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Abstract

The increasing demand for new biomaterials and fabrication methods provides an
opportunity for silicon to solve current challenges in the field. Laser processing is
becoming more common as the public begins to understand its simplicity and value.
When an abundant material is paired with a reliable and economic fabrication method,
biomedical devices can be created and improved. In this chapter, different laser param-
eters of the Nd:YAG laser are investigated and the topographic and physical trends are
analyzed. The biocompatibility is assessed for scanning speed, line spacing, overlap
number, pulse frequency, and laser power with the use of simulated body fluid (SBF)
and fibroblast culturing (NIH 3T3). Not only can nanosecond pulses increase the bio-
compatibility of silicon by generating silicon oxide nanofibers, but the substrate
becomes bioactive with the manipulation of cell interactions.

Keywords: silicon, nanofibers, Nd:YAG laser, fibroblasts

1. Introduction

Science fiction has motivated intelligent minds to enhance the quality of living for the last

century. A well-known example in fantasy is bionic limbs controlled by the mind. Individuals

who have lost or permanently damaged limbs can benefit from procuring an aesthetically

pleasing and fully functioning bionic replacement to restore or improve their quality of life. The

field of biomaterials engineering has been making monumental advances by producing devices

such as biosensors, bioMEMS, and artificial hearts [1–3]. There is a continuous growth in popu-

lation today, demanding the attention from biomedical fields to improve lifestyles and create

better body functionality. Although current devices’ interfaces with the human body have come

a long way, there is still a long way to go in the fabrication methods of the required scaffolds.

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



This chapter outlines one single pathway of research done to broaden the opportunities in the

biomaterials industry. The bioactivity of laser-treated silicon is investigated through the use of

in vitro testing. This research investigates of the trends of different laser parameters, including

power, frequency, scanning speed, line spacing, and overlap number.

1.1. Challenges in the biomaterials industry

The current challenges in the biomedical field include finding biocompatible and bioactive

organic or inorganic materials and simplifying manufacturing processes. Devices that are

implanted inside the body require materials that are biocompatible; the behavior of this

material when interacting with the human body must not have any toxic effects and must

perform a specific task. For a material to be bioactive, it requires to be biocompatible and have

a biological effect and provoke a positive and controlled biological response. Current biocom-

patible materials that are commonly used are gold, titanium, polymers, bioceramics, and

composites [4–8].

Silicon was chosen as the material for this research due to its abundance and semiconductor

abilities. Microfabricated silicon is widely used today in the microelectronics and photovoltaics

industry [9, 10]. Silicon in its pure form is not biocompatible [11, 12]. However, silicon can be

packaged in a biocompatible material such as titanium [13, 14]. It has been found that porous

silicon is biocompatible [11]. The current method used for creating a porous layer is etching

with hydrochloric acid. Acid etching is a long process that requires the use of dangerous

chemicals and is consequently environmentally friendly. The challenge that silicon faces in the

biomaterials industry is to find a superior surface alteration method.

1.2. Laser processing

Technology that easily controls and creates an accurate pattern on a microscale is required in

the microelectronics industry. A good solution to this criterion is a laser, which has been

commonly used for surface texturing of steel [15, 16]. It was found that this method of surface

treatment allowed the generation of micropores with different characteristics. Unlike acid

etching, a laser is great for the modification of silicon since it is very clean, high resolution,

and controllability of intensity and depth of penetration. The Nd:YAG pulsed laser is a partic-

ularly good solution since it is cost-effective, stable, and has the required high power range.

Another advantage to this method is that there are no chemicals involved, which eliminates

the complex processes of preparation and environmental concerns. Above all, using a laser is a

single-step process. The economic and simplistic benefits that are associated with this

approach are valuable to the biomedical industry.

High-end picosecond and femtosecond pulsed laser systems have also been used for genera-

tion of porous silicon particles [17, 18]. In this research, it is found that a Nd:YAG nanosecond

pulse laser can achieve the desired biocompatible silicon. The nanosecond laser is much more

economical and commercially available than the faster pulse lasers. The nanosecond laser is

also currently used in the medical industry for procedures such as eye and dental surger-

ies [19, 20].
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2. Laser processing and surface characterization

Microfabrication with lasers is becoming increasingly popular in many industries including

biomaterials [21]. Laser irradiation introduces surface irregularities and chemical changes to

the silicon surface. The laser irradiates a simple line pattern onto pure silicon with <100>

orientation. There are a number of methods used to analyze the condition of the laser-

processed substrat. Images of the samples are taken with field emission scanning electron

microscopy (FESEM) and 3D optical microscopy.

2.1. Laser system

The laser used in this research is a SOL-20 1064 nm Nd:YAG nanosecond laser by Bright

Solutions Inc. The JD2204 Sino Galvo two-axis Galvo scanner has an input of 10 mm and a beam

displacement of 13.4 mm. The theoretically determined spot size diameter is 19 μm. The laser

pulses can range from lengths of 6 to 35 ns, frequencies of 10 to 100 kHz, powers up to 20W, and

scanning speeds up to 3000 mm/s. For this research, scanning speeds of 100–1000 mm/s, powers

of 7, 10, and 15 W, and frequencies of 25, 70, and 100 kHz are used. Line spacing varies from

0.025, 0.05, and 0.10 mm. Overlap number, or number of times the laser repeats the same pattern,

varies from 1, 2, and 3. The manipulation of these parameters is easily executed through the

laser-operating software.

2.2. Biocompatibility evaluation

The biocompatibility of a material is influenced by surface roughness, reflectivity, and chemi-

cal content of the substrate. The chemical content is assessed using micro-Raman and energy-

dispersive X-ray (EDX) analysis. The surface roughness is determined with the use of 3D

optical microscopy, and the reflectivity is determined with light spectroscopy. The biocompat-

ibility is also determined with the use of simulated body fluid, which is a form of in vitro

assessment—testing done outside of the body. Simulated body fluid is a solution that mimics

the ion concentration of human blood plasma. When a biocompatible material is submerged in

the liquid, hydroxyapatite forms on the surface [22, 23]. The submerged samples in the SBF are

kept in an incubator at 36.5�C for up to 6 weeks.

Cell interactions with the laser-processed silicon substrate are also evaluated with cultured

mouse embryonic fibroblasts (NIH 3T3). Cells are seeded at 2400 cells/cm2 in triplicate

and incubated for 72 h at 37�C. The samples are incubated under 5% CO2 in Dulbecco’s

modified Eagle medium (DMEM) supplemented with 10% heat-inactivated calf serum.

Phosphate-buffered saline (PBS) was then used to rinse the nonadherent cells from the samples

overnight at 4�C. Staining was then done to the samples with phalloidin (1:2000 dilution) and

draq5 (1:10,000 dilution) overnight for fluorescence imaging.

2.3. Temperature evaluation

Different frequencies, powers, and pulse widths change the behavior of the laser pulses.

Determining the temperature will help investigate the pulse energy and how it affects the
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surface topographic properties and chemical structure. The surface temperature is modeled

using the two-dimensional heat equation in cylindrical coordinates. The heat equation in

cylindrical coordinates is found in Eq. (1).
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where κ is the heat conduction coefficient, ρ is the material density (kg/m3), cp is the specific

heat (J/kgK), and _q is the rate at which energy is generated per unit volume of the medium

(W/m3) [24]. Since it is assumed that κ, ρ, and cp are constant, and there is no energy generation

within the silicon ( _q ¼ 0), Eq. (1) can be simplified into Eq. (2).
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where a = κ/ρcp, which is the thermal diffusivity (m2/s). The boundary conditions for this

equation include the initial temperature being room temperature, the pulse intensity is at its

maximum during the pulse at z = 0, the intensity is zero between pulses, and the temperature

change is zero at r = ∞, and z = ∞. With these conditions, the single-pulse temperature change of

a high absorption material, ΔT, for a square pulse, can be obtained (Eq. (3)) [25].
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where Imax (Eq. (4)) is the peak intensity which is the peak power divided by the spot area,

Pmeasured is the experimental measured power, f is the pulse frequency, τ is the pulse duration, γ

is equal to the Fresnel energy reflectivity (R) subtracted from 1 (1–R) with a R value of 0.325

and a γ value of 0.675, κ is Silicon’s diffusivity with a value of 9.07�10�3 m2/s, K is Silicon’s

conductivity with a value of 155 W/mK, τ is the laser pulse duration, W is the beam’s filed

radius (1/e) with a value of 1.94�10�5 m, z is the ablation pit depth, and r is the ablation pit

radius. Using this equation with the assumption that the pulse is square-shaped, the tempera-

ture can be determined at the center of ablation (r = 0) and at the surface (z = 0). From Eq. (3),

an analytical expression can be made to determine the depth of the ablated groove at the center

of the ablation with respect to radius by using the mean value theorem.
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where β is an experimentally determined correction factor of 0.5 and ΔTB is silicon’s boiling

temperature of 2972 K. A more accurate representation of the experimental results found in
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Eqs. (6) and (7) will determine the ablation depth after a train of pulses. Each consecutive pulse

adds to the penetration of the preceding pulse, S, resulting in a deeper groove.

hscanðrÞ ¼ hðrÞ þ hðS� rÞ (6)

S ¼
v_scan

f
(7)

where S is the spatial separation between each consecutive pulse, v_scan is the scanning speed

in m/s, and f is the pulse frequency.

3. Effect of scanning parameters

The three scanning parameters discussed in this section are overlap number, line spacing, and

scanning speed. Each of these is easily set through the laser-operating software. These param-

eters have a direct effect of the surface topography and oxidation levels of the silicon sub-

strates.

3.1. Topography analysis

The field emission scanning electron microscope images are an effective way of investigating

the physical results from the laser ablation on the silicon samples. Figure 1 shows the effect of

different overlap numbers. At 1 overlap (OL), the line pattern is distinct and relatively clean.

When the OL number is increased to 2, the line pattern is less definite and contains more

irregularities. Finally, increasing the overlap number once again to 3, the line pattern is almost

unrecognizable with a substantial amount of imperfections.

The effect of different line spacing was then investigated with FESEM. The overlap number

was kept constant at 1. At the largest line spacing of 0.10 mm, the line pattern is discrete. At the

smallest line spacing of 0.025 mm, the amount of imperfections is high with no distinctive line

separation. The effect of line spacing can be seen in Figure 2.

Knowing that a higher overlap number and a smaller line spacing made for the highest level of

laser-ablated substrate, a sample with 0.025 mm line spacing and three overlaps was created to

observe the surface characteristics. The high magnification FESEM image in Figure 3 of this

sample shows a nanofibrous substrate. These nanofibers are the result of a high-energy reac-

tive plume that forms on the surface during laser ablation [26]. The plume generates a heat-

affected zone that causes the silicon ions to react with the oxygen ions, creating these nanoscale

SiO2 fibers [27–29].

