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Summary 

Biomaterials play a substantial role in the health care industry. Each year, the number of 

medical devices used in humans is estimated to be around 1.5 million individual devices, 

according to the World Health Organization, with about 10 000 types of generic device groups 

available worldwide. As new devices emerge, the topic of the biocompatibility of these materials 

becomes more relevant. 

This thesis studies biocompatibility of biomaterials and their interaction with tissues and 

cells combining in vitro and in vivo models. The studied biomaterials are classified in synthetic 

(polymers, silicon, titanium, and alloys) and nature-derived biomaterials, which in turn, classify 

in xenogenic, derived from natural materials but foreign for the organism and autologous 

biomaterials, derived from the tissues of the same organism. 

In the case of synthetic materials, it was shown how different functionalization strategies 

of surfaces (in particular, the effect of protein coating and surface topography) affect 

mammalian cell response. Autologous biomaterials were represented by platelet rich fibrin 

(PRF), derived from the blood of the patient. Their potential as implantable system was studied 

in vitro and in vivo. PRF matrixes were characterized by growth factors storage capacity and 

release as well as their cellular retention. In regard to xenogenic biomaterials, cell permeation 

and liquid absorption into different collagen membranes were studied in vitro, while evaluation 

of the host’s tissue response was studied with in vivo implantation model. Results show that all 

tested collagen membranes were biocompatible, showcasing the formation of new blood 

vessels regardless of the presence of multinucleated giant cells. 
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1. Introduction 

 

Biomaterials are a substantial part of the health care industry. Each year, the number of 

medical devices used in humans is estimated to be around 1.5 million individual devices, 

according to the World Health Organization, with about 10 000 types of generic device groups 

available worldwide. Furthermore, the use of biomaterials is steadily growing, by integrating the 

knowledge and ideas from multiple disciplines, such as medicine, biology, chemistry, physics, 

material and engineering sciences.1 A biomaterial is any material that is intended to interact 

with biological systems for a medical purpose – either to support or replace damaged tissue, or 

to function as a medical device.2,3 

 

1.1. Types of biomaterials 

 

There are many different types of biomaterials, each with their own unique properties 

and applications. The three main categories of biomaterials are: (1) nature-derived (e.g., plant-

derived, tissue-derived), (2) synthetic (e.g., metals, polymers, ceramics, and composites) and  

(3) semi-synthetic or hybrid (Figure 1).1,4 

 

 
Figure 1. Classification tree of biomaterials. Reprinted from Ali et al, 2013.4 

 
Natural biomaterials originate from living organisms, such as plants, animals (xenogenic) 

and humans (allogenic/autogenous) - or their derivatives. Examples include proteins (silk, 

collagen, elastin, fibrin), polysaccharides (chitin, glycosaminoglycans), and polynucleotides 

(DNA, RNA).1 They might be present in the non-viable form of decellularized extracellular matrix 

(ECM) and other products, or in the form of allogenic or autologous viable living cells. These 

materials are often used in reconstructional, reparative and regenerative medicine due to their 
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ability to integrate with the body, as it can recognize the material and process it through its 

metabolic pathways due to material similarity to native tissue. The significant challenge with 

natural polymers is that they may denature or decompose at relatively low temperatures, thus 

making their processing and sterilization challenging.5 

Synthetic biomaterials can be divided into the following types: metals, polymers, ceramics 

and composites.1,6 Regarding metals, titanium and stainless steel the most employed in 

orthopedic (wires, plates, screws) and dental implants, due to their strength, load-bearing 

capability and body compatibility.7,8 Ceramics, such as hydroxyapatite, are often used in bone 

replacement and regeneration thanks to their similar chemical and physical properties to natural 

bone. Also, in powder form, they can be applied in conjunction with polymers to fill cavities, as 

cements in dental applications.9 Polymers, including polyurethanes and polyethylenes, are 

commonly seen in artificial joints, vascular grafts, and drug delivery devices due to their 

flexibility and biocompatibility.5,6 Composites, which are made from a combination of two or 

more different materials (e.g. natural and synthetic), are frequently present in prosthetic 

devices and tissue engineering scaffolds, as they can mimic the mechanical properties of the 

natural tissues. Examples include carbon fiber and metal matrix composites.1,5 

Each type of biomaterial has its own advantages and disadvantages. For example, metals 

are strong and durable, but they can be difficult to shape and they can cause inflammation at 

the implant site. Ceramics are also strong and durable, but they are brittle and can fracture if 

they are not designed properly. Polymers are relatively easy to shape and are biocompatible, 

but they can degrade over time. Composites have the advantage of being customizable to the 

specific needs of the application, but they can be more difficult to work with. As such, the choice 

of biomaterial for a particular application depends on a variety of factors, including the intended 

function of the device, the mechanical properties required, the chemical compatibility with the 

body, and the manufacturing process. In general, the ideal biomaterial for a given application 

should include all of the following features: be biocompatible, strong, durable, and easy to work 

with.3,10 
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1.2. Historical background of biomaterials 

 

In 1982, at the "National Institutes of Health Consensus Development Conference 

Statement on the Clinical Applications of Biomaterials" held in Bethesda, Maryland, a widely 

accepted definition of biomaterials was formulated for the first time.  

 

“A substance (other than a drug) or combination of substances, synthetic or natural in 

origin, which can be used for any period of time, as a whole or as a part of a system which 

treats, augments, or replaces any tissue, organ, or function of the body”11 

 

However, the history of biomaterials can be traced back to the early days of medicine, 

when simple materials such as wood, metal and stone were used to treat injuries and diseases.11 

Over time, more sophisticated materials such as glass, ceramic and plastic were developed, and 

these have been used in a variety of medical applications (Figure 2).3 Together with industrial 

revolution, major development in biomaterials could be observed as scientists and doctors 

started to realize that biocompatibility of materials was a key factor in the success of using 

materials within a biological system.  

Among the most profound advancements in the biomaterial field, was the technique for 

bone fracture fixation with metal wire, presented in 1775. In the mid-1800, comparative study 

into the biocompatibility of metal implants (gold, silver, lead, and platinum) and bone fixation 

plates in dogs was performed. Additionally, huge impact had an introduction of sterilization 

techniques by Joseph Lister; the discovery of first antibiotic, penicillin G, by Alexander Fleming; 

and the isolation of 99.9% pure titanium by Matthew Hunter - all leading towards the 

development of material science field (Table 1).1,10 

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
6 

  
Figure 2. The history of the biomaterials from regeneration to replacement. Reprinted from 
Todros et al, 2021.3 

Today, biomaterials are an essential part of modern medicine. They are used in a wide 

range of medical applications, from artificial hips13,14 and knees15 to pacemakers16 and stents17.  

The future of biomaterials is likely to be even more exciting as new materials and 

technologies are developed. For example, 3D printing is being used to create customized 

biomaterials for use in medical implants, and nanotechnology is being used to create materials 

with unique properties that could be applied in a variety of medical applications.18,19 

Biomaterials have been an essential part of medicine for many years and will continue to play 

an important role in the future of healthcare. 
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Table 1. Important event in the history of biomaterials. Adapted from Kulintes, 2015.1 

Year Event 

1775 Doctors Lapuyade and Sicre from Toulouse presented the earliest technique for bone fracture 
fixation with metal wire. 

1829 Comparative study of biocompatibility of metal (gold, silver, lead and platinum) implants and 
bone fixation plates in dogs by H. S. Levert. 

1860 Aseptic surgical technique is introduced by Joseph Lister, a British Surgeon. 

1870 Lister’s antiseptic Lister’s methods of infection control and aseptic surgical techniques were 
used by Germany during the Franco-Prussian war. 

1888 Adolf Flick developed first glass contact lens. 

1886 H. Hansmann in Hamburg, Germany, was the first surgeon to use plates for internal bone 
fixation in human. The metal plate was L-shaped with six screw holes. 

1910 Isolation of 99.9% pure titanium by Matthew Hunter. 

1930 Introduction of new biomaterials suitable for orthopaedic applications, such as stainless steel, 
titanium, and cobalt chromium alloys. 

1931 Smith Peterson, a Boston surgeon, introduced a metal cup for partial hip replacement. 

1938 P. Wiles develops the concept of total hip prosthesis. 

1939-
45 

Development of many new materials and surgical techniques for implants, including materials 
made mostly of metals and a few from plastic. 

1940 Polymers became available as biomaterials. Polymethyl methacrylate (PMMA) was introduced 
for bone defect repair; cellulose was introduced as a filtration material for dialysis; nylon 
strings were used as sutures. 

1947 Ingraham published a first paper related to polyethylene as an implant material. 

1949 Ingraham commented on plastics leaching (‘sweating out’) additives, resulting in a strong 
(negative) biological reaction to some plastics, such as cellophane, lucite, and nylon, and mild 
reaction to ‘new plastics’ such as teflon.  

1952 The mechanical heart valve was first conceived, made from metals and polymers. 

1953 Vascular graft prostheses were made from Dacron (polymer fiber). 

1958 A combination of polymers and metals was utilized in the first cemented (PMMA) joint 
replacement. 

1960 Introduction of first heart valves in a clinical setting. 

1962 Passage of Food and Drug Act and Consumer Bill of Rights. 

1970 Development of protein resistant thin films to be used as coatings for implants, such as 
polyethylene oxide (PEO). 

1976 Amendment to Food and Drug Act and subsequent FDA regulations outlining requirements to 
testing and production of medical devices.  

1982 A widely accepted definition of biomaterials was formulated at the "National Institutes of 
Health Consensus Development Conference Statement on the Clinical Applications of 
Biomaterials" held in Maryland,  
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1.3. Nanoscaling of biomaterials 

 

As the world progresses, so does the technology used to create various materials. In the 

past, biomaterials were limited to those that could be produced through traditional means. 

However, with the advent of nanotechnology (the ability to manipulate structures having 

dimensions from 1–1000 nanometres), biomaterials can now be created on a much smaller 

scale.20 This has led to the development of new and improved biomaterials that has far greater 

properties based on nanoscale systems. They can be stronger, more durable, resilient than ever 

before, because of their ultra-small size, large surface area and large surface to volume ratio 

(Figure 3).21 

The use of nanotechnology in medicine, also known as nanomedicine, has created a 

multitude of possibilities in healthcare, including: disease diagnosis;22 drug, gene and vaccine 

delivery;23-25 in vivo imaging,26,27 tissue engineering and regenerative medicine.28,29 

Nanomaterials have been utilized in many therapies, such as cancer, diabetes, infection and 

inflammation treatment.30,31 Recently, widespread public awareness was achieved by use of 

nanomaterials in medicine as a bearer framework in m-RNA based Covid-19 vaccines.32,33 

As previously mentioned, one of the most significant advantages of nanoscaling 

biomaterials is that it allows for the creation of materials with unique properties. For example, 

nanowires can be used to create materials that are both electrically conductive and 

biocompatible. This is a major breakthrough, as it opens up the possibility for the development 

of new medical devices that can be used safely in the body.34 Carbon nanotubes have also been 

investigated as potential drug delivery vehicles because they can target specific cells and release 

their payloads directly into them.35 Silicone or titanium surfaces with high aspect-ratio 

nanofeatures generate a mechanical bactericidal effect, independent of its chemical 

composition. Both of these surfaces pose highly bactericidal features against all tested Gram-

negative and Gram-positive bacteria, and endospores, and exhibit estimated average killing 

rates of up to ~450,000 cells min−1 cm−2, which allows the fabrication of materials with 

antibacterial surfaces.36  
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Figure 3. Different shape and type of nanostructured materials and application of 
nanotechnology in the improvement of 3 main properties of tissue engineering scaffolds including 
mechanical properties, biocompatibility, and osteoinductivity. Reprinted from Hajiali et al, 2021.21 

Finally, introducing nanoscale level features to biomaterials can also help to improve their 

biocompatibility. This is because smaller particles are less likely to cause an immune reaction in 

the body.30,37 This is extremely important for medical applications, where biomaterials are often 

required to be in close contact with the body. The impact of topographical features at length 

scales ranging from nano- to micrometres on cell adhesion and morphology has been shown to 

be significant. It has been discussed in the literature that there could be an optimum size range 

in which cell adhesion would be most significantly enhanced but this is dependent on cell  

type.37-40  

Furthermore, it has been recently reported, by several groups, that the outcome of cell 

adhesion influences cell migration, proliferation and differentiation processes, which are main 

steps of tissue re-organization in wound healing (Figure 4).41-43 The results of studies conducted 

to investigate the biocompatibility of nanomaterials and nanocomposites are summarized in 

(Table 2).  

Overall, the nanoscaling of biomaterials is a major breakthrough that has led to the 

development of new and improved materials. This has had a major impact in the medical field, 

where stronger and more biocompatible materials are now available. 
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Figure 4. Schematic demonstrating influence of nanotopography on cell behaviour through 
interaction with extracellular matrix. Cellular behaviours under microscale such as adhesion, 
spreading and differentiation are influenced by fibronectin interacts with on nanotopography 
surface electrons and adsorption under nanoscale. Transmembrane receptors like integrins can 
further interact to fibronectin adsorbed on nanotopography, then behave active or inactive. Upon 
ligand bonding, the focal adhesions (FAs) are assembled and cytoskeletal filaments are aggregated 
by actin and talin molecules. Reprinted from Luo et al, 2022.40 
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Table 2. Summary of recent studies that assess the biocompatibility of nanostructures for bone regeneration. Adapted from Hajiali et al, 2021. 

Nanomaterials Cell type Tests Results 

Nanoapatite MC3T3-E1 osteoblast-like cells 
Cell viability with calcein-AM, 

ethidium-homodimer-1 

No significant difference in cell attachment and proliferation 
between nanoapatite scaffolds and controls. Cells infiltrate into the 

macro pores and anchor to the nano-apatite crystals 

Nanobioglass (nBG) MG63 osteoblast-like cells 
LDH and mitochondrial activity, 

alkaline phosphatase (ALP) activity 
High cytocompatibility of the nBG particles compared with micro-BG 

Nano fluorhydroxyapatite 
Extracted osteoblast-like cells 
from adult rabbit, L929 mouse 

fibroblast cell line 
Haemocytometer 

Biocompatibility of fluorhydroxyapatite was higher than 
hydroxyapatite and fluorapatite 

Gold nanoparticles-miRNA Rat BMSCs Alamar blue as say, ALP activity High cellular biocompatibility of nanoparticles 

Whitlockite inorganic nanoparticles 
nWH: Ca18Mg2(HPO4)2(PO4)12) 

Human tonsil-derived 
mesenchymal stem cells 

(hTMSCs) 

LIVE/DEAD cell viability kit, 
click-iT EdU, flow cytometry assay, 

ALP activity 

No significant difference in cell viability and proliferation between 
hydroxyapatite and WH nanoparticles. Significantly enhanced ALP 

activity in nWH compared to nHAP 

Nanohydroxyapatite 
silk fibroin 

Rat marrow mesenchymal cells 
DNA contents, alkaline 

phosphatase (ALP) activity, the 
osteocalcin contents 

Support cell proliferation, and osteogenic differentiation of the cells 

Poly(3-hydroxybutyrate)/nBG scaffolds 
MG63 osteoblast-like cells 

 
MTT assay, ALP activity Improve cell proliferation, and induce a high level of ALP activity 

Poly(3-hydroxybutyrate)/nHA 
nanofibers 

Rat bone marrow stroma cells 
Methylthiazol tetrazolium (MTT) 

assay, ALP activity 
Positive effect on attachment, proliferation, and differentiation of 

cells 

Gelatin methacrylate/nanosilicates  
(LAPONITE®) hydrogels 

MC3T3 E1–4 
 

Alamar blue assay, ALP activity Nanocomposites are cytocompatible, enhanced ALP activity 

Whitlockite/chitosan scaffolds 
Human bone derived 

mesenchymal stem cells 
(hBMSCs) 

Cell counting Kit-8 [CCK-8], ALP 
activity 

Greatest proliferation and significantly higher ALP activity when cells 
cultured on WH/chitosan membranes compared to HAP/chitosan 

membranes and control 
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1.4. Functionalization of biomaterials 

 

The functionalization of biomaterials is a process by which the materials are modified to 

perform a specific function, for instance: cell adhesion, neovascularization, cell proliferation and 

differentiation.  

The functionalization of biomaterials can be achieved by a variety of modifications: 

- Physical – topographies with different features (nanorough glass,44 nanopillar 

titanium,45,46 nanoholes silicon,47 nanogrooves PDMS48) and arrangements (e.g. 

nanopits-ordered/disordered PCL,49 ordered/disordered gold nanoparticles 

combined with PEG substrate50) 

- Chemical – incorporation or modification (oxidation,51 reduction52) of existing 

functional groups (acetylation,53 fluorination,54 silanization,55 incorporation of 

sulfonate groups56) or the addition of nanoparticles,57 grafting macromolecules (e.g. 

polyethylene glycol)58, plasma treatment with reactive gases (O2)59, UV radiation 

treatment60 and polymeric cross-linking61 

- Biological – covalent and non-covalent biomolecules immobilization,63,63 heparin 

coating,64 natural ECM protein coating,65 addition of peptide sequences,66 growth 

factor augmentation67 

The functionalization of biomaterials is a critical step in the development of new 

materials, as well as improving existing ones. The process can enhance their biocompatibility, 

increase durability, and enable additional characteristics, as for instance control of bacterial 

biofilm formation and surgical site infection (SSI) prevention. 

Since SSI is a serious complication and can delay healing, increase the risk of re-operation, 

and lead to prolonged hospitalization, numerous approaches aiming to reduce SSI and 

secondary infections are in the centre of functionalization focus in material science. Frequent 

approach is to incorporate antimicrobial agents (e.g., methicillin, vancomycin, amoxicillin), 

which can kill or inhibit the growth of the bacteria.68 However, nowadays antimicrobial 

resistance (AMR) is an increasing problem, which prompted development of another strategies, 

such as: antifouling coatings,69-72 antiadhesive surface modifications,73 addition of metal oxide 

nanoparticles and ammonium compounds to the surfaces of medical devices,74,75 coating 

devices with polymer products,76 surface engineering with chemical fragments,77-79 coating, 

lamination, adsorption, or immobilization of biomolecules80 and engineering of different 

microtopographic and nanotopographic structures (black silicone, nanostructured titanium). 
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1.5. Application of biomaterials in medicine 

 

As mentioned above, biomaterials are designed to interact with biological systems. They 

can be used in a variety of medical applications, from replacing damaged tissue to delivering 

drugs, and several fields of medicine can benefit from them. 

Orthopedics 

Biomaterials have found significant use in orthopedic implant devices. Autoimmune and 

inflammatory diseases such as osteoarthritis and rheumatoid arthritis can both damage the 

structure of synovial joints, inhibiting their function. These articulations include hip, knee, 

shoulder, ankle, and elbow. In the case of joints, pain can be quite intense, especially in weight-

bearing joints such as hip and knee, which can have devastating effects on the ability to walk. 

Only recently, with the inception of anaesthesia, antisepsis, and antibiotics during surgical 

procedures, has it become possible to replace joints with prostheses while still providing relief 

of pain and improving mobility for countless number of patients. In terms of fractures, fixation 

devices are vital for proper healing. This category of devices includes bone plates, screws, nails, 

rods, wires, and other similar items. Traditionally, metals have been used for fracture fixation 

due to their strength and durability. However, some non-metallic materials (e.g. carbon-carbon 

composite bone plates) are being investigated as possible substitutes.7,81-85 

Cardiovascular applications 

Implant devices are also used to treat cardiovascular issues. The circulatory system 

comprises the heart and blood vessels which transport blood around the body. Problems with 

heart valves or arteries can occur, and both can be remedied by implants. The heart valves can 

become structurally changed, preventing the valve from either opening or closing all the way. 

This can be replaced with a number of substitutes. Atherosclerosis, or the build-up of fatty 

deposits, is also a common problem affecting arteries. In some cases, it is possible to replace 

blocked segments of arteries with artificial arteries. This is often performed in cases involving 

the coronary arteries or the vessels of the lower limbs.86-91 

Ophthalmics 

Several diseases can affect vision and ultimately lead to blindness due to eye tissue 

damage. One of such diseases is cataracts, which causes the lens to develop cloudy patches. In 

such cases, the lens may be replaced with a synthetic (polymer) intraocular lens. Such surgeries 
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have a high successful rate in improving eyesight. Contact lenses are also considered 

biomaterials, as they have direct contact with sensitive eye tissue. Like intraocular lenses, they 

can be used for vision correction and restoration.91-95 

Dental Applications 

Bacterial diseases can destroy both teeth and gum tissues in the mouth. For instance, 

dental caries (cavities) demineralizes and dissolve teeth due to metabolic activity in a plaque (a 

film of bacteria-trapping mucus on teeth surfaces). Extensive tooth loss can occur as a result. 

There are various materials that can be used to replace or restore teeth, either in their entirety 

or in segments.96-102 

Wound healing  

The number of chronic wounds is rising as our population ages and more people develop 

diabetes. With a greater understanding of the biological processes involved in these diseases, 

new medical technologies are being introduced into the wound care market. Treatment of 

chronic wounds typically varies depending on the underlying cause of the wound. Therefore, 

semi-occlusive or occlusive specialized dressing materials are required. They can be produced in 

various forms: films, foams, hydrogels, or hydrocolloids and are usually fabricated from 

synthetic materials, like poly(vinyl) alcohol (PVA), poly(lactic-co-glycolic acid) (PLGA), 

polyurethanes, polyethylene glycol (PEG), polycaprolactone (PCL), nylon, or silicone. In terms of 

wound closure, modern synthetic suture materials can be made from polymers or metals, with 

the former being the most common.103-107 

Drug delivery systems 

Implantable devices for controlled and targeted drug delivery are becoming increasingly 

popular. Many of these technologies make use of new polymeric materials to act as drug 

reservoirs, allowing for sustained and controlled release. For example, non-biodegradable 

polymeric implantable systems are commonly used as a contraception method or menopausal 

symptom prevention by long lasting slow and controlled hormone release. 108-111 
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1.6. Biocompatibility of Biomaterials 

 

The human body is constantly exposed to foreign materials, whether through the air we 

breathe, the food we eat, or the water we drink. In most cases, the body is able to recognize 

foreign materials and mount an appropriate response to eliminate them. When foreign 

materials are introduced into the body as medical devices (e.g. implants), the body may react to 

them in numerous ways. The type of response depends on the material itself, as well as the 

location of the implant and the individual response of the host.113,115 

Biocompatibility is a major concern in the development of new biomaterials and the use 

of existing ones. The degree to which a biomaterial is compatible with its host is determined by 

how much the host's homeostasis is disrupted during implantation surgery, and which 

pathological consequences may arise from the ensuing inflammatory response, wound healing 

process, and reaction to the foreign body itself.116 Once the foreign object (i.e. biomaterial) is 

introduced into the body, it triggers a physiological sequence of events, starting from the 

surgical injury to the host tissue: blood proteins adsorption and provisional matrix formation, 

acute and subsequently chronic inflammation, granulation tissue formation, foreign body 

reaction and possible fibrous encapsulation (Figure 5). All these reactions may differ in severity 

and occurrence, depending on the biomaterial.117 

 
Figure 5. Schematic representation of foreign body response of host tissue to implanted 
biomaterials. In addition to biological and biochemical responses, biomaterials experience physical 
(e.g., mechanical, dynamic, topography), and temporal effects (e.g., change of interaction over 
time, degradation), indicating the interplay of factors that could influence biocompatibility of a 
biomaterial. Reprinted from Raut et al, 2020117 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
16 

Protein adsorption 

Protein adsorption to materials surfaces is a complex phenomenon. The term refers to 

accumulation and adhesion of plasma proteins to a surface but without surface penetration. It 

has been described that there are more than 300 different protein types in blood plasma,118 and 

the type and amount of adsorbed proteins on a surface play an important role in determining 

the material's ultimate biocompatibility and biofunctionality when exposed to a biological 

environment.119 This process is one of the first interactions and begins mere seconds after blood 

plasma components comes into contact with a foreign surface. The initial contact sets off all 

subsequent interactions between the host tissue and the biomaterial surface. Cell-biomaterial 

interactions are mediated by the type and conformation of the adsorbed proteins that can 

interact with specific integrins which are expressed by the cells on their membranes (integrins 

β1 and 2 on macrophages). These host components include leukocytes involved in inflammation 

and immunity (Table 3).113  

Table 3. Selected protein – cell interactions. Reprinted from Tengvall, 2011.114 

 
 

There are two main factors that affect protein adsorption such as surface affinity of the 

protein and its concentration. In general, the surface affinity of the protein stands for how 

energetically favourable it is for the protein to be adsorbed to a surface. Protein surface affinity 

can be affected by the size of the protein (the larger the protein the more contact area it has), 

the charge (protein can be attracted or repelled), hydrophobicity (more hydrophobic proteins 

tend to adsorb to the surface in greater amount) and also structural stability (the lower the 

stability, the more contact points possible when unfolding). In terms of concentration, the higher 
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the protein concentration, the more likely contact with the surface is, and the higher the 

probability of interaction.120 

In case of biomaterials and protein surface attachment, it is important to mention the 

Vroman effect, also described as protein displacement phenomena. It is a competitive 

deposition of protein onto a surface of high molecular weight proteins, in which albumin, 

immunoglobulins, fibrinogen, factor XII (Hageman factor) and high molecular weight kininogen 

(HMWK) are subsequentially adsorbed onto the membrane surface, one replacing the other 

(Figure 6). In the early phase of the plasma adsorption, HSA adsorbs first due to the high 

concentration in blood plasma, relatively flexible structure and low molecular weight. The 

adsorbed proteins cause modification of electrodynamic conditions on the material surface and 

are eventually replaced by other proteins with higher surface affinity but lower bulk 

concentration. The adsorption process can take a very long time, and in many cases might be 

irreversible.114 This distinction is important to mention specifically for practical applications, 

especially in cardiovascular implant where protein adsorption to such extent is not desired.122 

 
Figure 6. The Vroman plasma protein displacement phenomenon. The x-axis shows time elapse 
of incubation of a negatively charged surface, such as glass, Ta-oxide, or Ti-oxide in blood plasma, 
and the y-axis the amount of surface-bound polyclonal antibodies after different plasma incubation 
times. Reprinted from Tengvall, 2011.114 

Acute and chronic inflammation 

Acute inflammation is a process brief in duration and can last anywhere from minutes to 

days. It can be described by exudation of fluid and plasma proteins (edema), and migration of 

leukocytes, predominantly polymorphonuclear (PMNs) leukocytes. Inflamed area can be 

described by increased number of white blood cells due to their specific interactions between 

complementary adhesion molecules presented on them and endothelial cells  

interaction.10, 113,115,120 PMNs and other white blood cells move from the blood vessels towards 

the tissues surrounding the injury site in response to chemotactic stimuli. These include:  
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(1) margination, (2) adhesion, (3) emigration, (4) phagocytosis, and (5) extracellular release of 

leukocyte products. One of the main function of PMNs is phagocytosis, which can be described 

as a clearing out process of damaged tissue, foreign materials or microorganisms. Phagocytosis 

is seen as a three-step process in which the injurious agent undergoes recognition and 

neutrophil attachment, engulfment, and killing or degradation. With regards to biomaterials, 

engulfment and degradation may or may not occur, depending on the properties of the 

biomaterial (Figure 7). 123 

 
Figure 7. Implantation of a biomaterial triggers an innate immune response and neutrophil 
recruitment. (A) Injury up-regulates DAMPs, IL-8, and leukotriene B4 to recruit neutrophils from 
circulation. (B) Neutrophils are recruited to a biomaterial-induced injury through leukotriene B4 
secretion in a feed-forward manner. (C) Swarming neutrophils interact with the biomaterial 
directly or indirectly through surface adsorbed proteins. (D) Neutrophils respond to the biomaterial 
and modulate the microenvironment through the production of ROS, phagocytosis, degranulation, 
and the release of NETs. Additionally, neutrophils can undergo apoptosis or reverse migrate back 
into circulation. Reprinted from Fetz et al, 2020.123 

Although biomaterials are not generally phagocytosed by neutrophils or macrophages 

due to the size disparity (i.e., the surface of the biomaterial is greater than the size of the cell, 

more than 50 µm). In addition, during this brief phase, they are modulating immune response 

by secreting cytokines which can influence the character and degree of subsequent 

inflammatory cell recruitment and activation.  

Chronic inflammation due to the presence of biocompatible materials is marked by the 

infiltration of mononuclear leukocytes – macrophages derived from monocytes, lymphocytes 

and plasma cells.120 These cells are accompanied by the development of new blood vessels 

(neovascularization) and connective tissue development (Table 4). With materials that are 

biocompatible, this phase usually lasts for around 2 to maximum 4 weeks (Figure 8). 

Macrophages are longer lasting cell in comparison to neutrophils and also have greater 

phagocytic and synthetic abilities.113,115,116,121 It is believed that macrophages play a key role in 

controlling the inflammatory response and subsequent wound healing/fibrosis processes.120 The 
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activation of macrophages for cytokine production and phenotypic expression appears to be 

dependent on the surface chemistry of the biomaterial. For example, several key biomaterial- 

-dependent chemokine and cytokine mediators, such as interleukin (IL)-1β, IL-6, IL-8, and 

tumour necrosis factor (TNF)-α, have been shown to have autocrine and paracrine effects during 

the wound healing phases.124,125 The role of lymphocytes in these scenarios is not well 

understood, but it is believed that their significance is far greater than described in literature. 

Plasma cells presence can also be observed during the chronic inflammation phase, however as 

they are part of humoral response, they are not at the core focus of biomaterial 

research.113,115,126 

Table 4. General list of cell types involved in tissue-biomaterial interactions.  

Cell types 
Antigens used in 
immunohistochemistry 

Host tissue response / Stages of 
wound healing 

Erythrocytes / Red Blood Cells/RBC TER-119 Surgical Injury 
Leukocytes / White Blood Cells / WBC  Acute and chronic inflammation 
Platelets / Thrombocytes CD61 Surgical injury, protein adsorption 
Neutrophils / Polymorphonuclear cells CD15 Acute inflammation 
Monocytes CD68 Dilatated blood vessels  
Macrophages CD68, CD163 Acute and chronic inflammation 
Multinucleated Giant Cells CD68, CD206 Foreign Body Response 
Lymphocytes CD20 Chronic inflammation 
Plasma cells CD138 Chronic inflammation 
Fibroblasts Vimentin Granulation tissue 
Endothelial cells CD31 Granulation tissue 

 

 

 
 

Figure 8. The temporal variation in the acute inflammatory response, chronic inflammatory 
response, granulation tissue development, and foreign body reaction to implanted biomaterials. 
The intensity and time variables are dependent upon the extent of injury created in the 
implantation and the size, shape, topography, and chemical and physical properties of the 
biomaterial. Reprinted from Anderson, 2001. 115 
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Foreign body response (FBR) 

When macrophages are unable to eliminate foreign particles / objects through the 

process of phagocytosis, they instead fuse to form multinucleated giant cells (MNGCs). This 

process is known as a foreign body reaction also often called “macrophages frustration fusion”. 

These MNGCs can be found in foreign body granulomas. Their nuclei are round, generally 

heterogeneously distributed throughout the cytoplasm, in contrast to tuberculosis MNGCs, and 

can amount to 100 (Figure 9). 121 It has been shown that the formation of foreign body MNGCs 

is activated via macrophage fusion, depending on interleukin-4 and 13 pathways, induced by 

lymphocyte Th2. 115 Contrary to osteoclasts (physiologically existing cells present during bone 

resorption and remodelling), MNGC formation is related to a different type of integrins, such as 

ß1 and ß2. Similar to their precursors, foreign body MNGCs express CD-68 antigen on their outer 

membrane, a glycoprotein expressed in monocytes and macrophages (Table 4). Furthermore, 

the mannose receptor (CD-206) was found in foreign body MNGCs during and after fusion in 

vitro.113,115,116,121, 126 

 
Figure 9. Illustrative artwork of the histopathological characteristics of different MNGCs subtypes. 
Exemplary histological micrographs of the morphologically different subtypes of MNGCs observed 
within the subcutaneous implantation beds of biomaterials. (a) Foreign body MNGCs with 
heterogeneously distributed nuclei (black arrows) within the implantation bed of a nanostructured 
bone substitute material (*) on day 15. (b) Foreign body MNGCs with heterogeneously distributed 
nuclei (black arrows) within the implantation bed of silk fibroin (*) on day 60. (c) Foreign body 
MNGCs with heterogeneously distributed nuclei (black arrows) within the implantation bed of 
expanded polytetrafluoroethylene (*) on day 60. (d) Langerhans’-like MNGCs with peripherally 
oriented nuclei in a circle (black arrow) within the implantation bed of a nanostructured bone 
substitute material (*) on day 10. (e) Langerhans’-like MNGCs with peripherally oriented nuclei in 
a horseshoe arrangement (black arrow) within the implantation bed of silk fibroin (*) on day 15. (f) 
Langerhans’-like MNGCs with peripherally oriented nuclei in a circle (black arrow) within the 
implantation bed of expanded polytetrafluoroethylene (*) on day 30. All histological stains are 
Haematoxylin & Eosin. Adapted from Al-Maawi et al, 2017.121 
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Figure 10. Transition from blood-borne monocyte to biomaterial adherent monocyte/macrophage 
to foreign body giant cell at the tissue/biomaterial interface. Adapted from Anderson 2001.115 

Granulation Tissue 

One of the body's responses to a biomaterial implant is the formation of granulation 

tissue. This tissue is characterized by the proliferation of small new blood vessels and fibroblasts. 

The formation of granulation tissue begins within the first day of biomaterial implantation, with 

the action of monocytes and macrophages, followed by proliferation of fibroblasts and 

neoangiogenesis. The granulation tissue formation often refers to the healing response, and it 

names come from the fact of its pink, soft, granular appearance of wounds healing. Its key 

histological features include the proliferation of capillaries and fibroblasts. Depending on the 

extent of injury, fully developed granulation tissue may be seen as early as three to five days 

post-implantation of a biomaterial.113,115,116 The new, small blood vessels are formed by budding 

or sprouting of pre-existing vessels in a process known as neoangiogenesis. It involves 

proliferation, maturation, and reorganization of endothelial cells into capillary tubes (Figure 

11).127 Moreover, fibroblasts also proliferate in developing granulation tissue and are 

responsible for synthesizing proteoglycans (more prevalent at the beginning) and collagen 

(especially collagen type I, which is a main component of the fibrous capsule). Some fibroblasts, 

during the development of granulation tissue, are associated with wound contraction properties 

by mimicking characteristic of smooth muscle cells and are, therefore, called myofibroblasts. 

The wound healing outcome depends largely on extent and degree of the primary injury. The 

complete reconstitution of the original architecture is often impossible in case more granulation 

tissue is formed, resulting in larger areas of fibrosis and subsequently scar.115,116,127 
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Figure 11. Molecular factors regulating angiogenesis. (A) Initiating of sprouting. Endothelial cells 
(En) are stabilized by their interactions with pericytes (P), mediated by Ang1/Tie 2. Thrombin (T) 
cleaves protease-activated receptor (PAR-1), allowing it to activate endothelial cells. The 
endothelial cells respond to a combination of growth factors and cytokines released from platelets 
and ECM, and synthesized by macrophages, fibroblasts, endothelial cells and pericytes. Pericytes 
now synthesize Ang 2, which competes with Ang 1 for binding to Tie 2, allowing dissociation of 
pericytes from the endothelium and its destabilization. In the presence of VEGF, the endothelial 
cells secrete proteases (MMP, uPA, tPA) that degrade the basement membrane of the blood vessel, 
allowing division of endothelial cells to form a sprout from the injured vessel. (B) Endothelial cells 
of the sprout proliferate to form cords of migrating cells that express PECAM and integrins on their 
surfaces. Cell division and migration are promoted by different sets of growth factors. Migration 
also requires several substrate molecules such as fibronectin (Fn), thrombospondin (Ts), hyaluronic 
acid (HA), and laminin (Ln). As the cords grow, the cells closest to the old vessel flatten and arrange 
themselves into tubules, which requires the secreted protein, EgFl7. Reprinted from Stocum, 2012. 

127 

Fibrosis / Fibrous encapsulation 

The final stage of healing response to biomaterials is considered as fibrosis or fibrous 

encapsulation. Nevertheless, there may be exceptions to this outcome if porous material has 

been inoculated with cells or porous material have been implanted into the bone and created a 

scaffold which can be integrated and replaced by newly formed structure.113  

The repair of implant sites occurs through either regeneration or replacement. 

