Ra (nm) 92.21±10.13 32.61±8.99 73.39±11.99 41.60±9.91 23.62±8.69 103.89±31.59 169.39±34.70
Rq (nm) 117.78±26.11 40.76±11.60 85.13±11.60 52.36±12.10 29.16±10.26 127.30±35.40 198.59±43.43
Ry (nm) 649.01±68.73 267.86±78.13 507.00±78.13 346.01±54.33 189.72±48.15 693.09±84.26 925.08±183.84
F (nN) 5.65±2.10 23.98±5.83 4.41±1.60 30.69±11.86 51.85±6.01 1.34±0.55 9.22±3.99

(a) (b)
Fig. 3: (a) AFM image of the cross-section of the fiber of the polypropylene endoprosthesis (polypropylene surface),

lateral force method (black stripe is 1 µm length) and (b) AFM images of the conjunctive tissue surrounding
endoprosthesis’ fibers, lateral force method (black stripe is 1 µm length)

Fig. 4: AFM image of the cross-section of the fiber of a No. 1  proved  the  existence  of two types of the surface.
polypropylene endoprosthesis implanted between In some cases, the surface had the “porous” structure
aponeurosis and muscular tissue, lateral force different from that of the polypropylene fiber. In other
mode (black stripe is 5 µm length) cases it had the “solid” structure with distinct cellular

In Figure 4, AFM images of the distribution of lateral Quantitatively, the solid tissue predominated
forces on the surface of the cross-section of monofilament considerably. Microgeometry and adhesion force
fibers of the mesh polypropylene endoprosthesis parameters of the two surface types also confirmed this
implanted between aponeurosis and muscular layers are difference (Table 1, Figure 5). The values of the tissue’s
shown. Numerous AFM investigations allowed us to phenomenological parameters are nearly two times less
outline noticeable differences in the structure of the than those of polypropylene, the values of the tissue’s
examined surface (Figure 4): regions similar to the adhesion force are 7-12 times higher than those of
polypropylene fiber (region No 2) and regions similar to polypropylene. These results correlate with the data for
the conjunctive tissue (region No. 1) were discovered. the collageneous capsule around the polypropylene fiber.

Analysis  of  phenomenological  parameters  and
local AFS results showed essential differences between
these structures as well. The region No. 2 had the
following    phenomenological   parameters:
Ra=(73.39±11.99)nm,  Rq=(85.13±11.6)nm,
Ry=(507±78.13)nm;  the  local  adhesion  force  produced
by the interaction of the probe with the surface was
F=(4.41±1.6)nN. These data correlate well with the results
provided by the investigation of the original
polypropylene fiber (Table 1, Figure 5).

Further investigations of regions similar to the region

units resembling the conjunctive tissue (Figure 4).
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Fig. 5: Phenomenological parameters (Normal surface roughness R , Mean-square surface roughness R , Peak-to-peaka q

height R ) for original polypropylene, conjunctive tissue and two types of tissue after implantationy

This research allowed us to suppose the presence of One of the factors influencing the resistance of an
the conjunctive tissue, namely, collagen fibers, in the implant to biodegradation is the ability of this implant to
inner structure of the monofilament polypropylene fiber of sorb water and the intensity of diffusion of water
the mesh endoprosthesis. Collagen fibers are the environment into it. However, these processes do not
characteristic component of the conjunctive tissue guarantee the high speed of degradation [10, 11].
structure. Collagen fibers visible with an optical Polypropylene belongs to polymers with high inertness:
microscope consist of fibrils observable with an electron water sorption is very low, it is of 0.007 g H 0/100 g of a
microscope. The notion “collagen fibers” is in fact polymer (hydrophobic material); and the diffusion
morphological and it cannot be reduced to the coefficient is rather high (240 sq. sm. s ) providing a
biochemical idea of collagen as protein. A collagen fiber definite level of the penetration of surrounding liquid
is a heterogeneous unit containing other chemical media into the polymer.
components in addition to collagen’s protein Thus the destruction of polypropylene in tissues can
(tropocollagen). be explained by the appearance of cracks at the initial

First,  the  invasion  of   filaments  of the stages of implantation and by diffusion of water
polypropylene mesh by collagen fibers may be explained environment into polymer. As a result, the conjunctive
by the presence of micro- and nanopores, which can be tissue, namely, collagen fibers, grows into the
formed in the polymerization of the polypropylene fiber polypropylene fiber. Under natural conditions collagen
[22]. Second, this phenomenon may be explained by has the form of long fibrillar threads and in comparison
degradation of polymers surrounded by biological tissues with hydrophobic polypropylene it is able to adsorb water
[10, 11]. easily [23]. This can explain different values of the

Most of polymers experience two interconnected adhesion force in polypropylene - tissue regions of the
processes under the contact with biologically active examined samples of mesh fibers.
media (tissues): destruction (degradation) of polymers
under the action of biologically active substances and the CONCLUSIONS
interaction of the polymer decay products with these
biological media [10, 11]. The results obtained demonstrate that AFM and AFS

According to literature data, polypropylene can be allow one to investigate the inner structure of a
subjected to oxidative destruction only [10]. Therefore, polypropylene  fiber.  It  has  been shown that several
polypropylene should be steady in tissues of a living types of periodic structural units can be found on the
organism; it decays slowly under the influence of cross-section of monofilaments of a mesh polypropylene
oxidative ferments in the presence of oxygen dissolved in endoprosthesis. The estimate of phenomenological
the living organism. The destruction of polypropylene roughness and peak-to-peak parameters, the adhesion
fibers and films in the body is characterized by the force of a probe with a patterned surface for different
following phenomena: deterioration of mechanical types of the surface of fiber cross-sections allows the
properties, formation of cracks at the initial stages of supposition about conjunctive tissue invasion directly
implantation and long-term fragmentation of the polymer into monofilaments of a cellular polypropylene
endoprosthesis. endoprosthesis.
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