The effect of scanning speed was then investigated with 3D optical microscopy. The data of the

results from scanning speeds of 100, 200, 500, 800, and 1000 mm/s are mapped and compared

in Figure 4. It is expected that the lower scanning speeds have larger depths due to a higher

number of pulses ablating the surface area. However, with a closer look at Figure 4, the lower

scanning speeds have shallow depths and a relatively high wall of built-up material along the
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Figure 1. FESEM images of pattern overlaps of 1, 2, and 3 with a line spacing of 0.10 mm, a laser power of 10.5 W, a

frequency of 100 kHz, and a scanning speed of 400 mm/s.

Figure 2. FESEM images of line spacing of 0.025, 0.05, and 0.10 mm with an overlap number of 1, a laser power of 13.3 W,

a frequency of 100 kHz, and a scanning speed of 400 mm/s.

Figure 3. Presence of nanofibers detected on FESEM image of sample with three overlaps and 0.025 mm line spacing with

power of 13.3 W, frequency of 100 kHz, and a scanning speed of 400 mm/s.
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sides of the groove. At higher scanning speeds, when the pulses are farther apart, there is less

penetration on the surface, leading to a shallower groove. At lower scanning speeds, the high-

temperature ablated material from the walls caves back into the deep groove and solidifies into

a much shallower groove than initially dredged. Scanning speeds of 200 and 800 mm/s show a

deep groove with a smaller amount of material built up than the 100 mm/s sample.

Eqs. (6) and (7) are then used to find the theoretical ablation depths at various scanning speeds.

Observing the trend in Figure 5, it is clear that the ablation depth decreases with increasing

scanning speed. Both the experimental data and theoretical results are in close agreement.

3.2. Bioactivity assessment

Each sample was submerged in simulated body fluid (SBF) for 6 weeks and kept at a constant

temperature of 36.5�C. The samples were then emerged from the fluid and assessed with

energy-dispersive X-ray (EDX). The SBF-soaked samples were found to contain a traces of

phosphorous and calcium, which is indicative of the presence of a bone-like apatite. Hydroxy-

apatite is formed by the nucleation of calcium phosphate ions [5, 27]. The silicon oxide layer

created by the laser plume has a negative charge, which attracts the positively charged calcium

phosphate. The resulting substrate contains this bone-like apatite, which was seen on the laser-

treated silicon samples. The EDX results from the sample with three overlap and 0.025 mm line

spacing can be seen in Figure 6.

Figure 4. Profile data from the 3D optical microscope for scanning speeds of 100, 200, 500, 800, and 1000 mm/s at an

overlap number of 1, a power of 15 W, and a frequency of 100 kHz.

Figure 5. Ablation depth after a train of pulses at difference scanning speeds at a power of 15 Wand a frequency of 100 kHz.

Laser Processing of Silicon for Synthesis of Better Biomaterials
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This presence of bone-like apatite confirms that the biocompatibility of pure silicon was

enhanced with nanosecond laser pulses. A smaller line spacing and higher overlap number

generates more SiO2 nanofibers, which provides a favorable site for the nucleation of apatite.

4. Effect of frequency

The range of frequencies used in this section is 25, 70, and 100 kHz. For these experiments, the

scanning speed was kept constant at 100 mm/s, the power at 15W, and the overlap number at 1.

4.1. Topography analysis

Figures 7 and 8 show the topography changes in the frequency samples. A lower frequency

produces a wider and shallower groove, while the higher frequencies yield a thinner yet

deeper ablated groove. The theoretical results in for a single pulse in Figure 9 show that the

groove increases in depth and decreases in width as frequency increases, which is in close

agreement with the experimental results.

4.2. Temperature analysis

The temperature is determined for each frequency with Eq. (3) and can be found in Figure 10.

The higher temperatures are associated with the lower frequencies on both z-axis and r-axis.

By increasing the frequency, the pulse energy decreases which results in lower temperatures

and a smaller heat-affected zone [30]. Due to reduced size of the heat-affected zone, the shape

of the groove consequently changes size as well. This results in the thinner grooves at higher

Figure 6. EDX results of sample with three overlaps, 0.025 mm line spacing, 400 mm/s, a power of 13.3 W, and a

frequency of 400 mm/s.
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frequencies. Each recurring pulse adds to the penetration of preceding pulse. Higher frequen-

cies have more pulses, resulting in a deeper penetration of the surface, which develops a trench

with a larger depth.

4.3. Bioactivity assessment

Mouse embryonic fibroblast cell interactions were examined for each frequency. The cell count

in Figure 11 establishes that there are a higher number of cells in the higher frequency grooves.

Figure 7. 3D optical microscopy images of samples with frequencies of 25, 70, and 100 kHz at a power of 15 W, a scanning

speed of 100 mm/s, and 1 overlap.

Figure 8. Experimental profile data from the 3D optical microscope for frequencies of 25, 70, and 100 kHz at an overlap

number of 1, a power of 15 W, and a scanning speed of 100 mm/s.

Figure 9. Theoretical profile data for a single pulse for frequencies of 25, 70, and 100 kHz at an overlap number of 1, a

power of 15 W, and a scanning speed of 100 mm/s.
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The cells show a strong preference for the treated areas and show avoidance in the untreated

areas. There is also a presence of fibronectin within the cells, which is an ECM protein secreted

during embryonic development and wound healing, potentially leading to collagen deposition

and tissue morphogenesis [30, 31]. These results confirm that the biocompatibility is enhanced

with higher frequencies.

Figure 11. The number of cells within the laser-treated groove for each frequency as well as the amount of cells outside

the groove within 100 μm from the edge of the groove [30].

Figure 10. The single-pulse temperature on the surface of the silicon with respect to radius.
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5. Effect of power

Laser power immensely influences the surface properties when treatment is done to a material.

The power for this section varies from 7, 10 to 15 W. For these experiments, the frequency was

kept constant at 100 kHz, the scanning speed was set to 400 mm/s, and the overlap number

was 1.

5.1. Topography analysis

The FESEM images of each power sample are shown in Figure 12. The experimental 3D optical

microscopy profile data is shown in Figure 13. These results show that at higher powers, the

groove will increase in both width and depth. Unlike the frequency trends, the size of the heat-

affected zone increases with power. The theoretical single-pulse depths found with Eq. (5) are

shown in Figure 14. These results also show that the groove width and depth increase with

power and are in close agreement with the experimental results.

Figure 12. FESEM images of samples with powers of 7, 10, and 15 W at a frequency of 100 kHz, a scanning speed of 400

mm/s, and 1 overlap.

Figure 13. Experimental profile data from the 3D optical microscope for powers of 7, 10, and 15 W at an overlap number

of 1, a frequency of 100 kHz, and a scanning speed of 400 mm/s.
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5.2. Temperature analysis

The temperature is determined for each power with Eq. (3) and can be found in Figure 15. As

expected, the higher temperatures are found with higher powers. At lower powers, the heat-

affected zone is smaller, allowing for both a thinner and shallower groove. When the pulse

power is increased, the temperatures in the high-density plume are increased, causing more

generation of the SiO2 nanofibers [26].

5.3. Bioactivity assessment

Samples were once again assessed with fibroblast culturing for each power. When viewing the

cell interactions under the microscope, cells were accumulated inside the laser-treated area as

expected. Interestingly, the cell count was low directly beside the grooves and began to become

more concentrated farther away from the edge of the groove. The fibroblasts avoided the zones

immediately beside the grooves on each side. This can be seen in Figure 16.

This phenomenon is a result from the shockwave that is generated from the high-energy

plume during laser ablation [26]. The shockwave transfers energy to the surface with results

in high intensity thermal stress. The thermal shock causes a small zone directly beside the

Figure 14. Theoretical profile data for a single pulse for powers of 7, 10, and 15 W with an overlap number of 1, a

frequency of 100 kHz, and a scanning speed of 400 mm/s.

Figure 15. The single-pulse temperature on the surface of the silicon with respect to radius. Tb is the boiling temperature

of silicon at 3538 K.
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ablated areas, which contains residual stress. When the power is increased, there is a larger

transfer energy, resulting in a larger stress zone. These residual stress zones contain mismatched

crystal orientations due to tensile stresses causing crystal distortion.

Knowing that the power level of the laser pulse can control the residual stress zone size and cell

behavior, this research can provide opportunities in cell manipulation and cell programming.

6. Summary

This chapter aims to introduce nanosecond laser processing for the enhancement of biocompat-

ibility of pure silicon for various biomedical technologies. These results can contribute to the

design of manufacturing processes of innovative biomedical devices to enhance the quality of

living for a number of individuals. This research investigates the trends of various laser param-

eters including three scanning parameters (line spacing, overlap number, and scanning speed),

pulse frequency, and laser power. Biocompatible in vitro assessment was conducted through the

use of simulated body fluid (SBF) and cell culturing with NIH 3T3 fibroblasts. Samples with

smaller line spacing and higher overlap numbers showed more generation of SiO2 nanofibers,

which were shown to be biocompatible under SBF assessment. Biocompatibility increased with

frequency due to the SiO2 being more prominent on high frequency samples and containing

more fibroblast cell proliferation. Fibroblasts also showed preference to higher powers. How-

ever, the heat-affected zone immediately outside the ablated areas showed a mismatch of

crystal orientations causing residual stress. These stress zones were avoided by cells, which led

to promising results for the potential in cell programming and manipulation.
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Figure 16. Fibroblast cells avoiding the zones beside the grooves for powers of 7, 10, and 15 W.
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Abstract

Characterization of native skin or cultured 3D skin models with respect to permeability 
plays an important role for the development and testing of pharmaceuticals and cosmet-
ics. Extensive efforts have been dedicated to determining the key parameters describing 
permeability and diffusion. Whereas respective methods are well established for native 
skin biopsies, only few are available for 3D skin models, as these have usually much 
lower dimensions. In this chapter, some fundamentals about permeation and diffusion as 
well as state of the art of measurement methods used for skin biopsies are summarized. 
An alternative method for the determination of the permeation in a membrane insert 
system and the use of a modular simulation to support permeability studies is presented 
and discussed.

Keywords: skin models, permeation, diffusion, membrane insert system

1. Introduction

Permeability studies are indispensable to characterize the transport of substances through the 

skin, either natural skin or cultivated 3D skin models. This is evident for dermal drug delivery 

systems, where drugs can be applied in the form of creams or patches on the skin. Furthermore, 

permeability studies play an important role in toxicity tests applied in drug development as 

well as substance testing. In this respect, human three-dimensional skin models have become 

an interesting tool.

Animal experiments are still a common method of testing drugs and also for skin, which is 

ethically controversial, cost-intensive and time-consuming. The fact is that drug testing on 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



human skin is more efficient in comparison to animal skin just like rat, mouse and guinea pig 
[1, 2]. Furthermore, in 2013 the European Regulation (EC) No 1223/2009 entered into force, 

which prohibits animal experiments for cosmetics products. Artificial skin models based 
on human cells are intended to replace animal experiments. Especially the barrier function 

between artificial and human skin can differ, so permeation and diffusion investigation in 
this area is necessary.