Regeneration is the reconstitution of damaged tissue by identical cells. Whereas replacement is 

the substitution of damaged tissue with connective tissue that forms a fibrous capsule. Both 

processes are usually determined by the either proliferative capacity of the cells in the receiving 

tissue, the degree of injury in relation to destruction, and/or by the persistence of the tissue 

framework of the implant site. Moreover, the cells which take place in regeneration can be 
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divided into three groups depending on their replicative capacity. Labile cells include the 

epithelia of ducts, hematopoietic stem cell, and epidermis. Injury to labile cells is rapidly repaired 

due to the fast tissue repair response. Stable (expanding) cells have a long-life span and divide 

at a very slow rate (parenchymal cells of the liver, kidney, and pancreas). Whereas, permanent 

(static) cells do not replicate and cannot recreate themselves, e.g. neurons, skeletal myocytes 

and cardiomyocites.113,115 Therefore, in theory, only tissues involving labile and stable cells can 

be perfectly repaired with reconstitution of normal structure. To overpass that, pluripotent cells 

are being introduced nowadays to the biomaterial field. By adequate stimulation, these cells can 

potentially differentiate to the desired tissue. Alternatively, a different mechanism executed by 

the body is individual cellular adaptation to injury. In other words, cells may adapt their growth 

proliferation and differentiation and be described as follows: atrophy (decrease in cell size or 

function), hypertrophy (increase in cell size), hyperplasia (increase in cell number, only relevant 

to liable and stable cells), and metaplasia (change in cell type).116,121 

 

1.7. Evaluation methods of biocompatibility 

 

As previously stated, in order for biomaterials to be clinically applicable, they must be 

biocompatible while retaining high levels of functionality. Biocompatibility in this context refers 

to a biomaterial's ability to function without causing toxic or injurious effects on biological 

systems. Nowadays, the biocompatibility concept also encompasses biofunctionality and 

biostability in addition to bio-inertia. A biomaterial's chemical, mechanical, and structural 

properties, as well as its interaction with the biological environment, can all affect its 

biocompatibility.112 Biological evaluation of biomaterials includes a broad spectrum of in vitro 

and in vivo tests related to cytocompatibility, genotoxicity, sensitization, irritation, acute and 

chronic toxicity, hemocompatibility, reproductive and developmental toxicity, carcinogenicity, 

implantation and material degradation, as specified in different international standards (Table 

5).112-129 
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Table 5. The ISO Standard 10993-1 Guidance for Selection of Biocompatibility; Devices, type of contact, 
and potential biological effects/endpoints. Reprinted from Myers et al, 2017.128  

 
 

Materials meant for internal use must be able to function in a living organism without 

causing any negative local or systemic reactions, such as immune, allergic, or inflammatory. The 

evaluation process for a biomaterial is not only about it being bio-inert, but also biostable and 

biofunctional. This is a key concept that depends heavily on the material's properties (texture, 

crystallinity, wettability, surface chemistry, breakdown products, charges, stiffness), its 

interaction with the biological environment of the targeted tissues (adsorption of proteins, 

inflammatory processes), the length of time the device is meant to be used, and the type of 

application.130 

In order to fully assess a biomaterial's potential usefulness, a wide variety of in vitro and 

in vivo tests must be conducted. According to North American Material Science Association 
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(NAMSA), medical devices safety is divided into a four-phase approach (Figure 12)112 The first 

phase of material characterization involves assessing the chemical, physical and biological 

properties of the components. The second phase is biocompatibility testing to determine which, 

if any, tests need to be performed. The biocompatibility of biomaterials is typically evaluated 

using guidelines from the International Organization for Standardization (ISO10993). The third 

phase pertains to product and process validation while the last phase covers release and audit 

testing procedures. The last phase refers to animal testing which is a final point before clinical 

trials. It is important to mention that the final product as well as its solo components should be 

tested as their (cyto)toxicity might be related to their individual status.112,129 

Figure 12. A four-phase approach for safety evaluation of medical devices (NAMSA). Reprinted 
from Inayat-Hussain et al, 2009. 112 

The use of in vitro and in vivo models is crucial for the evaluation of biomaterials. In vitro 

models allow for the study of biomaterials under controlled conditions, in the absence of a living 

organism while, in vivo models involve the study of biomaterials in a living organism. Each of 

these models has its own advantages and disadvantages, and the choice of which model to use 

depends on the specific question being asked.131 
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1.7.1. In vitro models 

 

In vitro models are generally quicker and less expensive to set up and run than in vivo 

models. They also allow for a greater degree of control over variables, as it is easier to 

manipulate conditions in a closed fully monitored environment. However, in vitro models may 

not always represent the full scope of the in vivo situation, as they do not consider the complex 

interactions between the biomaterial and the living organism. In vitro tests, especially 

cytotoxicity assays are mandatory almost for all medical devices and their components and their 

task is to detect potential future hazards.132 In vitro models involve a wide selection of cell 

systems such as immortalized cells, genetically modified cells, primary cells, and more recently 

stem cells, however the last are still not fully accepted due to their uncontrolled modalities. 

Often, the first cell type choice used by researchers to evaluate biocompatibility are fibroblast 

or fibroblast-like cells with usually incubation time no longer than 7 days. Unfortunately, 

frequently the time and cell type utilized in assay is not adequate to the future application of 

the material. In the case of testing materials which would be applied for bone regeneration or 

foreign body response evaluation, designing the study utilizing fibroblast / fibroblast-like cells as 

a cell model may provide misleading information because for this particular application 

fibroblast overexpression is not desired. Additionally, often it is not taken into consideration the 

tumour origins of cell lines used as a model which application may not fully represent required 

specific cell/ tissue profile (Table 6).131 On the other hand, cell lines maintain their genetic and 

morphological characteristics throughout an entire lifespan, are more stable and easier to 

handle. It is important that suitable experimental design must weigh the advantages and 

disadvantages and be aware of it possible pitfalls to properly address scientific question.112  

Table 6. Macrophages and macrophages-like cell lines used in biomaterial studies. Reprinted from 
Anderson, 2016.131  
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The cytotoxicity endpoints aim to demonstrate the level of harm that a biomaterial may 

cause, for instance: decreased membrane stability, increased release of cytosolic enzymes, 

metabolic impairment (ATP production), and decreased DNA synthesis or cell replication. As 

shown in Table 7, various assays have been devised to analyse the cytotoxic effect of 

biomaterials. 112 In this section, most of methods applied in the thesis will be described, namely 

MTS, Crystal Violet, Live/Dead and LDH. 

Table 7. Common examples of cytotoxicity test, Adapted from Inayat-Hussain et al, 2009.112 

  

Cell Proliferation Assay, MTS Assay 

The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) assay is a colorimetric method for determining the number of viable cells or 

cells which undergo proliferation, it is associated with cell metabolic activity. In the presence of 

phenazine methosulfate (PMS), the MTS is reduced by viable and metabolically active cells into 

a formazan product by NADPH-dependent dehydrogenase enzymes (Figure 13). The produced 

formazan dye can be quantified by measuring the absorbance at 490–500 nm. The test is often 

defined as an upgrade and simplification of MTT assay, so called “one step”, MTT which offers 

the convenience of adding the reagent straight to the cell culture without the further steps 
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required in the MTT assay that uses 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide. Additionally, the other benefit of MTS over MTT is that it is more soluble and nontoxic, 

allowing the cells to be returned to culture for further evaluation if necessary.133 

 
Figure 13. Structure of MTS tetrazolium and its formazan product. Reprinted from Technical 
Bulletin CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Promega133 

Crystal violet viability assay and direct contact test 

The Crystal Violet (CV) assay uses triarylmethane dye, which attaches to ribose type 

molecules such as DNA in cell nuclei. The method is based on staining cells which remain 

attached to cell culture plates (viable / adherent cells). While performing the assay, detached 

cells are washed away during the sample preparation step. The remaining attached, live cells 

are stained with CV. Afterwards, the crystal violet dye is solubilized and measured by absorbance 

at 570 nm. There are several pitfalls to that method, for example tested samples require 

homogenous, single-cell suspension as cell need to be adherent. There can be also high 

variability between the same samples therefore it is recommended to have more replicates. 

Crystal violet can be used also as a staining dye for viable cells. The morphological changes such 

as vacuolization, rounding and swelling can be observed through an inverted microscope. This 

test can be used only for the adjacent cells because it is based on the concept that dead cells 

lose their capability to remain attached. Viable cells, however, remain and can be stained with 

CV. The toxic effect of a substance is evaluated by the absence of stained cells in the vicinity of 

the test material.134 

Live/Dead Assay 

The LIVE/DEAD test is a two-colour assay to determine viability of cells by means of plasma 

membrane integrity and esterase activity. The outcome can be read using variable tools like flow 

cytometry, fluorescence microscopy, and fluorescence microplate readers. Ubiquitous 

intracellular esterase activity and an intact plasma membrane are differentiating features. The 

cellular differentiation of live from dead cells is performed by simultaneously staining with 
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green, fluorescent calcein-AM to indicate intracellular esterase activity and red-fluorescent 

ethidium homodimer-1 to indicate loss of plasma membrane integrity.135  

Non-Radioactive Cytotoxicity Assay, LDH 

The Non-Radioactive Cytotoxicity Assay is an alternative to 51Cr release cytotoxicity 

analyses. In general, the assay quantitatively measures lactate dehydrogenase (LDH), which is a 

stable cytoplasmic enzyme that is released upon cell lysis. The half-life of LDH enzyme that has 

been released from cells into the cell culture medium is approximately 9 hours. Released of LDH 

in culture supernatants is measured with coupled enzymatic assay, which results in the 

conversion of a iodonitrotetrazolium violet (INT) into a red formazan product (Figure 14). The 

absorbance data are collected using a plate reader.136 

 
Figure 14. Release of LDH from damaged cells is measured by supplying lactate, NAD+ and INT as 
substrates in the presence of diaphorase. Reprinted from Technical Bulletin CytoTox 96 ® Non-
Radioactive Cytotoxicity Assay, Promega. 136 

 

1.7.2. In vivo models 

 

In vivo models in biomaterials compatibility study remain the gold standard for the 

development and assessment of new biomaterials. Their use allows for the assessment of a 

material’s biocompatibility in a living system, which is the best way to determine how a material 

will interact with the human body. In vivo models also allow for the study of long-term effects 

of biomaterials, which is important for the development of materials for implantable devices. 

Additionally, in vivo models can be used to study the interactions between biomaterials and 

cells, which is essential for the development of new biomaterials. Nonetheless, their use is 

associated with a number of ethical and practical issues.137,138 
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In vivo models are more representative of the real situation, as they allow for the study 

of biomaterials in their natural environment. However, they are more expensive and time-

consuming to set up and run than in vitro models. In addition, it is more difficult to control 

variables in an animal model, as the interactions between the biomaterial and the living 

organism are more complex.  The ISO 10993-6:2016 guidelines refer to the assessment of the 

local effects post implantation of biomaterials proposed for use in medical devices such as: solid 

and non-absorbable, non-solid, such as porous materials, liquids, gels, pastes, and particulates, 

and degradable and/or absorbable, which may be solid or non-solid.137,138 For the evaluation of 

the biological safety of the material, the test sample is implanted into a site and animal species 

appropriate for the evaluation and intended application. The purpose of these test methods is 

to study the history and evolution of the tissue reaction to medical device/biomaterial implants, 

including the extent fibrosis and inflammation, tissue degeneration, immune cell response in 

terms of numbers and distribution, necrosis and apoptosis, tissue alterations (vascularization, 

bone formation, fat infiltration and granuloma development), quality and quantity of tissue 

ingrowth and final absorption or degradation of the material. These tests are particularly 

important for degradable/absorbable materials, in order to determine the degradation 

characteristics of the material and the resulting tissue response.139 

The ISO 10993-6:2016 guidelines does not specifically address systemic toxicity, 

carcinogenicity, teratogenicity, or mutagenicity. However, long-term implantation studies 

evaluating local biological effects might provide some insight into these properties. Both control 

and test samples should be implanted under identical conditions in research animals that are 

the same species, age, sex, and line. The number and size of the implants per animal depend on 

the size of the animal and the anatomical placement of the specimen. For the most accurate 

results, it is recommended that control and test specimens be implanted in the same animal. 

While choosing a species of laboratory animal for testing in conformity with ISO 10993-2, various 

factors should be considered, such as the size of the test specimens to be implanted, the number 

of test specimens per animal, the expected duration of the test, the lifespan of the animal, and 

potential species differences in biological response. Often, short-term studies are performed on 

small rodents or rabbits mostly due to economic reasons and long-term studies can be carried 

out on small rodents, rabbits, dogs, sheep, goats, pigs and other suitable animals with a relatively 

long lifespan.139-146 There are many animals’ models to study biocompatibility of soft and hard 

tissue however the most common are:  
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Subcutaneous (subcutis) implantation model in small rodent 

Rodents (mice and rats) are frequently used to evaluate the ability of tissues repair to its 

damage. Their skin regeneration capacity is much faster and more efficient than in other animal 

species. The subcutaneous pocket interchangeably called subcutis screening test might be used 

to evaluate the compatibility of both soft and hard tissue materials, specifically inflammatory 

response, cellularization of the extracellular matrix, and angiogenesis validation. Screening tests 

evaluating biocompatibility (by measuring the host’s reaction to foreign material) in the subcutis 

can give insights into potential risks of harm associated with any substance entering the body. 

Thus, subcutis is often the first tissue where biocompatibility of any material for clinical 

application is assessed. Additionally, different hard biomaterials intended for bone treatment 

are also firstly tested for biocompatibility and harmlessness in soft tissue (e.g., the subcutis). 

The concept behind this is that if a material is not biocompatible with subcutaneous tissue, it is 

unlikely to be compatible with bone tissue. Testing in this order is more humane to experimental 

animals as well as is more efficient in terms of time, costs, and low complexity level of the 

procedure (Figure 15). 138

Figure 15. Subcutaneous implantation model in rat, (A) 3–4 month Wistar rat with average weight 
of 250-350 g, animal preparation for the procedure, (B) Perpendicular, midline scalpel incision 
performed under sterile conditions in subscapular region in dorsal part of the animal (C, D) Four 
hydrogel disc implantation into 4 different subcutaneous pockets (E) Wound closure with sutures 
(J) Explant, black arrows indicate the material area. Adapted from Prokic et al, 2022.138
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Cranial critical size defect (CSD) model in rabbit  

Rabbits are a popular choice for animal experiments as they are easy to handle and have a high 

bone turnover rate. They also reach full maturity within 6 months. Rabbit cranial and femur CSD 

are the first choice for basic verification of bone graft materials and evaluations of bone tissue 

regeneration, repair, and remodelling. A CSD is a size defect in bone which is beyond body’s 

ability to repair it naturally. These defects are studied in different bones used in implantology. 

Though there are only slight variations in bone composition between rabbits and humans, it is 

crucial to take these into account when selecting an animal model, as they can influence the 

results of the experiment. Most bone defect models are located in the femur, tibia, radius, 

mandible, and the cranium. The cranial model is best suited for implantation among the options 

available, given its biological inertness due to factors such as poor blood supply and limited bone 

marrow. Scar tissue formation is not a common occurrence in bone when compared to other 

tissues such as cartilage. Despite its regenerative potential, bone is not able to completely heal 

in more extensive fractures or when faced with bigger defects. Bone grafting is the process of 

implanting bone tissue, either alone or in combination with other materials, in order to promote 

bone regeneration. This is done through processes such as osteogenesis, osteoinduction and 

osteoconduction (Figure 16). 147 There are several factors to consider when choosing the ideal 

bone graft, such as tissue viability, damage size, graft size, shape, graft volume, biocompatibility, 

biomechanical capabilities, and cost (Figure 17). 138 

 
Figure 16. The three vital processes for bone regeneration. The scaffold network allows the 
migration of the cells (osteoconduction). Subsequently, the growth factors provided by the 
vascular supply induce the cellular proliferation (osteoinduction). Finally, the osteoblasts form new 
bone tissue (osteogenesis). Adapted from Bernardi et al, 2020.147 
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Figure 17. Cranium critical size defect model in rabbit (A) Animal preparation for the procedure (B) 
Perpendicular, midline scalpel incision performed under sterile conditions in in dorsal part of the 
cranium, (C-D) Four defects of 5 mm diameter were made in each calvaria and implantation of 
material was performed (E) Wound closure with sutures (F) Explant, black arrows indicate the 
material area. Adapted from Prokic et al, 2022.138 

Any animal research necessary for the development of new drugs or biomaterials that will 

be used in both veterinary and human medicine must follow current ethical standards and 

justification must be provided for any experimental work performed. Research assessing the 

biocompatibility of new biomaterials generally utilize rats and rabbits instead of dogs, pigs or 

monkeys. To minimize the number of additional and repeated experiments, it is crucial that the 

research results are clear and precise. This not only reduces the pain, suffering and stress 

experienced by experimental animals, but also provides valid data for further evaluation and use 

of the biomaterial for clinical purposes. Finally, it is crucial to validate in vitro results with in vivo 

studies before any claims are made or hypotheses proposed. In the literature, it is common to 

find overstated claims based only on in vitro results that are not verified by in vivo studies. If a 

biomaterial is being considered for use in a medical device or prosthesis, in vivo validation of 

any in vitro results is essential.137 
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Histological analysis 

The biological/host response to the material is evaluated by the results of macroscopic 

and histopathological analysis gained at specified time intervals after implantation, for example 

3, 10, 15, 30, and 60 days. After humane euthanasia, the specimens are removed together with 

up to 5mm of surrounding macroscopically unchanged tissue. For most materials and dyes, 

chemical fixation in 10% formalin for at least 24 hours without light exposure is advised. Other 

fixative methods such as methanol based, or cryopreservation are also possible. After fixation 

in case of hard materials as for example titanium, plastic etc., the implants need to be removed 

prior further processing. In these situations, capsule and it surrounding tissue reflects the 

implantation area. When samples contain bone tissue decalcification step is required by usually 

using EDTA solution until it softens.  In case of most common paraffin embedding of specimens, 

the samples need to overgo progressing concentrations of alcohol (70-100%) followed by xylene 

clearance and paraffin wax infiltration. Afterwards, paraffin blocks with a specimen present in 

the middle can be cut using microtome into 3-5 µm section, affixed on the polarized glass slide 

and deparaffinized for further staining procedure. Different staining techniques are used to 

identify particular structures, cells, tissues, or collagen depositions.146-151 

The most common staining is Hematoxylin-Eosin (HE) which as combination of two 

histological stain: hematoxylin that stains nuclei in dark purple or blue and eosin that stains the 

cytoplasm and extracellular matrix (ECM) of cells in pink. Hematoxylin, when used with a 

mordant, is often said to produce a basic, positively charged, or cationic stain. Eosin is a 

negatively charged stain that is acidic in nature.148,152 However, structures do not have to be 

acidic or basic to be called “basophilic” or “eosinophilic”; these terms originated from the affinity 

of cellular elements for the dyes. HE stains does not always give enough contrast to differentiate 

all tissues parts, cellular structures, therefore more specific stains, and methods are being 

employed in biomaterial research, such as: Heidenhain's AZAN trichrome stain (AZAN), Masson-

Goldner's trichrome stain and Tartrate-resistant acid phosphatase (TRAP) stain, 

immunohistochemistry (IHC) and immunofluorescence (IF).  

Heidenhain's Azan Stain 

Heidenhain's Azan stain is a trichrome staining technique described by Martin Heidenhain, and 

later named after two of the dyes used: azokarmin and anilinblau. It contains different 

composites: azocarmine B or G, aniline-alcohol, phosphotungstic acid and a mixture of aniline 

blue and orange G. The differentiation of the azocarmine (aniline-alcohol followed by PTA) is a 

critical step that leaves red color only in nuclei, erythrocytes, some secretory granules, and glial 

scar tissue. Most of the cytosol is orange. Collagen fibers (including reticulin) and basement 
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membranes are blue. AZAN staining is often applied to visualize fibrotic alterations in the tissue 

(e.g., liver sclerosis).153 

Masson-Goldner Stain 

Masson-Goldner trichrome staining is a method used to stain muscle fibers and collagen in 

tissues. The Fast Green dye in the staining method binds to collagen, which turns the collagen 

green. Masson-Goldner's trichrome is used to visualize an increase in collagen in functional 

tissues. This is particularly useful for identifying scar tissue but can also be used to differentiate 

smooth muscle fibers and collagens. The components of the Masson-Goldner trichrome are 

three dyes: Weigert's hematoxylin for nuclei, a mixture of acid dyes (Fuschine Biebrich acid 

scarlet) for cytoplasm and brilliant green for collagen.149 

TRAP Stain 

The TRAP Staining is used for the staining of tartrate-resistant acid phosphatase presence in 

osteoclasts, activated macrophages, osteoblast and MNGCs. Bone mass is controlled by the 

balance between the activity of osteoblasts and osteoclasts. The role of TRAP in osteoclast 

migration and differentiation has been widely studied in the context of biomaterial research. It 

has been suggested that presence of TRAP positive cells may result in higher vascularization rate.  

Additionally, TRAP-null mice have been found to have irregular bone microarchitecture, in 

addition to the condition of osteopetrosis. This has led to the hypothesis that TRAP is necessary 

for the proper initiation and proliferation of osteoclasts.154 

Immunohistochemistry (IHC) and immunofluorescence (IF) 

Immunohistochemistry (IHC) and immunofluorescence (IF) are staining techniques based on the 

reaction of antibodies with specific antigens. These methods can be used to examine the 

distribution of targeted proteins within a cell or tissue inspected sample. The specific antigens 

to which the antibodies may bind to can be found in a number of areas of the cells, including the 

cytoplasm, nucleus, lipids, proteins and cell membrane. The main difference between these two 

techniques is visualization method. While IHC utilizes chromogen, and the obtained result can 

be observed using brightfield microscope. IF technique uses fluorochrome, which once excited 

emits a light at a specific wavelength and the outcome can be observed with a fluorescence 

microscope.155,156 
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1.8. Goals and research overview 

Biomaterials have had an enormous importance on the development of medicine over 

the course of history. In particular, the advancement of fabrication and functionalization 

methods has contributed towards the creation of safer and more specialized materials. 

However, despite all the improvements so far, there is much we do not understand regarding 

our bodies’ response to a given substance.  

In this thesis, I aim to study the biological response against different types of biomaterials:  

• Synthetic materials 

• Nature-derived materials 

o Autologous materials 

o Xenogenic materials 

In the case of synthetic materials, the aim was to study understand the role of different 

functionalization strategies (biological and physical) of polystyrene, silicone, and titanium in the 

initial host response. In particular, cell attachment to the materials was evaluated. Additionally, 

I have investigated cell differentiation and adherence to these materials in vitro and assessed 

the tissue response to silicone during in vivo implantation. 

The study of nature-derived materials has been divided in two different categories 

depending on their origin: autologous and xenogenic. 

The investigation of autologous materials focuses on platelet rich fibrin, a naturally 

derived hydrogel obtained from the host peripheral blood. Here the objective was to determine 

how different preparation methods by varying relative centrifugal force and centrifugation time 

were tested for growth factors storage capacity and release as well as cellular retention within 

the matrix. Moreover, an in vivo implantation model was employed to evaluate tissue reaction.  

Different collagen membranes were studied as representative of xenogenic materials. The 

goal of this study was to measure cellular permeation into the membrane and its liquid 

absorption by applying liquid PRF system. Furthermore, an in vivo implantation model was 

utilized to establish host tissue response, in particular, multinucleated giant cell formation and 

their impact on neovascularization.  

Finally, in addition to previously described work, I participated in the study of potential 

therapeutic effect of a novel anti-cancer agent, pyrrolopyrimidine (PP-13). 
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2. Study of biocompatibility of synthetic biomaterials 

 

By nature, synthetic materials are not biocompatible and special treatment or surface 

functionalization needs to be applied to make them both functional and biocompatible. During 

the past 50 years, many medical devices made of metal have been replaced by those alloys made 

of ceramic and polymers. This is due to advances in ceramic and polymer technology, as well as 

their improved biocompatibility and biofunctionality. Even so, more than 70% of surgical 

implants and over 95% of orthopedic implants still consist of metal.1 This is because metal 

materials have large fracture toughness and durability. Titanium (Ti) and its alloys are widely 

used in the medical and dental fields because of their corrosion resistance, large specific 

strength, and high performance. However, there are several disadvantages to using metals as 

biomaterials with the major one being the lack of biofunctionality. To make metals more 

biocompatible and biofunctional, surface modifications are necessary.2-5 This is because merely 

manufacturing metals through processes such as melting, casting, forging, and heat treatment 

will not promote biologically adequate qualities. Surface functionalization is a process that alters 

the surface morphology, structure, and composition, without affecting the bulk mechanical 

properties. Additionally, arising problem of antimicrobial resistance as well surgical secondary 

infections due to implantations raise a call for development of surfaces with bactericidal 

properties. A variety of surface treatment techniques have been investigated however most can 

lead to a raise in bacterial resistance, which may ultimately lead to the birth of superbacteria 

(i.e. bacteria resistant to known antibiotics). Recently the idea of mimicking cicada or dragonfly 

wings was brought to light. These surfaces contain nanoscale structures which have mechanical 

bactericidal properties, opposed to traditional chemical-based approaches. In principle this new 

approach may counter the formation of biofilms as well as bypass bacteria drug resistance.  

In order to investigate and understand how different functionalization strategies of 

surfaces (polystyrene, silicon, and titanium) affect mammalian cell response in vitro and in vivo 

studies were performed. In particular, protein adsorption to black silicon (BSi), a silicon-based 

nanostructured surface, was investigated to determine the effect of the nanoscale topography 

on protein adsorption. The effects of protein coating to promote cell attachment and 

differentiation were also studied using PC12 cells. In vitro and in vivo studies were performed 

on BSi to assess its biocompatibility while still displaying bactericidal properties. Additionally, a 

similar surface topography has been applied to titanium in order to improve the cellular 

response. 
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3.2.1 Abstract 

The protein adsorption of two human plasma proteins, albumin (Alb) and fibronectin (Fn) 

onto synthetic nanostructured bactericidal material, black silicon (bSi) surfaces (that contain an 

array of nanopillars) and silicon wafer (non-structured) surfaces, were investigated. The 

adsorption behavior of Alb and Fn onto two types of substrata were studied using a combination 

of complementary analytical techniques. A two-step Alb adsorption mechanism onto the bSi 

surface has been proposed. At low bulk concentrations (below 40 μg/mL), the Alb preferentially 

adsorbed at the base of the nanopillars. At higher bulk concentrations, the Alb adsorbed on the 

top of the nanopillars. In the case of Fn, the protein preferentially adsorbed on the top of the 

nanopillars, irrespective of its bulk concentration. 

3.2.1 Introduction 

The interactions of proteins with nanostructured biomaterials have been in focus of 

intensive research for several years.1-5 High aspect ratio nanostructured surfaces have been 

utilized in various applications such as drug delivery systems,6-7 biosensors,8-9 cell guidance10-11 

and in the construction of antibacterial biomaterials.12-14 When an implantable material is 

introduced into the host, a conditioning film of adsorbed plasma proteins is instantaneously 

formed on its surface.15-17 This protein layer may either stimulate the repair of the wound, cell 

adhesion and tissue integration, or trigger the clotting of blood, or initiate a severe inflammatory 

response and the subsequent isolation of the implanted material.16-19 In some instances, an 

enhanced degree of protein adsorption has been observed on these nanostructured surfaces, 

however there have been some inconsistences in the reported results. For example, Hammarin 

et al. showed that laminin, a component of the extracellular matrix, could trigger the formation 

of cellular focal adhesions.20 This resulted in a four-fold increase in the adsorption of laminin 

onto gallium phosphide nanostructured surfaces containing nanowires compared to that 

obtained on flat gallium phosphide control surfaces. Kim et al. reported that the adsorption of 

bovine serum albumin, IgG and fibronectin increased 1.2 – 3 times depending on the proteins, 

on nanopillar structured polyethylene glycol (PEG) surfaces compared to that observed on the 

non-structured PEG control surfaces.21 Whereas, a series of titanium films containing different 

grain sizes at nanoscale roughness (root mean square roughness, Sq) ranging from 2 nm to 21 

nm has been shown to have no statistically significant difference on either bovine serum albumin 

or human plasma fibrinogen adsorption.22  
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Figure 1. Visualization of black silicon (bSi) with adsorbed proteins after 1 h of interaction. (a) 
Surface of flat control silicon wafer and nanopillar bSi after 1 h incubation with PBS solution (0 
μg/mL protein concentration), and the typical dimension and spacing of the naopillar structure of 
bSi surface. Typical 45° tilted SEM images of bSi interacted with (b) albumin (Alb) at concentrations 
of 0.4, 4.0, and 40.0 μg/mL, and with (c) fibronectin (Fn) at concentrations of 0.3, 3.0, and 30.0 
μg/mL. The pillar clusters were highlighted by false color for comparison. The corresponding 
distributions of nanopillar clusters were presented to indicate the changes in the cluster size 
(diameter) as the concentrations of proteins increase. A stepwise adsorption behavior was also 
proposed for each of the protein when interacting on bSi surface at different concentrations. Scale 
bar = 500 nm. 
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Despite several excellent papers being published on this topic,23-25 the interaction of 

plasma proteins with nanostructured surfaces is not fully understood due to the complex 

interplay of chemical and physical interactions taking place when these proteins come into 

contact with the liquid-solid interface.22-23,26-28 This study aimed to investigate the adsorption 

behavior of two plasma proteins, fibronectin and albumin, on the surface of nanostructured 

black silicon (bSi). Fibronectin is the extracellular matrix protein responsible for cell adhesion 

and wound healing,29-30 and albumin is one of the most abundant proteins found in blood 

plasma.18,31 Black silicon is a high aspect ratio nanostructured surface, which has recently been 

reported to possess broad spectrum antibacterial behavior that arises from the surface having 

the ability to mechanically rupture any bacterial cells coming into contact with its surface, 

leading to their death.14 This type of mechano-bactericidal surface is an attractive alternative for 

existing biomaterial surfaces, as it allows the surface to eliminate bacterial contamination. 

Therefore, studying the human plasma protein adsorption on such potential topography is 

necessary to understand the role that this adsorption plays in medical implant application. Here, 

we comparatively analyzed the protein specific adsorption of human serum albumin and 

fibronectin onto nanostructured black silicon surfaces. In order to clarify the adsorption patterns 

of the Alb and Fn proteins, a combination of complementary analytical techniques was 

employed; AFM was used to perform an extended surface roughness analysis, Raman 

spectroscopy was used for surface characterization, XPS was used for protein quantification, and 

AFM with SEM were applied for visualization and topographical analysis of the protein 

adsorption. 

3.2.2 Experimental  

Surface fabrication 

A 100 mm diameter silicon wafer (Atecom Ltd, Taiwan), possessing a thickness of 525 μm 

± 25 μm and a particular resistivity of 10-20 Ω cm-1, was subjected to reactive ion etching (RIE) 

using SF6 and O2 over five minutes to produce the black silicon (bSi) using an Oxford PlasmaLab 

100 ICP380 instrument (Oxford Instruments, Concord, MA, USA) as described elsewhere.14, 32 

Each bSi and ‘as-received’ silicon control surface wafer was cut into 1.0 cm2 squares and 

sterilized using a 70% ethanol solution prior to each experiment. 
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Protein adsorption 

Human plasma fibronectin (Fn) and albumin (Alb) were obtained from Invitrogen and 

Sigma-Aldrich, respectively. The protein solutions were prepared in sterile 10 mM phosphate 

buffered saline (PBS, pH 7.4) at the concentrations of 0.3, 3.0, 30.0 μg/mL for Fn and 0.4, 4.0, 

40.0 μg/mL for Alb. The bSi samples were placed into contact with these protein solutions by 

immersing them into 300 μL volumes of the protein solution at each concentration and allowed 

to incubate for one hour at 37 °C. The samples were then washed with copious quantities of 

MilliQ water to remove any unbound protein molecules prior to further analysis. The final results 

were derived from the average of at least three independent experiments, with two technical 

replicates being performed for each experiment. 

Raman spectroscopy 

Detection of air, which may be trapped within the nanopillar-structured surface of the bSi, 

was performed using a Raman micro-spectrometer (WiTEC, Ulm, Germany) with a laser 

wavelength of 532 nm (hv = 2.33 eV). A water-immersion 60 × magnification objective lens 

(numerical aperture = 0.9) was employed to map the homogeneity of the water distribution over 

the middle-top plane of the bSi nanopillars, located 200 nm from the base of the pillars. A grid 

of 100 spectra × 100 spectra was acquired for a 2 μm × 10 μm scanning area, with an integration 

time of 0.2255 s per spectrum. Scanning was conducted after the bSi samples had been allowed 

a period of one hour of contact with the water at room temperature. 

Scanning electron microscopy (SEM) and image analysis 

High resolution SEM images were obtained at 3 kV under 50,000×, 100,000× and 200,000× 

magnification at three different angles, including top view, 45° tilted view and a 90° tilted view 

using a ZEISS SUPRA 40VP field-emission scanning electron microscope (Carl Zeiss NTS GmbH, 

Oberkochen, BW, Germany). A quantitative morphological analysis was carried out with top-

viewed images at 50,000× and 100,000× magnification using ImageJ software ver. 1.61 

(http://imagej.nih.gov/ij). The threshold in the SEM images was altered to portray the boundary 

of the nanopillars and their clusters at the uppermost plane, the location at which the protein 

came into contact with the surface of the BSi. A particle analyser plugin was utilized to estimate 

the size and distribution of clusters within a specific population. 
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X-ray photoelectron spectroscopy (XPS) 

XPS analysis was performed using a Thermo Scientific™ K-alpha X-ray Photoelectron 

Spectrometer (ThermoFischer™), equipped with a monochromatic X-ray source (Al Kα, hν = 

1486.6 eV) operating at 150 W. The spectrometer energy scale was calibrated using the Au 4f7/2 

photoelectron peak at a binding energy (EB) of 83.98 eV. During analysis, the samples were 

flooded with low-energy electrons to counteract any surface charging that may take place. The 

hydrocarbon component of the C 1s peak (binding energy 285.0 eV) was used as a reference for 

charge correction. Photoelectrons emitted at 90° to the surface from an area of 700 μm × 300 

μm were analyzed with 160 eV for survey spectra and then with 20 eV for region spectra. Survey 

spectra were recorded at 1.0 eV/step, while the region spectra were taken at 0.1 eV/step. The 

Shirley algorithm was used to measure the background core level spectra and chemically distinct 

species in the high-resolution regions of the spectra were resolved using synthetic Gaussian–

Lorentzian components after the background was removed (using the Thermo Scientific™ 

Avantage Data System). The relative atomic concentration of elements determined using XPS 

was quantified on the basis of the peak area in the selected high resolution region, with the 

appropriate sensitivity factors for the instrument being used. High resolution scans were 

performed across each of the nitrogen 1s and silicon 2p3/2 and 1/2 peaks. 

Atomic force microscopy (AFM) 

The surface topography of the bSi (both with and without adsorbed protein) was examined by 

using an Innova® atomic force microscope (AFM) (Bruker, USA). The tapping mode of analysis 

was employed for all samples, and all experiments were conducted under ambient temperature 

conditions using a phosphorus doped silicon probe (MPP- 31120-10, Bruker, USA). AFM scans 

obtained from 10 μm × 10 μm surface areas were processed using Gwyddion software (available 

at www.gwyddion.net).33 A set of roughness parameters, including arithmetic average height, 

also known as average roughness (Sa), root mean square deviation from the mean plane (Sq), 

maximum roughness (Smax), skewness (Sskw), kurtosis (Skur), mean of maximum peak to valley 

height (Stm) and average wavelength (λa) was determined, as described elsewhere.34 

Statistical analysis 

The data were statistically analyzed using one-way ANOVA using the SPSS 16.0.1 software (SPSS 

Inc., Chicago, IL, USA). Statistically significant differences were considered if p-values were less 

than 0.05 (* p < 0.05). 
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3.2.4 Results and discussion 

Surface topology of bSi 

The adsorption of two human plasma proteins onto nanopatterned black silicon surfaces 

was studied. bSi surfaces are composed of a disordered array of hierarchical nanopillars (Figure 

1a). The nanopillars existed as random single pillars or in small clusters, such as dimers or 

trimers. The upper part of the nanopillars have a conical shape, with the tip being approximately 

19 nm wide, and the diameter of the middle and base being typically 67 nm and 39 nm, 

respectively. The average length of the nanopillars is approximately 617 nm and the pillar 

density was approximately 24 pillars/μm2. The average distance between adjacent pillars was 

185 nm, with no preferential orientation. The detailed physicochemical properties of the black 

silicon surfaces, comprising surface chemical composition, surface hydrophobicity and surface 

crystallinity, have been reported elsewhere.14, 35 The surface geometry of the bSi, including the 

pillar cluster distribution and the average frequency of adjacent nanopillars, were as previously 

described.32 

Detection of micro/nano air bubbles trapped within the nanopillars 

In order to determine the adsorption behavior of the proteins as a function of the surface 

area of the BSi, it was important to determine the surface area of the bSi that was exposed to 

the aqueous solution. Any trapped air in the form of micro-/nano-bubbles within the nanopillars 

on the bSi surface would reduce the surface area36-37 that was available for protein adsorption. 