Most methods for determination of diffusion and permeability parameters have been devel-
oped for large biopsies and can hardly be applied for small-scale 3D skin tissue cultures. But 

this is indispensable, if multi-well test systems with several samples run in parallel or multi-

organ-chips are applied. Therefore, this chapter will first give a brief overview of standard 
methods used to investigate permeation and diffusion on the skin. Then an alternative method 
based on skin tissue cultures in a membrane insert system is introduced. By this, the perme-

ation coefficient of substances through a skin-tissue barrier can be determined. The diffusion 
coefficient is estimated via parameter optimization performed in COMSOL Multiphysics. This 
software tool helps to describe the physical effects of the experimental set-ups more precisely 
and can further be used to reduce the required amount of experiments significantly.

2. Penetration, diffusion and permeation through the skin

Penetration describes the entering of a substance into the skin. The entering process and depth 

of substance penetration through the skin depends on the physical and chemical character of 

the substance and the skin. The permeation of the skin is the pathway of a substance from the 

surface to the blood vessel. From a scientific point of view, it is the permeation of a substance 
through the skin layers. Diffusion is the physical process of randomized particle movement. 
If a concentration gradient exists, the particles move in the direction of lower concentration.

The human skin consists of three layers, the epidermis, dermis and subcutis. The stratum 

corneum (horny layer) is the upper layer of the epidermis and forms the main barrier of the 

skin. Substances such as drugs and chemicals penetrate through the skin barrier in three pos-

sible routes: the transcellular, the intercellular and the appendageal route (see Figure 1) [3–5].

The transcellular route leads the permeating substances directly through the cells. Here, the 

substances have to pass alternating lipophilic and hydrophilic layers. This is probably the 

Figure 1. Schematic illustration of the three possible pathways of a permeating substance through the stratum corneum.
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most difficult way for substances, because they should have lipophilic and hydrophilic prop-

erties. Until now, it is not clear if hydrophilic substances choose this pathway [6].

Alternatively, there is a way through the intercellular spaces between the cells. This is called 

the intercellular route. The intermediate space consists of cholesterols, ceramides and free 

fatty acids [7]. Because of the fatty acids, lipophilic substances can pass easier through the 
intercellular route in contrast to lipophobic substances [8]. Another barrier in this intercellular 

space is the tight junctions [9]. These are networks of strands which are formed by membrane 

proteins connecting cells. They are located between the keratinocytes in the stratum granulo-

sum of the epidermis. An important function of the tight junctions, which are formed during 
the differentiation of keratinocytes, is to protect the skin from water loss [10].

The appendageal route describes the penetration of a substance through skin appendages like 

hair follicles and glands. Since hair follicles and glands build only a small part of the human 
skin, their relevance for skin permeation was neglected for a long time. Its importance was 

shown recently by a researcher as permeation is better in a skin area containing hair follicles 
and glands in comparison to an area without them. A specific characteristic of the hair follicle 
is it reservoir function. In follicles, substances can be stored up to 10 days and can penetrate 

gradually into the skin. This aspect is interesting for drug delivery over the skin. For example, 

alcohol prefers the appendageal penetration route, as it would otherwise evaporate quite fast 

on the surface of the skin. [11–14]

So far the penetration and permeation in the skin was described. To get more in detail, the phys-

ical aspect of diffusion and permeation will be explained. Diffusion is a transport process where 
molecules move via Brownian motion in a volume or area. It is driven by the concentration gra-

dient in the direction from higher to lower concentration [15]. Adolf Fick (1829–1901) verified 
the coherence between heat transfer and diffusion, which led to the Fick’s first law of diffusion:

  F = − D   ∂ C ___ 
∂ x    (1)

According to Eq. (1), the flux  F  in the one partial direction  x  is proportional to the gradient of 

concentration  C .  D  is the diffusion coefficient or diffusivity. [16, 17]

Permeation is an aspect of diffusion. Whereas diffusion is related to the movement of mol-
ecules in a system, permeation describes how fast molecules move through a system. An 

example is the permeation of a substance within a volume   V  
A
    and a donor concentration   c  

D
    

through a membrane with a surface  A . The acceptor concentration   c  
A

    of the permeating sub-

stance on the other side can be detected over the time  t . Eq. (2) for the permeation coefficient  P   

can be derived from the Fick’s law of diffusion [18, 19]:

    
 dc  

A
  
 ___ 

dt
   = P ∙ A   

 c  
D
  
 ___ 

 V  
A
  
    (2)

This equation can only be used for   c  
D
   ≫  c  

A
   . With respect to skin, the permeation coefficient is 

the preferred parameter, as it is easier to measure compared to the diffusion coefficient. Due 
to the different layers of the skin, permeation and diffusion coefficient changes all the time 
from layer to layer.
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3. State of the art for investigation of penetration, diffusion and 
permeation within the skin

To understand and investigate diffusion and permeation of the skin biopsies, several methods 
have been established. Some are summarized in the following.

The Franz diffusion cell is a well-known device to measure the permeation of a substance 
through a skin biopsy. This device consists of two chambers where the skin biopsy (or any 

other barrier) is fixed in between. The test substance can be applied to the top chamber 
(donor) of the skin; it permeates through the barrier into the bottom chamber (acceptor). The 
fluid in the bottom chamber is mixed by means of a magnetic stirrer. On this side, samples can 
be taken and the concentration can be analyzed. The concentration of the acceptor is plotted 
over the time and the permeation coefficient can be calculated according to Eq. (2). The whole 
system can be temperature-controlled. The usual size (height) of a Franz diffusion cell is in 
the range of 19–179 mm. Besides permeation investigation, this system is also used to test the 

quality of skin models and the effects of pharmaceutical substances on the skin. [18, 20–26]

Fluorescence recovery after photobleaching (FRAP) is a method to measure molecular diffu-

sion in tissues or gels, mainly for high molecular weight compounds. For this, the substance 

to be analyzed must be labeled with a fluorochrome. Mostly fluorescence-labeled proteins 
or FITC-dextranes (fluorescein isothiocyanate-dextranes) with different molecular sizes are 
used. The tissues or gels have to be soaked with this substance. This can be realized by storing 

the material in the fluorescence substance for some days or in case of a gel, to directly polym-

erize in the fluorescent substance. Then, a confocal laser is used to bleach out a certain area 
(mostly a line or a point) in the material. Because of diffusion, bleached molecules will move 
and change their position with fluorescent particles and the fluorescence recovers. After the 
bleaching process, the area will be scanned several times. The recovery time of fluorescence 
intensity is used to determine the diffusion coefficient of the substance in the material. For 
this, software for image analysis is used. [27–30]

Further examples for imaging methods for the determination of diffusion of molecules in skin 
are Fourier-transform-infrared (FTIR) spectroscopy [31, 32], two-photon fluorescence correla-

tion spectroscopy in combination with fluorescence correlation spectroscopy (FCS) [33, 34] 

and optical coherence tomography [35]. These methods are noninvasive and nondestructive. 

Furthermore, some of them can detect molecules without fluorescence labeling. One big dis-

advantage is the equipment. For these imaging methods, special microscopes or also cost-

intensive tomographs are needed.

A method to investigate the penetration process of substances into the skin is tape stripping. 

After treatment of the skin with the substance of interest the stratum corneum is ripped of 

layer by layer with an adhesive film. Then, the amount of the substance can be analyzed. For 
this, there are different methods to determine the concentration of the substance. One method 
is to detect the substances directly on the film, for example titanium dioxide can be analyzed 
with X-ray fluorescent measurement and fluorescent-labeled substances can be detected via 
laser scanning microscopy. Another possibility is to remove the skin layer from the film and 
apply standardized analytical methods to determine the substance concentration. With tape 
stripping it is possible to observe where the substance of interest is localized and how deep 
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they can penetrate into the skin. It is minimal invasive and possible to investigate the penetra-

tion directly on human skin. A disadvantage of this method is the undefined thicknesses of 
the stripped layer. It varies from experiment to experiment and differs with the skin model or 
skin type. The thickness can be estimated by weighing. [36–39]

As mentioned before, the above methods all together provide a detailed characterization of dif-

fusion and permeation effects within the skin. But most of them can hardly be adapted to skin 
tissue models used in drug and substance testing. Here usually small culture devices, e.g. 12- or 

96-well plates are preferred, as they allow for handling of a large number of samples in parallel. 

Furthermore, most methods require treatment of the sample in one or the other way. Therefore, 

it is quite difficult to determine the time-depending changes of diffusion and permeation.

4. Skin tissue models

The need to evaluate skin permeation, test cosmetic products and toxicologically screen topi-

cally applied compounds is evident. Historically, several millions of animal experiments have 

been performed worldwide to address this purpose [40]. Since animal experiments are under 
massive debate, ethical and regulatory issues, but also severe differences between animal and 
human data pushed the development and commercialization of diverse in vitro skin models 

[41, 42]. Human skin equivalents (HSEs) can be categorized into two main groups: the epider-

mis-only and full-thickness models. For both, the differentiation of keratinocytes and hence 
development of the various layers of the epidermis is important to model actual skin barrier 

properties more closely. In this context, the direct exposure to air as well as the culture media 

that supply nutrients for cell growth and differentiation from below has been found to be 
beneficial [43]. Growing cells on a porous membrane is one of the most commonly used ways 

to accomplish this air-liquid interface culture. According to the Organization for Economic 
Co-operation and Development (OECD) test guideline 431 (skin corrosion) and 439 (skin 
irritation), currently validated skin models include EpiSkin™ (L’oreal, France), EpiDerm™ 
SIT (MatTek Corporation, USA), SkinEthic™ RHE (SkinEthic laboratories, France), EpiCS® 

(CellSystems, Germany) and LabCyte EPI-MODEL24 SIT (Japan Tissue Engineering Co., 
Japan). These 3D skin models are all composed of one cell type only, the keratinocytes, mim-

icking the epidermis of native human skin and are especially advantageous with respect 

to high reproducibility [44]. However still not validated, there are also commercially avail-

able full thickness skin models composed of an additional dermal layer (e.g., GraftSkin®, 

EpiDermFT®, and Pheninon®). The models described are nowadays widely used for animal-

free tests in drug development as well as, the chemical and cosmetics industries.

5. Determination of permeation and diffusion coefficients in 
membrane insert systems via measurement and simulation

A common method for in vitro cultivation of skin models is the use of a membrane insert 

system. This system consists of a plastic vessel with a permeable membrane at the bottom. It 
enables the cultivation of skin tissue models in airlift on the membrane and guarantees the 
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supply of nutrients from below. As the membrane insert system has two separate chambers, 

it can be used for permeation studies similar to the Franz diffusion cell. In the following, an 
experimental procedure for the determination of permeation coefficients in Transwell® sys-

tems (12 and 96 well) and simulations with COMSOL Multiphysics for estimation of diffusion 
coefficients will be discussed. Details can be found in [53].