A depth Raman spectroscopic analysis of a bSi sample immersed in water showed that 

homogenous spreading of the water took place over the surface, filling the interspace between 

pillars, clearly indicating the absence of entrapped air (Figure S1). If micro- or nano-air bubbles 

had been retained on the bSi surface after it was immersed in water, they would have been 

visible when mapping the distribution of the O-H bonds on the surface (being part of the water 

phase) using Raman spectroscopy, with a significant reduction in the O-H peak intensity being 

observed when bubbles were present on the surface.37-39 No such reduction was observed, and 

hence the total bSi surface area was available for protein adsorption. 

SEM visualization and image analysis of the proteins adsorbed onto the bSi substrata 

Typical SEM images, together with analysis of the nanopillar distribution with adsorbed 

Alb and Fn, are presented in Figure 1b and 1c. It can be seen that pillar clustering took place 

upon Alb adsorption, with the clusters being an average size of approximately 83 ± 3.5 nm for 
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each of the different protein concentrations. In contrast, a shift in the nanopillar clustering was 

observed during Fn adsorption with an increasing cluster size being observed as the bulk protein 

concentration levels were increased. At a concentration of 0.3 μg/mL, the greatest number of 

clusters appeared, with a diameter of approximately 70 nm. This value slightly increased to 108 

nm when a concentration of 3 μg/mL of fibronectin was applied, rising to approximately 129 nm 

when the highest applied fibronectin concentration of 30 μg/mL was applied. 

 

Figure 2. Atomic force microscopy (AFM) images of bSi surfaces with adsorbed proteins after 1 h 
of interaction. Each image represented a 10 μm × 10 μm scanning area with a typical surface line 
profile of bSi interacted with (a) albumin (Alb) at concentrations of 0, 0.4, 4.0, and 40.0 μg/mL and 
(b) fibronectin (Fn) at concentrations of 0, 0.3, 3.0, and 30.0 μg/mL. Scale bar = 2.0 μm. False color 
scale bar is shown in units of nm. 

AFM analysis of the changes in bSi surface topography as the adsorption of proteins 

An AFM surface roughness analysis showed that the average roughness of the bSi surface 

was 58.8 nm. With increased levels of protein adsorption, the surface roughness gradually 

increased. For example, the average roughness (Sa), of the surface increased from 64 nm to 115 

nm for Alb and from 84 nm to 113 nm for the increasing bulk protein concentrations of Fn (as 

shown in Figure 1b and c, Figure 2 and Table 1). An analysis of the other typical surface roughness 

parameters revealed a similar trend, the results of which are presented in Table S1. Despite 

being recognized as the most commonly used surface roughness parameter, the average 

roughness alone is not sufficient to describe the amplitudinal variations of a surface; it is 
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common for two surfaces to have very different surface structures but exhibit identical Sa 

values.40-42 Two complementary surface parameters are the ‘mean of maximum peak to valley 

height’ (Stm) and the ‘average wavelength’ (λa). These parameters were employed to allow a 

more detailed surface characterization to be undertaken. Stm is the mean of the maximum peak 

to valley heights measured within the length of a profile; in this case, any change in the Stm would 

provide information regarding the location of adsorbed protein, whether it is on the tips of the 

pillars (increasing the Stm) or in the valley between the nanopillars (decreasing the Stm). Another 

parameter, λa is the average spacing between the local peaks and valleys, which is taking into 

account the relative amplitudes and individual spatial frequencies. Any change in this parameter 

would imply the presence of a possible build-up of adsorbed proteins along the nanopillars. An 

AFM analysis of Stm and λa parameters confirmed that the adsorption behavior of the albumin 

on the bSi surface was dissimilar to that observed for the fibronectin. 

Table 1. Statistical Analysis of the Black Silicon (bSi) Surface Topography, as a Function of the Initial 
Applied Protein Concentrations, Including the Control bSi Sample with PBS, Starting at 0.0 μg/mL 

 

XPS analysis of adsorbed proteins 

Adsorption of Alb and Fn from the bulk protein solutions of concentration 0.4, 4.0, 40.0 

μg/mL and 0.3, 3.0, 30.0 μg/mL, respectively, was analyzed according to the XPS data (Figure 3 

and Table 2) based on the amount of nitrogen retained on the bSi.43 Both proteins were found 

to be equally weakly absorbed from low bulk concentrations on both the bSi and control silicon 

surfaces. Similar results were reported for glass (flat) surfaces, bare silica and the hydrophobic 

surface of self-assembled mono-layers (SAMs).44-46  

 

 protein concentration 

(μg/mL) 
arithmetic average height, 

Sa (nm) 
mean of maximum peak-to-valley height, 

Stm (nm) 
average wavelength, 

λa (nm) 

PBS 0.0 58.8 ± 7.7 149.9 ± 33.8 160.7 ± 26.3 

albumin 0.4 64.4 ± 14.3 106.3 ± 33.5 189.3 ± 7.0 

 4.0 72.4 ± 18.5 101.7 ± 19.4 164.2 ± 18.1 

 40.0 115.4 ± 16.7 215.9 ± 38.6 154.7 ± 13.6 

fibronectin 0.3 83.7 ± 6.9 235.8 ± 23.6 160.0 ± 7.6 

 3.0 118.8 ± 6.1 236.3 ± 42.3 177.3 ± 13.3 

 30.0 113.0 ± 4.6 247.8 ± 30.7 172.7 ± 7.0 
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Figure 3. XPS spectra showing the elemental nitrogen (N 1s) present on bSi after the adsorption of (a) 
albumin (at 0.0, 0.4, 4.0, and 40.0 μg/mL) and (b) fibronectin (0.0, 0.3, 3.0, and 30.0 μg/mL). 

 
With increasing bulk protein concentration, the level of Alb adsorption onto the bSi 

surfaces increased in comparison to that observed on the control silicon surfaces; with the 

converse being observed for the Fn adsorption experiments. After one hour of incubation, the 

amount of protein that had adsorbed onto the bSi substrate was found to be less than that 

observed on the flat silicon wafer substrate, despite the substantially greater bSi substrate 

surface area. This phenomenon can be attributed to a change in the conformation of the protein, 

which caused the protein molecules to occupy a greater surface area per molecule within a 

specific time frame. This increased conformational surface area would effectively mask the 

influence of the increased surface area, leading to a lower than expected protein surface 

coverage being observed. This effect has been previously reported for Fn adsorption onto rough 

tantalum surfaces.46  

The attachment behaviour of the two proteins investigated in this study was found to be 

protein-specific, as shown in Table 2. With increasing bulk concentrations, the amount of Alb 

that was adsorbed onto the surface incrementally increased. The Fn displayed rather poor 

adsorption under low bulk concentration conditions on the bSi substrate in particular, while at 

the higher bulk concentration of 30.0 μg/mL, the surface coverage was found to increase 

substantially. This result is in agreement with a previous report, which indicated that Fn 

adsorption on hydroxyapatite significantly increased with increased bulk concentration.47 It was 

suggested by these authors that under high Fn concentrations, the process of fibril self-assembly 

to form a dense network was induced, resulting in higher levels of protein adsorption.47 
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Table 2. XPS Elemental Data, Given in Terms of Atomic Percentagea of C, O, Si, and N, on bSi and Si Wafer 
Surfaces after One Hour of Protein Incubation 

 

Step-wise Alb attachment onto the BSi surface 

Statistical analysis of the surface roughness topographical parameters obtained from AFM 

scans showed that the Stm value of the BSi in the absence of protein adsorption was 150 nm 

(Table 1). When exposed to the lowest bulk concentration of Alb (0.4 μg/mL), the Stm reduced 

to 106 nm, implying a decreased distance between the tip of the pillar and the valley, thus 

suggesting that the Alb was most likely being deposited in the valley areas between the 

nanopillars. This scenario was supported by the changes observed in the λa parameter, which 

increased from 160 nm (BSi without protein) to 189 nm when exposed to a bulk Alb 

concentration of 0.4 μg/mL, indicating that the slope of the peaks had decreased as a result of 

the Alb preferentially adsorbing onto the valley sections between nanopillars. Alb has the ability 

to adopt various conformations when interacting with a surface.42, 48 The observed Alb 

adsorption behavior on the bSi is similar to previously reported theoretical prediction of 

adsorption behavior for lysozyme.49-52 In this theory, it was stipulated that the preferential 

adsorption of small globular proteins, such as lysozyme, on curved surfaces occurs as a 

consequence of increased levels of contact area being present on concave surfaces, which in 

turn increases the interaction forces existing between the protein and the surface, resulting in 

a greater level of perturbation of the protein secondary structure.49-52 Recently, it was reported 

that lysozyme preferentially adsorbs onto concave gold nanoparticle surfaces by undergoing a 

 

protein concentration (μg/mL) at. % C at. % O at. % Si  at. % N 

  Black Silicon (bSi)    

PBS 0.0 9.5 ± 1.9 40.9 ± 0.8 49.4 ± 1.5 <dlb 

albumin 0.4 9.4 ± 0.4 39.0 ± 1.6 51.2 ± 1.2 0.5 ± 0.1 

 4.0 12.7 ± 0.7 37.3 ± 0.2 48.3 ± 0.7 1.7 ± 0.2 

 40.0 25.0 ± 0.1 31.1 ± 3.2 39.3 ± 0.1 4.6 ± 0.1 

fibronectin 0.3 8.4 ± 0.7 40.7 ± 1.6 50.5 ± 1.0 0.4 ± 0.1 

 3.0 11.4 ± 1.2 38.5 ± 0.1 49.3 ± 1.3 0.8 ± 0.2 

 30.0 31.8 ± 0.7 

Silicon Wafer 
27.5 ± 3.0 33.5 ± 1.4 7.3 ± 0.4 

PBS 0.0 5.2 ± 0.8 29.5 ± 0.3 65.4 ± 1.1 <dlb 

albumin 0.4 6.8 ± 0.4 31.4 ± 0.7 61.2 ± 0.2 0.8 ± 0.1 

 4.0 9.9 ± 1.8 30.5 ± 0.1 57.9 ± 2.3 1.8 ± 0.4 

 40.0 11.8 ± 2.8 30.9 ± 0.2 55.1 ± 3.3 2.3 ± 0.6 

fibronectin 0.3 5.7 ± 1.1 31.8 ± 0.3 62.6 ± 1.5 <dlb 

 3.0 8.7 ± 0.4 32.1 ± 0.4 57.9 ± 0.1 1.4 ± 0.2 

 30.0 21.9 ± 3.3 27.2 ± 0.3 45.6 ± 3.8 5.4 ± 0.8 
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greater internal structural change than occurs in the presence of both flat and convex gold 

surfaces.53 

Since the values of Stm and λa were similar for Alb adsorption from both 0.4 and 4.0 μg/mL 

bulk concentration (Table 1), it could be suggested that adsorption patterns at these two 

concentrations would be similar. When the concentration was increased to 40.0 μg/mL, 

however, the Stm significantly increased to 216 nm, indicating that the Alb preferentially 

adsorbed onto the top of the nanopillars rather in the sessions between the nanopillars. Here, 

the λa decreased, most likely due to the consequential increase in the peak slope. This switch in 

the adsorption pattern of Alb compared to that of Fn could be considered in light of the two-

step adsorption model for lysozyme adsorption proposed by Elter et al.54 In this work it was 

shown that in the first stage of adsorption, the small globular protein would preferentially 

adsorb at the convex edges of the nano-structured surface since these edges afford the protein 

greater accessibility and increased electrostatic forces (Schematic illustration presented in 

Figure 1b). In the second step, proteins migrated via surface diffusion into the concave corners 

of the surface, or the inner space, where they were stabilized by higher dispersion interactions.54 

Fn attachment on bSi surfaces 

In contrast to Alb, Fn was most likely preferentially adsorbed onto the top of the 

nanopillars present on the bSi (Figures 1c) even at the lowest protein bulk concentration of 0.3 

μg/mL, as inferred from the increased Stm value of 236 nm (indicating an increased distance 

between the peaks and valleys). Both the Stm and λa parameters reached a plateau when the 

bulk concentration was increased to 30.0 μg/mL (Table 1). This result suggested that the Fn was 

adsorbing and forming layers after the initial deposition took place at the top of the nanopillars 

(Schematic illustration presented in Figure 1c), resulting in an unchanging peak-to-valley 

distance and average spacing between pillar clusters, as confirmed by the AFM data. A similar 

attachment pattern for bovine Fn was reported on the polymeric nanostructured surfaces, with 

the attachment pattern being attributed to the variation in surface energy being present along 

the nanostructure, as reported by Kim et al.21 Thus, it is likely that at low protein bulk 

concentrations, the fibre-like large (440 kDa, 120 nm in length and 2 nm in diameter45, 55-56) 

molecules of Fn were readily adsorbed on the upper part of the nanopillars, whereas smaller 

globullar albumin (66.5 kDa, a native ellipsoidal shape of 14.1 nm × 4.1 nm was reported57-59) 

would have preferentially attached to the concave sections between the nanopillars.18, 31, 60 At 

increased protein concentrations, both proteins were found to adsorb onto the top of the bSi 

nanopillars. 
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3.2.5 Conclusions 

The data reported in this study clearly demonstrated that the adsorption pattern of two 

human plasma proteins (Alb and Fn) on the surface of bSi was different and a function of the 

bulk protein concentration. Overall, both proteins adsorbed to a greater extent on the non-

structured silicon wafers than the nanostructured bSi surfaces at low concentrations. This 

mechanism involved the efficiency of protein molecule occupation on rough surface like bSi than 

Si wafer. A step-wise mechanism for Alb adsorption onto the bSi surface was proposed; at low 

bulk concentrations up to 40.0 μg/mL, the Alb preferentially adsorbed onto the surface in the 

valleys between nanopillars. At bulk protein concentrations above 40.0 μg/mL, the Alb 

preferentially adsorbed onto the top of the nanopillars. The Fn was found to preferentially 

adsorb onto the top of the nanopillars, independent of the bulk protein concentration. With 

increasing levels of protein adsorption taking place at the top of the nanopillars, an increased 

amount of nanopillar clustering was observed as a result of the increased protein concentration 

at that location. In this case, the inter-pillar space was not filled with proteins, despite the inter-

pillar space being filled with water. Further work is underway to investigate this phenomenon 

and to identify the bulk protein concentrations required to achieve saturation of the bSi surface. 
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3.2.8 Supplementary Data 

S1. Quantification of adsorbed protein 

The thickness and surface coverage of human serum albumin and plasma fibronectin 

on the bSi surfaces were calculated from the XPS data. The thickness of adsorbed proteins (z) 

was calculated using the overlayer equation shown below,1-8 where the bSi surface is assumed 

to have random roughness and variable emission angles:  

  

where I and I∞ are the %N recorded on the protein coated bSi surfaces, and %N present 

in each protein, respectively. λIMFP is the mean free path of N 1s photoelectrons generated from 

the protein overlayers (it is assumed to be 2.5 nm), and cos θ is the angle between the sample 

and analyser.8 In this case we use θ=57.3°: the average angle of emission for a randomly rough 
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particle-like surface for bSi surfaces and θ=0° for control silicon wafers.8 The reference value for 

I∞ is determined by calculating % N from the atomic composition for each protein which is 

obtained by submitting the sequence or the SwissProt/TrEMBL accession number for the 

protein into the PortParam calculator (http://web.expasy.org/protparam/). For human 

fibronectin this is determined to be 17.7 %N and for human serum albumin this is 16.7 %N.   

Once the thickness of each protein is determined; the surface coverage (Θ) is calculated 

in ng/cm2 assuming the density of dry protein to be 1.4 g/cm3.6 The calculation assumes the 

surface is uniformly covered with protein and occupies a volume of 1 cm × 1 cm × z.8  

𝛩 = 𝑧 × 1.4 × 102  
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Table S1. Protein Uptake on bSi and Si Wafer Surfaces Using the Overlayer Equation Obtained from XPS 
Elemental Analysis 

 

Table S2. Topographical Analysis of the bSi Surface with Protein Adsorption Taking Place at Different Bulk 
Protein Concentrations over a Scanning Area of 10 µm × 10 µm 

 

protein concentration  

(µg/mL)  

adsorbed protein mass  

(ng/cm2)  

protein molecule uptake  

(×109) (molecule/cm2)  

    bSi  Si wafer   bSi  Si wafer  

albumin  0.4  5.7 ± 0.2  17.2 ± 3.1  51.6 ± 1.8  155.8 ± 28.1  

   4.0  20.3 ± 2.3  38.8 ± 8.3  183.8 ± 20.8  351.4 ± 75.2  

   40.0  60.8 ± 0.6  52.0 ± 13.8  550.6 ± 5.4  470.9 ± 125.0  

fibronectin  0.3  4.5 ± 0.3  *  6.2 ±0.4  *  

   3.0  8.4 ± 1.9  27.8 ± 4.5  11.5 ± 2.6  38.0 ± 6.2  

   30.0  100.0 ± 6.5  126.3 ± 22.1  136.9 ± 8.9  172.9 ± 30.2  

* Below detection limit  

roughness 

parameter  
PBS  

 albumin (µg/mL)   

0.4  4.0  40.0  

S (nm) q 76.5 ± 9.4  
82.3 ± 16.9  

96.3 ± 21.4  
141.3 ± 18.7  

S  (nm) max 803.4 ± 96.8  804.6 ± 67.9  1097.3 ± 249.0  1103.4 ± 46.4  

S  
skw 

-0.4 ± 0.1  -0.5 ± 0.1  0.2 ± 0.5  -0.5 ± 0.1  

S  
kur 

1.4 ± 0.2  
1.0 ± 0.5  2.4 ± 0.4  -0.1 ± 0.3  

     fibronectin (µg/mL)   

  PBS  0.3  3.0  30.0  

S (nm)
 
q 76.5 ± 9.4  104.1 ± 7.5  144.0 ± 6.3  135.4 ± 4.6  

S  (nm)
 
max 803.4 ± 96.8  1010.4 ± 126.3  1033.9 ± 60.1  1019.7 ± 142.1  

S  
skw 

-0.4 ± 0.1  
-0.7 ± 0.1  -0.6 ± 0.2  -0.4 ± 0.1  

S  
kur 

1.4 ± 0.2  
0.3 ± 0.2  -0.3 ± 0.2  -0.5 ± 0.1  
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Figure S1. Raman activity of the water distribution on bSi surfaces. (a) Depth profile of 10 µm 
(height) × 2 µm (width) areas showing the penetrating depth of water from the tip to the foot of 
the pillars, demonstrating the absence of air retained between the nanopillars. (b) The space 
between the pillar tips and water layer, showing a homogenous spreading of water on the surface 
of bSi. Scale bar is 0.3 µm.  
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3.3.1 Abstract 

Cellular attachment plays a vital role in the differentiation of pheochromocytoma (PC12) 

cells. PC12 cells are noradrenergic clonal cells isolated from the adrenal medulla of Rattus 

norvegicus and studied extensively as they have the ability to differentiate into sympathetic 

neuron-like cells. The effect of several experimental parameters including (i) the concentration 

of nerve growth factor (NGF); (ii) substratum coatings, such as poly-L-lysine (PLL), fibronectin 

(Fn), and laminin (Lam); and (iii) double coatings composed of PLL/Lam and PLL/Fn on the 

differentiation process of PC12 cells were studied. Cell morphology was visualised using 

brightfield phase contrast microscopy, cellular metabolism and proliferation were quantified 

using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay, and the neurite outgrowth and axonal generation of the PC12 cells 

were evaluated using wide field fluorescence microscopy. It was found that double coatings of 

PLL/Lam and PLL/Fn supported robust adhesion and a two-fold enhanced neurite outgrowth of 

PC12 cells when treated with 100 ng/mL of NGF while exhibiting stable metabolic activity, 

leading to the accelerated generation of axons. 

3.3.2 Introduction 

The pheochromocytoma (PC12) cell line is commonly used in in vitro studies to examine 

neuronal differentiation and neurotoxicity implicated in neurodegenerative disease.1,2 PC12 

cells are noradrenergic clonal cells originating from Rattus norvegicus transplantable 

pheochromocytom.1 They exhibit a reversible response to nerve growth factor (NGF). After NGF 

exposure, PC12 cells acquire characteristic phenotypic properties associated with sympathetic 

neuron-like cells, which includes the inhibition of proliferation, outgrowth of neurites, and the 

possibility of being electrically excitable.1–3 Upon differentiation, the neuron-like PC12 cells start 

to express various integral proteins that are responsible for neurite growth1 and can transmit 

signals along the axons.4,5 

In laboratory conditions, PC12 cells attach poorly to polystyrene (PS) tissue culture 

surfaces4,6 where they grow mostly as floating cell aggregates.6 This poor adhesion ultimately 

results in insufficient levels of neurite outgrowth.4 Functionalization of the surface can improve 

the attachment of the PC12 cells. Previously, it was shown that the pre-treatment of the 

substratum surface with proteins, especially the extracellular matrix components, enhanced not 

only cell adhesion, but also their growth, morphology, migration, and differentiation, increasing 

their life-span.7  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
72 

Various substratum coatings used in the formation of PC12 neuronal processes have been 

reported, e.g., glycoproteins, collagen (type IV from human placenta, type I),8–11 laminin (Lam),12 

and fibronectin (Fn).3 In addition, it was shown that polyornithine,3,13–16 poly-D-lysine, and 

poly-L-lysine (PLL) can be used to enhance the attachment of PC12 cells.8–11 Although Tomaselli 

et al.17 have shown that Lam and collagen type IV coated surfaces promoted PC12 adhesion to 

a greater degree than Fn, no systematic assessment of the suitability of various coatings that 

would enhance the attachment and differentiation of PC12 cells has been performed. Therefore, 

the aim of our study was to investigate the effect of five coating types, including Lam, Fn, and 

PLL (and various combinations of these coatings) on the attachment, proliferation, and 

differentiation of PC12 cells. The extent of differentiation of the PC12 cells using different 

coatings was monitored by measuring a set of parameters related to cellular functions as a 

function of NGF concentration. The proliferation and metabolic activity of the PC12 cells were 

analyzed using an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) assay. The morphology and neuron-like characteristics of the cells 

were analyzed by using brightfield phase contrast microscopy and wide field fluorescence 

microscopy. 

3.3.3 Experimental 

PC12 Cell Line 

Commercially-available PC12 CRL-1721™ cells were obtained from the American Type 

Culture Collection (American Type Culture Collection (ATCC), Manassas, VA, USA). The cells were 

cultured in 75 mm2 tissue culture flasks with complete Gibco™ 1640 RPMI medium 

supplemented with 10% horse serum (HS, Thermo Fisher Scientific Australia Pty Ltd., 

Melbourne, Australia), 5% fetal bovine serum (FBS, Thermo Fisher Scientific Australia Pty Ltd., 

Melbourne, Australia) and 1% Penicillin/Streptomycin (Pen/Strep, Thermo Fisher Scientific 

Australia Pty Ltd., Melbourne, Australia). The cells were maintained according to standard 

protocols4,18 at 37°C in a 95% humidified incubator with 5% CO2. The medium was changed every 

2 days, and passaged accordingly when the confluence reached 90%. 
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Coatings 

Poly-L-lysine 

Sterile-filtered poly-L-lysine (PLL) (molecular weight 150,000–300,000 Da) was purchased from 

Sigma-Aldrich (Sydney, Australia) and used at the recommended concentration of 0.01% w/v in 

water. The sterile filtered solution was stored at 4 °C until required. 

Fibronectin 

Fibronectin (Fn) was purchased from Sigma-Aldrich (Sydney, Australia) in lyophilized powder 

form. An aqueous working solution of 40 µg/mL concentration was prepared and stored at -20 

°C until required. 

Laminin 

Laminin (Lam) derived from a mouse Engelbreth-Holm-Swarm (EHS) sarcoma was purchased 

from Sigma-Aldrich (Sydney, Australia). An aqueous working solution of 10 µg/mL concentration 

was prepared and stored at -20 °C until required. 

Atomic Force Microscopy 

The surface topography of the various substrata was visualized using an Innova® atomic 

force microscope (Bruker, Billerica, MA, USA). A phosphorous-doped silicon probe (MPP-31120-

10, Bruker, Billerica, MA, USA) was employed in tapping mode for all measurements performed 

in air, at a temperature of approximately 22 °C. The atomic force microscopy (AFM, Veeco, 

Bruker, Billerica, MA, USA) scans, obtained over a 10 µm x 10 µm surface area with 512 x 512 

data points, were processed using Gwyddion software (Version 2.49, Czech Metrology Institute, 

Brno, Czech).19 Analysis was conducted using three AFM micrographs for each sample, and for 

two samples of each substratum surface. The surface roughness parameters derived from the 

AFM data included the arithmetic average height (Sa), root mean square deviation from the 

mean plane (Sq), maximum height of the profile (Smax), skewness (Sskw), and kurtosis (Skur), as 

described in detail elsewhere.20 

Differentiation of PC12 Cells 

PC12 cells were seeded onto 24-well polystyrene (PS) tissue culture plates at a density of 

3 x 104 cells/mL in Gibco™ 1640 Roswell Park Memorial Institute (RPMI) medium (1% HS, 1% FBS 

and 1% Pen/Strep) supplemented with 0, 25, 50, and 100 ng/mL Nerve Growth Factor (NGF) 

(mouse recombinant NGF 7S, Sigma-Aldrich, Sydney, Australia). Prior to seeding, the tissue 

culture dish (Sarstedt AG & Co., Nümbrecht, Germany) was prepared with different coatings, 

with each being prepared in triplicate. Non-coated plates were employed as control surfaces. 
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PLL was added to cover the entire surface area and incubated at 25 °C for 2 h. The wells were 

washed with phosphate-buffered saline (PBS) and a second coating of Fn or Lam was added and 

incubated at 25 °C for 2 h. The non-coated wells of the tissue culture dishes were used as control 

surfaces. At least two technical replicates were completed. The culture medium on the samples 

was changed every second day. 

Metabolic Activity 

The metabolic activity of the PC12 cells was determined using the CellTiter 96®AQueous 

One Solution Cell Proliferation Assay (Promega, Sydney, Australia). The assay was performed by 

adding the tetrazolium compound to the PC12 cell culture at a 10% ratio of the final volume. 

This allowed the reduction of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) (MTS) to formazan, resulting in the formation of a coloured 

precipitate. The absorbance of the resultant solution was recorded at a wavelength of 490 nm 

after incubation for 90 min at 37 °C using a FLUOstar Omega microplate reader (BMG LABTECH, 

Cary, NC, USA). 

Assessment of Neurite Outgrowth 

A neurite outgrowth analysiswas performed using representative digitized 

photomicrographs of each well, obtained using a phase contrast brightfield inverted Olympus 

microscope (CKX41, Olympus, Tokyo, Japan) equipped with a Panasonic camera (DMC-GH3). The 

quantity of differentiated cells was established by the visual detection of neurites. Evaluation of 

neurite growth was carried out by manually tracking the length of the neurites on each cell using 

NeuronJ software (ImageJ plugin; NIH, Bethesda,MD, USA). This procedure was conducted for 

all cells in a field where the entire neurite could be visualized. 

Widefield Fluorescence Microscopy 

After a 5-day incubation period, the cells were washed with PBS and fixed with 4% 

paraformaldehyde for 15 min. After fixation, the cells were washed with PBS and cell 

membranes were stained using Wheat Germ Agglutinin, Alexa Flour™ 488 (WGA, Thermo Fisher 

Scientific Australia Pty Ltd., Melbourne, Australia). The nucleus was stained using DAPI (4’,6-

diamidino-2-phenylindole). Samples were then imaged using a Nikon Eclipse Ti-E 

epifluorescence inverted microscope (Nikon Instruments Inc., Tokyo, Japan). Sequential images 

were acquired using DAPI and GFP-B standard series filter cubes and analysed using FIJI (ImageJ) 

software (k.1.45, National Institute of Mental Health, Bethesda, MD, USA).21 
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Statistical Analysis 

Statistically significant differences (p < 0.05, p < 0.01, p < 0.001, p < 0.0001) were 

calculated among the various groups using a two-way ANOVA analysis followed by Tukey’s 

multiple comparison test. All statistical analyses were carried out using the GraphPad Prism 7 

statistical software package (GraphPad Software, Inc., San Diego, CA, USA). 

3.3.4 Results and Discussions 

Single- and two-component coatings were investigated in this study. The glycoproteins, 

such as Lam and Fn, were selected because they are typical components of the extracellular 

matrix.5,17,22,23 It has been reported that Lam and Fn positively influenced the outgrowth of 

neurons, axonal guidance, differentiation and cell proliferation.5,22 Since PLL was reported to 

facilitate cell attachment and improve the differentiation of PC12 cells,24 PLL was also selected 

for analysis. In addition to single component coatings, PLL/Lam and PLL/Fn combination coatings 

were also studied. 

Protein Distribution on the Substratum 

An AFM analysis confirmed that an even distribution of the coatings was present on the 

plastic surfaces of the cell culture wells (Figure 1A). The Sa of the control (2.2 ± 0.2 nm) was 

found to be similar to that present on the substrata with a single coating, namely, Fn (1.8 ± 0.1 

nm) and PLL (2.1 ± 0.7 nm). The Lam coating exhibited a higher Sa of 2.9 ±0.4 nm. The PLL/Fn 

and PLL/Lam dual component coatings were found to have Sa of 3.4 ± 0.4 nm and 5.8 ± 1.2 nm, 

respectively. 

PC12 Cell Attachment and Initial Differentiation in the Presence of NGF 

The extent of growth of the PC12 cells on substrata containing the five different coating 

types, together with various concentrations of NGF, was investigated in order to identify the 

most suitable growth conditions for the stimulated attachment and differentiation of PC12 cells 

into neuron-like cells. Cell attachment, growth, and differentiation patterns were monitored 

over a five-day period (Figures 1B and 2). The initial differentiation and attachment propensity 

of the PC12 cells after 48 h (day 2) was studied using phase-contrast brightfield microscopy 

(Figure 1B). 

The densities of attached cells on the substrata possessing a single Lam coating and dual-

component coatings were found to be comparable, whereas isolated, spherically-shaped cells 
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were observed without protrusions on substrata containing the PLL and Fn coatings. Enhanced 

levels of cell attachment were detected on substrata containing the PLL/Fn and Lam coatings in 

the presence of 50 ng/mL NGF (Figure 1B). In the absence of 50 ng/mL NGF, only a few cells 

were observed to have attached to these surfaces. These results confirmed that the presence of 

a coating is essential for robust cell attachment to be supported, whereas it was apparent that 

NGF could act as a co-factor for achieving enhanced levels of cell attachment. 

In order to compare and confirm the cell differentiation processes on the various 

substrata being investigated, PC12 cells were stained with a membrane specific protein and 

imaged using wide field fluorescence microscopy (Figure 2). Analysis of the fluorescence 

micrographs indicated that the dual component PLL/Fn and PLL/Lam coatings supported 

enhanced levels of PC12 cell differentiation, as evidenced by the presence of neurite outgrowth. 

In contrast, on PLL- and Lam-coated surfaces, the PC12 cells exhibited a lower degree of 

differentiation, with no or just a few non-differentiated cells being observed on the Fn- and non-

coated surfaces. 

PC12 cells incubated on Fn- or non-coated surfaces exhibited little to no attachment 

propensity in both the presence and absence of NGF. These results are consistent with 

previously reported data that suggested that NGF acted as a co-factor in enhancing the 

attachment and differentiation of cells, however, the surface coating itself was found to be the 

main factor determining the extent to which cells would attach to surfaces. 
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Figure 1. (A) AFM analysis of surfaces with different coatings. The AFM micrographs show an even 
distribution of single and two-component coatings on the surfaces of the polystyrene substratum. 
(B) Attachment and initial differentiation of PC12 cells after two days of incubation in the presence 
and absence of NGF solution. Cells were seeded at a density of 3 × 104 cells/mL on poly-L-lysine, 
laminin, fibronectin, poly-L-lysine/laminin, and poly-L-lysine/fibronectin-coated wells. The cells 
were grown in a medium that was supplemented with human recombinant NGF (50 ng/mL). The 
control wells did not contain any coating. In these experiments the PC12 cells appeared to attach 
to the surface in clusters. Scale bar is 5 µm. 

 
Figure 2. Comparative differentiation of PC12 cells on substrata with single- and two-component 
coatings in the presence of NGF solution. The NGF concentrations used were 0, 25, 50, and 100 
ng/mL. Cells were grown over a period of five days; fixed in 4% PFA for 15 min and stained with 
WGA-488(membrane, green), DAPI (nuclei, blue). Significant neurite outgrowth was observed for 
cells grown on substrata with double coatings containing poly-L-lysine/laminin and poly-L-
lysine/fibronectin. Substrata containing single coatings of poly-L-lysine and laminin exhibited poor 
cell differentiation. 
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PC12 Cells Metabolic Activity and Proliferation 

The differentiation of PC12 cells into neuron-like cells has been found to be accompanied 

by an arrest in the post-mitotic G0 stage in the cell cycle, which in turn decreased their potential 

to proliferate.1–3,25 A commonly used method for the evaluation of proliferation activity is 

through monitoring cell metabolic activity via an MTS assay.26 In this work, an MTS assay was 

employed to study the metabolic activity of the PC12 cells while attached to the different 

substratum surfaces. PC12 cells grown on PLL-coated substrata exhibited an increased growth 

after five days when both 25 and 50 ng/mL NGF was present, compared to growth in the absence 

of NGF (Figure 3). At a concentration of 100 ng/mL NGF, however, a decrease in cell growth was 

observed. This decrease is likely to be associated with a progression of the cells into an arrested 

G0 stage, which is characteristic of PC12 cells that have undergone a differentiation to form 

neuron-like cells. Analysis of the metabolic activity of the PC12 cells 24 h after seeding (day 1) 

indicated that the metabolic activity of the cells increased in the presence of NGF, however, 

when cells were incubated on a PLL-coated substratum, an increase in metabolic activity was 

not observed. After the third day of growth, a similar metabolic activity was observed for all cells 

attached to all surfaces. 

After the 5th day, cell proliferation was found to increase with increasing NGF 

concentration for all substrata. Cells incubated in the presence of substrata coated with PLL, Fn 

and PLL/Fn, and 100 ng/mL NGF exhibited a statistically significant decrease in proliferation 

compared to that observed in the presence of 50 ng/mL NGF. 
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Figure 3. Comparative analysis of the proliferation of PC12 cells on substrata with different coatings 
in the presence of NGF solution. PC12 cells were grown over a period of 5 days in the presence of 
0, 25, 50, or 100 ng/mL NGF. Incubation of PC12 cells on substratum surfaces in the presence of 50 
ng/mL NGF resulted in an increased amount of attachment on day (a) 1, (b) 3 and (c) 5 compared 
to the other NGF solutions. Results are presented as the mean ± standard deviation. Unless 
otherwise specified, statistically significant differences in cell proliferation grown on the different 
substrata are shown versus the absence of NGF solution. “*” indicates  the degree of statistically 
significant differences. 

Neurite Outgrowth  

The neurite outgrowth was evaluated for individual cells, grown under different 

experimental conditions. The results are presented in Figure 4. A comparative analysis of these 

data indicated that increases in NGF concentration stimulated the outgrowth of neurites, 

despite the metabolic activity of the cells being greater at 50 ng/mL (Figure 3). It was also found 

that substrata with two-component coatings stimulated the outgrowth of neurites in the 

presence of a 100 ng/mL NGF solution (Figure 4). PC12 cells incubated in the presence of 

substrata with or without a single coating showed reduced levels or no outgrowth of neurites, 

most likely because of low cell attachment occurring on these surfaces. The substrata possessing 

dual component coatings stimulated the differentiation of neurites (Figure 4) after cell 

proliferation had been arrested (in the presence of 100 ng/mL NGF) after the 5th day of 

incubation (Figure 3). 
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Figure 4. Quantification of neurite extension. The PC12 cells were grown on various coatings over 
a period of five days and in the presence of 0, 25, 50, and 100 ng/mL NGF. Over fifty fields of view 
were analyzed for each condition. The results indicated a two-fold greater neurite outgrowth 
occurring on substrata containing the dual-component coatings of poly-L-lysine/laminin and poly-
L-lysine/fibronectin with increasing NGF concentrations. Results are presented as minimum, 1st 
quartile, median, 3rd quartile, and maximum. “*” indicates the degree of statistically significant 
differences. 

Discussion 

The results of this study have demonstrated that PC12 cells incubated in the presence of 

substrata with dual-component coatings composed of PLL/Lam or PLL/Fn exhibited enhanced 

attachment, proliferation, and outgrowth of neurites. It is likely that this enhancement has 

occurred because PLL offers an increased number of cationic sites that can bind to the ionic sites 

present on the polystyrene surfaces of the tissue culture wells via hydrogen bonding or 

electrostatic interactions (Figure 5A). The glycoproteins, while effectively binding to PLL via 

electrostatic interactions (Fn and Lam isoelectric point of 5.5–6.027 and 6.428, respectively (Figure 

5B,C)), also provided specific binding sites for the PC12 cells, allowing greater levels of cell 

attachment to take place,29 because cell surface receptors that promote cellular adhesion to 

extracellular matrices are known to facilitate adherence the PC12 cells.30 It was also 

demonstrated that the cell attachment domain of Fn consists of potential chains of β-turns, 

which form the most hydrophilic region for cell attachment.29 The integrin binding domain 

present on Lam27 can bind with the integrin receptors present on the surface of PC12 cells 

(Figure 5C), resulting in adhesion and the initiation of cell differentiation. The PC12 cells strongly 

attached to the substrata containing a PLL coating due to the negatively-charged cell membrane 

and nonspecific electrostatic interactions with the highly positively-charged PLL surface (Figure 

5A).24 The single-component coatings composed of only glycoproteins were most likely not able 
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to support a robust attachment onto the surfaces of the tissue culture wells because of the weak 

binding affinity of this protein to the well surface. As a result, the PC12 cells would not have 

been able to withstand the washing procedures taking place during the incubation period. 

 

 
Figure 5. Schematic interpretation of the bio-interfaces of the PC12 cells undergoing attachment 
onto the substratum samples. (A) Possible chemical interactions between the polystyrene 
substratum and the coating materials. The aldehyde and ketone groups present on the surface of 
polystyrene undergo a Schiff base reaction and bind covalently with the amine groups. (B) 
negatively-charged fibronectin (pI 5.5–6.0) binding to the positively charged poly-L-lysine coating 
via electrostatic interactions. (C) laminin (pI 6.4) with a net negative charge also binds 
electrostatically to the poly-L-lysine layer. Laminin interacts with the PC12 cell surface receptors 
via the integrin binding domain. 

3.3.5 Conclusions 

In summary, substrata containing the two-component coatings of PLL/Lam and PLL/Fn in 

the presence of 100 ng/mL NGF solution were found to result in the greatest levels of 

attachment of PC12 cells followed by early stimulation of cell differentiation and neurite 

outgrowth. 
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2.3. Race for the Surface: Eukaryotic Cells Can Win 
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3.1.1 Abstract 

With an aging population and the consequent increasing use of medical implants, 

managing the possible infections arising from implant surgery remains a global challenge. Here, 

we demonstrate for the first time, that a precise nanotopology provides an effective 

intervention in bacterial co-colonization enabling the proliferation of eukaryotic cells on a 

substratum surface, pre-infected by both live Gram-negative, Pseudomonas aeruginosa, and 

Gram-positive, Staphylococcus aureus, pathogenic bacteria. The topology of the model black 

silicon (bSi) substratum not only favors the proliferation of eukaryotic cells, but is biocompatible 

not triggering an inflammatory response in the host. The attachment behavior and development 

of filopodia when COS-7 fibroblast cells are placed in contact with the bSi surface is 

demonstrated in the dynamic study, which is based on the use of real-time sequential confocal 

imaging. Bactericidal nanotopology may enhance the prospect for further development of 

inherently responsive antibacterial nanomaterials for bionic applications such as prosthetics and 

implants. 

3.1.2 Introduction 

Biomaterial-associated infections arising from implant surgery have been a global 

challenge despite the development of modern sterilization methods. The mechanism by which 

host cells compete with live bacteria that may be present on an implant material for their 

effective surface colonization remains poorly understood.1-8 This process was initially termed 

“the race for the surface” by Gristina.9 If won by the tissue cells of the host, the implant becomes 

protected from invading pathogens, ensuring that appropriate tissue integration takes place. If 

pathogenic bacteria become the primary surface colonizers, the formation of a bacterial biofilm 

will occur, which leads to severe inflammatory responses in the host, and a subsequent cascade 

of infective issues, including the risk of mortality.9-11 Hence, investigations that allow an insight 

of infective issues, into how eukaryotic cells and bacteria compete for the colonization of 

biomaterial surfaces forming an essential aspect of the effective design of antibacterial 

biomaterials.10 A majority of studies assessing biomaterial surface interactions with bacteria and 

mammalian cells have used laboratory models, which evaluated possible interactions of either 

cell type.10, 12-14  Several detailed experimental in vitro and in vivo approaches have been 

proposed aimed at demonstrating the “race for the surface”.3-4, 6, 8, 12-13 Busscher et al., for 

example, investigated the in vitro co-culturing of bacterial and mammalian cells on substratum 

surfaces, where it was shown that growth of S. epidermidis cells on substrata can be partially 
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inhibited whilst simultaneously allowing a limited growth of U2OS osteosarcoma cells to occur 

within a flow cell.4 It was further shown that neither the alteration of the wettability 

characteristics of the surface, nor the addition of polymer coatings could effectively prevent 

further overgrowth of the pathogenic bacteria on the surface.3, 12 A post-contamination model 

was also introduced showing the successful attachment of U2OS osteosarcoma cells on a 

substratum in the presence of S. epidermidis cells when the mammalian cells were seeded at an 

high initial cell densities and allowed to adhere to the surface for twenty four hours prior to the 

surface being exposed to the bacteria.13 These authors also reported an in vivo model for 

studying the fate of contaminated biomaterials by using a genetically modified bioluminescent 

bacterial strain, which monitored the in vivo infected sites over a long period.14 Trentin et al. 

have shown that a selective reduction in the formation of an S. epidermidis biofilm could be 

achieved while simultaneously supporting the growth of Vero cells when both cell types were 

co-cultured on a surface coated with an antifouling agent.5 Although this antimicrobial coating 

was found to be less effective against other bacteria such as P. aeruginosa, S. aureus and K. 

pneumonia5 and in fact may have served to promote the extent of bacterial resistance to the 

coating over time. Chow et al. were able to co-culture heat-inactivated E. coli and lung cancer 

cells (H59) in order to investigate the role of the receptors that mediate postoperative 

pneumonia associated with cancer treatments. Here it is reported that the presence of E. coli 

cells enhanced the in vitro adhesion and migration of the eukaryotic cells and significantly 

increased the in vivo formation of hepatic metastases.15 There is however, lack of a 

demonstration of an effective material surface that has the ability to simultaneously enhance 

mammalian cell growth while preventing bacterial invasion, without the surface chemical agent. 

It was recently shown that the high aspect ratio nanostructured surfaces of Psaltoda 

claripennis cicada wings,16-17 Diplacodes bipunctata dragonfly wings and their synthetic 

analogue, black silicon (bSi), were highly bactericidal to different types of bacteria and spores.18 

Bacterial cells coming into contact with the surface were extensively deformed through 

nanomechanical stresses imposed by the nanopillar arrays present on the substratum surfaces. 

The resulting high levels of cell lysis, and therefore the bactericidal efficiency of the surface, was 

found to be independent of the surface chemical composition.19 When placed in contact with 

red blood cells, these surfaces also proved to actively promote autogenous lysis.20 It remains 

unclear, however, whether or not eukaryotic cells would be affected by the action of the surface 

topology of the bSi. Therefore, the aim of the current work was to investigate the ability of the 

bSi topology to provide an effective intervention in the competitive colonization between 

fibroblast-like cells derived from monkey kidney tissue (COS-7) on this surface pre-infected with 

viable Staphylococcus aureus and Pseudomonas aeruginosa cells. The immune response of the 
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host to the topology of the bSi using a subcutaneous implantation model in mouse was also 

evaluated.  

3.1.3 Experimental 

Preparation of black silicon 

The black silicon (bSi) samples were prepared using a p-type boron doped, 100 mm 

diameter Si wafer, with a specific resistivity of 10 - 20 Ω cm-1, a <100> oriented surface and a 

substratum thickness of 525 ± 25 μm (Atecom Ltd, Taiwan). The samples were subjected to 

mixed mode reactive ion etching (RIE) using SF6 and O2 over a 5 minute period to produce the 

bSi using an Oxford PlasmaLab 100 ICP380 instrument (Oxford Instruments, Concord, MA, USA) 

as described previously.20-21 The characterization of bSi surface is detailed in Supporting 

Information S1.1, S2.1 and Figure S1. 

Infecting the bSi surfaces with pathogenic bacteria 

Pseudomonas aeruginosa ATCC 9027 and Staphylococcus aureus CIP 65.8T were obtained 

from the American Type Culture Collection (ATCC, USA) and Culture Collection of the Institute 

Pasteur (CIP, France), respectively. Bacterial stocks were prepared in 20% glycerol with 80% 

nutrient broth (Oxoid) and stored at -80°C. A fresh bacterial suspension was prepared for each 

of the strains at the infective dose of 103 cells per mL for S. aureus and 105 cells per mL for P. 

aeruginosa, according to Federal Drug Administration (FDA) guidelines.21-22 Black silicon 

(nanostructured) and non-structured silicon wafer surfaces were incubated with the bacterial 

suspensions for 6 hours at 37 °C under dark conditions. 

Growth of COS-7 cells on bacteria pre-infected surfaces 

COS-7 cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) (Invitrogen) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The use of the 

cell line was approved by the Biosafety Project 2014/SBC01. Cells were grown to reach 80% 

confluency; then were trypsinized using 0.25% Trypsin/EDTA (Invitrogen). Cells were seeded on 

pre-infected bSi and silicon substrata at the density of 10,000 cells per cm2 for every 

independent experiment. All of the following assessments were performed after 1, 3 and 7 days 

of seeding, when 100% confluency was reached, and three independent experiments were 

performed for each type of surfaces. 
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Scanning electron microscopy (SEM) 

After incubation all specimen were fixed in 2.5% glutaraldehyde (Sigma) for 30 min and 

progressively dehydrated in graded of ethanol solutions (30%, 50%, 70%, 90% and 100% v/v), in 

10 min for each solution, and visualized using SEM. The ZEISS SUPRA 40VP field-emission SEM 

(Carl Zeiss NTS GmbH, Oberkochen, BW, Germany) was used to image the morphology of 

bacteria and COS-7 cells on two types of surfaces, operated at 3 kV. 

Confocal laser scanning microscopy 

Live cell imaging was conducted using the Leica SP5 Multiphoton confocal microscope 

with a dipping 20× objective lens. Simultaneous fluorescent imaging of bacteria and COS-7 was 

achieved by labeling mammalian cells with a LIVE/DEAD® Viability/Cytotoxicity Kit (Invitrogen) 

which is composed of calcein AM and ethidium homodimer-1 for live cell and dead cell staining, 

respectively, while bacteria were labeled with SYTO® 17 Red Fluorescent Nucleic Acid Stain 

(Invitrogen). Viable COS-7 cells were quantified based on the confocal imaging data, expressing 

in the number of attached cells per cm2 based on nine images of about 100 cells.  

To analyze the interactions of COS-7 cells on the bSi surface in real time, COS-7 cells pre-

labeled with CellTracker™ OrangeCMRA (Invitrogen) were seeded and allowed to adhere onto 

the bSi surface 24 hours prior to a second batch of COS-7 cells, prelabeled with CellTracker™ 

Green GMFDA Dye (Invitrogen), being seeded onto the same bSi specimen. Imaging commenced 

from the time the COS-7 cell labeled with CellTracker™ GreenGMFDA was seeded, where the z-

range was determined using the COS-7 cells labeled with CellTracker™ Orange CMRA that had 

been previously adhered to the surface. Images were collected every 10 min using the Leica SP5 

Multiphoton microscope with the 20× dipping objective lens (part number 507701). The image 

data was analyzed using the 3D possessing software Imaris (Bitplane), where snapshots were 

measured at representative time points, a time lapse movie recorded and surface rendering of 

the data was performed to highlight local contact points of COS-7 cell with bSi nanotopology. 

Implantation and excision of samples in CD-1 mice 

The in vivo pilot study was performed on 8 female, 6-8 weeks old, CD-1 mice that were 

obtained from Military Medical Academy (Belgrade, Serbia) with the approval of the Local 

Ethical Committee (Faculty of Medicine, University of Niš, Serbia). See also Supporting 

Information S1.2, S1.3 and S1.4. 
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3.1.4 Results and discussion 

Eukaryotic cell growth over the pathogenic bacteria 

Whilst the bactericidal efficiency of the bSi nanotopology has been well documented,18 it 

is unclear as to whether eukaryotic cells would be able to attach and proliferate on the bSi 

surface when pre-infected by live pathogenic bacteria. To address this question, bSi surfaces 

were inoculated with live S. aureus CIP 65.8T or P. aeruginosa ATCC 9027 cells for six hours at 

their respective infective doses (Figure 1).22-23 The first 6 hours of bacterial contact with an 

implant surface is considered to be critical for the initiation of infection24 which is generally 

designed as the “decisive period”, particularly for medical implant-associated infections.25-26 

During this stage, the host immune system can potentially neutralize the invading pathogenic 

bacteria with the aid of prophylactic antibiotics.25-27 The pathogenic bacteria were therefore 

equilibrated with the bSi surface for 6 hours to evaluate the effectiveness of the bSi surface to 

passively eliminate the bacterial cells (Figure 1).  

The subsequent colonization of COS-7 cells of the pre-infected surfaces was then 

monitored for seven days until 100% confluency was reached. It was confirmed that after 6 

hours, all of the bacteria appeared to be dead, with only cell debris being detected on the bSi 

surface after a 24-hour incubation period (Figure 1 and Figure S2(A)). This was confirmed by 

examination of the surfaces using SEM (Figure 2) and confocal microscopy (Figure 3), the results 

of which were consistent with our previously reported bactericidal studies.18 The bacteria 

remained viable on the equivalent non-structured silicon wafer surfaces, which used as control 

(Figure 3). Notably, the growth of the two pathogenic bacteria on this control surfaces was not 

inhibited by the presence of antibiotics (penicillin-streptomycin (1%)), present as supplements 

in the DMEM used for the cultivation of the COS-7 cells.  
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Figure 1. (a) Schematic demonstration of the relative dimensions of COS-7 cells (10 μm), bacterium 
(1 μm) and nanopillars (0.6 μm). Two stages in evaluating the colonization of pathogenic P. 
aeruginosa ATCC 9027 (b) and S. aureus CIP 65.8T (c) with fibroblast-like COS- 7 cells on the bSi 
surfaces. In the first stage, bSi surfaces were infected by the pathogenic bacteria and allowed to 
equilibrate for 6 h. Altered bacterial morphology indicating dead bacteria after 6 hours in contact 
with bSi surfaces inferred from SEM images. The next stage, the preinfected surfaces were seeded 
with COS-7 cells, and simultaneously growth of bacteria and eukaryotic cells were maintained and 
analyzed up to 7 days. It was demonstrated that COS-7 cells were able to attach and grow on pre-
infected bSi surfaces while only debris of bacterial cells were found after one day of co-culturing 
on the bSi surfaces. 
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Figure 2. SEM images showing the colonization of COS-7 cells onto nanostructured bSi and non-
structured Si control surfaces infected with P. aeruginosa and S. aureus bacterial cells. Overgrowth 
of COS-7 observed on the infected bSi surface with the absence of bacteria colonization over 7 
days, while the growth of COS-7 cells appeared inhibited by the presence of pathogenic bacteria 
on the non-structured Si surfaces. Scale bar is 10 μm, inset is 1 μm. 
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Figure 3. CLSM images demonstrating the robust adhesion and proliferation behaviors of COS- 7 
cells during seven days on the infected bSi surface, contrasting with the inhibited COS-7 cell growth 
induced by the colonization of pathogenic bacteria on the non-structured Si surfaces. Live cells 
stained with Calcein AM (green), dead cells stained with ethidium homodimer-1 (red), viable 
bacteria were stained with SYTO® 17 (blue). Scale bars are 20 μm (separate channels of fluorescent 
images are presented in Supporting Information, Fig. S5). 

The morphological changes of bacteria grown on bSi and non-structured Si wafer surfaces 

are shown in Fig. S4. After 6 hours of contact, P. aeruginosa and S. aureus cells appeared to be 

completely ruptured on the nanopillars of bSi surfaces, while both strains maintained their 

integrity on non-structured Si surfaces under identical conditions (Figure S4). The morphology, 

attachment and viability of the COS-7 fibroblasts on the infected surfaces were correlated after 

1, 3 and 7 days using both SEM and CLSM (Figure 2 & 3). The seeded COS-7 cells appeared to be 

viable on the infected surfaces after 1 day, with a significant increase in cell growth being 

apparent after 3 days, and 100% confluency achieved after 7 days. By contrast, both the P. 

aeruginosa and S. aureus cells formed biofilms on the non-structured control surfaces and 

subsequently inhibited the growth of the fibroblasts after 7 days of incubation. The P. 

aeruginosa cells completely overgrew the COS-7 fibroblast cells, whereas a limited number of 

fibroblast cells remained viable in the presence of the S. aureus cells on the non-structured 

control surfaces (Figure 3). Initiating at the same cell seeding density of 5 × 104 cells per cm2 for 

all surfaces, both of the groups seeded on the infected bSi surface exhibited a similar growth 
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rate, eventually reaching approximately 9 × 105 cells per cm2 after 7 days, which covered 100% 

surface areas of the substratum (Figure S2(B)). The silicon control surfaces, however, showed a 

selective growth of COS-7 cells on the S. aureus infected surface, reaching coverage of 

approximately 3.9 × 105 cells per cm2 after one week. The P. aeruginosa infected control silicon 

surface showed an initial attachment observed at day 1, however the COS-7 cells failed to 

maintain long-term viability, with no growth being detected after day 3. These final two control 

examples (Si) approximate the current in vitro scenarios for implant materials containing a 

pathogenic bacterial biofilm. Notably, even with application of antibiotics, these biofilms would 

persist. As illustrated in Fig. S4, one day after the pre-infected surfaces were introduced to COS-

7 cultured in DMEM (containing antibiotic supplements), S. aureus retained on Si surfaces and 

co-existed with COS-7 cells while P. aeruginosa cells outgrew the surface of non-structured Si 

wafer. Biomaterials containing a surface nanotopography similar to that of bSi appear required 

to ensure that successful cell attachment and subsequent tissue integration takes place, whilst 

at the same time eliminating any bacterial contamination.  

It is noteworthy that the traces of bacterial debris that were present one day after the 

initial seeding of the surface were not observed after 3 and 7 days of incubation, indicating that 

the debris had diffused from the surface, thereby not interfering with the growth of the COS-7 

cells (Figure 2 & 3). To our knowledge, this is the first model demonstrating that the eukaryotic 

cells were able to grow over and successfully colonize surfaces that had been infected with live 

pathogenic bacteria. Previous work had reported that human-bone-marrow-mesenchymal-stem 

(hBMMS) cells could not survive in the presence of S. epidermidis contamination when present 

on activated bactericidal titanium surfaces.6 Recently, human U2OS osteoblast-like cells were 

also seen to be capable of growing over both P. aeruginosa and S. aureus bacteria present on 

PMMA surfaces even in presence of macrophages, and with a domination rate that was 

however, dependent on the virulence of the particular bacteria being studied.28 

Ability of eukaryotic cells to proliferate on bSi substrata 

The attachment and development of filopodia of COS-7 fibroblasts on the bSi surfaces was 

determined in a dynamic study based on real-time sequential confocal imaging (Figure 4), which 

provided an insight into the initial attachment of the COS-7 cells onto the bSi surface. The cells 

began to form filaments within 20 minutes of the initial surface contact. After 3 hours, the cells 

were immobilized, forming local contact points with the surface, demonstrating welldefined 

membrane protrusions (filopodia) as seen in Figure 4a and in the Supporting Movie 1. The 

formation of these protrusions is recognized as a “cue” parameter in the initial attachment of 
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cells to nano-structured substrata,29-32 with the nanopillars providing anchoring points for the 

attachment of cells. To visualize the cell-surface interface, the focal plane was adjusted to the 

base of a single cell in contact with the surface (Figure 4b). The membrane was then observed 

to deform under the imposed stress from the nanopillars (red arrows). SEM imaging of freeze 

fractured samples of the bSi substrata with attached COS-7 cells is shown in Figure 4c. It appears 

that the deformation of the cell membrane allowed for the cells to engulf the pillars. A number 

of studies have reported the similar phenomenon that nanopillar structured materials exhibited 

the ability to modulate the proliferation and differentiation of eukaryotic cells, whereas non-

structured surfaces did not show a similar behavior.29, 32-38 The recent study of the embryonic rat 

neurons interacting with substrata containing a nanopillar structure represents an example of 

this.39 Using transmission electron microscopy, it was demonstrated that at the local nanopillar 

contact point, the membrane was stretched and distorted, following the shape of the nanopillar 

and engulfing the entire pillar without disrupting the internal cytosolic materials of the cells.39 

 
Figure 4. Dynamic interactions between COS-7 cells and the nanostructured bSi surfaces. (a) Real-
time interactions of COS-7 cells on the nanostructured bSi surfaces visualized by CLSM over three 
hours. Arrows indicate the characteristic cell morphology producing filopodia during the initial 
attachment to the bSi surface. (b) Visualization of the interface between a single cell and the bSi 
surface. Arrows indicate local contact points with the nanopillars. Snapshots are taken from real-
time interactions of COS-7 cells with the bSi surfaces (Supporting Movie 1). Cells were stained with 
the CellTracker CMFDA (green). (c) SEM images of freeze fractured COS-7 cells attached onto the 
bSi surfaces, showing the cell membrane covering the nanopillars. 
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Inflammatory responses to substratum surfaces 

The nanostructured and non-structured silicon substrata were implanted into the 

subcutaneous connective tissue of CD-1 mice to assess the respective in vivo tissue reactions to 

these substrata. During 15 day-study, nor mild neither severe clinical symptoms of inflammation 

were observed. Macroscopically, on third day post-surgery, wound healing of implanted area 

was detected without implication of bacterial infection. Furthermore, post mortem examination 

revealed no morphological changes in any of axillary lymph nodes. The histological investigation 

of the interscapular region (implantation area) showed minor tissue reaction, manifested by 

presence of mononuclear cells surrounding implanted surface in both groups of animals. The 

immunohistochemical staining against macrophages allowed identifying the majority of 

invading mononuclear cells. Furthermore, histomorphometrical analysis was performed in order 

to count and compare the number of macrophages in both groups (Figure 5c, d). The results 

indicated that a larger foreign body response was prompted by the planar, nonstructured 

surface, with higher number of material-associated macrophages and thicker fibrous capsule in 

comparison to nanostructured surface (Figure S3). The images presented in Figure 5 highlight 

that the implanted bSi surfaces induced a lower level of inflammatory tissue reaction, which is 

consistent with previously reported studies for a range of other nanostructured materials, 

where the surface structure appeared to reduce the extent of this response40. 
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Figure 5. Representative microphotographs of the tissue reactions to the implanted bSi and control 
Si surfaces within the subcutaneous connective tissue (CT) of the CD-1 mouse at day 15 after 
implantation. (a) On the surface of bSi, a thin layer of mononuclear cells and extracellular matrix 
clearly indicated. Within the surrounding CT, an increased number of mononuclear cells (red 
arrows) detected. (b) The immunohistochemical detection showed that only a small number of the 
cells that had adhered to the bSi surface were macrophages (black arrows). Most of the cells within 
the surrounding CT were also identified as macrophages (green arrows). (c) At the surface of the 
implanted control Si substrata, a thicker layer (arrows) composed of mononuclear cells was 
detected. In the peri-implant CT, a greater number of mononuclear cells (red arrows) were 
detected. (d) Most of the cells that had attached to the control Si surfaces were identified as 
macrophages (black arrows), whereas numerous macrophages (green arrows) were detected 
within the peri-implant CT. All scale bars are 10 μm. 

3.1.5 Conclusions 

This work now provides the first demonstration of the dual behavior of a specific surface 

nanotopology, which not only exhibits bactericidal properties, but also affords the surface the 

ability to selectively eliminate only bacterial cells whilst promoting the growth and proliferation 

of eukaryotic cells. Furthermore, the nanotopology of the bSi surface is biocompatible and 

resulted in a reduced inflammatory response compared to its non-nanostructured equivalent 

when implanted into mice, despite its inherent bactericidal functionality. 

With the demand for prosthetics and implants rising as a direct result of an ageing 

population, some of which is immuno-compromised,11 the prevention of infection resulting from 

medical biomaterials remains a global challenge. Given that the bSi nanotopology has now been 
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shown to exhibit substantial biocompatibility and a lack of an inflammatory response upon 

implantation, together with its ability to eliminate bacterial contamination without the need for 

antimicrobial agents, this particular nanotopology represents a significant prospect for use in 

the design of antibacterial nanomaterials, especially in an era of increasing concern for antibiotic 

resistance.  
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3.1.8 Supplementary Data 

S1. Experimental Section 

S1.1. Characterization of bSi surface  

The surface morphology of bSi and the geometry of the single nanopillar were visualized 

using SEM (ZEISS SUPRA, Germany), operated at 3 kV. Tilted scanning electron micrographs, 

operated at an angle of 45°, were obtained to determine the pillar heights, tip widths and pillar 

density. The physico-chemical properties of the bSi surfaces were characterized by X-ray 

diffractometry (XRD) and Raman spectroscopy. Un-modified silicon wafers were used as the 

control surface in all experiments. The crystallinity of the surfaces was measured using a Bruker 

D8 Advance XRD, operated at ambient conditions using Cu–Kα radiation (λ = 0.15406 nm). The 

samples were scanned over a 2θ range of 30 - 80° at a scanning rate of 1 degree per minute. The 

surface chemical properties were characterized using a Raman microspectrometer (WiTEC, Ulm, 

Germany) with a laser wavelength of 532 nm (hυ = 2.33 eV) under a 100 × magnification 

objective lens (numerical aperture = 1.0). Scanning was performed independently on 5 different 

areas of 5 different substrata. The surface wettability of bSi was determined via contact angle 

measurements using an FTA 1000C device equipped with a nanodispenser (First Ten Angstroms 

Inc.). All imaging and measurements were performed in triplicate with 5 different samples. 

S1.2. Implantation and explantation of specimens in CD-1 mice 

The in vivo pilot study was performed on 8 female, 6-8 weeks old, CD-1 mice that were 

obtained from Military Medical Academy (Belgrade, Serbia) with the approval of the Local 

Ethical Committee (Faculty of Medicine, University of Niš, Serbia). Animal housing was provided 

under standard conditions, i.e., regular mouse pellets and access to water ad libitum as well as 

an artificial light–dark cycle of 12 h each.  

Prior to implantation, the animals were randomly categorized into two study groups with 

4 animals per group for subcutaneous implantation of the nanostructured bSi and nonstructured 

silicon samples for 15 days. Animals of group 1 obtained implantation of the bSi samples, while 

animals of the group 2 received the non-structured silicon samples (i.e., control group).  

The implantation of the samples was performed according to a previously established 

protocol.1-5 Briefly, an intra-peritoneal anesthesia (10 ml of 50 mg mL-1 ketamine with 1.6 mL of 

2% xylazine), shaving and disinfection of the rostral region were initially conducted. After this 

was completed, the silicon samples were implanted in a preformed subcutaneous pocket in the 
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subscapular region under sterile conditions and the implantation sides were finally closed using 

5.0 Prolene (Ethicon, New Jersey, USA). After the implantation procedure the animals were 

housed individually until the explantation of the materials took place. 

After 15 days of implantation, the peri-implant tissue, together with the implanted silicon 

samples, was obtained after sacrifice of the animals via an overdose of the abovementioned 

anesthetics and the implanted samples were carefully expurgated using a surgical forceps due 

to their non-cutability after paraffin embedding. 

S1.3. Histological analyses 

The peri-implant tissue was histologically prepared for qualitative and quantitative 

analyses as described elsewhere.1-5 These explants were initially preserved in 4% formaldehyde 

solution for 24 h. Afterwards, the formalin fixed tissue was cut into several segments for further 

embedding, processed in automatic tissue processor (Leica TP1020, Germany) and embedded 

in paraffin blocks. This procedure allowed for producing multiple 2 - 4 μm thick sections using a 

rotary microtome (Leica, Germany). These tissue sections were immediately affixed on charged 

glass slides (VWR International, SuperFrost® Plus) and incubated at 37 °C for 12 hours.   

Shortly before staining, a dewaxing- and rehydration process took place by sequential 

immersion of the slides in xylene and graded concentration of ethanol. Initially, samples were 

stained by hematoxylin and eosin (HE) to evaluate the section quality. After selection of the 

tissue blocks with the best quality, Azan- and Giemsa staining techniques were applied. 

Furthermore, murine macrophages were immunohistochemically detected by using an anti- 

F4/80 primary antibody (rat anti-mouse antibody, clone: BM8, Dianova, Germany) and an 

autostainer (Autostainer 360, ThermoScientific, Germany). Endogenous peroxidase was then 

quenched with 3% H2O2 and epitope unmasking was by proteinase K application, while blocking 

was conducted via Avidin-Biotin Complex (ABC Vector Elite, Vector Laboratories, US). A mixture 

of Tris-Buffered Saline and Tween-20 was used as a washing buffer. For visualization by light 

microscopy, slides were additionally stained with 3,3'-diaminobenzidine (DAB); and for 

increased sensitivity of the DAB chromogen, the VECTASTAIN Elite ABC peroxidase reagent 

(Vector Laboratories, US) was used to remove undesirable “background” due to non-specific 

immune-labeling. Negative controls for each slide were prepared by the same process, but by 

omitting the primary antibodies. 
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S1.4. Qualitative and quantitative histomorphometrical analyses 

Qualitative histological analyses were conducted using an established protocol.4-5 Bright 

field light microscopy (Nikon Eclipse 80i, Japan) was used to determine interactions between the 

tissue and the biomaterials. The focus was on the description of the biomaterial induced 

inflammatory responses and the cells involved in this process. A DS-F1 digital camera and a 

digital sight control unit (both: Nikon, Tokyo, Japan) that were connected to the above-

mentioned microscope were used for making microphotographs. 

A quantitative histomorphometrical analysis was performed after digitalization of the 

sections that were immunohistochemically stained by F4/80 for macrophage detection by a 

specialized scanning microscope system composed of an Eclipse 80i microscopy (Nikon, Japan), 

a DS-F1 digital camera and an automatic scanning table (EK 75 × 50 Pilot, Marzhauser, Germany) 

connected to computer running the NIS- elements AR software (version 4.10.03, Nikon, Japan) 

as previously described.1-5 Briefly, the length of every biomaterial-induced capsule was 

measured (in mm). Furthermore, the amount of positive immune-labeled cells, i.e., murine 

macrophages, adherent to the material surfaces was manually counted for each section. In order 

to compare the material-adherent macrophages the numbers of macrophages in relation to the 

biomaterial surfaces (macrophages mm-2) was calculated. The data were statistically analyzed 

by a Student´s t-test using the SPSS 16.0.1 software (SPSS Inc., Chicago, IL, USA). Statistically, 

significant differences were considered if p-values were less than 0.05 (* p < 0.05), and highly 

significant if p-values less than 0.01 (** p < 0.01) or less than 0.001 (*** p < 0.001). Finally the 

histomorphometrical data were displayed as means ± standard deviations (SD) using the 

GraphPad Prism 6.0c software (GraphPad Software Inc., La Jolla, USA). 

S2. Results and Discussion Section 

S2.1 Characterization of bSi surfaces 

The physico-chemical properties of the bSi were evaluated using SEM, Raman 

spectroscopy and XRD. The nanopillars were shown to be typically 652 nm ± 10.3 nm.in length, 

with a typical tip diameter of 100 nm ± 1.8 nm, randomly distributed in an array of approximately 

12.2 pillars per μm2 (Fig. S1a-c). The Raman spectrum of the bSi surface showed the typical peaks 

of silicon at 520 nm with a slight enhancement in peak intensity compared to the as-received 

silicon wafer, considered to be due to the presence of the “hot spots” created by the clusters of 

nanopillars (Fig. S1d).6-7 Similarly, in the X-ray diffractogram, the nanopillar surface of the bSi 

exhibited an intensive peak at 69° of crystallite Si <400> which were barely detected on the flat 
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Si wafer (Fig. S1e).8-9 The water contact angle was found to be 40.1° ± 0.3° which indicates that 

the surface is hydrophilic. 

 
Figure S1. Characterization of the bSi using SEM (a – c, scale bar 200 nm), Raman spectroscopy (d), 
and X-ray diffractometry (e), the enhanced characteristic peaks (inset) of the silicon nanopillars.  
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S2.2 Quantification of COS-7 cultured on pre-infected bSi 

 
Figure S2. (A) Overall study protocol; (B) Quantification of COS-7 cells attached onto the substrate 
surfaces infected with pathogenic bacteria after 1, 3 and 7 days of contact. Cell quantification was 
based on the confocal data images, indicating the quantity of viable COS-7 cells retained on the 
surface at each time point.  

S2.3 Inflammatory responses on bSi surfaces 

The histomorphometrical measurements of material-adherent macrophages revealed 

that significantly more macrophages (** p < 0.01) were found at the material surfaces of the 
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non-structured silicon implants (20.61 ± 1.08 macrophages mm2) as compared to the group of 

the bSi implants (8.21 ± 1.87 macrophages mm-2) (Fig. S3). 

 
Figure S3. The number of macrophages associated with the implanted silicon surfaces. Bar chart 
shows the results of the analysis for the histomorphometrical measurements of materialadherent 
macrophages per mm2. Control Si showed a significantly increased number of adhered 
macrophages as compared to bSi (** p < 0.01). 

 

Figure S4. Typical morphology of P. aeruginosa (a, b & c) and S. aureus (d, e & f) cells after the 6 
hours pre-infection process with bSi (a, d) and non-structured Si surfaces (b, e); compared to the 
morphology of bacterial cells after 24 hours exposing the pre-infected surfaces to COS-7 cultured 
in DMEM (supplemented with 1% penicillin-streptomycin). No bacterial cells could be found on bSi 
after one day introducing COS-7 cells, bacterial debris could not be identified under SEM. Scale 
bars are 2 µm. 
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Figure S5. Typical confocal images of COS-7 cells cultured on bSi (a) and Si (b) surfaces that were 
pre-infected with live P. aeruginosa and S. aureus bacteria. Scale bars are 20 µm. Live COS-7 cells 
were stained with calcein AM (green), dead COS-7 cells were stained with ethidium homodimer-1 
(red), bacterial cells were stained with SYTO® 17, presented as separated fluorescent images. 
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3.4.1 Abstract 

Titanium is a biocompatible material that is frequently used for making implantable 

medical devices. Nanoengineering of the surface is the common method for increasing material 

biocompatibility, and while the nanostructured materials are well-known to represent attractive 

substrata for eukaryotic cells, very little information has been documented about the interaction 

between mammalian cells and bactericidal nanostructured surfaces. In this study, we 

investigated the effect of bactericidal titanium nanostructures on PC12 cell attachment and 

differentiation—a cell line which has become a widely used in vitro model to study neuronal 

differentiation. The effects of the nanostructures on the cells were then compared to effects 

observed when the cells were placed in contact with non-structured titanium. It was found that 

bactericidal nanostructured surfaces enhanced the attachment of neuron-like cells. In addition, 

the PC12 cells were able to differentiate on nanostructured surfaces, while the cells on non-

structured surfaces were not able to do so. These promising results demonstrate the potential 

application of bactericidal nanostructured surfaces in biomedical applications such as cochlear 

and neuronal implants. 

3.4.2 Introduction 

Recent advances in the ability to fabricate large-scale topographical nanofeatures have 

provided researchers with the opportunity to combat the bacterial contamination of surfaces 

using a next-generation technology. This technology promises to provide long-lasting and 

durable mechanobactericidal activity without risking the emergence of bacterial resistance.1,2 

Conventional antibacterial surfaces rely on the diffusive release of antibacterial agents with 

which the material has been impregnated.3,4 The leaching of antibiotics and other antimicrobial 

agents into the environment poses a considerable risk to non-target organisms and may be 

contributing to an increase in the emergence of multi-drug-resistant pathogenic bacteria. 

Therefore, antibacterial surfaces that employ non-diffusive techniques are highly preferred and 

thus have been the focus of a great deal of recent investigation.3 

The ability of certain nanoscale structures to kill bacteria via physico-mechanical means 

has been investigated over the past few years.5–7 The first observed mechanobactericidal surface 

was of biological origin; the dense nanopillar array on the surface of the wings of the cicada 

Psaltoda claripennis were observed to selectively kill bacteria.5,6 Since this time, many new 

surface structures have been designed, largely modelled upon the surface nanoarchitecture of 

insect wings, plant leaves, and animal skin.5,8,9 Such surfaces utilize biomimetic nanoarchitecture 
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in order to achieve regular arrays of nanoscale pillars that are capable of delivering a lethal 

mechanical force to bacterial cell membranes coming into contact with the surface. 