5.1. Measurement and simulation.

The scheme of a permeation experiment in a membrane insert system is shown in Figure 2. 

The tissue barrier is established on the membrane. It is composed of agarose gel or 3D tissue 

to validate the method. The 3D tissues consist of a collagen matrix with human fibroblasts 
within and HaCaT cells on the top of the matrix. On top of the barrier, the donor is applied. 
The donor contains the substance to be analyzed, which permeates through the barrier. The 

acceptor, which collects the permeating substance, is located on the other side of the mem-

brane in the receiver vessel. Temperature, humidity and mixing are parameters that influence 
the permeation and should be kept constant. It is recommended to perform the experiment on 

a shaker in an incubator with 37°C and ≥90% humidity (conditions for human cell culture). To 
avoid hydrodynamic pressure, the fluid surface in the insert (donor) and in the receiver ves-

sel (acceptor) should be on the same level. The used volume for the experiment in 12 and 96 

Transwell® systems is shown in Table 1. Sampling, like in the Franz diffusion cell, is difficult 
because of the small volume in the acceptor. A solution is the use of fluorescence-labeled sub-

stances, by which the permeate concentration can be detected via fluorescence measurement 
in the receiver vessel. A more elaborate possibility is to run several permeation experiments 

in parallel and take a sample from one vessel per time point. Then, the concentration of the 

substance can be measured analytically.

The permeation experiment was simulated with COMSOL Multiphysics. This program is 
based on the finite element method and offers different physic simulation modules. This 

Table 1. Liquid volume in the acceptor and the donor in different membrane insert systems with a barrier of 2 mm 
thickness.

Figure 2. Schematic sketch of a membrane insert system.
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structure enables the computation of different physical problems in one simulation. The 
permeation experiment was simulated with the module “transport diluted species”, which 

uses the Fick’s law to simulate diffusion processes. In order to determine the diffusion coef-
ficient, a parameter optimization was performed with the “optimization module”. Some 
simplifications have to be done in order to simulate the experiment. In the experiment, the 
permeating substance passes through a barrier and a membrane. For the simulation, these 

two phases were resumed as one homogenous material. It is not possible to resolve the dif-

ferent phases, as investigations that are more detailed would be necessary. The diffusion 
coefficient of the permeating substance in the liquid phases (in donor and acceptor) was 
determined in preliminary mixing tests and was found to be 1 × 10−9 m2/s. This parameter 

represents the molecular distribution in the mixing process. Furthermore, the geometry of 

the membrane insert system was simplified. In reality, the system is slightly conical. The 
simplified geometry is a cylinder. All boundaries of the geometry were set as “no slip”. The 
concave surface of the agarose gel was approximated with a spherical shape. In Figure 3, 

the geometry and the mesh of the 96- and 12-well Transwell® systems are shown.

5.2. Influence of different settings and validation of the system.

Different membrane insert sizes influence the permeation within the system. Investigations 
with fluorescein sodium salt and 2% agarose gel in 96- and 12-well membrane insert systems 
are shown in Figure 4a. The time course of the acceptor concentration in the 12-well system 

was steeper in comparison to the 96-well system. Therefore, the fluorescein sodium salt per-

meates faster through the barrier in the 12-well system compared to the 96-well system. A 

reason for this is the concentration gradient in the gap between the membrane and the bot-

tom of the receiver vessel. Because of the ratio “volume to permeation surface” and the gap 

size, the concentration will be balanced faster in case of the 12-well system. The gradient 

can be reduced by increasing the mixing frequency and amplitude. However, this is limited 

due to spillover of the liquid. By simulating these experiments, the different concentration 
distributions below the membrane can be visualized. In Figure 4c and d the concentration at 

different time points is plotted over the length below the membrane from the middle point 
to the edge of the receiver vessel (see red line on Figure 4b). The concentration difference 
between the middle and edge in 12-well systems is higher than that in 96-well systems. This 

indicates a better and faster concentration balance in the larger system, which explains the 
accelerated permeation.

The reproducibility of the suggested method is an important aspect. The permeation coef-

ficient determined in different permeation experiments with fluorescein sodium salt through 
2% agarose gel differed up to 40.9%. Although the value seems to be quite high, it is still 
within the range of deviation of permeability experiments with Franz diffusion cells reported 
in the literature [24]. It was found that small concentration variations during the preparation 

of the donor substance can cause large variation. By using one stock solution for different 
experiments, the deviation can be reduced to 29%. Further reasons for the deviation can also 
be small pipetting errors and variations of the barrier, for example, variation of the gel con-

centration or volume.
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The membrane itself also has an influence on the permeation. Same experiments as described 
above were carried out with different membranes in a 12 Transwell® system. Membranes con-

sisting of polycarbonate (PC) with 0.4 and 3.0 μm pore size showed a quite similar permeation 

coefficient of 8.03 and 8.1 × 10−8 m/s. For polyethylene (PE) membranes with 0.4 μm pore size 

the mean value of the permeation coefficient was 5.94 × 10−8 m/s and for PE with 3.0 μm pore 

size it was 8.59 × 10−8 m/s (see Figure 6a). Except for the PE membrane with pore size of 3.0 μm 

there is no significant difference. The reason for this is the pore density of the membrane. In 
total, the pore surface of PE membranes with 0.4 μm pore size is 0.25 mm2 per 1 cm2 and for 

the other membranes 6.3–7.05 mm2 per 1 cm2. The material of the membrane seems not to 

influence the permeation.

The suggested method is sensitive enough to determine a cover layer of HaCaT cells of 3D 

skin tissue. To prove this, in a permeation experiment different 3D tissue model was tested in 

Figure 3. Geometry of the 96 a) and 12 b) Transwell® system and the used mesh c) and d) implemented in COMSOL 
Multiphysics.
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a 12 Transwell® system. The 3D tissues consisted of a collagen matrix with different constel-
lations of cell layers. Human primary fibroblasts were integrated into the collagen matrix and 
HaCaT cells were seeded on the top. A representative example of the 3D tissue is shown in 

Figure 5.

The results show that the permeation coefficient decreases when additional cell layers are 
added in the tissue model. The permeation coefficient of fluorescein sodium salt through col-
lagen matrix (without cells) is 2.18 × 10−8 m/s, 1.85 × 10−8 m/s in tissue models with fibroblast 
and 1.67 × 10−8 m/s in models with HaCaT cells (see Figure 6b). These results represent very 

well the barrier function of keratinocytes of the skin [3].

The particle size influences the permeation behavior through gels and biomaterials. It is well 
known that smaller molecules permeate faster through a matrix mesh than larger particles. 

This was already observed for permeation experiments through sclera [19], human epidermal 

membrane [45], human skin [33] and rat skin [3]. Fluorescein sodium salt and fluorescein iso-

thiocyanate-dextrans (FITC-dextran) were used to vary the molecular size from 376 g/mol up 

Figure 4. Permeation in 12- and 96-well membrane insert systems. (a) Experimental results of permeation of fluorescein 
sodium salt through 2% agarose. (b) Geometry of the 12 and 96 Transwell® system for the simulation and the position 

of the concentration measurement. (c) and (d) the concentration distribution at different time over the length at the red 
lined position on (b) ((c) 96 and (d) 12 Transwell® system).
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to 40,000 g/mol for permeation experiments in a 96 Transwell® system. The results show simi-

lar correlations between permeation coefficient and molecular size as the studies mentioned 
above. There is almost a linear relationship between these two factors, which is well described 

by the Navier–Stokes equation (see Figure 7). An exception is FITC-dextran 40,000 g/mol, 

which deviates from the linearity.

These experiments were simulated with COMSOL Multiphysics, where the diffusion coef-
ficient is fitted on the experimental data. The simulation based on Fick’s law is quite accurate 
for the permeation of substances with a small molecular size from 376 g/mol up to 4000 g/

mol. The simulation shows good agreement with the experiment which is exemplary shown 

Figure 5. Hematoxylin and eosin stain of 3D tissue model consisting of collagen matrix with fibroblast and HaCaT 
seeded on the top.

Figure 6. Permeation through different membranes and 3D skin tissues. (a) Results of permeation experiment with 
fluorescein sodium salt through 2% agarose gel on different membranes (n = 3). The 12 Transwell® system was used and 

membranes consisting of polycarbonate (PC) and polyethylene (PE) with pore sizes of 3.0 and 0.4 μm were tested. (b) 

Results of permeation experiments with fluorescein sodium salt through different 3D tissues in a 12 Transwell® system 

(n = 6). The 3D skin tissue consisted of collagen (Col.), collagen with primary human fibroblast (Col. + F.), collagen with 
HaCaTs (Col. + H.) and collagen with primary human fibroblast and HaCaTs (Col. F. + H.).
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in Figure 8a. In the case of larger molecular size, the simulation is different from experimental 
results. A closer look shows that the experimental data increased and flattened faster com-

pared to the simulation (see Figure 8b). A possible reason for this effect could be the presence 
of particle size distribution in the substance. The migration of smaller particles reduces the lag 

time in the beginning of the permeation process, where large particles can increase the friction 

and slows down the diffusion. Especially the second effect leads to abnormal diffusion [46, 47]. 

This cannot be simulated with equations based on Fick’s law.

Figure 7. Permeability coefficient plotted over stokes radius. Results of permeation experiment in 96 Transwell® system 

with fluorescein sodium salt and FITC-dextran through 2% agarose gel.

Figure 8. Simulation of permeation experiment with different molecular sizes. Results of permeation experiments 
and simulations with COMSOL Multiphysics of (a) fluorescein sodium salt and (b) FITC dextran 10,000 mg/mol in 96 
Transwell systems through 2% agarose gel.
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6. Conclusion and prospective

The studies have shown that the membrane insert system is a possible alternative for per-

meation studies. An advantage of the system is the small size. The membrane insert system 

of 96-well plates from CORNING has a cultivation surface of 0.143 cm2 and a height of 2 cm. 

This reduces significantly the number of cells, materials and substances needed for the culti-
vation. In comparison to the Franz diffusion cell, the handling of such a system is easier and 
one experiment can be run with a large specimen number. A time-intensive mounting process 

of the samples (skin) is no longer required and the experiment can directly execute in the 

system. The sensitivity of this system is good enough to differ between 3D tissues as well as 
different cell layers and to detect different molecular sizes of the substance.

It should be considered that the permeation is detected through a membrane and the size of 

the system influences the permeation properties. The specimen has to cover up the whole 
membrane, otherwise the substance will pass by. Unlike the imaging and stripping method, 

it is not possible to measure the diffusion and penetration inside the membrane insert system. 
Alternatively, the diffusion can be calculated or estimated by simulation. Furthermore, this 
method can be used to investigate changes in the permeation behavior of the skin model dur-

ing the cultivation or it can also be adapted for other systems, which use membrane insert 

systems. An example is the Two-Organ-on-a-Chip, a variant of TissUse’s Multi-Organ-Chip 
platform [48–52]. This device enables the integration of skin models in a membrane insert sys-

tem. Therefore this method can be used to investigate the permeation process into an organ-

on-a-chip system in order to understand the substance distribution.