Resistance to bacterial contamination is of particular importance for the manufacture of 

orthopedic implants. Nanoengineering of titanium and titanium alloys has been performed in 

order to generate surfaces possessing nanotopographies that are not only antibacterial, but also 

display biocompatibility towards human cells.10–12 Considerable progress in implant technologies 

over the last decade has demonstrated the significance of micro-structured topographies which 

are able to guide cell growth and tissue development. These surfaces also have the ability to 

control cell migration and alignment,10–12 yet currently the impact of the surface nanoscale 

topographical features on the growth of mammalian cells is only an emerging area of research, 

and hence very little is known on this topic. In addition, it is important to proceed with cell-

surface interaction investigations in a standardized manner which accounts for superficial 

modifications of the biomaterials and modification to the culture conditions, all of which may 

have an impact on the response of cells grown on the studied materials, ensuring greater 

accuracy of the measurements obtained.13 Mimicking the surface nanoarchitecture of the 

dragonfly, hydrothermally etched titanium surfaces have been shown to possess selective 

bactericidal activity while enhancing the attachment and proliferation of primary human 

fibroblasts.2 Another study has shown that the titanium dioxide nanowire arrays inspired by 

cicada wing surfaces can also be selectively bactericidal, but are capable of guiding human 

osteoblast-like cell proliferation depending on the presence of a distinct nanostructure.14 These 

studies provide examples of the ability of nanostructured titanium surfaces to resist bacterial 

contamination yet provide a biocompatible scaffold for the attachment and proliferation of 

mammalian cells. 

Pheochromocytoma (PC12) cells are a commonly studied representative of a neuronal cell 

line which is often used in in vitro studies to examine the degree of differentiation and 

neurotoxicity commonly associated with neurodegenerative diseases.15,16 Under common 

laboratory culture conditions, PC12 cells adhere poorly to culture flasks and prefer to grow while 

floating in cell aggregates.17 Therefore, to encourage cellular attachment, tissue culture surfaces 

are frequently functionalized with a protein. Once adhered to a substratum, PC12 neuron-like 

cells display growth, proliferation, differentiation, and development of neurite outgrowths.15 

While the presence of micro-scale topographical features on substrata are known to 

enhance cell attachment,18–20 the influence of these bactericidal nanostructured surfaces on the 

cell behavior has not been investigated to the same extent, and therefore this study was aimed 

to fill this gap in existing knowledge. The results demonstrate that mechanobactericidal 

nanostructures generated on the surface of commercially pure grade titanium can promote the 
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attachment of PC12 cells and enhance the extent of cell differentiation. The cell attachment 

behavior on the nanostructured surfaces was compared to that obtained on non-structured 

titanium surfaces coated with poly-L-lysine. 

3.4.3 Experimental 

Preparation of As-Received and Hydrothermally Etched Titanium Discs 

Titanium rods, 1 cm in diameter, were cut into 2 mm billets using a Secotom 50 automatic 

grinder (Struers, Milton, QLD, Australia). Prior to hydrothermal treatment, Ti discs were polished 

with silicon carbide grinding paper (grit size 1200) and cleaned ultrasonically in MilliQ water, 

100% ethanol, 100% acetone, and finally 50% ethanol for 6–8 min each, respectively. This 

cleaning process was performed to remove organic and inorganic contaminants produced 

during polishing steps. Afterward, cleaned, and polished Ti discs were dried at 37 °C overnight. 

Hydrothermal treatment (HTE) of the as-received (AR) titanium billets was performed by 

immersion in 1 M KOH solution in a Teflon container as described elsewhere.2 The resulting 

samples were cleaned with 75% ethanol and sterilized under UV radiation for 30 min prior to 

experiments 

Culturing and Seeding of PC12 Cells 

The pheochromocytoma cells (PC12) were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA, USA)) and were cultured in complete Gibco™ RPMI medium 

(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% Gibco™ horse serum (HS, 

Thermo Fisher Scientific, Waltham, MA, USA), 5% Gibco™ foetal bovine serum (FBS, Thermo 

Fisher Scientific, Waltham, MA, USA), and 1% Gibco™ penicillin/streptomycin (PS, Thermo Fisher 

Scientific, Waltham, MA, USA) at 37 ◦C and 5% CO2 in a 95% humidified incubator. The medium 

was changed every two days and passaged accordingly when cell confluence reached 90%. 

For each independent experiment, PC12 cells were seeded at a density of 10,000 cells per 

100 µL on AR-Ti and HTE-Ti samples. After 1-, 5-, and 7-day incubation periods, the samples were 

prepared for imaging as described in the following sections. Cell proliferation and total protein 

count assays were performed after 1 day of incubation to study the attachment patterns. All 

experiments were approved under the Swinburne Biosafety Project 2014/SBC01. 
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Cellular Morphology 

Scanning electron microscopy (SEM) was used to assess the cell morphology following 

incubation on AR and HTE Ti surfaces. Prior to SEM analysis, the cells were fixed with 2.5% 

glutaraldehyde for 25 min. The cells were then dehydrated by passing through a 30%, 50%, 70%, 

and 100% graded ethanol series for 15 min each. Before imaging, samples were gold sputtered 

using a NeoCoater MP-19020NCTR (JEOL, Tokyo, Japan). SEM images were taken using a field 

emission SEM (FESEM) SUPRA 40VP (Carl Zeiss, Jena, Germany) at an accelerating voltage of 3 

kV at magnifications of 10,000 × for AR and 2000 × for HTE samples. 

Immunohistochemistry 

The PC12 cells were incubated with the Ti substrate for 1 day. After this time, the samples 

were initially fixed with 4% paraformaldehyde for 15 min, permeabilised in 0.1% Triton X for 5 

min then blocked with 1% Bovine Serum Albumin (BSA) for 60 min. Image-IT® FX Signal Enhancer 

(Invitrogen, Carlsbad, CA, USA) was also used during the fixation stage to enhance the 

subsequent fluorescent signals. Samples were then treated with a primary anti-vinculin antibody 

(Sigma, St. Louis, MO, USA) overnight, followed by goat anti-mouse secondary antibody 

conjugated with Alexa Fluor 594 (Invitrogen). Actin filaments were visualised by staining the cells 

with Alexa Fluor 488 conjugated phalloidin (Invitrogen). Cell nuclei were labelled using TO-PRO3 

(Invitrogen). To study the extent of cell differentiation after 5 and 7 days of incubation, the anti-

nestin antibody (Sigma) was applied as the primary antibody. Samples were then imaged using 

a Fluoview FV10i microscope (Olympus, Tokyo, Japan) at 60 × magnification. 

Cell Proliferation 

Cell proliferation was determined using the CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay (Promega, Madison, WI, USA). Tetrazolium was added to the PC12 cell 

culture at a 10% ratio of the final volume and incubated for 90 min at 37 °C and 5% CO2. This 

allowed for the reduction of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium) to formazan, resulting in the formation of a colored precipitate 

(purple). The absorbance was recorded at a wavelength of 490 nm using a FLUOstar Omega 

microplate reader (BMG LABTECH, Thermo Fisher Scientific, Waltham, MA, USA). 
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Protein Concentration of PC12 

Total protein concentrations were determined using the bicinchoninic acid protein (BCA) 

assay (Sigma-Aldrich, St. Louis, MO, USA). The PC12 cells were lysed with 150 µL of protein lysis 

reagent (Sigma-Aldrich, NSW, Australia) and incubated for 15 min at 25 °C. After incubation, the 

cells were spun down at 1300 rpm for 5 min at 25 °C, then 25 µL aliquots of the supernatant 

were placed on a 96-well plate (Sarstedt, Germany) together with 200 µL of BCA reagent 

(bicinchoninic acid solution and copper (II) sulphate pentahydrate 4%). The sample was then 

incubated for 30 min at 37 °C and the absorbance was recorded at 562 nm using the FLUOstar 

Omega micro plate reader (BMG LABTECH). 

Cell Viability 

Cellular viability of PC12 was achieved by labelling them with the LIVE/DEAD 

Viability/Cytotoxicity Kit (Invitrogen), which is composed of calcein AM and ethidium 

homodimer-1 for live cell and dead cell staining, respectively. Viable cells were quantified based 

on the confocal imaging data, expressed as the percentage of non-viable cells over the total 

population. 

X-ray Photoelectron Spectroscopy (XPS) 

An X-ray photoelectron spectroscopic (XPS) analysis was performed using a Thermo 

Scientific K-alpha X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, 

USA), equipped with a monochromatic X-ray source (Al Kα, hν = 1486.6 eV) operating at 150 W. 

The spectrometer energy scale was calibrated using the Au 4f7/2 photoelectron peak at a 

binding energy (BE) of 83.98 eV. During analysis, the samples were flooded with low-energy 

electrons to counteract any surface charging that may occur. The hydrocarbon component of 

the C 1s peak (BE = 284.8 eV) was used as a reference for charge correction. Photoelectrons 

emitted at an angle of 90°to the surface from an area of 700 × 300 µm2 were analysed with 160 

eV for survey spectra and then with 20 eV for region spectra. Survey spectra were recorded at 

intervals of 1.0 eV/step, while the region spectra were taken at intervals of 0.1 eV/step. The 

Shirley algorithm was used to measure the background core level spectra, and chemically 

distinct species in the high-resolution regions of the spectra were resolved using synthetic 

Gaussian–Lorentzian components after the background was removed using the Thermo 

Scientific Avantage Data System software (Thermo Fischer Scientific, Waltham, MA, USA). High-

resolution scans were performed across each of the C 1s, O 1s, Ti 2p, K 2p peaks. 
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X-ray Diffractometry (XRD) 

XRD (Bruker D8 Advance) was performed under ambient conditions to determine the 

degree of crystallinity of the Ti samples. The samples were scanned over a 2θ range of 30–85° 

at a scanning rate of 1 degree per minute using Cu- Kα radiation (λ = 0.15406 nm). 

Scanning Electron Microscopy 

High-resolution electron micrographs of Ti discs were recorded using a field emission SEM 

(FESEM; ZEISS SUPRA 40 VP, Oberkochen, BW, Germany) at 3 kV and 75,000× magnification. To 

assess the cell morphology of bacteria, titanium discs with adherent bacteria were sputter-

coated with gold using a Dynavac CS300 prior to imaging. Characterisation of the surface 

nanostructure (e.g., edge density, aspect ratio, and tip diameter) was performed using Image J. 

The colour threshold for binary SEM images was adjusted and the particles were then analysed. 

The particle analysis allowed an area distribution to be obtained, allowing the determination of 

the average edge density of the tips per square micron. 

Atomic Force Microscopy (AFM) 

AFM was used to study the topographical features of the surface at the nanoscale level 

using an Innova scanning probe microscope (Veeco, Bruker, Billerica, MA, USA) followed by a 

roughness analysis. The measurements were performed in tapping mode in air to minimise any 

damage to the tip from the interaction between tip and sample surface. The silicon cantilever 

used in the tapping mode (Cont20A, Veeco Probes) had a spring constant of 0.9 N m−1 and 

resonance frequency ranging between 18 kHz and 24 KHz. All samples were scanned over a 1 × 

1 µm2 area to perform a roughness analysis of the surface. To study the surface topography, 

various surface roughness parameters—average roughness (Sa), root-mean-square roughness 

(Sq), maximum peak height (Smax), skewness (Ssk), and kurtosis (Sku)—were calculated using 

Gwyddion data processing software, and are presented in Table 1.21 The results obtained were 

expressed in terms of their mean values and the corresponding standard deviations following 

the commonly used protocol.22,23 
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Table 1. Surface chemical, topological, and physico-chemical characteristics of as-received and 
nanostructured titanium surfaces obtained by X-ray photoelectron spectroscopy (XPS), atomic force 
microscopy (AFM), and water contact angle measurements. AR: as-received; HTE: hydrothermal 
treatment. 

 

Wettability 

Surface wettability measurements were conducted using the sessile drop method to 

measure the static contact angles of MilliQ water on titanium discs. An FTA1000 (First Ten 

Ångstroms Inc., Portsmouth, VA, USA) instrument was used to measure each water contact 

angle. An average of at least five measurements was determined for each Ti disc. Each 

measurement was recorded in 50 images in 2 s using a Prosilica GT camera (Allied Vision, Exton, 

PA, USA) and the contact angle was then determined using the FTA Windows Mode 4 software. 

Statistical Analysis 

Statistical data processing was conducted using the Statistical Package for the Social 

Sciences, SPSS 21.0 (SPSS, Chicago, IL, USA). Results are presented as the mean ± standard 

deviation. 

3.4.4 Results and discussion 

Surface Characterisation 

The nanostructured Ti surfaces were fabricated using the established technique.2 Alkaline 

hydrothermal reactions are commonly used to form nanostructures on titanium because of the 

reliable nature of the process in fabricating a wide array of titanium dioxide structures, including 

nanotubes, nanowires, and nanobelts.24 Hydrothermally etched titanium surfaces were 

characterised using standard microscopy techniques. SEM micrographs highlight the differences 

between the AR-Ti and HTE-Ti surfaces on the nanoscale (Figure 1A). HTE-Ti surfaces possessed 

a network of dense nanoscale features. The change in the surface characteristics resulting from 

the hydrothermal treatment was quantitatively analysed using AFM. A small (1 × 1 µm2) scan 

area was required to visualise the nanoscale changes to the unmodified Ti as a result of the 

hydrothermal etching. The comparative surface roughness parameters, including average 

Samples 

Chemical composition (%)  Wettability  AFM (1 × 1 µm2)  

C O Ti K 
Water Contact 

Angle (◦) Sa (nm) Sq (nm) Ssk Sku 

HTE 13.5 ± 0.6 56.7 ± 0.5 22.7 ± 0.2 7.3 ± 0.1 23.1 ± 4.3 26.5 ± 3.8 33.9 ± 5.6 −0.2 ± 0.1 0.2 ± 0.1 
AR 25 ± 0.3 48 ± 0.5 27 ± 0.3 27 ± 0.3 58.9 ± 4.8 6.2 ± 2.5 8.8 ± 3.9 0.1 ± 0.9 2.5 ± 1.1 
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roughness (Sa), root mean square roughness (Sk), skew (Ssk), and kurtosis (Sku), are presented in 

Table 1. These conventional surface roughness parameters indicate that a four-fold increase in 

surface roughness resulted from the hydrothermal etching process (AR-Ti Sa = 6.2 ± 2.5 and HTE-

Ti Sa = 26.5 ± 3.8 nm). This finding is confirmed by the 3D reconstruction of the AFM scans and 

the associated line profiles (Figure 1B, C). The height of the nanoscale structures can be seen to 

vary considerably. 

  
Figure 1. Surface topographic characterization of as-received and nanostructured titanium. (A) 
SEM images of the surfaces of AR (right) and HTE Ti (left) (scale bar = 400 nm). Insets are images 
taken at 5000× (scale bar = 2 µm). (B) Typical 3D AFM images and (C) corresponding surface profiles 
of AR and HTE Ti surfaces over 1 × 1 µm2 scanning areas, showing a significant change in surface 
nanoarchitecture resulting from the hydrothermal treatment. 

The surface chemical analysis of the AR and HTE Ti surfaces confirmed the formation of 

titanium dioxide (TiO2) nanofeatures. XPS was used to define the chemical composition of both 

surfaces. High-resolution scans of the Ti 2p region revealed that the surface nanotopography 

(post-processing) was predominantly TiO2, while the X-ray diffractograms provide confirmation 

of a surface with enhanced crystallinity, evidenced by an increase in the anatase (A) phase 

(Figure 2). No significant differences were observed in the surface chemistry of the AR and HTE-

Ti samples. The hydrothermal etching of the Ti substrata resulted in an increase in the surface 
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wettability, decreasing the water contact angle from 58.9° to 23.1°. This increased degree of 

surface wettability is most likely a result of the formation of nanostructures on the Ti surface.25 

The physical and chemical characteristics of a surface are particularly important in 

ensuring the successful biointegration of an implant material, as these two factors directly 

influence the initial interactions between human tissue and foreign material being implanted 

into the body.26 Surface chemistry determines the adsorption of protein from bodily fluids. Of 

the hydrothermally-modified Ti surfaces used in the present study, cells were primarily exposed 

to titanium dioxide, and the crystalline structure—as identified by XRD—was mostly anatase 

(Figure 2). Surface chemical characteristics between the non-structured control and 

hydrothermally-treated surfaces did not vary significantly enough to comment on the influence 

of surface chemistry on the proliferation and differentiation of PC12 neuron-like cells. 

 
Figure 2. Surface chemistry and crystallinity characteristics of titanium surfaces. (A) XPS spectra of 
Ti 2p, and O 1s for the as-received (right) and HTE (left) titanium substrata. (B) X-ray diffractograms 
demonstrating the crystalline phases present on as-received (right) and HTE (left) substrata. 
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The Proliferation of PC12 Cells on Titanium Surfaces 

The impact of nanostructures on the attachment and proliferation of mammalian cells on 

surfaces has been well-documented;18–20 however, very little understanding has been obtained 

regarding the nature of the interaction taking place between neuron-like cells and the modified 

titanium surfaces possessing bactericidal nanostructures. As previously stated, PC12 cells 

adhere poorly to the smooth surfaces of culture flasks, preferentially growing as cellular 

aggregates in suspension.17 To encourage cellular attachment onto the surface of tissue culture 

flasks, they are often functionalized with protein, such as collagen. Only once attached to a 

substrate are the PC12 cells able to proliferate over the surface in a differentiated form.27 

To determine the mechanisms by which the PC12 cells underwent proliferation and 

differentiation on the HTE-Ti surfaces, the PC12 cells were seeded onto both the nanostructured 

and non-structured substrata and visualized after 1, 5, and 7 days of incubation. The 

nanostructured Ti surfaces were not coated with protein in order to effectively determine their 

suitability as substrata for initial anchorage. After day 1, analysis of the SEM and corresponding 

confocal laser scanning microscopy (CLSM) images showed that the PC12 cells were successfully 

attached onto the surface (Figure 3). At day 5, the PC12 cells exhibited a change in morphology, 

with the beginnings of neurite outgrowths being evident, which is an indication of successful 

differentiation. At day 7, the PC12 cells exhibited a large neurite growth, extending over the 

nanostructures. In contrast, the PC12 cells seeded onto the non-structured AR surfaces attached 

and proliferated over the surface, but failed to differentiate and produce neurite outgrowths, 

even in the presence of nerve growth factors (NGFs), retaining their rounded morphology. The 

expression of nestin—the type VI intermediate filament protein that is produced in nerve 

cells28,29—can be seen in the CLSM images (stained red) at day 5 and 7 only for the differentiated 

cells on the HTE-Ti surfaces. It is evident that the nanostructures present on the HTE-Ti 

substrates provided focal adhesion points for the neuron-like cells to attach and provide further 

directional cues for growth and differentiation. The results presented here provide strong 

evidence as to the biocompatibility of the nanostructured Ti surfaces, with the surface 

nanostructures clearly affording the surface characteristics that are beneficial for the growth 

and proliferation of nerve cells. Such surfaces are suitable for use in implant applications without 

the need for additional surface coatings to encourage the attachment and differentiation of 

neurons. 
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Figure 3. PC 12 cell morphology on HTE and AR Ti surfaces. The PC 12 cells were only able to 
differentiate on the surfaces of the nanostructured substrata in the presence of nerve growth 
factors (NGFs). No differentiation was observed on the non-structured AR surfaces. Expression of 
nestin was observed on the differentiated PC12 cells grown on the HTE-Ti substrates over a 7-day 
period. Immunohistochemical staining (nestin, red) of the PC12 cells showed that the cells could 
be differentiated on the surface of the nanostructured substrates. The cells exhibited an enhanced 
neurite elongation and expression of nestin, as seen on days 5 and 7. The PC12 cells grown on the 
AR surfaces were not observed to differentiate (scale bar = 3 µm). Actin (green) and vinculin (red) 
were labelled on day 1 to enable the determination of cell attachment patterns. 

The viability of PC12 cells attached onto nanostructured substrata was estimated by 

applying a range of qualitative and quantitative bioassays. Live/dead staining yields two-color 

discrimination of the population of live and dead cells. Green-fluorescent calcein-AM indicates 

the presence of intracellular esterase activity, whereas red-fluorescent ethidium homodimer-1 

indicates loss of membrane integrity. Fluorescent micrographs in Figure 4A show the proportion 

of live (green) and dead (red) cells on the HTE and AR substrata. The HTE-Ti surfaces supported 

the attachment and growth of neuron-like cells, following one day of incubation. In similarity 

with the smooth control, the numbers of dead cells were negligible (7.4% and 2.0%, 

respectively). MTS cell proliferation and viability assays (Figure 4B) give a quantitative measure 

of metabolically-active cells, and showed that the cells attached to all substrata remained viable 

for the maximum 1-week incubation period. Absorbance readings of the reduced MTS 

compound highlighted that the surface modification process provided a substratum that actually 

encouraged cellular proliferation, with increased levels of formazan being present in the culture 

wells containing the PC12 cells on HTE-Ti; however, no significant difference was detected in the 

total protein concentration for cells coming into contact with the nanostructured and non-

structured substrata. Finally, in Figure 4C, neurite growth also serves to demonstrate the health 

of attaching nerve cells, with measurements of neurite outgrowths at 7 days showing that ~30% 

of the cells exhibited growths of 40–60 µm in length, whereas those on non-structured surfaces 
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did not produce growth extensions at all and failed to differentiate, which is typical for these 

cells on surfaces not coated with protein. 

Previously, it was demonstrated that osteoblast-like cells responded to HTE-modified Ti 

surfaces through an enhanced cellular attachment and proliferation compared to non-

structured titanium substrata.25 On similar surfaces, primary human fibroblasts were shown to 

successfully attach and proliferate, with the surface providing sufficient anchorage points and 

cues for enhanced growth and elongation of filopodia.2 Furthermore, the behavior of 

mesenchymal stem cells (MSCs) on Ti surfaces fabricated by the same method as used in this 

study was also observed.30 Significantly, compared with non-structured Ti substrata, MSCs 

cultured on HTE-Ti substrata displayed significantly higher proliferation and differentiation 

levels of alkaline phosphatase and osteocalcin after 7- and 14-day cultures, respectively. Often, 

the biocompatibility of titanium implants is studied using oral-derived cell lines due to the heavy 

use of titanium to treat dental caries.31-33 Upon its placement in the jaw, a dental implant must 

encounter osteoblasts from the bone, epithelial cells and underlying fibroblasts. Therefore, in a 

recent systematic study of human gingival fibroblasts, epithelial cells, and osteoblasts grown on 

alkali-hydrothermally etched Ti, it was shown that the osteogenic activity of osteoblasts was 

enhanced, and the adhesion activity of human epithelial cells and fibroblasts was promoted as 

compared to smooth surfaces.31 These results, and results obtained in the current study, suggest 

that the nanostructured titanium substrata have great potential for inducing growth and 

differentiation in multiple cell lines, including osteoblasts and neurons, and that the approach 

presented here may be exploited to fabricate titanium-based implants. 

Enhanced osseointegration has frequently been observed in cases where modified Ti 

substratum have been implanted into an animal model, and under conditions where the Ti 

implants are exposed to normal bodily fluids and proteins.34-36 A study investigating the 

implantation and response of a modified Ti surface possessing titanium dioxide nanorods in 

rabbit femurs achieved better osseointegration and higher rates of bone tissue apposition of the 

nanostructured Ti, compared to classically treated (acid etched, grit blasted) micro-rough Ti 

surfaces.34 Other studies have demonstrated the significantly increased primary and secondary 

stability of nano-modified titania implants and increased new bone formation [37,38]. More 

interestingly, although it has been confirmed in vitro, in vivo models have also established the 

influence of the shape of the nanostructures in enhancing osseointegration.39,40 Over a range of 

specific nanomorphologies investigated in vivo in rats, nanoleaves—being a network of vertically 

aligned, non-periodic “leaf-like” structures—promoted increased osteoblast cell proliferation, 

alkaline phosphatase activity, and collagen synthesis with reduced inflammatory responses over 

other shapes investigated. An inflammatory cytokine analysis of both chronic and acute 
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cytokines revealed no significant increase due to the presence of nanoscale features as 

compared to smooth controls.40 The similar Ti nanomorphologies presented in the literature—

which have been studied in vivo—implies that the Ti surface modifications achieved in this study 

will also promote both antibacterial activity and osseointegration as an implant, although here 

we have tested neuronal response to the surface, which is the first study of its kind according to 

our knowledge. 

 
Figure 4. PC12 cell viability and differentiation on HTE and AR Ti surfaces. (A) Confocal laser 
scanning micrographs showing viable (green) and nonviable (red) bacterial cells on the HTE- Ti and 
AR-Ti surfaces. The majority of PC12 cells still survived on both surfaces after one day of incubation, 
and the mechanobactericidal surface of HTE-Ti did not have any killing effect towards PC12 cells 
(scale bar 50 µm). (B) Day 1, PC12 cell attachment and proliferation on HTE-Ti and AR surfaces. 
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 
results suggest that the HTE-Ti facilitated cell attachment. No differences were detected in the 
total protein content (BCA, bicinchoninic acid protein assay) of the two samples tested. (C) PC12 
cell differentiation on HTE-Ti. PC12 cells present on HTE-Ti surface exhibited enhanced neurite 
growth for 7 days. The cells grown on the AR surfaces were not able to undergo differentiation. 

The biocompatibility of materials is a prerequisite for the manufacture of orthopedic 

implants and for use in medical devices. Although Ti surfaces are chemically inert, surface 

suitability and functionality can be greatly altered through changes to surface chemistry or 

topography. Current approaches to the surface modification of implants do not make the 

distinction between mammalian and bacterial cells and may easily discourage or encourage the 

attachment and growth of both. Micro-nanoscale modification of surfaces can also have a 
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differential impact on the formation of focal adhesion points for mammalian cells, even though 

the surface is “antibiofouling” in nature. With this in mind, the design and fabrication of a 

bactericidal medical implant material that can support the proliferation and differentiation of 

neuron cells is particularly significant. Moreover, because the surfaces in this study capitalise on 

the mechanical interactions between cells and surfaces and because they can be easily 

fabricated using a simple, scalable process, the translation of this research on hydrothermally 

treated titanium surfaces into a commercial product should readily be achieved. 

3.4.5 Conclusions 

Commercial-grade Ti was successfully modified to create surfaces with an array of 

bactericidal nanofeatures. The effect of the nanostructures on PC12 cells was studied using cell 

viability assays and cellular morphology to assess cell–substrata interactions. It was shown that 

the neuron-like cells preferred to attach to the HTE-Ti substrata compared to the non-structured 

surfaces, even without a pre-coating of poly-L-lysine. Once attached onto the nanostructured 

titanium surfaces, PC12 cells demonstrated enhanced proliferation and differentiation. This 

study therefore confirmed the potential of nanostructured titanium surfaces to induce PC12 

cells differentiation into neurons, without the need of surface pre-treatments. 
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2.5. Synthetic biomaterials conclusions 

Much of the effort in nanotechnology has focused on using nanotopography to augment 

material surfaces with nanometre-scale features to mimic the features of the extracellular 

matrix (ECM) proteins to which cells naturally adhere. However, existing approaches have 

achieved only partial successes in cell adhesion as well as infection prevention.  

Therefore, in subchapter 3.1 study of human plasma albumin (Alb) and fibronectin (Fn) 

adsorption onto black silicon surface (BSi), which is synthetic bactericidal material, has been 

conducted to determine the effect of nanoscale topography on protein adsorption.  The 

adsorption of albumin and fibronectin onto two types of substrata was investigated using a 

combination of various analytical methods, such as: Raman spectroscopy, Scanning Electron 

Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS) and Atomic Force Microscopy (AFM). 

Three different concentration of albumin (0.4, 4 and 40 µg/ml) and fibronectin (0.3, 3 and 30 

µg/ml) were applied on the surface, for both maximum concentrations referred to the average 

physiologically present in blood. At lower concentrations (below 40 µg/ml), albumin tended to 

collect at the bottom of the nanopillars. However, at higher bulk concentrations, the albumin 

deposition shifted to the top of the nanopillars. In contrast, fibronectin preferentially adsorbed 

on the top of the nanopillars, no matter the concentration. Overall, both proteins (Alb and Fn) 

adsorbed to a greater extent on the smooth surface than on the nanotopography black silicon 

surface, however the adsorption profiles between the proteins differ due to their varied 

concentration. The resulting data provides a better understanding of the interaction between 

proteins and surfaces. 

A more detailed study, aiming to characterize an effect of different protein coatings and 

NGF on cellular attachment and differentiation of PC12 cells, is described in chapter 3.2. Several 

techniques were used to analyze, cellular morphology was examined using brightfield phase 

contrast microscopy. Additionally, cell metabolism and proliferation were examine using a MTS 

assay. Finally, the neurite outgrowth and axonal generation of PC12 cells was appraised using 

wide field fluorescence microscopy. The results suggest that a combination of poly-L-lysine (PLL) 

/ laminin (Lam) or PLL / fibronectin (Fn) is a more effective coating for enhancing cell adhesion, 

proliferation, and differentiation of PC12 cells than either protein alone. The interesting 

observation from this study is that NGF (100ng/l) significantly enhanced cell differentiation on 

all surfaces, but to a greater extent on the surfaces coated with PLL / Fn or PLL / Lam. This is 

likely because NGF promotes the differentiation of PC12 cells through integrin-mediated 

mechanisms, and the PLL / Fn and PLL / Lam coatings provide more ligands for integrin-mediated 

adhesion than the other surfaces. 
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In chapter 3.3, the focus was to investigate the use of black silicon substratum (BSi) to 

improve both biocompatibilities as for example cell adhesion and antimicrobial activity to bridge 

the gap between material science and biomedical application. Several in vitro models were 

employed in order to assess mechanobactericidal and cellular compatibility of BSi. Firstly, 

surfaces were infected with example of Gram negative; Pseudomonas aeruginosa and Gram 

positive; Staphylococcus aureus, the morphological changes of bacteria cells were visualized 

using SEM technique. Secondly, COS-7 cells were seeded on already preinfected surfaces and 

incubated over different period (1, 3 and 7 day). The cell viability and membrane integrity was 

checked with Live/Dead assay while observation was performed using confocal microscopy. 

Tissue reaction was assessed by using mice subcutaneous implantation model with qualitative 

and quantitative histological analysis of implantation bed afterwards. The results indicate that 

the specific nanotopology of BSi, which has been pre-infected by both pathogenic bacteria, 

provides an effective antibacterial mechanism by enabling the increase in COS-7 cell number 

over time.  The in vivo findings indicated that a more pronounce foreign body response was 

provoked by the planar, nonstructured silicone surface. There was a greater number of 

macrophages associated with the material (  ̴21 per mm2) in comparison to the samples with 

implanted  BSi ( 8̴ per mm2). Lastly, thinner fibrous capsule was seen in BSi samples in contrast 

to flat surfaces.  

While black silicon seems like an attractive choice for this purpose, because it can be easily 

produced with a variety of diameters, real real-life applications of this material remain limited. 

Therefore, chapter 3.4. presents hydrothermally etched titanium, the material that offers a 

more versatile platform with plethora of medical use cases, such as orthopedic and dental 

implants. The purpose of this study was to explore how bactericidal titanium nanostructures 

might affect PC12 cell attachment and differentiation into neuronal-like looking cells. The PC12 

viability, proliferation rate and morphology, grown on nanostructured substrata was verified 

using a variety of qualitative and quantitative bioassays. The results of this study show that 

hydrothermally etched titanium surfaces can significantly improve both cell adhesion and cell 

differentiation. While changes in morphology could be observed by neurite outgrowth with 

length of 40-60 µm in 30% of cell population on HTE-Ti surface, PC-12 cells remained round 

shaped on AR-Ti. Live/Dead assay show low cell death rate on both THE-Ti and AR-Ti substratum 

(up to 7% of cell population). Additionally, BCA test presented no difference in protein 

concentration on both surfaces. Finally, a trend in higher metabolic activity was detected by 

increase in PMS reduction by viable cells into formazan on titanium nanostructured surface in 

comparison to flat one.       
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 Overall, the results of these studies have shown that the surface modification (protein 

coating and nanoscale features) can be used to control cell attachment, proliferation and cell 

differentiation which is a key parameter in the development of implantable biomaterials. 

Furthermore, in vivo studies of BSi indicate that there is milder host tissue reaction to surfaces 

with nanofeature in contrast to flat ones. Nevertheless, their application as implantable 

materials still require further studies to assess their biocompatibility. Additional cell models 

should be incorporated in a study design especially focusing on macrophage lines and primary 

cells as well as longer time points observations should be applied. Moreover, more research 

needs to be conducted to validate the in vivo effects of nanostructured surfaces. However, the 

results of this study provide a new perspective on how different technique of surface 

modification can be employed to improve the biocompatibility of materials. 
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3. Study of biocompatibility of nature-derived biomaterials 

3.1. The case of autologous materials 

Autologous also called autogenous biomaterials are materials derived from the same 

individual. These materials are often used in medical procedures, as they are less likely to cause 

an adverse reaction in the patient. Among these, platelet concentrates are commonly used in 

transfusion medicine, they were originally employed for the treatment and prevention of 

haemorrhage due to severe thrombopenia (which could be caused by medullar aplasia, acute 

leukaemia, or significant blood loss during long-lasting surgery). The standard platelet 

concentrate for transfusion is known as platelet rich plasma (PRP), and typically contains 0.5 x 

1011 platelets per unit.1 Platelets are known to contain more than 300 biologically active 

molecules (cytokines, growth factors and chemokines) released upon platelet-alpha activation. 

Platelet-derived molecules play an important role in regulating cell-cell and cell-extracellular 

matrix interactions and facilitate modification of their microenvironment and influence how 

they interact with their surroundings.2 In terms of tissue regeneration, the most important 

molecules released are VEGF vascular endothelial growth factor (VEGF), transforming growth 

factor β-1 (TGFβ-1), platelet- derived growth factor (PDGF), fibroblast growth factor (FGF), 

epidermal growth factor (EGF), matrix metalloproteinases 2 and 9 (MMP2 and -9), and 

interleukin 8.2,3 These proteins have an ability to promote cell proliferation, matrix remodelling 

and revascularization and therefore have been used to enhance the wound healing, bone 

remodelling, hair regrowth (androgenic alopecia), nerve regeneration and skin 

rejuvenation.3,4,5,6 

All platelet rich plasma (PRP) techniques share some commonalities: blood is drawn with 

anticoagulant prior to or during surgery and is immediately processed for centrifugation. The 

time span for all procedure does not extend to more than 1 hour. Centrifugation process intends 

to separate blood into three different layers: red blood cells (RBCs), buffy coat (leukocytes and 

platelets) and plasma with platelets, often called supernatant (which may exhibit a more solid 

form, in case fibrin polymerization, caused by adding thrombin or calcium chloride). Depending 

on the protocol, sometimes centrifugation is performed twice to reduce the presence of 

RBCs.1,2,5,6  

Choukroun’s platelet rich fibrin (PRF) is the newest advancement in these systems. Blood 

is drawn without anticoagulant and immediately centrifuged. This creates a leukocyte- and 

platelet-rich fibrin clot (L-PRF), without the need for biochemical modification. Furthermore, in 

last five years, additional protocols were developed, for instance an injectable PRF (iPRF), which 
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is a PRF-based matrix in liquid, obtained by reducing the relative centrifugation force (RCF) and 

time. iPRF is often directly injected into the patient’s tissue or is used as an additive to several 

xenogenic biomaterials to enhance their biocompatibility.1  

In order to investigate the influence of RCF on cellular content and growth factor profile 

release within injectable PRF (iPRF) and solid PRF, different in vitro comparative studies were 

performed in this thesis. Additionally, in vivo tissue response was assessed by implanting two 

differently obtained platelet rich fibrins using the subcutaneous implantation model in SCID 

(severe combined immunodeficient) mice. 
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3.1.1. Reduction of relative centrifugal forces increases 

growth factor release within solid platelet-rich-fibrin 

(PRF)-based matrices: a proof of concept of LSCC (low 

speed centrifugation concept) 
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Abstract 

Purpose: The present study evaluated the platelet distribution pattern and growth factor 

release (VEGF, TGF-β1 and EGF) within three PRF (platelet-rich-fibrin) matrices (PRF, A-PRF and 

A-PRF+) that were prepared using different relative centrifugation forces (RCF) and 

centrifugation times.  

Materials and methods: Immunohistochemistry was conducted to assess the platelet 

distribution pattern within three PRF matrices. The growth factor release was measured over 10 

days using ELISA.  

Results: The VEGF protein content showed the highest release on day 7; A-PRF+ showed 

a significantly higher rate than A-PRF and PRF. The accumulated release on day 10 was 

significantly higher in A-PRF+ compared with A-PRF and PRF. TGF-β1 release in A-PRF and A-

PRF+ showed significantly higher values on days 7 and 10 compared with PRF. EGF release 

revealed a maximum at 24 h in all groups. Toward the end of the study, A-PRF+ demonstrated 

significantly higher EGF release than PRF. The accumulated growth factor releases of TGF-β1 and 

EGF on day 10 were significantly higher in A-PRF+ and A-PRF than in PRF. Moreover, platelets 

were located homogenously throughout the matrix in the A-PRF and A-PRF+ groups, whereas 

platelets in PRF were primarily observed within the lower portion.   