With the help of the simulation in COMSOL Multiphysics, it is possible to calculate the dif-
fusion process in the membrane insert system. It is limited to small particle sizes and normal 

diffusion described by Fick’s law. Otherwise, it is possible to optimize the simulation by inte-

gration of abnormal diffusion. Furthermore, the simulation is an attractive tool to support 
the experiments. On the one hand, it can be used to understand physical phenomena and to 
reduce experimental effort. On the other hand, it is modular and can be integrated into a more 
complex system to support permeation studies.
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Appendices and nomenclatures

EC  European regulation

FITC dextran fluorescein isothiocyanate-dextrans
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FRAP  fluorescence recovery after photobleaching

FTIR  Fourier-transform-infrared

HaCaT  human adult low calcium high temperature

HSE  human skin equivalents

OECD  organization for economic co-operation and development
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Abstract

Tendon/ligament injury or skin injuries due to diseases, trauma, and surgery are common. 
Timely functional repair and tissue regeneration is a key to improve the quality of life of 
the patient while reducing health care cost. Tendon/ligament/skin is also enriched in a 
common extracellular matrix (ECM), collagen I, III, and elastin. Tissue engineering and 
regenerative medicine, the combination of (stem) cells, growth factors, and biomaterial 
scaffolds, is an emergent field, which has attracted substantial attention over the years. 
Biomaterials are considered the foundation of regenerative medicine. A key to find a new 
solution to tendon/ligament/skin healing is to synthesize new functional biomaterials, 
which have better biomechanical properties, biodegradability, and cell supporting prop‐
erties. This chapter will review existing FDA‐approved biomaterial‐based therapy, as well 
as those in development.

Keywords: biomaterials, tendon, skin, regeneration

1. Introduction

From material science point of view, tendon/ligament and skin tissue are similar in that they 

are mainly composed of collagen and elastin. Up to 80% of the dry weight is collagen type I. 

However, their micro and hierarchical structures and functions are very different from each 
other. Tendon/ligament is composed of densely packed, aligned collagen fiber bundles, 
whereas skin is composed of a layered structure of collagen random naonfibril network. Table 1 

 summarizes the key properties of tendon/ligament and skin tissue in human.

The regeneration of a large size, lost tendon/ligament, and skin tissue normally involves a 

type of stem cells/progenitor cells of endogenous origin or exogenous origin combined with a 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



 biomaterial. Stem cells can be derived from tendon/ligament or skin, or from embryo, pla‐

centa, adipose tissue, bone marrow, umbilical cord, etc. This review focuses only on regenera‐

tion using exogenous stem cells coupled with a biomaterial matrix/carrier implanted to the 

wound site. Biomaterial can play a key role in protection of the cells from dehydration while 

it serves as a temporary substrate for stem cells to proliferate, or differentiate, and synthesize 
tissue‐specific matrix. The morphology, topography, composition, stiffness of biomaterials 
may play a key role in controlling the differentiation of stem cells, in addition to biochemical 
factors, mechanical cues, or genetic/cellular cues. This chapter focuses on biomaterial explored 

for tendon/ligament/skin tissue regeneration applications.

1.1. Research methods

We performed a comprehensive search of PubMed using keywords “tendon,” “ligament,” 

“skin,” “regeneration,” “scaffold”, over the years 1970–2016. All articles relevant to the subject 
were retrieved, and their bibliographies hand searched for further references in the context to 

biomaterials for tendon/ligament/skin regeneration

2. Results

2.1. Biomaterial directly derived from patients

2.1.1. PRP

Platelet‐rich plasma (PRP) is derived from blood and PRP gel is widely used for tendon/

ligament repair. Recently, PRP was combined with adipose‐derived stem cells (ADSCs) and 

it was found that PRP combined with stem cells resulted in improved mechanical strength 

in a rabbit tendon model compared to PRP gel alone [1]. Similar results were also observed 

using PRP with tendon‐derived stem cells (TDSCs) [2]. However, in a sheep model, no differ‐

ences were observed between the PRP group and PRP‐stem cell group [3]. This approach is 

highly translational, since both autologous stem cells and PRP can be obtained from the same 

patients. The concern may be the leucocytes‐containing PRP (L‐PRP) that have a  catabolic 

Tendon/ligament Skin

Main composition >80% Collagen, ∼5% elastin elastin >80% Collagen, ∼5% elastin

Minor composition Fibronectin, proteoglycan Fibronectin, proteoglycan

Main cells Fibroblast Fibroblast and keratinocytes

Vasculature Few Abundant

Structure 1D Aligned fiber bundles (nano‐macro) 2D random nanofibrils (weave basket 
pattern)

Mechanical properties Strong and elastic Weak and elastic

Table 1. A general comparison of two different connective tissues: tendon/ligament and skin.
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effect, whereas pure PRP (P‐PRP) without leucocytes have anabolic effects and results in over‐
proliferation and scar tissue formation. The complex interaction between PRP and stem cells 

may explain the different preclinical outcome and warrant a large random clinical trial.

2.1.2. Fibrin

Fibrin can be derived from human plasma. After addition of thrombin, it will form a gel, a 

process used for blood clotting. Stem cells can be added together with fibrin and thrombin and 
sprayed onto the wound for the promotion of wound closure and healing. The fibrin combined 
with bone marrow stem cells spray was successfully tested to prevent ulceration and acceler‐

ate wound closure in mice [4]. A small human clinical trial showed this approach accelerates 

wound closure and resurfacing without adverse effects [5]. Poly(ethylene glycol) PEG‐modified  
fibrin combined with adipose‐derived stem cells (ADSCs) also showed promising results in 

a pig burn model [6].

2.1.3. Amniotic membrane

Human placenta‐derived biomaterial is unique in that it has immune privilege while it con‐

tains multiple growth factors. Human ADSCs (hADSCs) seeded onto radiosterilized human 

amnion are viable and can proliferate. These cells are able to migrate over these scaffolds as 
demonstrated by using time‐lapse microscopy. In addition, the scaffolds induce hADSCs to 
secrete interleukin‐10, an important negative regulator of inflammation [7]. This suggests that 

placenta‐derived biomaterial may be a good substrate for stem cells and used for skin/tendon 

applications.

3D micronized (300–600 μm) amniotic membrane (mAM) was made by means of repeated 
freeze‐thawing cycles to deplete cell components and homogenized with a macrohomoge‐

nizer in liquid nitrogen. These mAM loaded with epidermal stem cells (ESCs) (ESC‐mAM) 

was further transplanted to full‐thickness skin defects in nude mice. ESCs survived well 

and formed a new epidermis. Four weeks after transplantation, papilla‐like structures were 

observed, and collagen fibers were well and regularly arranged in the newly formed dermal 
layer. In conclusion, the mAM as a novel natural microcarrier possesses an intact basement 

membrane structure and bioactivities [8].

2.2. FDA‐approved ECM grafts for tendon augmentation and skin regeneration

A recent study showed that decellularized matrix from different tissues (tendon, bone, and 
skin) affect the differentiation of stem cell in a different way. Decellularized bone matrix may 

induce the undesirable osteogenic differentiation of stem cells, while tendon or skin matrix 
does not have such an effect [9]. The ECM components provide a niche for proper differentia‐

tion of stem cells. For example, ECM without biglycan (Bgn) and fibromodulin (Fmod) will 
affect the differentiation of tendon stem cells by modulating bone morphogenetic protein 
signaling and impairs tendon formation in vivo [10]. Autologous origin, but decelluarized der‐

mal matrix using trypsin and Trion X‐100, after combined with ADSCs, was found to enhance 
wound healing in a murine model of a full‐thickness skin defect [11].
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Many FDA‐approved human or animal decelluarized tissue matrixes have been approved 

for direct tendon/ligament/skin repair without any (stem) cells (Table 2). The key advantages 

of decellularized tissue grafts are that they largely maintain the main architecture, composi‐

tion, and mechanical properties of native tissues. These allografts/xenografts are processed 

to remove immunogenic cells, DNAs, and certain immunogenic molecules. Typical problems 

are that these grafts are slower to repair the tissue and some fail to restore the proper func‐

tions (e.g., scarring). For tissue regeneration using these ECM biological grafts, stem cells 

may need to be reseeded onto the grafts for recellularization. For a dense tendon allograft, 

direct cell seeding may be difficult. The recellularization onto the surface may be achieved 
using a cell‐loaded gel coating [12]. However, it is highly desirable to get cells inside the 

grafts as well. Thus, ECM grafts may be processed to have a much higher porosity than 

the original tissue. Proration/incision into the ECM grafts may help the penetration of cells 

and nutrients. Instead of being coated with cell‐laden gel, an interesting approach is to use 

a stem cell‐sheet to wrap around a frozen tendon graft for implantation [13]. Interesting, a 

case report showed that a dermal allograft combined with PRP and autologous mesenchymal 

stem cells (MSCs) derived from peripheral blood (PB‐MSCs) resulted in enhanced healing of 

human rotator cuff [14].

Some of the FDA‐approved ECM biomatrices were combined with stem cells, and investigated 

for tendon/ligament/skin regeneration applications. Human acellular allograft (Alloderm) 

was investigated for direct cell seeding using ADSCs. It was concluded that human ADSCs can 

attach to Alloderm with the dermis side up in a petri dish [15]. ADSC seeded onto Alloderm 

was also implanted in vivo for skin regenerations with promising results [16]. Strattice was 
evaluated for seeding with rat MSCs [17]. Thus, the stem cell‐seeded biologic graft can be 

used as a tendon wrap or a skin regeneration material. A study was performed to compare the 

survival and proliferation of stem cells via bioluminescent imaging. The use of biologic graft 

Alloderm Human skin (decelluarized)

GraftJacket Human skin

Restore 10‐layered porcine small intestine
submucosa (SIS) treated with peracetic acid/ethanol (90% 
collagen, 5–10% lipids)

TissueMend Noncrosslinked fetal biovine dermal matrix [19]

BioBlanket Crosslinked porous bovine dermis

Permacol or Zimmer collagen repair patch Porcine acelluar dermis treated with trypsin, solvent, and 

crosslinked with hexamethylene diisocyanate (HMDI)

Strattice Porcine acelluar dermal matrix

Cuffpatch EDC‐crosslinked matrix from eight layers of treated SIS 

(97% collagen, 2% elastin)

OrthoADAPT Crosslinked equine pericardium (90% collagen I, 10% 
collagen II)

Table 2. An example list of biologic ECM grafts with potential for tendon/skin regeneration.
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patch (SIS) as carrier of ADSCs significantly increases the survival of stem cells as compared 
to direct injection of ADSCs into the skin wounds [18]. There may be a synergistic angiogen‐

esis promoting effects of biologic graft with stem cells, which may be important for tendon/
skin wound healing [19].