Discussion: The present results show an increase growth factor release by decreased RCF. 

However, further studies must be conducted to examine the extent to which enhancing the 

amount and the rate of released growth factors influence wound healing and biomaterial-based 

tissue regeneration.   

Conclusion: These outcomes accentuate the fact that with a reduction of RCF according 

to the previously LSCC (described low speed centrifugation concept), growth factor release can 

be increased in leukocytes and platelets within the solid PRF matrices. 

Introduction 

Various blood concentrates are used to support tissue regeneration and wound healing 

in different fields. One of these systems is platelet-rich plasma (PRP), a technique that has been 

developed for clinical practice and tissue regeneration therapies1, 2 PRP is prepared by multiple 

centrifugation steps using patient blood to which anticoagulants have been added to achieve a 

platelet-rich concentrate that can be used for different indications.3 However, seeking to 

minimize contamination risk, eliminate additional anticoagulants and use the autologous and 
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natural regeneration capacity, a new system, platelet-rich fibrin (PRF), was introduced as the 

first blood concentrate system without additional anticoagulants.4 

PRF is derived from patient venous blood by means of single-step centrifugation without 

the further addition of any type of anticoagulants. This system was developed to fulfill clinical 

needs by being time-saving and easy to use.4 PRF-based matrices include various inflammatory 

cells, such as platelets and leukocytes, in combination with various plasma proteins embedded 

in a fibrin network.5 The components of PRF-based matrices are known to play an important role 

during the process of wound healing. Platelets are the first cells to occur in the region of an 

injury. In addition to their role within hemostasis, platelets have inflammatory potential, 

including the recruitment of further inflammatory cells, such as neutrophils and macrophages, 

and promote angiogenesis and tissue repair.6, 7 In this context, platelets are able to express a 

series of biologically active signaling molecules and growth factors, such as platelet-derived 

growth factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth factor 

beta (TGF-β). These growth factors are essential for tissue vascularization and new tissue 

formation.8, 9 Moreover, platelets contain granules with cytokines, chemokines and other 

inflammatory mediators that are released after platelet aggregation to enhance hemostasis and 

activate and recruit cells to the site of inflammation.10, 11 Leukocytes also contribute to 

angiogenesis and lymphangiogenesis by participating in cell–cell cross talk and expressing 

various signaling molecules.12, 13 The extracellular matrix in the wound bed supports the 

formation of blood vessels, and fibrin provides a scaffold for the inflammatory cells.14 

The structure and constituents of PRF-based matrices were previously explored by our 

group. An ex vivo histomorphometrical study showed a dense structure and specific localization 

of the included inflammatory cells in the lower part of PRF.5 In addition, a modification of the 

preparation setting based on the previously LSCC (described low-speed centrifugation concept) 

is a first step in the reduction of the applied relative centrifugation force (RCF). This step was 

accompanied by a mild increase of centrifugation time, resulting in a so-called advanced PRF (A-

PRF).5, 15 Analysis of the structure and composition of A-PRF revealed a more porous structure 

compared to PRF.5 In addition, histomorphometrical analysis revealed significantly more 

neutrophilic granulocytes in the group of A-PRF compared with PRF.5 

While developing PRF-based matrices, the focus was on clot formation, consistency and 

functional integrity the fibrin clot and the distribution of the included inflammatory cells to 

generate PRF-based matrices with high functionality and adequate handling. In this study, the 

applied RCF and centrifugation times are key elements. Further research on PRF-based matrices 

regarding their structure and composition indicates that adjusting the centrifugation time, i.e., 

reducing the spinning time and applying the same RCF as in the case of A-PRF, allows the 
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introduction of a new PRF-based matrix, Advanced-PRF+ (A-PRF+). A previous systematic study 

demonstrated the influence of the RCF reduction on the leukocyte and platelet numbers as well 

as their role in growth factor release in fluid PRF-based matrices following the LSCC, which 

indicates that reducing the RCF enhances the cell number and growth factor release within PRF-

based matrices.15 Based on the LSCC, we examined modifications of the RCF and centrifugation 

times in solid PRF-based matrices and their influence on the growth factor release within the 

previously introduced PRF protocols with a solid structure; PRF, A-PRF and A-PRF+. Therefore, 

the goal of the present study was to determine growth factor release in solid PRF-based 

matrices, PRF, A-PRF and A-PRF+, at six different time points over a period of 10 days. 

Additionally, immunohistochemical analysis was conducted to assess the platelet distribution 

pattern within the various PRF-based matrices. 

Experimental 

PRF preparation 

For each protocol, peripheral blood was drawn from four healthy volunteers between 25 

and 60 years of age (two females, two males) without a history of anticoagulant usage. Informed 

consent was obtained from each donor who participated in this study. As previously described,5 

the venous blood was collected in 10-ml sterile glass tubes (A-PRF tubes Process for PRF™, Nice, 

France; Mectron, Cologne, Germany) without external anticoagulants and placed immediately 

in a centrifuge (Duo centrifuge, Process for PRF™, Nice, France; Mectron, Cologne, Germany). 

The centrifuge has a fixed angle rotor with a radius of 110 mm and no brake. After centrifugation 

time, the centrifugation process ends automatically, and the centrifuge stops in 2-5s. All 

preparation steps were performed at room temperature according to the established protocols 

as follows: PRF: 10 ml; 2400 rpm; 12 min; 208 g, A-PRF: 10 ml; 1300 rpm; 14 min; 208 g, A-PRF+: 

10 ml; 1300 rpm; 8 min; 208 g. After centrifugation, all clots were carefully removed from the 

tubes and separated from the red blood cell fraction with sterile tweezers and scissors. 

PRF cultivation 

The total clots of PRF, A-PRF and A-PRF+ were placed in separate wells of a 6-well plate 

(Greiner, Bio-One International) and covered with 5 ml Roswell Park Memorial Institute medium 

(RPMI 1640, Gibco Thermo Fischer Scientific) without Fetal Bovine Serum and supplemented 

with L-glutamine and 1% penicillin/streptomycin. The clots were incubated in a humidified 

incubator for up to 10 days at 37 °C with 5% C O2. The supernatants from each well were taken 
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after 6, 24, 48, 72 h, 7 and 10 days and stored as aliquots at −80 °C. At each time point, all of the 

clots of PRF-based matrices were placed into new wells and covered with 5 ml fresh medium. 

Growth factor measurement 

The supernatants that were collected from the various PRF-based matrices at different 

cultivation time points were used for the quantification of different growth factors by enzyme-

linked immunosorbent assay (ELISA). All collected supernatants were simultaneously 

centrifuged (1500 rpm; 5 min.) using a centrifuge (Thermo fisher scientific,  Heraeus®  Labofuge® 

400 R) to exclude possible residue that could affect the photometrical measurement. Before 

TGF-β1 and EGF ELISA preparation, the supernatants were diluted 1:4 with the same cell culture 

RPMI medium used for PRF-matrices cultivation. The protein concentrations of human VEGF, 

TGF-β1 and EGF were determined by the Dou Set ELISA kit (Human VEGF DY293B, R&D Systems, 

detection range: 2000–31.3 pg/ ml), HumanDou Set ELISA kit (Human TGF-β1 DY240, R&D 

Systems, detection range: 2000–31.3 pg/ml) and the Duo Set DuoSet ELISA kit (human EGF 

DY236, R&D Systems, detection range: 3.91–250 pg/mL) according to the manufacturer´s 

instructions. Measurements were conducted using a microplate reader ( Infinite® M200, Tecan, 

Grödig, Austria) set to 450 nm and subtracted at 570 nm from the 450 nm measurements. 

Immunohistological analysis 

As previously described,5, 16 the PRF clots were collected after 10 days and fixed in  Roti®-

Histofix 4%, acid free (pH 7), and 4% phosphate-buffered formaldehyde solution (Carl-Roth) for 

24 h. The PRF-based matrices were dehydrated in a series of alcohol and xylene through a Tissue 

Processor (TP1020, Leica Biosystems Nussloch GmbH, Germany) and embedded in paraffin 

blocks. Afterwards, 3 µm thick sections from each sample were cut by a rotatory microtome 

(Leica RM2255, Wetzlar, Germany). For immunohistochemistry, the sections were 

deparaffinized, rehydrated and finally sonicated in citrate buffer (pH 6) at 96 °C for 20 min. The 

sections were stained with monoclonal mouse anti-human CD61 marker (1:50, Platelet 

Glycoprotein IIIa/APC, Clone Y2/5, Dako) by means of an autostainer (Lab vision Autostainer 360, 

Thermo Fisher Scientific). Histological examination was conducted using a light microscope 

(Nikon Eclipse 80i, Tokyo, Japan). Three of the authors KE, SA and SG, were independently 

blinded for the morphological analysis. The microphotographs were prepared with a connected 

DS-Fi1/Digital camera (Nikon, Tokyo, Japan) and a Digital sight unit DS-L2 (Nikon, Tokyo, Japan). 
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Statistical evaluation 

Data were expressed as the mean ± standard deviation. Statistical analysis was conducted 

using Prism Version 6 (GraphPad Software Inc., La Jolla, USA). The significance of differences 

among means of data was analyzed using two-way analysis of variance (ANOVA) with the Tukey 

multiple comparisons test (α = 0.05) of all pairs. The significant differences were regarded as 

significant if the p values were less than 0.05 (*p < 0.05) and highly significant if the p values 

were less than 0.005 (**p < 0.005), 0.0005 (***p < 0.0005) or 0.0001 (****p < 0.0001). 

Results and discussion 

General observation of fibrin clotting within the three investigated groups 

Macroscopic observation demonstrated the formation of three slightly different clots. PRF 

formed a clot with a fibrin/red blood count (RBC) ratio of 1/1.66, and the clot length was 

measured as 3.5 cm. A-PRF showed a clot formation with a fibrin/red blood count (RBC) ratio of 

1/2. Here the clot length was 3.5 cm. A-PRF+ had a fibrin/ red blood count (RBC) ratio of 1/3 and 

a length of 2.5 cm (Fig. 1). Moreover, while separating the fibrin clot from the RBC, it was 

observed that in the case of PRF and A-PRF, the adhesion between the two sections, the fibrin 

clot and RBC, was stronger compared with A-PRF+. Accordingly, the A-PRF+ fibrin clot was much 

easier to separate.  

 
Figure 1. The PRF-based matrices immediately following centrifugation 

Growth factor release kinetics from the clots 

The present study focused on the determination of the released growth factor kinetics of 

the three PRF-based matrices, PRF, A-PRF and A-PRF+. The growth factors VEGF, EGF and TGF-

β1 were quantified for the released concentrations at each time point (6, 24, 48, 72 h, 7, and 10 

days). Additionally, the accumulated growth factor quantities were calculated. 
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VEGF release 

The general trend of the three evaluated groups at each time point was similar. The 

release of VEGF increased in the very early phase from 6 to 24 h in all groups. At 48 h, the growth 

factor release was comparable to the values at 24 h in all groups. From 48 to 72 h, a slight 

decrease in the release of VEGF was evidenced in all groups. From 72 h to day 7, a highly 

significant increase in all groups was observed (p < 0.0005) in an intra-individual comparison 

(data not shown). During the 4 days of cultivation between 72 h and day 7, the highest released 

concentration of VEGF over the study time was measured. Here, A-PRF+ showed the highest 

concentration when compared with PRF and A-PRF (PRF = 158.5 ± 36.6 pg/ml; A-PRF = 153.6 ± 

40.1 pg/ml; A-PRF+ = 242.35 ± 67.9 pg/ ml), which was statistically highly significant when 

compared to PRF and A-PRF (p < 0.0005). By contrast, A-PRF showed no statistically significant 

difference compared to PRF. From day 7 to day 10, all groups showed a decrease in the release 

of VEGF. This decrease was intra-individually statistically highly significant compared with day 7 

(data not shown). Furthermore, after 10 days, A-PRF+ showed the highest VEGF release (PRF = 

83.7 ± 28.81 pg/ml; A-PRF = 64.84 ± 15.7 pg/ml; A-PRF+ = 95.5 ± 44.7 pg/ml). At this time point, 

no significant difference could be identified among the groups (Fig. 2A1). 

Concerning the accumulated VEGF concentration, a general trend was also evidenced by 

a continuous increase in the released VEGF over the study time. In the early phase (6–72 h), the 

release of VEGF increased in all groups, whereas the groups’ concentrations were quite similar. 

Moreover, in the late study period (72 h–10 days), a similar tendency was observed in all groups. 

However, A-PRF+ released the highest concentration on day 10 when compared with PRF and 

A-PRF (Table 1). This difference was highly significant when comparing A-PRF+ to A-PRF (***p < 

0.0005) and significant comparing A-PRF+ to PRF (**p < 0.005) at this time point (Fig. 2 A2). 

TGF-β1 release 

Various TGF-β1 release patterns were measured in PRF, A-PRF and A-PRF+. Within the PRF 

group, a slight increase was observed in the early study time (6–72 h) followed by a dramatic 

decrease in the late study time (72 h–10 days). At 72 h, PRF already showed the highest 

concentration over the study period. At this time point, PRF was significantly higher only when 

compared to A-PRF (p < 0.0001), whereas no significant difference was observed compared to 

A-PRF+ (Fig. 2B1). 

The A-PRF group showed a high release value at the first time point (6 h) (PRF = 4.6 ± 1.0 

ng/ml; A-PRF = 7.0 ± 1.4 ng/ml; A-PRF+ = 5.8 ± 1.4 ng/ml), the difference between A-PRF and 

PRF being statistically significant (p < 0.05). However, no statistically significant difference was 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
141 

detected regarding A-PRF+. This observation was followed by irregular behavior until 72 h and a 

significant increase at day 7, when the highest TGF-β1 release of A-PRF was observed. At this 

time point, A-PRF was significantly higher than PRF (p < 0.0001), whereas no significant 

difference was revealed for the A-PRF+ group. 

A-PRF+ showed a mild decrease of the released TGFβ1 at the early study time (6–48 h). 

However, from 72 h to day 7, an increase in the released TGF-β1 was observed when the highest 

concentration of TGF-β1 release was reached in the case of A-PRF+. At day 7, a statistically highly 

significant difference was observed when compared with PRF (p < 0.0001), whereas no 

significant difference was observable compared to A-PRF (PRF = 1.9 ± 1.6 ng/ ml; A-PRF = 8.5 ± 

0.6 ng/ml; A-PRF+ = 8.6 ± 0.4 ng/ml). From day 7 to day 10, the release of TGF-β1 decreased in 

all groups. However, A-PRF showed significantly higher values when compared with PRF (p < 

0.0001). Similarly, A-PRF+ revealed more growth factor release, which was highly significant 

when compared with PRF (p < 0.0001). No statistically significant difference was observed when 

comparing A-PRF and A-PRF+ at this time point (Fig. 2B1). 

The accumulated concentration of TGF-β1 showed an increase in all groups at the early 

study time (6–72 h). However, at the late study time (72 h–10 days), the growth factor release 

differed among the various groups. PRF showed a more or less constant concentration of TGF-

β1 after 72h, whereas in the case of A-PRF and A-PRF+, an increased TGF-β1 concentration was 

observed. These differences on day 10 were statistically significant when comparing A-PRF to 

PRF (p < 0.0001) and A-PRF+ to PRF (p < 0.0001); however, no statistically significant difference 

was detected when comparing A-PRF to A-PRF+ (Table 1) (Fig. 2B2). 
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Figure 2. Statistical analysis of the growth factor releases by time (***p < 0.0005), (****p < 0.0001). 
Total accumulated growth factor points as the mean ± standard deviation for PRF, A-PRF and 
concentration over 10 days. A2 VEGF, B2 TGF-β1, C2 EGF A-PRF+. A1 VEGF, B1 TGF-β1 release, C1 
EGF release, (*p < 0.05), 

EGF release 

A general trend was observed in all three PRF-based matrices. The rate of the released 

EGF increased quite early in the study time (6–24 h) to reach the highest value in all groups at 

24 h. At this time point, A-PRF+ showed the highest value of the released EGF when compared 

with PRF and A-PRF (PRF = 282.69 ± 109.09 pg/ ml; A-PRF = 373.75 ± 101.25 pg/ml; A-PRF+ = 

435.17 ± 89.29 pg/ml), the difference being statistically highly significant when comparing A-

PRF+ to PRF (***p < 0.0005); no statistical significance was observed when comparing A-PRF to 
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A-PRF+. Subsequently, a course change was observed when a strong reduction of the released 

EGF occurred in all examined groups until 72 h. After that, on day 7, a slight increase was 

observed in all groups. Here also, A-PRF+ was the highest (PRF = 148.28 ± 48.27 pg/ml; A-PRF = 

138.70 ± 61.07 pg/ ml; A-PRF+ = 173.50 ± 98.72 pg/ml) although no statistically significant 

difference was detectable. At the last evaluated time point on day 10, all groups showed a 

significant decrease in the released EGF compared with day 7 (data not shown). However, at this 

time point, no statistically significant differences were observed among the groups (Fig. 2C1). 

The accumulated concentration of the released EGF also exhibited a general trend. All 

groups showed a similar curve progression in the form of increased EGF release over the study 

time. A-PRF and A-PRF+ also displayed similar values. Early in the study time, a remarkable 

increase in released EGF was evidenced in all groups. After 72 h, only a minor increase of the 

released EGF was observed toward the end of the study on day 10. At these time points (72 h–

10 days), A-PRF and A-PRF+ showed statistically significantly higher release values when 

compared with PRF (A-PRF+ compared with PRF p < 0.005; A-PRF compared with PRF p < 0.05), 

whereas no statistically significant differences were revealed when comparing A-PRF to A-PRF+ 

(Table 1) (Fig. 2C2). 

Table 1. Accumulated growth factor concentration of PRF, A-PRF and A-PRF+ at day 10 as the mean ± 
standard deviation. Statistical analysis of A-PRF and A-PRF+ compared with PRF (*p < 0.05), (**p < 0.005), 
(***p < 0.0005), (****p < 0.0001) 

 

Platelet distribution in the PRF-based matrices 

Immunohistochemical staining with CD-61 antibodies against platelets was conducted to 

determine the platelet distribution in cross sections of the three PRF-based matrices. The 

platelet distribution was evaluated with regard to the location in the clot. The platelets formed 

accumulations within all three clots. PRF, which was prepared with a high RCF, showed a 

different distribution pattern according to the localization. The upper and middle portions of the 

clot showed only a few platelets, whereas the majority of platelets were distributed in the lower 

portion of PRF (Fig. 3). By contrast, A-PRF, which was prepared with a reduced RCF, presented a 

different distribution pattern. Platelets were dispersed all over the clot (Fig. 4). A-PRF+ with a 

reduced RCF and a reduced centrifugation time also displayed an even platelet distribution 

pattern in the various locations within the clot (Fig. 5). 

Growth factor PRF A-PRF A-PRF+ 

VEGF (pg/ml) 632.26 ± 90.58 593.15 ± 114.08 773.88 ± 

117.66** 
TGF β1 (ng/ml) 23.18 ± 1.22 34.081 ± 3.21**** 36.29 ± 5.73**** 

EGF (pg/ml) 858.62 ± 152.90 1106 ± 57.74* 1147.07 ± 164.47** 
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Figure 3. CD-61 immunohistochemical analysis of PRF according to the different regions. (A1, A2) 
upper portion; (B1, B2) middle portion; (C1, C2) lower portion (A1, B1, C1 total scan sections; scale 
bar 500 µm). A2, B2, C2 show the distribution pattern of platelets (yellow arrows) in higher 
magnification (f fibrin; b buffy coat; scale bar 20 µm) 
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Figure 4. CD-61 immunohistochemical analysis of A-PRF according to the different regions. (A1, A2) 
upper portion; (B1, B2) middle portion; (C1, C2) lower portion (A1, B1, C1 total scan sections; scale 
bar 500 µm). A2, B2, C2 Show the distribution pattern of platelets (yellow arrows) in higher 
magnification (f fibrin; b buffy coat; scale bar 20 µm) 
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Figure 5. CD-61 immunohistochemical analysis of A-PRF according to the different regions. (A1, A2) 
upper portion; (B1, B2) middle portion; (C1, C2) lower portion (A1, B1, C1 total scan sections; scale 
bar 500 µm). A2, B2, C2 Show the distribution pattern of platelets (yellow arrows) in higher 
magnification (f fibrin; b buffy coat; scale bar 20 µm) 

Discussion 

This study presents the potential of PRF-based matrices (PRF, A-PRF and A-PRF+) for 

growth factor release as a modest contribution to ongoing discussions regarding the preparation 

of PRF-based matrices as biological scaffolds and a natural growth factor release system, which 

is derived from autologous blood. The results revealed continuous growth factor release of 

VEGF, TGF-β1 and EGF over the study time. However, statistically significant differences among 

the various preparation protocols, PRF, A-PRF and A-PRF+, were demonstrated. 
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One of the most potent angiogenesis-stimulating growth factors is VEGF. A-PRF+ released 

significantly more VEGF than PRF and A-PRF on day 7. Moreover, the accumulated release of 

VEGF on day 10 was significantly higher in A-PRF+ than in PRF and A-PRF. However, no statistical 

significance was detected when evaluating A-PRF and PRF. These outcomes are quite likely 

related to the specific fibrin structure and cellular distribution pattern of A-PRF+. VEGF plays a 

crucial role in wound healing and tissue regeneration to promote vascularization and new vessel 

formation.17 Additionally, previous studies have demonstrated that the sustained release of 

VEGF promotes epithelialization and enhances collagen tissue deposition in a skin wound 

healing model in mice.18 Thus, the sustained and enhanced VEGF release of A-PRF+ could lead 

to more benefits in regeneration and vascularization and thus provide a nutrient supply to 

support wound healing and improve the biomaterial-guided regeneration pattern. 

The release of TGF-β1 in A-PRF and A-PRF+ indicated the maximal release values on days 

7 and 10, which were significantly higher when comparing A-PRF to PRF and A-PRF+ to PRF. 

However, no statistically significant difference between the TGF-β1 release of A-PRF and A- 

significant difference in this case. TGF-β 1 is essential for wound healing.19 Chronic wounds were 

observed to have a decreased expression of TGF-β receptors.20 Thus, PRF matrices with an 

enhanced release of TGFβ1, as was the case PRF+ groups than in the PRF group. By contrast, A-

PRF and A-PRF+ revealed no statistically for A-PRF and A-PRF+, could have a major influence on 

wound healing as a catalyzer of wound repair stages. In addition, this growth factor is known to 

stimulate fibroblast migration, enhance collagen synthesis and promote angiogenesis.21, 22 All of 

the latter characteristics are essential in the biomaterial-based regeneration process. Hence, 

PRF-based matrices as an additional autologous dose of inflammatory cells and growth factor 

could be promising in the field of guided bone and tissue regeneration (GTR and GBR), in which 

biomaterials should provide a scaffold and support the regeneration process in the defect area. 

The release of EGF was generally higher in the A-PRF and A-PRF+ groups when compared with 

PRF. Statistically highly significant differences were detected when comparing A-PRF+ with PRF 

after 24 h, whereas no significant difference was observed between A-PRF+ and A-PRF. The 

accumulated EGF release showed significantly higher rates in the case of A-PRF and A-PRF+ 

compared with PRF at most time points, particularly on day 10. EGF has previously been 

described as promoting cell growth,21 enhancing keratinocyte migration,23 inhibiting apoptosis 

under hypoxic conditions,24 and supporting reepithelization and skin healing.25, 26 Additionally, 

EGF supports the healing process of chronic wounds,27 nonhealing chronic wounds and ulcers, 

which are, for example, observed in diabetic patients known to lack the necessary growth factors 

to maintain the healing process.28, 29 Thus, such patient groups may benefit from the application 

of PRF matrices as an autologous drug delivery system. Moreover, immunohistochemical 
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evaluation indicated an equal distribution pattern of platelets in all clot regions in the case of A-

PRF and A-PRF+, whereas in PRF, the majority of the platelets were located in the lower portion 

of the clot. These findings may be related to the LSCC (low speed centrifugation concept), 

indicating that reducing the applied RCF increases the number inflammatory cells and platelets 

as well as the growth factor release within the PRF-based matrices.15 Because the centrifugation 

process depends on cell weight and density, a higher RCF may be the reason for the 

sedimentation of the majority of the platelets to the lower portion of the clot according to their 

density and size, as observed in PRF. Decreasing the RCF allows the platelets to become 

separated from the red blood cell phase and become equally distributed within the fibrin 

network. The effectiveness of PRF clots with low platelet counts and uneven platelet distribution 

may have less influence on clinical outcomes than clots with evenly distributed and enhanced 

platelet numbers because the applied clot could have uneven biological activity and thus a 

reduced growth factor release, as indicated in the present study. However, comparative clinical 

studies are necessary to evaluate the advanced PRF matrices presented here to demonstrate 

the extent to which the improved structure, even cellular distribution and enhanced growth 

factor release may affect clinical outcomes. 

These observations highlight the influence of RCF reduction, i.e., from PRF (708 g) to A-

PRF and A-PRF+ (208 g) on platelet distribution, thereby correlating with the previously 

demonstrated automated cell counting that indicated significantly more platelets in PRF 

matrices prepared with low RCF than with high RCF application.15 A previous ex vivo 

immunohistochemical study demonstrated the distribution pattern in PRF and A-PRF, which 

included, in addition to platelets, a wide range of inflammatory cells that physiologically exist 

within the peripheral blood, such as leukocytes, including neutrophils and monocytes as well as 

lymphocytes.5 However, further immunohistochemical studies are required to determine the 

distribution pattern of the included leukocytes and their subgroups, particularly in A-PRF+. 

These cells, particularly platelets and neutrophilic granulocytes, contribute to neoangiogenesis 

and VEGF release.30, 31 In addition, platelets are the primary secretory cells of EGF and TGF-β1;32 

thus, their presence within the PRF-based matrices is a possible explanation for the observed 

growth factor release. These cells are essential for wound healing and tissue regeneration.33, 34 

In the present study, release kinetics displayed an increased growth factor release over the study 

time and a maximum at day 7 in the case of VEGF and TGF-β1 as well as an increased growth 

factor release at 24 h in the case of EGF. Based on the growth factor and release kinetics 

demonstrated here, one may assume that the growth factor release pattern within the various 

PRF-based matrices is an active release from living cells within the different PRF clots, which 
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most likely experienced apoptosis during the study period if 10 days reflects the reduction in 

growth factor release at day 10 compared with day 7 in all groups and growth factors. 

Additionally, leukocytes and platelet interaction via cellular cross talk have been 

described in bone regeneration.9 In this context, the high regeneration potential of advanced 

PRF-based matrices could be beneficial in various clinical applications, such as enhancing the 

regeneration pattern of biomaterials in terms of GTR and GBR. Moreover, autologous biologizing 

biomaterials using PRF based matrices may improve the regeneration pattern in large-sized, soft 

and bony defects to catalyze wound healing and regeneration. Ongoing clinical observations in 

oral- and maxillofacial surgery have demonstrated that various bony defects within the jaw or 

head can be regenerated by different clot numbers according to the defect size. Thus, molar 

sockets are treated with 2–3 clots, whereas larger bony head defects are treated with up to 6 

clots. Based on these observations, PRF-based matrices could be a beneficial tool to improve the 

regeneration of soft and bony defects after orthopedic or trauma surgery. The present study 

demonstrates that the application of the LSCC (low speed centrifugation concept), by decreasing 

the RCF from PRF toward A-PRF and A-PRF+, results in a significantly higher release of VEGF, 

TGF-β1 and EGF. Notably, the accumulated release over 10 days of TGF-β1 and EGF supports the 

relation between the reduction of RCF and the growth factor release. Hence, A-PRF+ and A-PRF, 

which were prepared with the same RCF, displayed comparable results that were significantly 

higher than PRF, which was prepared with more than three times higher RCF. These 

observations emphasize the fact that the application of the LSCC is valuable in modifying and 

optimizing solid PRF based matrices. However, the manipulation of the centrifugation time 

appeared to influence only certain growth factors, as shown in the case of A-PRF+. The 

accumulated VEGF release on day 10 showed a significantly higher rate in the group of A-PRF+ 

compared with A-PRF and PRF. It may be that the application of a low RCF but a longer 

centrifugation time, as demonstrated in the case of A-PRF, affected the VEGF release capacity, 

whereas the application of a low RCF and slightly decreased centrifugation time, as in A-PRF+, 

resulted in a significantly higher VEGF release. Another plausible explanation may be that the 

specific fibrin clot composition of A-PRF+ allows a highly increased VEGF release and thus a 

higher accumulated VEGF release on day 10. These data accentuate the fact that the various 

growth factor concentrations may be a consequence of the various total cell concentrations 

within the PRF-based matrices. 

The various release profiles of the evaluated PRF based matrices may also be a 

consequence of the different growth factor binding affinities to fibrin. It has been demonstrated 

that growth factors, such as VEGF, have a high affinity to bind to fibrinogen and fibrin so that 

those factors are released in a sustained manner.35 This information is reflected in the present 
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results by showing significantly enhanced VEGF release on day 7 in the case of A-PRF+. By 

contrast, EGF is released in a high concentration level at the very early time point of 24 h. One 

explanation for this observation may be the low binding affinity of EGF to fibrin and fibrinogen.36 

Another factor may be the structure of the PRF-based matrices. A-PRF and A-PRF+ exhibit a more 

porous structure than the densely structured PRF.5 The physical properties of the clot and the 

specific fibrin structure related to the manufacturing protocol5 may also influence the binding 

affinity and the sustained release of the various growth factors. It is possible that a more porous 

structure, as shown in A-PRF and A-PRF+, is one reason for an enhanced growth factor release.5 

Thus, it remains questionable whether the growth factor release is related to the specific 

physical properties of the fibrin network or to the included inflammatory cells and platelets, or 

perhaps a combination of both. Therefore, further study is required to understand this specific 

complex system. 

The release kinetics of growth factors in the PRF-based matrices have previously been 

reported in several studies.37, 38 Direct comparisons of these studies are limited because of the 

various preparation protocols in terms of RCF, centrifugation time, blood volume and the 

techniques used to generate the PRF-based matrices. However, one in vitro study analyzed the 

growth factor release in PRF based matrices compared with PRP.39 Correlations were 

demonstrated in the case of the accumulated TGF-β1 and EGF, for which both studies presented 

a significantly higher growth factor release in PRF matrices prepared with a low RCF application 

compared with PRF matrices with high RCF exposure. This accentuates the fact that reduction 

of the RCF enhances the release of these growth factors. Notably, the later study also showed 

that PRP released higher growth factor concentrations (EGF, VEGF and TGF-β1) at the very early 

time points, whereas PRF-based matrices showed a continuous and higher growth factor 

concentration over a period of 10 days.39 Moreover, this group demonstrated further evaluation 

of the growth factors in PRF, A-PRF and A-PRF+.40 The results of the accumulated growth factor 

release on day 10 are consistent with the present findings with regard to A-PRF+ concerning TGF 

β1 and EGF. Both studies presented a significantly higher release of these growth factors within 

A-PRF+ when compared with PRF. By contrast to Kobayashi et al. (2016), the present study 

reveals no significant differences between A-PRF and A-PRF+ with regard to TGF β1 and EGF. 

Additionally, the present outcomes indicate significantly higher accumulated VEGF release on 

day 10 in the group of A-PRF+ compared with A-PRF and PRF, whereas Kobayashi et al. (2016) 

showed no statistically significant differences between the examined groups on day 10. At this 

point, it must be stressed that the two studies were of different designs. Kobayashi et al. (2016) 

evaluated different time points from the time points investigated in the present study. In 

addition, Kobayashi et al. (2016) used a shaking incubator before performing the ELISA 
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evaluation, whereas our group incubated the PRF-based matrices without further manipulation, 

which can also be a reason for the discrepancies revealed in the results. It is evident that 

detection of the specific growth factors is dependent on the specific methods employed. Thus, 

further studies in this field are necessary to develop and evaluate PRF-based matrices generated 

according to LSCC. 

The present experimental design regarding the preparation and cultivation of PRF-based 

matrices may offer advantages because the PRF clots were not compressed or manipulated but 

nevertheless yielded the large amount of growth factors in the PRF clot. Furthermore, the clots 

were incubated in a cell culture environment to provide adequate gas exchange and optimal 

conditions for cells. The primary limitation of this study is the in vitro system issue. A comparison 

with clinical results is difficult because of the discrepancy of comparing the physiological 

environment in vivo. Thus, the cellular crosstalk and enzymatic degradation of the fibrin network 

would be different in vivo. Further in vivo studies are required to determine the influence of the 

growth factors on the regeneration pattern of PRF-based matrices, particularly those matrices 

that are prepared according to the LSCC. This is necessary to identify out whether the observed 

inflammatory cell and growth factor enhancement will contribute to an improved regeneration 

potential in vivo. Moreover, the optimal release of growth factors required in wound healing 

and regeneration processes remains unclear, as is whether enhancing the amount released will 

indeed lead to improved performance. Thus, controlled clinical studies are essential to evaluate 

the regeneration potential of A-PRF and A-PRF+ and to establish the extent to which 

homogeneously distributed platelets and an enhanced growth factor release in addition to the 

porous structure will contribute to improved wound healing. 

Less is known regarding the interaction of the PRF-based matrices with biomaterials with 

a view to improving biomaterial-based regeneration. In addition, little attention has been 

focused on the composition of PRF-based matrices obtained from patients undergoing 

pharmacologic treatments and whether the growth factor release will be influenced by 

medication. In addition, the regeneration potential of the PRF-based matrices may also be 

related to the age of the donor. Therefore, it may be that as the age of donors increases, less 

growth factor is released and vice versa. If this scenario is true, PRF-based matrices with 

enhanced growth factor release may be beneficial in these specific cases. In this respect, the 

determination of mononuclear cell growth in PRF and penetration into the PRF-based matrices 

as a simulation of the regeneration process in vitro would be of interest in understanding the 

role of PRF-based matrices in biomaterials and tissue engineering. Hence, further studies of the 

PRF-based matrices as a complex system that influences cell growth and differentiation and 

provides a growth factor reservoir remain necessary. 
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Additionally, the current PRF-based matrices were prepared according to specific 

protocols with a defined amount of blood. However, it would be interesting to determine how 

increasing or decreasing the blood volume influences the composition of the prepared PRF-

based matrices, their regenerative potential and their growth factor release. These questions 

are current investigation topics of our research group as we seek to enhance wound healing and 

tissue regeneration to decrease patient morbidity. Hence, the outcomes of this study could 

provide new clinical approaches in tissue and bone regeneration in terms of a combination of 

biomaterials with PRF-based matrices. Nevertheless, further studies, particularly clinical studies, 

are required to develop optimized, standardized and tailored preparation protocols for various 

clinical applications and to demonstrate their advantages now and in the future. 

Conclusion 

The present study demonstrates the influence of RCF reduction on the growth factor 

release and platelet distribution in solid PRF-based matrices. A-PRF+, prepared with a reduced 

RCF, displayed significantly higher VEGF concentration over the study period of 10 days than A-

PRF and PRF, which exhibited no statistically significant difference. EGF and TGF-β1 were 

comparable in A-PRF and A-PRF+, which were significantly higher than PRF. Additionally, the 

platelet distribution pattern appeared to be equivalent in all regions concerning A-PRF and A-

PRF+, whereas PRF showed the largest accumulation of platelets in the lower portion of the clot. 

Long-term, sustained and slow release of growth factors from all of the PRF groups may support 

cell migration and cell proliferation as well as offer advantages in the wound healing process. 

However, the significantly enhanced release in A-PRF and A-PRF+ may render these matrices 

superior to PRF in specific clinical indications. These promising findings offer an excellent 

handling efficiency and new approaches to the clinical application of wound healing as well as 

soft and bone tissue regeneration. Nevertheless, further clinical studies must demonstrate the 

extent to which the application of LSCC to generate A-PRF and A-PRF+ will benefit clinical 

outcomes. 
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3.1.2. Reduction of the relative centrifugal force 

influences cell number and growth factor release within 

injectable PRF-based matrices 
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Abstract  

Platelet rich fibrin (PRF) is a blood concentrate system obtained by centrifugation of 

peripheral blood. First PRF matrices exhibited solid fibrin scaffold, more recently liquid PRF-

based matrix was developed by reducing the relative centrifugation force and time. The aim of 

this study was to systematically evaluate the influence of RCF (relative centrifugal force) on cell 

types and growth factor release within injectable PRF- in the range of 60–966 g using consistent 

centrifugation time. Numbers of cells was analyzed using automated cell counting (platelets, 

leukocytes, neutrophils, lymphocytes and monocytes) and histomorphometrically (CD 61, CD- 

45, CD-15+, CD-68+, CD3+ and CD-20). ELISA was utilized to quantify the concentration of growth 

factors and cytokines including PDGFBB, TGF-β1, EGF, VEGF and MMP-9. Leukocytes, 

neutrophils, monocytes and lymphocytes had significantly higher total cell numbers using lower 

RCF. Whereas, platelets in the low and medium RCF ranges both demonstrated significantly 

higher values when compared to the high RCF group. Histomorphometrical analysis showed a 

significantly high number of CD61+, CD-45+ and CD-15+ cells in the low RCF group whereas CD-

68+, CD-3+ and CD-20+ demonstrated no statistically significant differences between all groups. 

Total growth factor release of PDGF-BB, TGF-β1 and EGF had similar values using low and 

medium RCF, which were both significantly higher than those in the high RCF group. VEGF and 

MMP-9 were significantly higher in the low RCF group compared to high RCF. These findings 

support the LSCC (low speed centrifugation concept), which confirms that improved PRF-based 

matrices may be generated through RCF reduction. The enhanced regenerative potential of PRF-

based matrices makes them a potential source to serve as a natural drug delivery system. 

However, further pre-clinical and clinical studies are required to evaluate the regeneration 

capacity of this system 

Introduction 

Platelet rich fibrin (PRF) is a blood concentrate system obtained from the peripheral blood 

of patients. first protocol of PRF matrices are generated using a one-step centrifugation process 

without necessitating the use of anticoagulants, known inhibitors of wound healing.1, 2 Since the 

introduction of PRF in 2001 as a first platelet concentrate without added anticoagulants,1 the 

successful applications of PRF in dentistry and medicine has seen a steady and widespread 

increase in popularity with many clinical indications demonstrating improvements in 

regenerative outcomes.3 The composition of the PRF matrix contains various inflammatory cells 

and growth factors embedded in a specifically structured fibrin network.2 Platelets act as the 
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primary hemostasis cells shown to release a series of platelet-derived growth factors to recruit 

inflammatory cells to the impaired region and support tissue regeneration following the 

physiological phases of wound healing.4 Additionally, the interaction of platelets with 

leukocytes, which are also included within PRF-based matrices, further contribute to wound 

healing,5 and the fibrin network provides a scaffold for inflammatory cells as well as binding sites 

for growth factors.6, 7 

While PRF has seen tremendous momentum as a regenerative modality in dentistry and 

medicine, the manufacturing process of the first described PRF scaffolds required a high relative 

centrifugal force (RCF). This resulted in a fibrin clot with a dense structure, including platelets 

and leukocytes that were mostly distributed unevenly throughout the scaffold accumulated at 

the proximal portion of the PRF clot adjacent to the isolated red cell fraction.2 In order to 

improve the structure of PRF and enhance their regenerative potential, our group recently 

demonstrated that by reducing the RCF and modifying the centrifugation time in solid PRF-based 

matrices, a more porous fibrin structure could be manufactured with more leukocytes and 

growth factor release when compared to originally designed PRF scaffolds fabricated using high 

RCF.2, 8, 9 

In addition to solid fibrin clots,2 a clinical need exists to develop an injectable PRF-based 

matrix for various clinical procedures including direct injections as well as to combine with 

various biomaterials to improve their angiogenic potential. Previous findings from research 

conducted by our group with solid PRF-based matrices revealed that the RCF and the 

centrifugation time were crucial factors for modifying the structure and composition of PRF-

based matrices.2, 8 Moreover, solid physiological clot formation is supported by the glass surface 

of the collecting tubes used to generate solid PRF matrices. Therefore, the manufacturing of an 

injectable blood concentrate without the need for anticoagulants was achieved by developing 

specific plastic tubes favoring the liquid phase after centrifugation. Recently, our group 

conducted a study to assess the influence of the applied RCF on leukocyte and platelet numbers 

within three different PRF-based matrices (i-PRF) with decreasing RCF content. The findings from 

that study showed that reducing RCF led to a significant enrichment in the i-PRF PRF scaffolds 

with greater leukocytes, platelets, and growth factor release after 8 min centrifugation time 

[10]. Based on these results, the low speed centrifugation concept (LSCC) was introduced as a 

potential tool to modify PRF scaffolds by fine tuning the centrifugation settings.10 

Currently, the clinically-utilized liquid injectable PRF formulation (i-PRF) has been 

described using a 3 min centrifugation period in order to produce a liquid platelet concentrate 

containing primarily liquid fibrinogen and thrombin prior to fibrin formation. The aim of the 

present study was to further analyze the influence of RCF reduction on i-PRF matrices using 
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various centrifugation speeds. Systematic analysis included a wide RCF range (966-60 g-force) 

and a stepwise decrease of the RCF by halving the revolutions per minute (rpm) from 2800 rpm 

to 1400 rpm to 700 rpm. Thereby, we questioned whether the so-called LSCC effect would 

systematically alter these newer centrifugation times, i.e., 3 min. In the present study, the 

centrifugation time of 3 min was maintained in the three test groups to focus solely on the 

influence of the RCF. Thus, the goal of this study was a comparative analysis of three different 

injectable PRF based matrices generated by systematic decreases in RCF by 4 times and 16 times 

while maintaining the centrifugation time. The focus was placed on the regenerative properties 

of the matrices, including the total number and distribution pattern of platelets and leukocytes, 

including their subfamilies along with the release of several growth factors and cytokines within 

the i-PRF matrices. 

Experimental 

Injectable platelet-rich fibrin (i-PRF) preparation 

Blood was drawn from three healthy volunteers in an age range between 20–60 years 

without anticoagulant ingestion. The donors provided informed consent for their participation 

in this study. Injectable PRF matrices were prepared, as previously described [10]. Briefly,10 ml 

of peripheral blood was collected in sterile plain plastic tubes (i-PRF, Process for PRF, Nice, 

France) and immediately centrifuged (Duo Centrifuge, PROCESS for PRF, Nice, France). 

Systematic decreases in RCF were performed in steps as follows: 

● High RCF: 10 ml; 2800 rotations per minute (rpm); for 3 min; 966 g. 

● Medium RCF: 10 ml; 1400 rotations per minute (rpm); for 3 min; 241 g. 

● Low RCF: 10 ml; 700 rotations per minute (rpm); 3 min; 60 g. 

After centrifugation, injectable PRF was collected using an ordinary syringe (5 ml Terumo® 

Syringe, Leuven, Belgium) with a needle (20 G x ½”, Terumo®, Leuven, Belgium) through means 

of aspirating the upper yellowish layer without manipulating the red blood cell fraction 

PRF-matrices cultivation 

The prepared injectable PRF matrices (500 µl per well) were filled in 24-well cell culture 

plates (CELLSTAR®, Greiner bio-one) and incubated at 37 degrees for one hour until total clotting. 

Afterwards, 500 µl Dulbecco’s Modified Eagle Medium (Biochrom GmbH, Berlin, Germany) was 

added per well and further incubated at 37 degrees for one hour. Subsequently, the 

supernatants were collected and frozen at −80 °C for growth factor and cytokine analysis. 
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Enzyme-linked immunosorbent assay (ELISA) 

The protein concentrations of vascular epithelial growth factor (VEGF), transforming 

growth factor (TGF-β1), platelet-derived growth factor (PDGF BB), matrix metallopeptidase 9 

(MMP9) and epidermal growth factor (EGF) were quantified using ELISA-kits (Quantikine® ELISA, 

R&D Systems, Minneapolis, USA) according to the manufacturer’s instructions, as follows (Table 

1). The optical density was determined using a microplate reader (Infinite® M200, Tecan, Grödig, 

Austria) set at 450 nanometers. Next, the final concentrations of each sample were calculated 

using the graphing and statistics software GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, 

USA). The experiments were performed in triplicate for each blood donor and preparation 

protocol. 

Table 1. The used ELISA and detection ranges for the different growth factors 

 

Automated cell-counting 

Automated cell-counting was performed as described before.10 For each specific 

experimental condition, the injectable matrices of the three groups were treated with EDTA (BD, 

New Jersey) for anticoagulation. This intervention was unavoidable for automated cell counting 

measurements. Subsequently, ADVIA® LabCell® Automation Solution (Siemens, France) analysis 

was performed at a medical laboratory (Labazur laboratory, Nice, France). The focus of the 

analyses was detecting the number of leukocytes, neutrophil granulocytes, monocytes, 

lymphocytes and platelets per microliter in each group. 

Tissue processing and histological preparation 

The clotted i-PRF matrices were fixed in 4% formaldehyde solution for 24 h and processed 

in various solutions as previously described.2, 11, 12 Briefly, a dehydration through an alcohol 

series with various concentrations was performed. Then, the samples were treated with xylene 

and embedded in paraffin. Three samples per donor and group were cut using a rotary 

microtome (Leica RM 2255, Wetzlar, Germany) to obtain 6 slices of 2–3 µm thickness. 

Growth factor/cytokine Catalogue number Detection range 

VEGF DVE00 
15.6–1000 

pg/mL 

TGF-β1 DB100B 31.2–2000 

pg/mL 

PDGF BB DBB00 31.2–2000 

pg/mL 

EGF DEG00 3.9–250 pg/mL 

MMP 9 DMP900 0.3–20 ng/mL 
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Subsequently, the sections were deparaffinized using xylene and rehydrated by passing through 

a series of alcohol with decreasing concentrations. One section per donor and group was stained 

in H.E. for an overview analysis of the structure and cells. Six sections were used for specific 

immunohistochemistry. 

Platelets (CD61), leukocytes (CD 45), T-lymphocytes (CD3), B-lymphocytes (CD20), 

neutrophil granulocytes (CD15) and monocytes (CD68). Standardized immunohistochemical 

staining was performed according to standardized methods as previously described [2, 13, 14]. 

In brief, the deparaffinized and rehydrated sections were placed on slides and treated with 

citrate buffer (pH 6) at 96 °C for 20 min. Then, the slides were washed and cooled under running 

trap water. Before transferring the slides to the autostainer (Lab Vision™ Autostainer 360, 

ThermoScientific), the samples were washed with TBS. Next, the autostainer was loaded with a 

suitable solution and antibody for each specific cell type (Table 2) according the manufacturer’s 

instruction. Additionally, and UltraVision™ Quanto Detections System HRP AEC was used. After 

autostaining, the slides were counterstained with hemalum for 30 s and washed with water. 

Finally covered with Aquatex® (Merck Millipore, Darmstadt, Germany). 

Table 2. The immunohistochemical markers used in this study and their specifications 

 

Histological evaluation 

Three of the authors were blinded and evaluated the slides independently. Histological 

analysis was performed using a light microscope (Nikon Eclipse Ni, Tokyo, Japan). Representative 

histological images were captured with a Nikon DS-Fi1 digital camera and a Nikon Digital sight 

unit DS-U3 (Nikon, Tokyo, Japan). 

Histomorphometrical evaluation 

As described before,2 within each group, two immunohistochemically stained slides for 

each donor, and cell type were digitalized in a total scan using a Nikon Eclipse 80i microscope in 

combination with an automatic scanning table (Prior Scientific, Rockland, Maine), which was 

connected to a Nikon DS-Fi/1 digital camera and a computer with the Nikon NIS – Elements AR 

software, version 4.0. (Nikon, Tokyo, Japan). The total sample area calculated using the 

 Antibody Targeted cell Epitope demasking Concentration 

CD 61 (Dako) Platelets Citrate-buffer, pH 6.0 1:50 

CD 45 (Dako) Leukocytes Citrate-buffer, pH 6.0 1:100 

CD 3 (Thermo Fisher) T-lymphocytes Citrate-buffer, pH 6.0 RTU 

CD 20 (Thermo Fisher) B-lymphocytes Citrate-buffer, pH 6.0 RTU 

CD 15 (Thermo Fisher) Neutrophil Granulocytes Tris-EDTA, pH 8.0 RTU 

CD 68 (Dako) Monocytes Citrate-buffer, pH 6.0 1:200 
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measurement function of NIS Elements and positive-stained cells were counted manually by a 

NIS-Elements software counting tool to determine the cell number of each stained cell type per 

square millimeter. 

Statistical evaluation 

Statistical analysis was performed using the graphing and statistics software GraphPad 

Prism 6 (GraphPad Software, Inc., La Jolla, USA). The measured data are expressed as the mean 

± standard deviation (SD). Statistical significance was determined using one-way and two-way 

analysis of variance (ANOVA) with a Tukey multiple comparisons test (α= 0.05). The values were 

reported as significant at p< 0.05 (*) and highly significant at p< 0.01 (**) and p< 0.001 (***). 

Results and discussion 

Automated cell count 

The number of leukocytes and leukocyte subfamilies showed a consistent trend in the 

examined groups across the cells investigated. In general, a decrease in RCF resulted in an 

increase in cell numbers. Significantly higher numbers of leukocytes were found in the low RCF 

group when compared to the high (p< 0.001) and medium (p< 0.001) RCF groups. No statistically 

significant differences were observed between the medium and high RCF ranges. Lymphocytes 

showed a similar trend with significantly higher numbers in the low RCF group when compared 

to medium RCF (p< 0.01) and high RCF groups (p< 0.01). Once again, no statistically significant 

difference was observed between the medium RCF and high RCF groups. The analysis of the total 

number of neutrophil granulocytes showed significantly higher numbers in the low RCF group 

when compared to the medium (p< 0.01) and high (p< 0.01) RCF groups, while there was no 

statistically significant difference between medium RCF and high RCF (Fig. 1a). Similarly, a 

significantly higher number of monocytes was found in the low RCF group when compared to 

the medium RCF and high RCF groups (p< 0.01) (Fig. 1b). There were also significantly more 

platelets in both the low RCF and medium RCF groups compared to the high RCF group (p< 

0.001). No statistically significant differences were detected between the low RCF and medium 

RCF groups (Fig. 1c). 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
164 

 
Figure 1. Comparative diagrams of automated cell counting results. (A) Leukocytes, lymphocytes 
and neutrophils. (B) Monocytes. (C)Platelets. Statistical analysis showed significant differences at 
p< 0.05 (*) and highly significant differences at p< 0.01 (**) and p< 0.001 (***) 

Qualitative histological observation 

General analysis of the evaluated groups showed that the total number of cells (platelets 

and leukocytes) was reduced with increased RCF (Fig. 2). The analysis of high RCF group showed 

a PRF-based matrix consisting mainly of a fibrin network in which single platelets and leukocytes 

were observable and distributed through the evaluated samples (Fig. 3A1, B1). In the case of 

medium RCF, more platelets and leukocytes were found throughout the fibrin scaffold when 

compared to the high RCF group (Fig. 3A3, B2). Whereas the low RCF group demonstrated a 

fibrin matrix most evenly and densely populated with platelets and leukocytes compared to the 

other two tested groups (Fig. 3A3, B3). The findings from these qualitative observations support 

the findings from the automated cell counting experiments demonstrating that lower RCF 

resulted in more cells throughout the PRF-based matrices. 
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Figure 2. Representative histological images of the clotted injectable PRF in different RCF ranges 
(H&E staining; left column; scale bar = 100 µm; Right column; scale bar = 20 µm; arrows = cells) 

Quantitative histomorphometrical analysis 

The number of CD-61 positive cells (platelets) was significantly higher in the groups of low 

and medium RCF (p< 0.001 and p< 0.05, respectively). Whereas no statistical significant 

difference was detected between the medium and low RCF groups (Fig. 3C). The 

histomorphometrical analysis of CD-45 positive cells (leukocytes) showed that a significantly 

higher number of platelets was found in the low RCF group compared to the medium and high 

RCF groups (p< 0.05). However, no statistical significant difference was found between the 

medium and high RCF groups (Fig. 3D). The leukocyte subgroup CD-15 positive cells (neutrophil 

granulocytes) revealed different cell numbers within the three examined injectable PRF 

matrices. The low RCF group included the highest number of CD-15 cells whereas the medium 

and high RCF groups showed significantly lower values (p< 0.001). No significant difference was 

observed between the medium and high RCF groups. The analysis of CD-20 positive cells (B cells) 

showed comparable values within the three i-PRF matrices. The distribution of CD 68-positive 

cells (monocytes) within the evaluated matrices showed comparable outcomes between in the 

low and medium RCF groups, while the high RCF group demonstrated the lowest rate of CD-68-

positive cells. Nevertheless, no statistically significant differences were detected between the 
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three groups. Additionally, CD-3 positive cells (T-lymphocytes) were found lowest in the low RCF 

group whereas medium RCF had the most CD-3 positive cells. Nevertheless, no statistically 

significant differences were observed (Fig. 4).  

Growth factor and cytokine release 

Growth factor release was then quantified by ELISA using the three injectable PRF-

matrices at different RCF. The general trend in response to changes in the RCF showed that there 

was a tendency towards increased growth factor release with lower RCF. PDGF-BB release 

showed significantly higher values in the low and medium RCF groups when compared to the 

high RCF group (p< 0.05). No statistically significant difference was detected between the low 

and medium RCF groups. Furthermore, VEGF showed the highest value in the low RCF group, 

followed by medium RCF and high RCF (p< 0.01), with no statistical significance between the low 

and medium RCF and comparing the medium to the high groups. EGF showed the highest release 

in the low RCF group, significantly higher when compared to the high RCF group (p<0.05). The 

medium RCF group also showed a significantly higher rate when compared to the high RCF group 

(p<0.05). Thus, no statistically significant difference was detected between the high RCF and 

medium RCF groups (Fig. 5A). Similarly, the release of TGF-β1 showed a similar trend whereby 

the low RCF and medium RCF demonstrated significantly more growth factor release when 

compared to the high RCF group (p< 0.001) and medium RCF was compared to high RCF (p< 

0.001). In summary, the findings demonstrated that by reducing the RCF, a higher growth factor 

release of multiple blood-derived growth factors could be observed (Fig. 5B). 
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Figure 3. Histological micrographs of the platelets and leukocytes number in clotted injectable PRF. 
(A1-A3) CD 61 staining, black arrows = CD 61 positive platelets, scale bars = 20 µm. (A1) High RCF 
range, (A2) medium RCF range (A3) low RCF range. (B1-B3) CD 45 staining, black arrows = CD 45 
positive leukocytes, scale bars = 20 µm. (B1) High RCF range, (B2) medium RCF range (B3) low RCF 
range. (C) Statistical analysis of the CD 61positive evaluated cells. (D) Statistical analysis of the CD 
45- positive evaluated cells. Statistical analysis showed significant differences at p< 0.05 (*) and 
highly significant differences at p< 0.01 (**) and p< 0.001 (***) 

 
Figure 4. Statistical analysis of the measured inflammatory cells; CD 15 = neutrophils, CD-20 = B-
Lymphocytes, CD-68 = monocytes; CD-3 = T-lymphocytes. There was a statistically significant 
difference in the amounts of CD-15 positive cells (***p< 0.001) 
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Cytokine release 

The analysis of MMP 9 showed there was a significantly higher amount within the low RCF 

group compared to the medium RCF (p< 0.001) and high RCF groups (p< 0.001). Whereas the 

medium and high RCF groups had similar values without statistically significant differences. (Fig. 

5B). 

 
Figure 5. Comparative diagrams for the evaluated growth factor release using ELISA. a PDGFBB, 
VEGF, EGF. b TGF-β1 and MMP-9. Statistical analysis showed significant differences at p< 0.05 (*) 
and highly significant differences at p< 0.01 (**) and p< 0.001 (***) 

Discussion 

The relative centrifugation force and centrifugation time are key elements that could be 

modified to enhance the structure and composition of PRF-based matrices.2, 8, 10 Moreover, the 

introduction of the LSCC (low speed centrifugation concept) showed convincingly that the 

influence of RCF reduction on injectable and solid PRF-based matrices was responsible for an 

increase in cell numbers and growth factor release.8, 10 The present study demonstrated a 

systematic analysis of the RCF as a consequence of different rpm (revolutions per minute) 

settings during the preparation of injectable PRF-based matrices. As such, three injectable PRF-

based matrices were manufactured following a stepwise decrease in halving the rpm and due to 

the centrifuge radius of 110 mm, a 4 time RCF decrease (medium RCF) and a 16 time decrease 

(low RCF) was investigated. We then focused on the number of various inflammatory cells and 

the release of different growth factors and cytokines within the evaluated PRF-based matrices. 

The results from the automated cell counting experiments demonstrated that there was 

a general trend whereby lower RCF resulted in higher cell numbers. Leukocytes and their 

subfamilies, i.e., neutrophils and monocytes as well as lymphocytes, were found in significantly 

higher numbers in the low RCF samples compared to medium and high RCF samples, although 

no statistically significant differences were observed between the medium and high RCF. Thus, 
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the first RCF reduction produced no significant differences in the mentioned cell types, whereas 

the second RCF reduction (low RCF) resulted in significantly higher cell numbers within the 

injectable PRF matrices. This frequently observed phenomenon showed that modification of the 

RCF had a major impact on the inflammatory cell numbers within the i-PRF matrices. Other than 

leukocytes and their subfamilies, the influence of RCF on platelets led to significant differences 

in the first RCF reduction between the high and medium RCF ranges, whereas no statistically 

significant difference was observed between the medium and low RCF range. These 

observations indicate that the cellular response to altering the RCF might be sensitive to cell-

specific properties, such as weight, size and density. It may be that up to a specific decrease in 

RCF, the impact on specific inflammatory cells subsides. These findings correlate well with the 

results of our recent study, which indicated that PRF-based matrices following 8 min of 

centrifugation prepared with a reduced RCF included a significantly higher number of 

inflammatory cells compared to a PRF-matrix with a higher RCF application.10 The results from 

that study showed sustained significant differences between the high and medium range as well 

as between the medium and low range regarding leukocytes and platelets. Thus, altering the 

centrifugation time (from 8 to 3 min) might also have an impact on the included cells within the 

PRF-based matrices.10 Therefore, the present results demonstrated that following the LSCC, it 

was possible to influence the number of specific cells selectively, which might be a promising 

approach for generating specific PRF-based matrices according to clinical specifications and thus 

influence cell-cell communication by increasing Leukocytes and platelets that are major players 

in specific processes associated with wound healing and subsequently improving the 

regeneration process.15 

General morphological and qualitative histological observations showed that there were 

obvious differences in the platelets and inflammatory cells. The stepwise decrease in RCF from 

the high to low RCF range were accompanied by an increased amount of platelets and 

inflammatory cells. These observations were further confirmed quantitatively using 

histomorphometry. The results showed a significantly higher rate of platelets and leukocytes in 

the low RCF groups compared to the high RCF group. In the case of leukocytes, the first step RCF 

reduction was not associated with significant differences whereas the platelets maintained their 

number between the high and medium RCF ranges. Additionally, CD-15 positive cells in the case 

of the low RCF group when compared to the medium and high groups. These results further 

approve our findings using automated cell count. However, no statistically significant difference 

was detected between the medium and high RCF groups. In addition, other cells, such as CD-20, 

CD-3 and CD-68 positive cells showed an increasing trend as RCF decreased but no statistically 

significant differences were observed between the evaluated groups. In contrast to the 
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histological analysis, there was a major discrepancy in the leukocytes subgroups and 

lymphocytes results derived from automated cell counting. These observations may be related 

to the high total number of leukocytes and platelets that is significantly influenced by the RCF 

reduction. In this case these changes are visible even in a 3–5 µm cross-section of the samples. 

In addition, due to the comparably small number of each leukocytes subgroup and lymphocytes 

physiologically existing in healthy blood, these cell groups are affected by the limitations of 

performing histomorphometric analysis that cannot represent the precise distribution pattern 

of the whole sample. In contrast, automated cell counting is a more accurate technique that 

analyzes a defined sample volume and includes all cell numbers representing more precise data, 

as shown in the results of flow cytometry. 

The inflammatory cells evaluated in this study play an essential role in wound healing, 

which is a common factor in every surgical field.16 Platelets are involved in primary wound 

closure and have the capacity to release various signaling molecules, including several growth 

factors to recruit inflammatory cells to the region of injury.4, 17 Moreover, leukocytes and their 

subfamilies, such as neutrophils, monocytes and macrophages, are involved in the regeneration 

process within different tissue types.18, 19 Their appearance in the impaired site support 

angiogenesis and lymphangiogenesis.20 The cross talk between platelets and leukocytes was 

previously shown to promote bone regeneration.21 Furthermore, neutrophils are the main 

players in the early wound healing phase. They function as phagocytes and release neutrophilic 

extracellular traps to prevent pathogenic activity and wound infection.22, 23 The regenerative 

potential of monocytes in releasing different cytokines and proteins, such as bone 

morphogenetic protein 2 (BMP-2), has been previously described in the literature.21, 24, 25 In 

addition, a recent in vivo study by our group demonstrated that the combination of monocytes 

isolated from human peripheral blood with bone substitute material resulted in significantly 

higher vascularization of the implantation bed compared to a pure bone substitute material.14 

Finally, in addition to their immunological role, lymphocytes influence the osteogenic 

differentiation of mesenchymal stromal cells26 and release cytokines, such as IL-17, which have 

a stimulating potential on osteoblasts during new bone formation.27 Due to the liquid 

consistency of the injectable PRF, combinations with biomaterials, such as bone substitute 

granules or collagenous membranes, are possible and might lead to the enrichment of 

biomaterials with autologous crucial inflammatory cells. Such combinations might be beneficial 

to enhance the capacity and bioactivity of the applied biomaterials. However, one limitation of 

the present in vitro study is that it cannot provide any conclusions about functionality of these 

cells. Thus, further in vivo and clinical studies are needed to demonstrate the extent to which 
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including i-PRF within the wound as well as in combination with biomaterials may influence 

tissue regeneration.28–33 

The analysis of the growth factors EGF and TGF- β1 revealed the highest growth factor 

release in the low RCF group that was significantly higher compared to high RCF. However, 

medium RCF also showed significantly higher growth factor release compared to high RCF. No 

statistically significant difference was detected between medium and low RCF and similar results 

were observed for PDGFBβ. These observations made it clear that the decrease in RCF resulted 

in a higher growth factor release. Therefore, significant differences were only observed when 

modifying the RCF within a high spectrum field, i.e., from high RCF to medium RCF or high RCF 

to low RCF. Comparisons between the medium and low RCF range revealed no statistically 

significant differences. These findings correlated with the prior platelet trend as the RCF amount 

changed. Therefore, the growth factor release might be related to the number of releasing cells, 

e.g., platelets. The present results underline the results of our previous in vitro study, which 

demonstrated that PRF-based matrices prepared according to the LSCC, i.e., reduced RCF 

release, led to significantly higher values in EGF, TGF-β1 and VEGF over 10 days compared to 

PRF prepared with a higher RCF.8 

Additionally, VEGF only showed significantly higher values in low RCF compared to high 

RCF, whereas no statistically significant difference was found between the medium and high 

range or the medium and low RCF range. In our previous study using an 8 min centrifugation 

time with various RCFs, more VEGF release was observed at lower RCF ranges when compared 

to the high RCF range. 

In this context, the centrifugation time in combination with a specific RCF range might 

play a role in growth factor release. The present outcomes made it obvious that for VEGF, 

modifying the RCF within the high range (i.e., from high to medium) did not influence the VEGF 

release significantly. In this context, there might be specific RCF ranges in which specific 

parameters can be influenced selectively to tailor the preparation protocols to the patients’ 

needs and suitable clinical applications. However, further studies are needed to determine this 

possible postulation. Finally, the cytokine expression of MMP-9 was significantly higher in the 

low RCF group compared to the other evaluated samples. Thus, no significant differences were 

found between the high and medium RCF samples. 

Growth factors are important signaling molecules in the process of wound healing and 

tissue regeneration.15 The enhanced growth factor release within the i-PRF matrices prepared 

with the LSCC might have the potential to accelerate wound healing and contribute to an 

improved regeneration pattern in chronic wounds that lack certain growth factors.28 PDGF is 

first released from the alpha granules of platelets during the early phases of wound healing and 
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has a high potential to recruit various cells, such as fibroblasts, mesenchymal stem cells and 

osteoblasts, which emphasizes its vital role in tissue and bone regeneration.29 During the phases 

of wound healing, fibroblast migration and collagen synthesis are promoted by TGF-β1, which 

also has an impact on tissue vascularization.30, 31 In addition, EGF is involved in supporting cell 

growth,32 keratinocyte migration33 and re-epithelialization of wounds.34 Whereas VEGF is the 

master regulator for angiogenesis and new vessel formation, which makes it an essential factor 

for promoting tissue regeneration.35, 36 For the vascularization process, the required activation 

and immobilization of VEGF is promoted by matrix metalloproteases, such as MMP-9, which also 

allow for recruitment of marrow progenitors.37, 38 In this context, i-PRF-based matrices, 

especially those prepared according to the LSCC could serve as a reservoir of growth factors and 

supply the application region with key molecules to support and improve the regeneration 

process. 

The present results showed selective reactions of various growth factors in response to 

modifying RCF. These findings are probably related to the specific characteristics of particular 

growth factors and their molecular structure, density and size. Interestingly, platelets exhibited 

the lowest density compared to other blood-derived inflammatory cells, whereas other cells 

with a higher density, such as neutrophilic granulocytes, monocytes and lymphocytes, appeared 

to be significantly influenced additionally in the medium to low RCF spectrum. Due to the 

composition of the PRF-based matrices and the different included components, it has to be 

respected that PRF-matrices are a complex system. Therefore, modifying the composition of 

PRF-based matrices with the LSCC could provide a tool to influence the cell-cell communication 

by selectively altering a specific growth factor or cell type. 

All in all, this systematic approach of RCF decrease demonstrated that using the LSCC, 

which was demonstrated in different ex vivo, in vitro and in vivo studies, enhanced the 

regenerative potential by significantly increasing the number of inflammatory cells and growth 

factor release over time.2, 8, 10 Thus, PRF-based matrices with enhanced regenerative potential 

could serve as a drug delivery system and be a useful therapeutic approach in different 

applications combined with biomaterials in guided bone and tissue regeneration as well as 

dressing wounds with impaired wound healing. Further in vivo and clinical studies are needed 

to show the functionality and regenerative potential of this system as well as to explore its 

impact on wound healing and patient morbidity. 
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Conclusion 

The present study showed that decreasing the RCF resulted in a significantly higher 

number of inflammatory cells, platelets and significantly higher growth factor/cytokine release. 

However, specific cell types and growth factors were differentially influenced within the 

different RCF ranges. These findings show that it is possible to modify the components within 

PRF matrices by selectively modifying the RCF. The liquid consistency of the novel injectable PRF 

and its improved composition would allow for it to be combined with various biomaterials to 

increase their biologically activity and potentially enhance the properties of membranes and 

bone grafts during guided bone and tissue regeneration (GTR/GBR) procedures. Additionally, 

the results demonstrated that the LSCC (low speed centrifugation concept) led to improved 

characteristics of PRF-based matrices by reducing the applied RCF. Thus, further preclinical and 

clinical studies are necessary to investigate whether the application of PRF-matrices generated 

according to the LSCC will further benefit wound healing. 
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Abstract 

Platelet-rich fibrin (PRF) is generated from the patients’ own venous blood by a single 

centrifugation step without the additional use of anticoagulants. Based on the previously 

described LSCC (low-speed centrifugation concept), our group showed that modification of the 

centrifugation setting, that is, reducing the relative centrifugal force (RCF) and mildly increasing 

the centrifugation time, resulted in modified solid and liquid PRF-matrices with increased 

number of platelets, leukocytes, and growth factors’ concentrations. The aim of this study was 

to determine whether RCF reduction might also result in different tissue reactions toward the 

two PRF-based matrices, especially vascularization and cell distribution in vivo. Two 

centrifugation protocols (PRF-high [719 g] and PRF-medium [222 g]) were compared in a 

subcutaneous implantation model of SCID mice at 5 and 10 days. Histological and 

histomorphometrical analyses were performed to quantify lymphocyte, neutrophil, human 

macrophage, and monocyte populations. CD31 was used to detect newly formed vessels, while 

all human cells were detected by using human vimentin as a pan-cellular marker. The results 

demonstrated that PRF-high elicited a dense and stable fibrin structure and prevented cellular 

penetration of the host tissue. By contrast, PRF-medium was more porous, had a significantly 

higher in vivo vascularization rate, and included significantly more human cells, especially at day 

10, compared to PRF-high. These findings highlight the possibility of modifying the structure and 

composition of PRF matrices and thus selectively altering their regenerative potential in vivo. 

Clinical studies now must evaluate the different PRF matrices for bone and soft-tissue 

regeneration to validate possible benefits using personalized preparation protocols. 

Introduction 

In the field of regenerative medicine, minimally invasive and feasible concepts with a high 

regenerative potential are needed. Vascularization is imperative for successful wound healing 

and regeneration of the defective tissue area and influences biomaterial integration in the 

surrounding tissue by providing an effective connection to the blood vessel network of the host 

peri-implant tissue.1 

Techniques to increase in vivo vascularization include either changes of the 

physicochemical material properties of the biomaterial itself2,3 or pre-seeding technologies 

involving osteoblasts, mesenchymal cells,4 or endothelial cells.5,6 Nonetheless, elaborate 

approaches that require cell isolation, cultivation, and the availability of an aseptic environment 

to prepare the scaffolds in proximity to the operating theatre are complex and thus limit their 
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translational application in a clinical setting. Thus, a clinically relevant technique for increasing 

biomaterial vascularization is necessary to overcome these limitations. An in vivo study was able 

to demonstrate that the addition of whole blood enhances biomaterial vascularization when 

compared to biomaterial implantation alone in an animal subcutaneous model.7 Thus, in 

searching for a clinically applicable concept, efforts in biomaterial research have recently 

focused on autologous blood-derived scaffolds as a viable approach.8–10 

To eliminate elaborated production procedures and still obtain a pre-seeded tissue-like 

construct from autologous blood, platelet rich fibrin (PRF) was introduced.8 A fibrin-based matrix 

derived from peripheral blood can be obtained through a single centrifugation process, thus 

dispensing with the addition of anticoagulants or other additives, which minimize the risk of 

transcontamination.8,11 The preparation procedure of this system was designed to be suitable 

for clinical settings and is thus easy to implement through the accessible venous blood. The 

centrifugation procedure, together with the specific surface condition of the glass-based tubes, 

activates the physiological coagulation process and results in a three-dimensional fibrin clot. 

Recently, our group investigated the influence of the relative centrifugation force on the 

resulting PRF clot characteristics. 

Thus, tuning the preparation parameter of PRF, i.e., reducing the applied RCF with a 

simultaneous slight increase in centrifugation time resulted in two PRF clots with different 

properties. Accordingly, an immunohistochemical analysis showed that PRF clots prepared using 

medium RCF of 222 g exhibit an evenly distributed and significantly higher number of neutrophil 

granulocytes as a leukocyte subfamily, compared to PRF prepared with high RCF of 719 g. 

Moreover, a qualitative histological analysis revealed a looser fibrin structure in the case of the 

medium RCF clot compared to the dense structure in the case of the high RCF clot.11 The three-

dimensional fibrin matrix provides a scaffold for the various included physiological inflammatory 

cells and mimics the extracellular matrix in some respects. This matrix presents an autologous 

complex system, which includes a variety of inflammatory cells, growth factors, and plasma 

proteins. The role of these elements is essential for wound healing and tissue regeneration.12 

Platelets are known to release different growth factors, including platelet-derived growth factor 

(PDGF), vascular endothelial growth factor (VEGF), which is involved in tissue vascularization, 

and transforming growth factor-beta (TGF-β), which has a regulatory effect on cells involved in 

new tissue formation.13,14 In addition, leukocytes are an integral part of the wound healing 

process through cellular crosstalk and thus contribute to angiogenesis and lymphangiogenesis,15 

while the fibrin network serves as a source of growth factors.16,17 The release of specific growth 

factors such as VEGF, EGF, and TGF β-1 was evaluated in an in vitro study that analyzed the 

influence of altering the RCF in solid PRF-based matrices on the growth factor release. The 
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results showed a significantly higher growth factor release over a period of 10 days in the case 

of medium RCF-PRF when compared to high RCF-PRF and platelet-rich plasma, a different 

plasma concentrate system.18 

Nevertheless, the cellular reaction of the different PRF-based matrices within the host 

tissue and especially their vascularization rates is unknown. Based on the previous ex vivo and 

in vitro observations, we questioned the extent to which the previous protocol modification of 

RCF influences the in vivo regeneration capacity of the PRF variations. To the best of our 

knowledge, this comparative study is the first to evaluate two different PRF-based matrices 

centrifuged with high RCF versus medium RCF, in vivo. The goal of the present study was to 

determine whether altering the preparation parameter affects the cellular reaction, 

implantation bed vascularization, and thus the regenerative potential of the PRF-based matrices. 