Another interesting approach is to use ECM directly secreted by the cells as a carrier for stem 

cells. For example, stem cells can be incubated at 37°C in a temperature‐responsive flask (e.g., 
upcellTM, Cellseed, Japan) and they will product ECM after addition of ascorbic acid. The cell 

sheets can be lifted at room temperature since the Poly‐n‐isopropylacrylamide (Poly‐NIPAM)‐

based substrate will become soluble at lower temperature. The cell‐ECM sheet has been explored 

for promotion of tendon/ligament healing [20] as well as diabetic skin wound healing [21].

2.3. FDA‐approved biomaterial

2.3.1. Collagen sponge scaffold

(5 mm × 2 mm) collagen sponge scaffolds (Zimmer Dental) were used for the culture of (BM) 

MSCs. Cell‐seeded scaffolds were placed in culture dishes and incubated for 2 hours in a 
minimum volume of growth medium, after which more medium was applied to submerge 

the scaffolds. After an additional 24‐hour culture, cells seeded in scaffolds were treated with 
10 ng/mL of recombinant (BMP) 12 for 12 hours. The medium was then replaced with fresh 
growth medium and scaffolds were either cultured for an additional 7 days or immediately 
implanted into partial calcaneal tendon defects in rats. It was shown that after 21 days, the 
BMP12‐treated, collagen‐cell scaffold results in robust formation of tendon‐like tissue [22]. 

Similarly, a collagen carrier combined with ASDCs showed they did not improve the biome‐

chanical properties of the tendon‐to‐bone healing. However, the ADSCs group showed less 

inflammation, which may lead to a more elastic repair and less scarred healing in a rat model.

2.3.2. Integra bilayer

Integra® bilayer wound Matrix (LifeSciences Corp., Plainsboro, New Jersey) is a dermal acellular 

analog composed of bovine collagen type I crosslinked with glycosaminoglycans. Importantly, 

inclusion of WJ‐MSC into Integra induced significant up‐regulation of prototypical angiogenic 
and healing factors, stimulating pleiotropic aspects of neovascularization in experimental set‐

tings of angiogenesis, without altering the inflammatory response in the animals, thus dem‐

onstrating their potential benefit in therapeutic care of wounds and skin grafts [23]. Recently, 

Integra dermal matrix scaffold engineered with adult mesenchymal stem cells and platelet‐rich 
plasma was investigated in vitro and demonstrated promising preliminary results [24].

2.4. Synthetic biopolymer matrix

Biopolymer matrix such as collagen, gelatin, hyaluronic acid, chitosan, silk, cellulose are the 

essential ECM components of human, animal, or plant cells. They have showed great promise 

for attachment, proliferation, and differentiation of stem cells and have been explored for 
tendon and skin regeneration.
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2.4.1. Collagen

Collagen monomer solution can be extracted from skin of fetal bovine calf in close herd. 

Collagen‐based biomaterial has been widely used for tendon/skin regeneration. For tendon 

application, it is highly desirable to prepare aligned collagen fiber scaffolds. Anisotropic col‐
lagen biomaterial can be prepared by directional freeze drying [25], electrospinning, or a 

novel process called electrochemical process. Electrochemically aligned collagen fiber and 
skin substrate have been coupled with stem cells for both tendon [26] and skin regeneration 

[27], respectively. Collagen carrier/gel [28] or collagen combined with stem cell accelerated 

the wound healing in healing‐impaired db/db mice [29].

2.4.2. Pullulan‐collagen hydrogel

A biomimetic pullulan‐collagen hydrogel was used to create a functional biomaterial‐based 

stem cell niche for the delivery of MSCs into wounds. Murine bone marrow‐derived MSCs 

were seeded into hydrogels and compared to MSCs grown in standard culture conditions. 

Hydrogels induced MSC secretion of angiogenic cytokines and expression of transcription 

factors associated with maintenance of pluripotency and self‐renewal. MSC‐seeded hydro‐

gels showed significantly accelerated healing and a return of skin appendages [30].

2.4.3. Gelatin

Gelatin is denatured collagen. Human ADSCs laden gelatin microcryogels (GMs) were evalu‐

ated in vitro as a stem cell carrier. The cell phenotype markers, stemness genes, differenti‐
ation, secretion of growth factors, cell apoptosis, and cell memory were compared against 

cells without a carrier. The priming effects of GMs on upregulation of stemness genes and 
improved secretion of growth factors of hASCs were demonstrated.

2.4.4. Hyaluronic acid (HA)

Hyaluronic acid (HA) is a nonsulfated, linear polysaccharide with the repeating disaccharide, 

β‐1,4‐D‐glucuronic acid ‐ β‐1,3‐N‐acetyl‐D‐glucosamine (Mw: 100–8000 KDa). It is an ECM 
component. ADSCs combined with hyaluronic acid (ADSC‐HA) dermal filler were implanted 
in rats and compared with HA alone. It was demonstrated that ADSC‐HA has better filling 
effects than HA alone. A total of 70% of stem cells remain in the injection site after 3 months. 
These suggested stem cells have the potential to improve the esthetic effects and longevity of 
dermal fillers [31].

2.4.5. Chitin/Chitosan

Chitosan‐hyaluron membrane: Hsu et al. investigated adult ADSCs spheroids combined with 
a chitosan‐hyaluron membrane and showed biomaterial combined with stem cells promoted 

wound healing in a rat skin repair model [32]. Dense and porous chitosan‐xanthan mem‐

branes seeded with multipotent mesenchymal stromal cells were evaluated for the treatment 

of skin wounds. The membranes showed to be nonmutagenic and allowed efficient adhesion 
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and proliferation of the mesenchymal stromal cells in vitro. In vivo assays performed with 

mesenchymal stromal cells grown on the surface of the dense membranes showed accelera‐

tion of wound healing in Wistar rats [33].

2.4.6. Gelatin/PEG

A thiol‐ene Michael‐type addition was utilized for rapid encapsulation of MSCs within a gela‐

tin/PEG biomatrix according to Eq. (1). The MSCs/gelatin/PEG biomatrix was applied as a 
provisional dressing to full‐thickness wounds in Sprague‐Dawley rats. Biomatrix resulted in 

attenuated immune cell infiltration, lack of foreign giant cell (FBGC) formation, accelerated 
wound closure and re‐epithelialization, as well as enhanced neovascularization and granula‐

tion tissue formation by 7 days [34].

  Gelatin ‐ PEG ‐ SH + PEG‐diacrylate → Gelatin ‐ PEG hydrogel  (1)

2.4.7. Silk

Electrospun nanofiberous scaffolds prepared from silk fibroin protein were seeded with bone 
marrow‐derived mesenchymal stem cells (MSCs) and epidermal stem cells (ESCs). The con‐

structs were evaluated for wound re‐epithelization, collagen synthesis, as well as the skin 

appendages regeneration. It was shown that both the transplantation of MSCs and ESCs could 

significantly accelerate the skin re‐epithelization, stimulate the collagen synthesis. Furthermore, 
the regenerative features of MSCs and ESCs in activating the blood vessels and hair follicles for‐

mation, respectively, were suggested [35]. Combination of silk with collagen or poly(lactic‐co‐

glycolic acid) (PLGA) [18] and stem cells were evaluated in a rabbit tendon defect model [36].

2.4.8. Fibrin‐agarose

A stroma skin substitute was first generated by using a mixture of human fibrin obtained 
from frozen human plasma and 0.1% agarose. An average of 250,000 cultured skin fibro‐

blasts were added to 5 mL of the mixture immediately before inducing the polymerization 

of the artificial stroma on Transwell (Corning Enterprises, Corning, NY, http://www.corning.
com) porous inserts. Once the stromas jellified, human umbilical cord Wharton’s jelly stem 
cells (HWJSCs) were seeded on top of the skin artificial stromas and cultured. It was demon‐

strated that this 3D bioactive scaffold can stratify and form epithelial cell‐like layers and well‐
formed cell‐cell junctions [37]. The authors also demonstrated similar strategy can be used 

for regeneration of oral mucosa using human Wharton’s jelly stem cells (HWJSCs)‐seeded  

fibrin‐agarose‐mucosal fibroblasts.

2.4.9. Sodium carboxymethylcellulose (CMC)

Sodium CMC was evaluated as a substrate for ADSCs and implanted in adult male Wistar 

rats. CMC at 10 mg/mL associated with ADSCs increased the rate of cell proliferation of the 
granulation tissue and epithelium thickness when compared to untreated lesions (Sham). 
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CMC is capable to allow the growth of ADSCs and is safe for this biological application up to 

the concentration of 20 mg/mL. These findings suggest that CMC is a promising biomaterial 
to be used in cell therapy [38].

2.5. Synthetic nondegradable polymer‐based biomaterial

Table 3 summarizes common nondegradable polymer used as a biomaterial or as a modifier of 
ECM‐based biopolymer for skin and tendon tissue engineering applications. The incorporation 

of such polymer allows biopolymer (collagen, gelatin, HA) to be able to gelled at physiological 

condition (e.g., under UV/blue light, ambient temperature, or room temperature aqueous free 

radical initiator. Stem cells can be directly encapsulated inside the substrate during gel formation.

2.5.1. Poly(NIPAM)‐based

A biodegradable, multifunctional crosslinker and an n‐isopropylacrylamide (NIPAM)‐based, 

thermosensitive hydrogel was synthesized to carry BMSCs to treat diabetic skin ulcers. The 

crosslinker contains an arginylglycylaspartic acid(GRD)‐like motif that promotes cell attach‐

ment and differentiation of BMSCs. After hydrogel association with BMSCs treated the 
diabetic skin wound in mice, significantly greater wound contraction was observed in the 
hydrogel + BMSCs group. Histology and immunohistochemistry results confirmed that this 
treatment contributed to the rapid healing of diabetic skin wounds by promoting granulation 

tissue formation, angiogenesis, extracellular matrix (ECM) secretion, wound contraction, and 

re‐epithelialization. These results show that a hydrogel laden with BMSCs may be a promis‐

ing therapeutic strategy for the management of diabetic ulcers [39].

2.6. Polyester‐based degradable polymer biomaterial

The structure of common polyester is shown in Table 4. Stem cell‐coated polyester suture was 

evaluated for tendon applications in a rat model [40]. Electrospun PLGA fiber may be more suit‐
able for tendon regeneration than film [41]. (PGA/PLA) fiber combined with ADSCs improve 
tendon in a rabbit tendon model [42]. Open cell PLGA seeded with stem cells produced more 

collagen type I [43]. Knited PLGA encapsulated with stem cell/alginate gel [44]. PGA sheet with 

MSCs were able to regenerate tendon‐bone insertions and the tendon in rabbit [45]. Electrospun 

polycaprolactone/gelatin (PCL/GT) membrane and human urine‐derived stem cells (USCs) 

were evaluated for skin wound healing in a rabbit model [46]. USCs‐PCL/GT‐treated  

wounds closed much faster, with increased re‐epithelialization, collagen formation, and 

Poly(NIPAM) PEGDA Poly(methyl acrylate) (PMA)

Table 3. Common synthetic, nondegradable polymer used as hydrogel or gel components.
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angiogenesis. Moreover, USCs could secrete vascular endothelial growth factor(VEGF) and 

transforming growth factor (TGF)‐β1, and USC‐conditioned medium enhanced the migra‐

tion, proliferation, and tube formation of endothelial cells. This data suggested that USCs in 

combination with PCL/GT significantly prompted the healing of full‐thickness skin wounds 
in rabbits. Similarly, electrospun poly (L‐lactide‐co‐ε‐caprolactone)/poloxamer (PLCL/P123) 
scaffolds combined with ADSCs enhanced skin wound healing in a rat model [47]. Chitosan‐

crosslinked poly (3‐hydroxybutyrate‐co‐3‐hydroxyvalerate) (PHBV) was used to load unre‐

stricted somatic stem cells. The cell‐laden scaffold showed better results during the healing 
process of skin defects in rat models [48, 49].

3. Conclusion

Biomaterials play an important role for attachment, survival, and function of stem cells. Many 
biomaterials are either used alone or as one component of the product for the regeneration of 

tendon/ligament/skin. Despite abundance of biomaterial developed, the optimal biomaterials 

that meet the structural, mechanical, functional requirement of tendon/ligament tissues to be 

regenerated remain a challenge. Novel biomaterial fabrication process, biomaterial design, 

and biomaterial synthesis toward tendon/ligament and skin regeneration are urgently needed.
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Abstract

Natural rubber latex (NRL) is a white and milky solution that exudes from Hevea brasiliensis 
bark when perforated, and it has been appointed as a new promising biomaterial. NRL has 
been proven to be a very biocompatible material, and several new biomedical applications 
have been proposed. NRL has been proven to stimulate angiogenesis, cellular adhesion 
and formation of extracellular matrix, besides promoting replacement and regeneration of 
tissue. NRL also can be used as an occlusive membrane for guided bone regeneration (GBR) 
with promising results. Therefore, the aim of this chapter is to review NRL studies and to 
present NRL membrane as a promising biomembrane for use in bone trauma and injury.

Keywords: natural rubber latex, biomembranes, biomaterial, bone regeneration

1. Introduction

Hevea brasiliensis, popularly known as rubber tree, is a plant species that belongs to the 

Euphorbiaceae family. This plant synthesizes latex by a system of laticiferous rings, organized 

as paracirculatory vessel systems, in the inner bark of the plant. Latex is the cytoplasm of the 

laticiferous cells, and its composition resembles the composition of common cells, except for 

having 30–45% of natural rubber [1]. The latex of H. brasiliensis exudes from the bark when it 

is perforated (Figure 1).

Most of the harvested latex is coagulated for the manufacture of “dry rubber” products, 

including automotive tires. The latex of H. brasiliensis can be stabilized in an uncoagulated 

form with the use of ammonia, which allows the latex to be used for the manufacture of other 

products, such as surgical gloves (Figure 2) [2].

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Natural rubber latex (NRL) from H. brasiliensis is a colloidal anionic system formed by rubber 

particles (1,4-cis-polyisoprene) stabilized by phospholipids and proteins molecules (Figure 3) 

[4, 5]. One-third of the weight of H. brasiliensis latex is made of natural rubber, but 1–2% of its 

weight consists of hundreds of proteins [5]. Other constituents such as lipids, Quebrachitol, 

ribonucleic acids and organic salts are also present [6].

Figure 1. Latex of Hevea brasiliensis on exuding of bark after drilling.

Figure 2. Products made by the latex of Hevea brasiliensis.
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Figure 3. Rubber particles surrounded by a layer of protein-phospholipid (adapted from Ref. [3]).

Figure 4. NRL membrane.

In the last years, researchers have been publishing about NRL membranes (Figure 4) that has 

been proven to be an important inductor of wound healing, inductor of esophagic wall regen-

eration and tympanic membrane regeneration, by mechanisms involved with angiogenesis 

[7–9]. NRL has also been studied for reconstructing temporal muscle fascia [9] and as arterial 

prosthesis in animal models, healing of ocular conjunctiva and neoangiogenesis in rabbits [10].

Besides forming biomembranes, which represent a complex colloid made of rubber particles 

and lutoids bodies suspended in a protein-rich media, NRL can be centrifuged in high speed 

and separated in fractions that mainly consist of a superior phase of rubber particles, an aque-

ous phase called centrifuged serum (C-serum) and an inferior phase called bottom serum 
(B-serum) (Figure 5) [12–14].

The rubber particles represent 25–45% of the fresh NRL and they have a medium diameter of 50 Å 

to 3 μm [15, 16]. The main proteins found in the rubber particles surface are Hev b 1 and Hev b 

3 [17]. Centrifuged serum is the solution composed by carbohydrates, electrolytes, proteins and 

amino acids. This solution is composed by the cytoplasm of the laticiferous cells and contains a 

great amount of proteins related to the cell metabolism [18]. This phase is implicated with most 

of the biological properties of NRL [19]. Bottom serum is mainly constituted of lutoids, spherical 
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vacuoles that are osmotically sensitive and induce the latex flow to stop [20, 21]. Hevein is the 

main protein found in bottom serum, and it is implicated with allergenic reactions [18].

Since many biological and biomedical properties can be implicated with NRL from H. brasil-

iensis, the aim of this chapter is to review and explore the studies showing the applications of 

this biomaterial in bone regenerative medicine.

2. Bone remodeling

Bone is an organ capable of replacing old and disrupted tissue through a remodeling process. 

Mechanical changes required by skeletal functions make the remodeling process indispens-

able for the bones. The cells responsible for this process are osteoblasts and osteoclasts, and 

the first promote bone formation and the latter bone resorption. Osteoblasts are derived of 
the osteogenic differentiation of mesenchymal stem cells. Other important skeletal cells that 
have their origin in mature osteoblasts are the osteocytes, and these cells in particular are 

surrounded by extracellular matrix and have the ability to regulate osteoblast and osteoclast 

activities to maintain bone homeostasis [11].

Figure 5. NRL fractions after high speed centrifugation: (A) rubber particles, (B) centrifuged serum and (C) bottom serum.
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Bones protect vital organs and provide storage for calcium and phosphate. Bone compartments 

designated for mechanical functions are called cortical bone, and the bone compartments 

designed for metabolic functions are called trabecular bone. Bones can also be distinguished 

by their formation. When the formation occurs in a direct way, it is called intramembranous 

ossification and it is characterized by the condensation of mesenchymal stem cells that become 
osteoblasts. This type of process occurs in the flat bones of neuro- and viscerocranium and in 
part of the clavicle [22]. When bone formation occurs in an indirect way, it is called endochon-

dral ossification, and it is characterized by the differentiation of mesenchymal stem cells into 
cartilage first and this cartilage is later replaced by bone [23]. Endochondral ossification occurs 
in long bones, in vertebrae and in the skull base and the posterior part of the skull [22].

Bone modeling occurs during the growth process, and bone remodeling occurs during lifetime. 

These two processes take place under the control of various substances such as parathyroid hor-

mone (PTH), calcitonin, vitamin D, growth hormone (GH), steroids, soluble cytokines and growth 

factors (i.e., macrophage colony-stimulating factor (M-CSF), receptor activator of nuclear κB 
ligand (RANKL), vascular endothelial growth factor (VEGF) and interleukin-6 (IL-6) family) [11].

Microfractures or factors related to bone microenvironment generate different stimuli that 
induce osteoblast to produce RANKL, which interacts with its receptor expressed by osteo-

clasts. This interaction activates the polarization of the osteoclasts that secrets enzymes 

required for bone resorption. Osteoblasts synthesize type I collagen (that represents 90% of 

the proteins in bone matrix) and procollagen I N-terminal peptide (PINP) that is considered a 

marker of bone formation [24].

Type I collagen together with other fibrillar collagens, bone proteins (osteopontin, bone sialo-

protein and osteocalcin), proteoglycans, fibronectin and glycosaminoglycans compose unmin-

eralized osteoid. The development of the osteoblast along with the stimulation of the osteogenic 

genes and mineral deposition are dependent on the pigment epithelium-derived factor (PEDF) 

[25]. Osteoblast phosphatases are responsible for the mineralization process, since they release 

phosphates that along with calcium form hydroxyapatite crystals [Ca
10

(PO
4
)

6
(OH)

2
] [26]. The 

osteoblasts that remain trapped inside the mineralized matrix acquire a stellar shape after 

morphologic change and form a network that produces signaling through bone tissue. These 

cells are called osteocytes.

2.1. Bone formation and bone remodeling molecular pathways

During osteogenesis, bone morphogenetics proteins (BMPs) and WNT signaling pathways are 

very important. The BMP pathways activate intracellular proteins called SMAD that control 

the expression of the gene RUNX2 (runt-related transcriptional factor 2), and this gene codi-

fies a transcriptional factor that stimulates the mesenchymal stem cells to differentiate into 
osteogenic lineage [27]. WNT pathway is formed by proteins that are involved in many other 

biological processes, and it also regulates the expression of RUNX2 gene [28].

Depending on the level of differentiation of progenitor cells, WNT classic pathway induces or 
inhibits osteoblast formation. It also controls bone resorption when increasing the ratio of osteo-

protegerin (OPG)/RANKL proteins [28]. These proteins are specifically produced by osteoblast 
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to either inhibit (OPG) or enhance (RANKL) osteoclasts activity [29]. Figure 6 schematically 

represents the complex network of molecular signaling pathways during osteogenesis.

Besides the pathways described above, systemic hormones also regulate osteogenic commit-

ment or differentiation of mesenchymal cells. Examples of these hormones are PTH, glucocorti-
coids and estrogens. Local growth factor signaling, such as bone transforming growth factor-β 
(TGF-β1/2), insulin-like growth factor (IGF), fibroblast growth factor 2 (FGF-2), VEGF, cytokine 
modulators (prostaglandins) and mitogen-activated protein kinases (MAPK), also regulates 

the differentiation of mesenchymal stem cells [30]. Other enzyme that plays an important role 

in bone regulation is Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (PIN1), which 

interacts with RUNX2, SMAD1/5 and ß-catenin proteins [31].

Osteogenesis is also regulated by epigenetic factors such as DNA methylation, microRNAs 

(miRNAs), histone acetylation and deacetylation, and chromatin structure modification [32, 33]. 

Especially short noncoding miRNAs have been proven to affect both osteoblast (bone forma-

tion) and osteoclast (bone resorption) lineage. Some miRNAs regulate osteoblastogenesis by 

posttranscription regulation of RUNX2 (e.g., miR-34c, miR-133a, miR135a, miR-137, miR-205, 
miR-217, etc.), Osterix (OSX) (e.g., miR-31, miR-93, miR-143, miR-145, etc.) and type I collagen 

(e.g., miR-29, miR-Let7) proteins [34].

After a bone fracture, an inflammatory response is activated and it is crucial for the process 
of bone regeneration, bone remodeling and healing. This inflammatory response involves the 
secretion of tumor necrosis factor-α (TNF-α) and interleukins (IL) IL-1, IL-6, IL-11 and IL-18 

Figure 6. Schematic representation of cells and regulatory molecules involved in osteoblastogenesis and bone formation 

(adapted from [11]).
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by macrophages, inflammatory cells and mesenchymal cells [35]. TNF-α stimulates osteoclast 
cells and promotes mesenchymal stem cells to start endochondral bone formation. TNF-α 
also stimulates apoptosis in hypertrophic chondrocytes, and a delay in the reabsorption of 

mineralized cartilage stops bone formation. When TNF-α is overproduced, as in diabetics, 
the cartilage is removed in a premature way, delaying bone formation and healing [36]. Right 

after the injury, during osteoclastogenesis, RANKL and OPG expressions are elevated. In 

bone remodeling, the expression of these proteins is diminished [37].

During bone remodeling, IL-1 and IL-6 are the most important IL. IL-1 is produced by mac-

rophages and promotes the formation of the primary cartilaginous callus and also promotes 

angiogenesis in the site [38]. IL-1 also stimulates the production of IL-6 by the osteoblasts, and 

IL-6 also stimulates angiogenesis by the production of VEGF. It induces the differentiation of 
osteoblasts and osteoclasts [39].

In bone remodeling, mesenchymal, osteoblasts and chondrocytes cells produce BMPs that can 

work independently or in collaboration with each other and with other members of the TGF-β 
family to start osteoclastogenesis [40]. BMPs are structurally and functionally related, but 

they exhibit different patterns of expression during bone remodeling. Murine studies have 
shown that BMP-2 expression is more elevated in the first 24 h after the fracture, suggesting 
its primary function in the beginning of the bone repair. This BMP is also related to the main-

tenance of the normal bone mass [41, 42].

BMP-3, BMP-4, BMP-7 and BMP-8 are expressed during the healing time (14–21 days after the 

injury) when there is reabsorption of the calcified cartilage and osteogenesis [43]. It has been 

proposed that BMP-7 is the most potent inductor of differentiation in mesenchymal stem cells 
to osteoblasts [44].

2.2. Vasculature involved in bone formation and bone remodeling

Bone is a connective tissue that possesses high vascularization. During bone endochon-

dral and intramembranous ossification, regeneration and remodeling, the vasculature 
plays an important role [45]. Ten to fifteen percent of total cardiac output goes to skeletal 
system [46]. The role of the blood vessels in the bone is not only to supply the bones 

with oxygen and nutrients but also to provide them with growth factor, hormones and 

neurotransmitters (e.g., brain-derived serotonin), maintaining the bone activity and cell 
survivor [47, 48].

Osteogenesis can occur through endochondral or intramembranous ossification; in both ways, 
angiogenesis is a critical stage and it is associated with the production of VEGF by hypertro-

phic chondrocytes or mesenchymal stem cells, respectively [49]. VEGF attracts endothelial 
cells acting as a chemotactic molecule that controls differentiation and function of osteoblasts 
and osteoclasts, participating in bone modeling and bone remodeling. A loss of the VEGF 

leads to incomplete bone vascularization and automatic disturbed endochondral ossification 
[50]. On the other hand, overexpression of VEGF can lead to osteosclerosis, highly increased 

bone formation that is a result of intense osteoblast differentiation, ending in altered bone 
morphology [51].
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In endochondral ossification, cartilage vascularization begins with the formation of a primary 
vessel that is projected from the perichondrial vascular network to the adjacent cartilage. 

Then, a capillary glomerulus is formed at the leading edge and the entire vascular unit grows. 

Following elongation, a backward expansion of the capillary network occurs and it tightly 

surrounds a pair of main vessels composed by an arteriole and a venule [52].

In intramembranous ossification, capillaries of a small diameter move into thin avascular 
layer of mesenchyme that surrounds the mesenchymal condensation center. In this center, 

mesenchymal cells secrete VEGF that attracts endothelial cells. At the start of mineralization 
of the bone, the first blood vessels associate with an extensive external network of blood ves-

sels [53].

During bone remodeling and bone regeneration, the blood vessels play an important role. 

Osteoclasts form a cutting cone that moves forward resorbing dead bone or damaged/old 
bone matrix. A blood vessel follows this cutting cone, delivering nutrients, hormones and 
growth factors to osteoblast that will produce new bone [48]. OSX-expressing osteoblast pre-

cursors are involved in the process of remodeling, accompanying the blood vessels, posi-

tioning themselves in a perivascular localization, showing the tight relationship between 

osteogenesis and angiogenesis [54].

3. Bone remodeling and latex

To clinically manage situations such as bone loss, injury or disease, researchers have been 

engaged for a long time to find a biocompatible material that is innocuous, promotes osseo-

integration, is manageable and has low cost for the people who need it. Natural rubber latex 

(NRL) extracted from Hevea brasiliensis has been used in the industrial manufacturing of several 

products, such as gloves, condoms, balloons and parts of medical and dental equipment [55].

Based on a new manufacturing process, several new biomedical applications have been pro-

posed since NRL has been shown to be very biocompatible, stimulating cellular adhesion, the 

formation of extracellular matrix, and promoting the replacement and regeneration of tissue 

[8]. This new manufacturing process is based on the production of a biomembrane of NRL 

that has been used to replace vessels, esophagus, pericardium and abdominal wall [7]. In all 

of these experiments, the biomembrane promoted rapid tissue repair and elicited an inflam-

matory response that resembled the inflammatory response of normal healing process and 
not one of rejection process [8].

The membrane of NRL was also tested for the repair of bone defects in dental alveoli of rats 

[56], and the histological examination of the extraction sockets revealed a pattern of normal 
repair with characteristics similar to those reported for other materials [57]. Histometric 

evaluation of the areas close to the implant during the initial 7 days demonstrated progres-

sive and accelerated osteogenesis by a decrease in the thickness of the fibrous capsule. At 
long-term, NRL implants did not induce the formation of foreign-body reaction nor persistent 
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 inflammatory reaction, and after 42 days, the NRL implants were making close contact to the 
bone at many sites.

The induction of angiogenesis is crucial for bone regeneration and remodeling, and a study 

using chick embryo chorioallantoic membrane (CAM) showed that NRL membranes possess 

angiogenic properties. The experiment also showed that the angiogenic capacity of the NRL 

membranes remains active and increases in temperatures ranging from 65 to 85°C. These 

results showed that the heating used to prepare NRL membrane does not affect its biological 
properties. The same study used centrifuged latex to demonstrate that the poly-isoprene is 

not the part of latex responsible for the biological properties [4].

Large fractures can mean significant reconstructive problems and sometimes require special 
procedures for regeneration. And this regeneration is dependent on blood clot stability, local 

vascularization, defect size and protection against invasion of competitive nonosteogenic tis-

sues [58, 59]. Guided bone regeneration (GBR) was a technique developed to enhance bone 

repair, and in this procedure, an occlusive membrane is used to provide to the osteogenic cells 

better conditions to perform bone remodeling [60].

Different types of membranes have been tested for use in GBR, but resorbable membranes 
represent the most interesting alternative since they avoid removal surgery [61]. NRL mem-

branes were tested as an occlusive barrier in GBR of large defects in rabbit calvaria. NRL 

membranes successfully enhanced bone regeneration process in the group of the treated ani-

mals, and it was shown by a statistically higher volume of mature bone in all periods of study 

that was up to 120 days. The NRL membranes worked as a passive barrier membrane that 

prevented epithelial and connective tissue migration, thus facilitating the proliferation and 

migration of regenerative bone cells into the wound. The NRL membranes used for GBR, as 

well as the ones used to treat dental alveoli defects, did not induce the formation of foreign 

body inflammatory reaction [62].

Another way to accelerate bone regeneration and remodeling would be incorporating BMPs 

to NRL membrane. As shown above, BMPs induce bone remodeling and many studies have 

tried to develop a BMP delivery system that could sustain gradual release of BMPs for den-

tal and orthopedic use [63–66]. A study using bovine serum albumin (BSA) in the place of 

BMP (same molecular weight) and NRL membranes prepared at different polymerization 
temperatures showed that NRL membrane was able to release BSA for 18 days. This indicates 

a promising future of these membranes as active occlusive membrane in GBR and they could 

release BMPs for 18 days accelerating bone healing [55].

Based on previous studies, a protein was isolated from NRL (P-1) and its inductive bone 

repair properties were compared to recombinant human bone morphogenetic protein-2 

(rhBMP-2), a commercial available human protein with good osteoinductive capabilities. To 

compare these two proteins, a carrier made of monoolein gel was used. P-1 is still being char-

acterized to better understand its biological properties and its function in the laticifer cells of 
Hevea brasiliensis. However, associated with monoolein gel, P-1 was able to induce new bone 

formation on bone defect of rat calvaria [67].
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This protein extracted from NRL (P-1) was used in combination with a fibrin sealant in the 
repair of rat tibial bone defects. This combination was successful, being immunoidentified by 
the presence of osteoblasts in the area, showing high osteogenic and osteoconductive capacity 

for bone healing [68].

Moura et al. [69] used different polymerized NRL membranes in rabbit calvaria with bone defect. 
These membranes were compared to polytetrafluoroethylene (PTFE) membranes, which are 
an extensively studied material considered gold standard for occlusive membranes [70]. In this 

study, NRL membranes performed their role as biological barriers and achieved a similar perfor-

mance to the PTFE membrane. One of the polymerized NRL membranes was ammonia free, and 

these were the membranes that significantly improved the bone repair process producing higher 
bone formation, being more effective than PTFE membrane. These results were achieved since 
the method of preparation of these NRL ammonia-free membranes preserved the angiogenic 

stimulus of the membranes. These membranes also did not lead to bone tissue hypersensitization.

NRL was also coated with calcium phosphate (Ca/P) and tested for biomedical application. 

Biomaterials added with Ca/P present biological, chemical and mechanical properties very 

similar to the mineral phase of the bone besides the ability to bond to the host tissue. A hemo-

lytic test was performed, and this material did not affect the blood cells, being so ready for 
animal tests [71].

These results showed above indicate NRL membranes as a promising future biomembrane 

that could be used to accelerate bone healing. More experiments are being done already in 

humans. Since NRL membranes present intense angiogenic activity and wound healing activ-

ity, NRL membranes are being commercialized in Brazil and other 60 countries around the 

world as a band-aid curative (BIOCURE®) for the treatment of ulcers in diabetic patients.
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