Experimental 

Manufacture of PRF 

The PRF matrices were obtained in accordance with previously published protocols.11 The 

present in vivo study is a continuation of a previously published ex vivo study with four donors,11 

according to which the PRF of each donor showed a characteristic protocol-related cell 

distribution and matrix deposition. Thus, based on the maxim of reducing animal experiments 

(3Rs: reduction, replacement, refinement) in the present study, the blood of one donor was used 

to generate multiple PRF-matrices for the two experimental groups (i.e., high RCF vs. medium 

RCF) investigated. The donor of the blood for this study had no history of anticoagulation 

medication usage. This subject was one of the four donors in the previously published study that 

analyzed the differences between the same PRF groups in an ex vivo setting. Peripherally drawn 

blood from the donor was obtained using the tubes described below (Process for PRF™) and 

centrifuged with a (PC-O2, PROCESS for PRF, Nice, France). Informed consent was given by the 

subject. 

This centrifuge has a fixed angle rotor with a radius of 88 mm. The following centrifugation 

protocols and RCF were used following the previously described methods:11 

 ● PRF-high: Sterile glass tube (10 ml), 2700 rpm, 719 g for 12 min 

● PRF-medium: Sterile glass tube (10 ml), 1500 rpm, 222 g for 14 min 

The relation between the rpm and RCF was calculated according to the following formula: 

RCF = 1,12 x Radius x (rpm/1000)2 
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Implantation and explanation procedure 

The in vivo experiments of this study were conducted at the Institute of Pathology, 

University Medical Center of the Johannes Gutenberg University, Mainz, Germany, following a 

previously published method.4 The Committee on the Use of Live Animals in Teaching and 

Research in Rhineland Palatinate, Germany, approved the experimental setup for this study 

(reference: 23 177-07/10 10-1-029). 

Briefly, a total of 20 six-week-old female SCID mice (Charles River Laboratories, Germany) 

were held under standard conditions with artificial light/dark cycles of 12 h and were supplied 

with water ad libitum and standard mouse pellets (Laboratory Rodent Chow, Altromin, 

Germany) at the Laboratory Animal Unit of the Institute of Pathology, University Medical Center 

at Johannes Gutenberg University in Mainz, Germany. 

Prior to the implantation procedure, the experimental animals were divided into three 

groups. The SCID mice in the first group received the PRF-high clots at two time points, i.e., 5 

and 10 days of implantation (n = 4 animals per time point), while the animals in the second group 

underwent implantation of the PRF-medium for the same two time points and with n = 4 animals 

per time point. A third group of four animals (i.e., n = 2 animals per time point) was deployed as 

the control group (implantation procedure without material insertion) to control surgery quality. 

In the first group, PRF-high clots were prepared, compressed in the PRF box, and placed in a 

sterile dental strip crown (Frasaco GmbH, Tettnang, Germany). The pores in the dental strip 

crowns were added by using a sterile 3-mm punch-biopsy tool. In the second group, PRF-

medium was compressed in the PRF box and placed in the sterile dental strip crowns described 

above. The dental strip crowns were used to avoid the pressure of the overlying animal tissue 

on the fibrin-based scaffolds and thus avoid pressure induced premature degradation and 

dissolution. The basic setup of a pressure-free implantation is described in Figure 1. In the 

control group, two animals per time point underwent a sham operation and served as quality 

assurance for the performed surgeries. 

Four PRF-based matrices for each group (PRF-high and PRF medium) per time point were 

implanted under sterile conditions in preformed subcutaneous pockets of the subscapular 

region of SCID mice using an established implantation model.4 Additionally, two PRF-based 

matrices from each group were placed in formalin fixative after undergoing all manufacturing 

procedures described for the implanted ones. This was done to delineate the condition of the 

PRF scaffolds of each group before implantation. All animals survived the operation and showed 

no signs of infection or wound healing disorders. Furthermore, no abnormal sleeping or eating 

pattern was observed in any of the experimental groups. After the respective time periods, the 
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animals were sacrificed with an overdose of ketamine and xylazine. Thereafter, the PRF-based 

matrices of both experimental groups were explanted in conjunction with the surrounding tissue 

and were fixed with 4% formaldehyde for 24 h for a histological (i.e., histochemical and 

immunohistochemical) workup following the previously published methods.11 After fixation, the 

explants were cut in three identical segments from left to right and were placed in embedding 

cassettes. 

 
Figure 1. Pressure-free implantation. This figure demonstrates the subcutaneous implantation of 
the PRF-based matrices based on a pressure-free concept. Black dashed line = pores in dental strip 
crowns. 

(Immuno-)histological preparation and staining methods 

To prepare the samples for microscopic evaluation, tissue processing was conducted in a 

series of increasing alcohols and xylene. After subsequent paraffin embedding, from the central 

segment, 15 consecutive tissue sections with a thickness of 2–4 μm were produced with a 

rotation microtome (SLEE CUT 5062, Mainz, Germany) and mounted on precoated slides 

(SuperFrost® Plus, ThermoFisher Scientific, Dreieich, Germany). Prior to staining, the sections 

were subjected to dewaxing and rehydration by immersing the slides consecutively in xylene 

and ethanol in decreasing concentrations. Subsequently, histochemical and 

immunohistochemical staining was conducted as follows. 

The first three slides were histochemically stained by hematoxylin and eosin (H&E), 

Giemsa, and Azan as these histochemical staining methods allow differentiation between the 

clot and the peri-implant tissue according to previously published methodologies.2,3 Twelve 

further slides were utilized to detect immunohistochemically molecules specific for the different 

blood cells and for murine macrophages as listed in Table I. An autostainer (Lab Vision™ 

Autostainer 360-2D, ThermoFisher Scientific, Dreieich, Germany) was used for these 

procedures. 

In brief, to prepare the slides for immunohistochemistry, pretreatment was performed 

with a citrate buffer pH 6.0 solution at 96°C for 15–20 min with Proteinase K or EDTA pH 9.0 

(depending on the antibody, see Table I). Afterwards, the slides were rinsed with tris buffered 
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saline and placed in the autostainer along with the obligatory solutions and antibodies in 

accordance with the manufacturer’s specifications. For these staining reactions, the EnVision 

detection system (DAKO Deutschland GmbH, Hamburg, Germany) was used. Subsequently, the 

slides were removed from the autostainer, immersed in hemalum for 30 s and washed under 

running tap water. Afterwards, the slides were sufficiently dried and covered with cover slips 

using a water based mounting medium (Aquatex, Merck, Germany). For these staining reactions, 

the EnVision detection system (DAKO Deutschland GmbH, Hamburg, Germany) was used. 

Subsequently, the slides were removed from the autostainer, immersed in hemalum for 30 s 

and washed under running tap water. Afterwards, the slides were sufficiently dried and covered 

with cover slips using a water based mounting medium (Aquatex, Merck, Germany). 

Table I. Antibodies used in this study. RTU: Ready-to-use. 

 

Histological analysis 

For the histological examination, a light microscope (PrimoStar HD, Carl Zeiss Microscopy 

GmbH, Jena, Germany) was used, and the photomicrographs were taken with an integrated 

digital camera. 

The focus of the analysis was on the scaffold–tissue interactions and was conducted 

independently by three investigators (i.e., AK, MB, and SG). The tissue reactions induced by the 

scaffolds were examined with respect to the fibrin matrix network structure, tissue ingrowth 

into the fibrin-based scaffolds, detection of the stained human inflammatory cells within the 

PRF-based matrices, and, finally, the extent of implantation bed vascularization. 

Histomorphometrical measurements 

Both slides which were histochemically stained via Giemsa and Azan and all of the 

immunohistochemically stained slides were digitized using a special microscopy system that 

included an Eclipse 90i microscope (Nikon, Tokyo, Japan), an automatic scanning table (Prior, 

USA), and a DS-Fi/1 digital camera (Nikon, Tokyo, Japan). Additionally, a computer system 

running the NIS – Elements AR software (version 4.1, Nikon, Tokyo, Japan) was used. This system 

was used for preparation of the so-called total scans, which are large-scale images obtained by 
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stitching together 40–100 single images containing the scaffolds and the peri-implant tissue at 

100× magnification. These total scans were histomorphometrically measured as follows. The 

Azan-stained slides were used for the analysis of the fibrin structure. In this context, the scans 

were used for the measurements of the fibrin pores using the area tool of the NIS-Elements 

software. The Giemsa-stained slides permitted analysis of the cell penetration into the scaffolds 

by measuring their distance from the scaffold-tissue interface using the length tool of the NIS-

Elements research software. To determine the vascularization rate for each animal, a slide 

stained with CD31 was used to measure both the vessel density and the percentage of 

vascularization after determining the total area of the respective scaffolds. Hence, the number 

of vessels and their respective areas were measured using the abovementioned software and 

were divided, based on the total implantation area to calculate both these vascularization 

parameters. 

Furthermore, the distribution of the different cell types, i.e., T-lymphocytes, B-

lymphocytes, neutrophils, and human monocytes/macrophages, CD34+ mesenchymal 

precursor cells, vimentin-positive cells, and murine macrophages, was determined by using the 

NIS-Elements software and relating their respective numbers to the total implant area to 

calculate the number of positive cells per square millimeter. 

Statistical methods 

The statistical analysis was conducted by using the collected data of the two experimental 

groups (i.e., with n = 4 samples in each group/time point). 

The data were statistically analyzed using a one-way analysis of variance (ANOVA) and a 

Fisher’s least significant differences multiple comparisons post-hoc test with GraphPad Prism 

(version 6.1, GraphPad Software, La Jolla, USA). Therefore, intraindividual (•) and interindividual 

(*) significant differences were reported as significant (•;/*) at P value < 0.05 and as highly 

significant (••/**) at P value < 0.01 and (•••/***) at P value < 0.001. Finally, the quantitative 

data were presented graphically as the mean + standard deviation. 

Results and discussion 

All animals survived the surgery. No macroscopic or microscopic abnormal reaction, 

infection, or any complications were observed in the control group as well as both test groups. 

The control group underwent sham operation (without biomaterial) to control the surgery 

quality. Therefore, this group was not included in the statistical analysis of this study. The results 

focus on the PRF based scaffold-related cellular reaction and vascularization. 
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Qualitative and quantitative analysis of architecture of PRF based scaffolds prior to 

implantation 

The histological analysis showed that the fibrin network of the PRF-medium scaffolds had 

a more porous structure compared to that of the PRF-high scaffolds (Figure 2A and B). The 

histomorphometrical analysis of the porosity of the fibrin networks confirmed that the pores of 

the PRF-medium scaffolds had a significantly higher mean diameter (4.59 ± 1.45 µm) compared 

to that of the PRF scaffolds (1.16 ± 0.32 µm) (***P < 0.001) (Figure 2C). 

 
Figure 2. Fibrin architecture. Panels (A) and (B) show representative histological images of the 
structures of the fibrin networks of the PRF medium and PRF-high scaffolds, respectively. 
Histochemical Azan-staining; scale bar = 20 µm. Panel (C) shows the results of the 
histomorphometrical measurements of the pore diameters of both scaffold types. The fibrin 
network of the PRF-medium and scaffolds exhibits a more porous structure compared to that of 
the PRF-high scaffolds (***P < 0.001). 
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Qualitative analysis of the tissue reaction to PRF-based scaffolds 

The histological analysis demonstrated that both scaffold types were detectable within 

the subcutaneous connective tissue on day 5 after implantation (Figure 3A and B). At the tissue–

biomaterial interface of both scaffolds, only mononuclear cells, which were identified mainly as 

macrophages, were detected. Additionally, single granulocytes and fibroblasts were found. On 

day 10 after implantation, only mononuclear cells that were mainly of the macrophage line were 

observed in the interfaces of the scaffolds (Figure 3C and D). In case of the PRF-medium 

scaffolds, the cells invaded the outer scaffold regions together with some vessels, while low 

numbers of cells penetrated the scaffolds in the case of the PRF-high implants at this time point 

(Figure 3C and D). 

 
Figure 3. Tissue reaction. (A) and (B) show the cellular tissue response to both groups, which was 
driven by mononuclear cells, such as murine macrophages (F4/80-staining; scale bars = 100 µm), 
on day 5. (C) and (D) also show that there were only mononuclear cells on day 10 (H&E-staining; 
scale bars = 100 µm). Black arrows = mononuclear cells/(murine) macrophages, green arrows = 
vessels. 

Qualitative and quantitative cell penetration analysis 

The histological analysis of cell penetration showed that a higher number of cells 

penetrated the peripheral regions of the PRF-medium scaffolds at both time points compared 

to the group of the PRF-high scaffolds (Figure 4A–D). At both time points, the invaded cells also 

reached higher penetration depths in the case of the PRF-medium scaffolds compared to the 

PRF-high group (Figure 4A–D). Histomorphometrical analysis of the cellular penetration 

additionally showed that a significantly higher number of cells (*P < 0.05) had invaded the PRF-
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medium scaffolds (203.3 ± 44.84 µm) on day 5 after implantation in comparison to the PRF-high 

scaffolds (79.33 ± 17.39 µm) (Figure 4E). On day 10 after implantation, a significantly higher 

number of cells (**P < 0.01) also penetrated the PRF-medium scaffolds (540.50 ± 85.44 µm) in 

comparison to the PRF-high scaffolds (163.30 ± 31.90 µm) (Figure 4E). A significant increase 

(•••P < 0.001) in the number of invaded cells was only found in the PRF-medium group, while 

the number in the PRF-high group was at a comparable level on days 5 and 10 after implantation 

(Figure 4E). Moreover, significantly higher penetration depths (**P < 0.01) were found in the 

PRF-medium group (31.85 ± 5.65%) compared to the PRF-high group (9.38 ± 3.88%) on day 5 

after implantation (Figure 4F). On day 10 after implantation, significantly higher cellular 

penetration depths (**P < 0.01) were still observable in the group of PRF medium scaffolds 

(39.97 ± 9.57%) compared to the values in the PRF-high group (14.48 ± 2.38%) (Figure 4F). 

 

Figure 4. Cell penetration. (A–D) show representative histological images of the cell penetration 
into both scaffolds of the PRF High and PRF Medium on days 5 (A and B) and 10 (C and D) after 
implantation (black arrows = invaded cells, yellow arrows = vessels, black dashed line = interface 
between the scaffolds and the surrounding peri-implant tissue, CT = connective tissue). In the case 
of the PRF Medium, a visibly higher number of cells was found to have invaded the fibrin scaffolds 
at greater depths at both time points compared to the PRF-High group (A, B): Giemsa staining; 
scale bars = 100 μm). (C, D): H&E-staining; scale bars = 100 μm). (E) and (F) show the results of the 
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histomorphometrical analyses of the number of invaded cells per mm2 (E) and their penetration 
depth (F) (* P < 0.05, **P < 0.01, •••P < 0.001) 

Qualitative and quantitative analysis of implantation bed vascularization 

The histological analysis of the implantation bed vascularization indicated that the 

scaffolds in the PRF-medium group had a higher vascularization rate, starting with day 5 up to 

day 10 compared to that in the PRF-high group (Figure 5A–D). The histomorphometrical analysis 

revealed that both a significantly higher number of vessels per square millimeter and a 

significantly higher percentage of vascularization (*P < 0.05) were measured in the case of the 

PRF medium scaffolds (2.24 ± 0.79 vessels/ mm2 and 0.19 ± 0.03%) in comparison to the values 

in the PRF high (0.96 ± 0.13 vessels/mm2 and 0.04 ± 0.03%) on day 5 after implantation (Figure 

5E and F). In addition, on day 10 after implantation, both vascularization parameters in the PRF 

medium group (4.46 ± 1.25 vessels/mm2 and 0.32 ± 0.12%) showed significantly higher values 

(**P < 0.01) compared to those in the PRF-high group (0.96 ± 0.15 vessels/mm2 and 0.06 ± 

0.04%) (Figure 5E and F). Only in the group of PRF-medium was a significant increase (•P < 0.05) 

in the vessel density found between day 5 and day 10 after implantation (Figure 5E). 
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Figure 5. Implantation bed vascularization. Panels a–d show representative immunohistochemical 
images of the vascularization patterns of the PRF medium and the PRF high scaffolds on day 5 (A,B) 
and day 10 (C,D) after implantation. At both time points, the PRF medium scaffolds show higher 
ingrowth of blood vessels (purple arrows) extending from the surrounding connective tissue (CT) 
(black dashed line = interface between the scaffolds and the surrounding tissue) (CD31-
immunostainings; scale bars = 100 µm). (E) and (F) show the results of the histomorphometrical 
analyses of the blood vessel density (E) and the percentage of implantation bed vascularization (F) 
(* P < 0.05, **P < 0.01, •P < 0.05). 

Qualitative and quantitative analysis of implantation bed vascularization 

The histological analysis of the implantation bed vascularization indicated that the 

scaffolds in the PRF-medium group had a higher vascularization rate, starting with day 5 up to 

day 10 

compared to that in the PRF-high group (Figure 5A–D). The histomorphometrical analysis 

revealed that both a significantly higher number of vessels per square millimeter and a 

significantly higher percentage of vascularization (*P < 0.05) were measured in the case of the 

PRF-medium scaffolds (2.24 ± 0.79 vessels/ mm2 and 0.19 ± 0.03%) in comparison to the values 

in the PRF high (0.96 ± 0.13 vessels/mm2 and 0.04 ± 0.03%) on day 5 after implantation (Figure 
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5E and F). In addition, on day 10 after implantation, both vascularization parameters in the PRF 

medium group (4.46 ± 1.25 vessels/mm2 and 0.32 ± 0.12%) showed significantly higher values 

(**P < 0.01) compared to those in the PRF high group (0.96 ± 0.15 vessels/mm2 and 0.06 ± 0.04%) 

(Figure 5E and F). Only in the group of PRF medium was a significant increase (•P < 0.05) in the 

vessel density found between day 5 and day 10 after implantation (Figure 5E). 

Qualitative and quantitative analysis of the total number of human cells within the PRF 

scaffolds 

The histological analysis of the human cells based on vimentin immunodetection within 

both PRF scaffolds showed that comparable numbers were present in the implantation bed of 

both groups on day 5 after implantation (Figure 6A and B). Interestingly, the cells were mostly 

found within the peripheral region of the scaffolds near the scaffold–tissue interfaces and 

appeared to be involved in the tissue reactions to both scaffold types, comparable to their 

murine equivalents (Figure 6A and B). On day 10 after implantation, markedly higher numbers 

of human cells were detected in the implant beds of the PRF-medium group compared to those 

of the PRF-high scaffolds (Figure 6C and D). In both groups, the human cells still appeared to be 

integrated in the tissue reactions to the scaffolds near the border to the peri-implant tissue 

(Figure 6A–D). A histomorphometrical analysis indicated that on day 5 after implantation, 

comparable numbers of human cells were found within the implantation beds of the PRF 

medium scaffolds (80.49 ± 51.43 vimentin-positive cells/mm2) and those of the PRF high 

scaffolds (57.33 ± 27.67 vimentin-positive cells/mm2) (Figure 6E). On day 10 after implantation, 

a significantly higher number (*P < 0.05) of human cells was found in the group of PRF medium 

scaffolds (17.98 ± 6.87 vimentin-positive cells/mm2) compared to the values in the PRF high 

group (4.53 ± 1.46 vimentin-positive cells/mm2) (Figure 6E). Only in the PRF high group was a 

significant decrease (•P < 0.05) of the number of human cells found (Figure 6E). 
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Figure 6. Total number of human cells. (A-D) show representative histological images of the 
incorporated human cells (brown dye, red arrows) identified by vimentin immunodetection within 
the PRF high and PRF medium scaffolds on day 5 (A, B)) and day 10 (C, D)) after implantation (black 
dashed line = interface between the scaffolds and the surrounding tissue). The human cells were 
mainly found within the peripheral regions of the implant beds of both scaffold types in the 
proximity of the invading murine cells (blue arrows) (Giemsa staining). On day 5 after implantation, 
comparable numbers of human cells were found in both groups, while a higher number of human 
cells was detectable in the PRF medium group (vimentin-immunostaining; scale bars = 100 µm) on 
day 10. (E) shows the results of the histomorphometrical measurement of human cells 
incorporated in both scaffold types (*P < 0.05, •P < 0.05). 

Qualitative and quantitative analysis of CD68-positive cells within the PRF scaffolds on day 5 

after implantation 

The immunodetection of the CD68 antigen showed that comparable numbers of human 

macrophages were observable within the peripheral implant regions of both scaffolds types, 

especially on day 5 after implantation (Figure 7A and B). The histomorphometrical analysis also 

confirmed that higher numbers of human macrophages were found in the group of PRF medium 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
192 

scaffolds (19.29 ± 6.40 CD68+ cells/mm2) and in the group of PRF high scaffolds (10.56 ± 9.86 

CD68+ cells/mm2) (Figure 7C). However, this difference was not statistically significant. 

 
Figure 7. Human macrophages (CD68+), neutrophils (CD15+), and T-lymphocytes (CD3+). (A-B) 
show immunohistochemical staining (i.e., CD68-immunostainings; scale bars = 100 µm) for PRF 
high and PRF medium, (C) shows the histomorphometrical analysis of CD-68-positive cells within 
the PRF high and PRF medium scaffolds. (D-E) show immunohistochemical staining (i.e., 
CD15immunostainings, 200× magnification, scale bars = 100 µm). Panel f shows the 
histomorphometrical analysis of CD-15-positive cells within the PRF high and PRF medium 
scaffolds. (G, H) show the immunohistochemical staining (i.e. CD3-immunostainings; scale bars = 
100 µm). (I) shows the histomorphometrical analysis of CD3-positive cells within the PRF high and 
PRF medium scaffolds. Black arrows = brow dye; incorporated human cells, CT = connective tissue. 

Qualitative and quantitative analysis of CD15-positive cells within the PRF scaffolds on day 5 

after implantation 

The immunodetection of the CD15 antigen also revealed comparable numbers of 

neutrophils in the implantation beds of both scaffold types (Figure 7D and E). This observation 

was confirmed by the histomorphometrical measurement, comparable numbers of CD15+ cells 

being detected in the group of the PRF medium scaffolds (18.15 ± 6.49 CD15-positive cells/mm2) 

and in the group of PRF-high scaffolds (9.49 ± 6.12 CD15-positive cells/ mm2) (Figure 7F). 
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Qualitative and quantitative analysis of CD3-positive cells within the PRF scaffolds on day 5 

after implantation 

Immunodetection of the CD3 antigen revealed comparable numbers of human T-

lymphocytes in the implant beds of both scaffold types (Figure 7G and H). The 

histomorphometrical measurements confirmed that larger numbers of T-lymphocytes were 

present in the implant bed of the PRF-medium scaffolds (16.71 ± 17.98 CD3+ cells/mm2) and in 

that of the PRF-high scaffolds (8.42 ± 11.93 CD3-positive cells/mm2) (Figure 7I). However, no 

statistically significant difference was detected. 

Qualitative and quantitative analysis of CD68+, CD15+, and CD3+ cells 

On day 10, only a few CD68+, CD15+, and CD3+ cells were detected within the 

implantation area (data not shown). Accordingly, a histomorphometrical analysis for CD3-, 

CD15-, and CD68-positive cells was only conducted at the earlier time point (5 days). 

Qualitative and quantitative analysis of CD20+ and CD34+ 

At both time points, i.e., day 5 and day 10, there was only a sporadic presence of CD20+ 

cells, and no CD34+ cells were detected within the implantation bed of the two PRF groups (data 

not shown). Thus, no histomorphometrical analysis was conducted for these two cell markers. 

Discussion 

In a clinical setting, rapid integration of biomaterials is crucial for their contribution to the 

biomaterial-based reconstructed tissue area and thus for the clinical condition and extent of 

patient morbidity. In this context, vascularization is a critical factor in the field of tissue 

engineering. The tools and systems therefore should be easily applicable in a clinical setting. To 

achieve this, the biomaterial matrix should be enhanced by the autologous regenerative 

properties, i.e., the inflammatory cells and components of the extracellular matrix. 

To accelerate wound healing using a biomaterial-based tissue engineering approach, PRF 

was developed by centrifugation of the patient’s peripheral blood without the addition of any 

anticoagulants or supplements.8,11 In previous studies, our group was able to demonstrate 

differences in the structure and cell composition by modifying the applied relative centrifugal 

force (RCF) and centrifugation time according to the so-called LSCC (low-speed centrifugation 

concept).11,19 By decreasing the RCF and correspondingly increasing the centrifugation time, we 

were able to generate “advanced PRF” with more inter-fibrinous spaces. Interestingly, the 
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reduction of RCF resulted in more neutrophils within the matrices.11 These findings on PRF-

based matrices have so far been conducted ex vivo.11 Furthermore, an in vitro study of our group 

compared the growth factor release of three different PRF-based matrices, including two of the 

same specific preparation parameters as the here examined PRF matrices. The data gathered 

indicated that reducing the RCF leads to significantly higher growth factor release (TGF-β1 and 

EGF) at different time points over a 10day period.20 However, the release of VEGF was similar in 

both PRF protocols.20 Despite these findings, to date, there are still no available data on the 

influence of PRF-based matrices on tissue integration after their implantation in vivo. Therefore, 

we set out to determine whether the observed structural changes between the two protocols, 

i.e., PRF high and PRF medium, would have an impact on the regenerative potential in terms of 

tissue reaction and especially vascularization in vivo. 

Prior to discussing the in vivo data, two core issues need to be addressed: donor selection 

and the process of implantation. For this study, we selected one healthy donor to reduce the 

animal numbers according to the maxim of the 3Rs (reduce, replace, and refine).21 In our 

previously published ex vivo research,11 we investigated and evaluated PRF matrices according 

to the same protocols as applied here, generated from four healthy donors, males and females 

aged 20–60 years. While there are certain differences in terms of blood composition and, 

accordingly, in the composition of the fibrin clot, the histological observations confirmed that in 

all investigated subjects, PRF-based matrices generated with the PRF-medium protocol 

appeared to be less compact, possessed higher fibrin porosity, and contained more 

inflammatory cells when compared to matrices generated with the PRF-high protocol.11 This 

finding justifies the use of only one blood donor while keeping the number of animals in each 

group small but still large enough (n = 4 per time point and group) for a subsequent statistical 

analysis. 

The subcutaneous implantation model in SCID mice was previously shown to serve as a 

suitable system to investigate tissue engineering concepts including human cells and their 

contribution to vascularization as a preclinical in vivo evaluation approach.4,5,22 Previously, our 

group has shown that the implantation of biomaterials pre-cultured with mesenchymal cells, 

osteoblasts, or monocytes leads to an enhanced vascularization compared to the implantation 

of pure biomaterial.4,22,23 In this study, we investigated a concentrate of human cells embedded 

within a three-dimensional fibrin scaffold according to different preparation parameters, i.e., 

PRF high and PRF medium. 

Concerning the issue of implantation, it is known that fibrin is part of the endogenous 

wound healing response and plays a central role in primary hemostasis. Usually, the fibrin clot 

degrades quickly.24 Furthermore, within the subcutaneous region of an animal, there is pressure 
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on the implanted material during animal movement, which, in the case of PRF, leads to 

premature and fast degradation. The latter finding was observed in previously performed in vivo 

pilot studies with PRF-based matrices by our group, in which we were not able to properly detect 

the matrices after in vivo implantation (data not shown). To overcome these problems, Frasaco 

dental strip crowns were used in this study as placeholders for both groups PRF-high and PRF 

medium. The Frasaco dental strip crowns are made of plastic and did not elicit any abnormal 

tissue reactions, such as inflammation or encapsulation (data not shown). The incorporation of 

the PRF-based matrices into the Frasaco dental strip crowns permitted adequate evaluation of 

the peri-implant tissue reaction without having the pressure of the overlying soft tissue. 

The RCF modification in the tow preparation protocols resulted in two differently 

structured scaffolds, which have shown a specific inflammatory response, cellular penetration, 

and vascularization pattern. Both the histological and histomorphometrical data demonstrated 

highly significant differences between the two evaluated PRF groups with respect to their 

structure characteristics. The PRF-based matrices within the PRF-medium group appeared to 

have a looser fibrin structure with larger inter-fibrinous spaces, whereas PRF-high showed less 

porous structure with densely packed fibrin. Correspondingly, the data on cell penetration and 

vascularization underline the fact that a looser fibrin structure with higher porosity leads to a 

significant increase in cell penetration into the PRF-based matrix and thus facilitates host 

vascularization of the scaffold as shown in PRF medium. This is supported by the findings of the 

significantly increased cell penetration on day 5 and day 10 in the PRF medium group, when 

compared to the PRF high group. By contrast, PRF high showed a dense and stable fibrin 

structure which was more resistant to cellular penetration. Thus, it is possible that the porous 

structure in the case of PRF medium facilitated cellular penetration, allowing endothelial cells 

to migrate easily into the scaffold and promote angiogenesis. However, in the case of PRF high, 

the dense structure rather serves as a “barrier membrane” or a place holder. These data 

demonstrate that even single parameter changes within the centrifugation settings, i.e., 

reduction of RCF according to LSCC, can influence the physico-chemical properties of the 

extracellular matrix, i.e., fibrin structure and porosity within the PRF matrices, thus allowing 

selective modification of in vivo vascularization. 

In the previously published study, the focus was on detecting blood-derived inflammatory 

cells within the PRF-based matrices and examination of their distribution in accordance with the 

differing production settings.11 In the present study, we set out to identify a selection of the 

investigated blood cells in our samples using immunohistochemistry,11 narrowing down the 

selection to those cells that were most relevant and dominant during the early phase of 

inflammation. The focus was thus placed on detecting CD3-, CD15-, and CD68-positive cells 
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within the implantation area. As mentioned earlier, the sporadically found CD20+ and CD34+ 

precursor cells were not subjected to analysis. To differentiate between human and murine cells 

in the implantation area and ultimately within the PRF-based matrices, the samples were stained 

with an antibody against vimentin. Vimentin can be detected in the cytoplasm of all 

mesenchymal cells, and immunohistochemical staining for human vimentin is therefore used to 

detect human cells within the murine implantation field.4 The evaluation of the vimentin-stained 

slides revealed that human cells could be detected in both matrices at both time points. In the 

PRF medium matrices, the number of vimentin-positive cells was higher than in the PRF high 

matrices. This difference in cell numbers was only significant on day 10 of the study. There 

appeared to be a decrease in vimentin-positive cells from day 5 to day 10, but this decrease was 

only significant in the PRF high group. These findings highlight the fact that PRF-based matrices 

prepared with respect to the LSCC, i.e., the reduced RCF exhibit a higher number of leukocytes 

and platelets. Moreover, the microenvironment within the PRF medium may be one factor for 

improved survival of the included cells compared to PRF high, where a significant decrease in 

cell numbers was observed from days 5 to 10. 

On day 10, only a few human cells were detected within the implantation area, and so, 

the histomorphometrical analysis for CD3-, CD15-, and CD68-positive cells was only conducted 

at the earlier time point (5 days). Here, no significant difference between the PRF high and PRF 

medium could be observed. These observations may be due to the limitation of the histological 

analysis methods. In this study, we analyzed a cross-section of the scaffolds in the central 

segments of the explanted tissue and not the complete fibrin scaffold. The in vivo cross-section 

was within the core of the implantation bed and not along the longitudinal axis, as was the case 

in the previously published ex vivo study.11 On the other hand, as the selected cells play a role 

in the process of early inflammation,25 they may not be detectable 5 days after implantation or 

even at later time points, i.e., 10 days. 

Generally, PRF matrices exhibit a marked proangiogenic potential by releasing different 

growth factors such as VEGF,18,20 which is the main stimulus for angiogenesis.26 The fact that the 

previous in vitro investigation of these two specific preparation protocols demonstrated no 

significant difference in the VEGF release20 indicates that other factors involved in the 

angiogenesis might have contributed to significantly higher vascularization in the PRF medium 

RCF group in vivo. It appears that the inflammatory cells within the fibrin scaffold act in concert 

with the host cells to attract the host cells to migrate into the scaffold and thus enable an 

enhanced inflammatory cell-initiated vascularization, which highlights the correlation between 

inflammation and vascularization. In addition, the amount of RCF might have an effect on the 

cellular viability to release signaling molecules and interact with the host cells as a natural 
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bioactive system to guide angiogenesis. The here observed results for the solid PRF matrices are 

supported by our previous in vitro studies using a liquid PRF matrices, i.e., injectable PRF. Ex vivo 

and in vitro studies analyzed the influence of the applied RCF on the number of platelets, 

leukocytes, and the released growth factors. A systematical reduction of the used RCF and 

constant centrifugation time was performed in three steps from high RCF to medium RCF and 

low RCF.19,27 The results showed that injectable PRF matrices prepared using medium or low RCF 

contain significantly higher number of platelets and leukocytes compared to those prepared 

using high RCF. Additionally, the concentrations of released growth factors after 1 or 24 h (VEGF, 

PDGF-BB, EGF, and TGF-β1) were significantly higher in the case of injectable PRF matrices 

prepared using medium or low RCF compared to those prepared using high RCF (19,27). These 

in vitro data correspond with the here presented angiogenesis effect in vivo which was enhanced 

by the reduction of the applied RCF. 

Since its introduction, PRF demonstrates its suitability for clinical application by the clinical 

successes seen in different fields of application, such as periodontal defect regeneration or the 

vitality preservation of teeth in dentistry,28,29 bone regeneration and reconstruction in facial and 

oral surgery pain management,30 and wound healing.31 However, to date, it is unknown whether 

altering the composition and structure of the PRF and the amount of included cells will have any 

benefit in the clinical outcomes. Therefore, the present results are of great interest for future 

clinical applications. 

The present findings highlight the fact that it is possible to modify the structure and 

composition of PRF-based matrices selectively to obtain an optimized construct toward 

personalized PRF for the various indications. 

Considering PRF as a cell-based tissue engineering concept to serve as a wound healing 

catalyzer, it appears that using a preparation protocol that is adapted to the LSCC such as PRF 

medium could have some benefits regarding vascularization. Moreover, the inclusion of a highly 

concentrated number of autologous inflammatory cells could enhance its potential to integrate 

within the application area and accelerate the regeneration process. In this context, PRF 

matrices within the medium RCF may be a clinically applicable approach for cell-based tissue 

engineering. 

In other clinical scenarios such as wound sealing, a denser fibrin structure similar to PRF 

high RCF might be more beneficial to serve as a barrier, without allowing cellular penetration. 

According to the principles of guided bone and tissue regeneration,32 a complex tissue defect 

including two types of tissue, i.e., soft and hard tissue, exhibits a competition in tissue 

regeneration in which soft tissue proliferates and regenerates faster than the hard tissue. Hence, 

a barrier membrane is suggested to separate the soft and hard tissue to allow the delayed hard 
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tissue to regenerate the defect and prevent soft tissue ingrowth.33 In this case, a stable dense 

structure that is resistant to cellular penetration may be suitable to isolate different tissue types, 

whereas a cell-loaded and more porous structure could be used as a filling within the hard tissue 

defect in order to accelerate the regeneration process by means of inflammatory cell-mediated 

integration and vascularization. However, to validate these hypotheses, systematic and 

controlled clinical studies are needed. 

Presently, in tissue engineering and biomaterial research, biomaterials are loaded with 

different cells such as endothelial cells, mesenchymal cells, and monocytes in mono- or co-

culture.4,6,22 Previously, we were able to show that inclusion of monocytes isolated from 

peripheral blood significantly increases the vascularization pattern of biomaterials, compared to 

biomaterial implantation alone.22 However, cell isolation and the cultivation of different cell 

types are sensitive, elaborate procedures. By contrast, using PRF matrices that include a high 

number of inflammatory cells is clinically applicable without the burden of isolation, co-

cultivation, and other associated drawbacks, including the intensive regulatory process. 

Nevertheless, since PRF is a complex system of various cells and plasma proteins, further 

research is required to gain a better understanding of how the cells included in PRF matrices 

that are prepared within the medium RCF range might influence the surrounding 

microenvironment to support tissue regeneration. Additionally, further studies regarding the 

LSCC must investigate how far the reduction of RCF will enable further modification of the 

structure of PRF-based matrices and show the possible benefits that may be derived for clinical 

applications to generate individual PRF-based matrices for specific clinical indications. 

Currently, clinical applicable cell-based tissue regeneration focuses on bone marrow 

concentrates, such as the BMAC® system.34 Nevertheless, this system requires the addition of 

heparin and further anticoagulants as well as specific manufacturing conditions and surgical 

skills.35 Additionally, harvesting bone marrow is a more complicated surgical procedure and can 

lead to higher patient morbidity. The marrow cells in this system are isolated by centrifugation.36 

Here, it is unclear whether the derived stem cells could lose their phenotype and specific 

characteristics after their supplementation with anticoagulants and centrifugation and whether 

these cells will still be able to differentiate to the required cell types. In contrast, PRF matrices, 

especially those prepared within the medium RCF, can be considered a natural drug delivery 

system, in which the inflammatory cells, together with the porous fibrin structure and the 

released growth factors, contribute to a stimulation of host vascularization, thus leading to its 

rapid incorporation. PRF can accordingly be considered a clinically applicable tool to enhance 

the regenerative potential of biomaterials after their combination with this easy-to-access 

peripheral blood-derived matrix without the use of additional anticoagulants.19 Moreover, it 
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remains to be elucidated which structure is optimal for wound healing and tissue regeneration 

in specific fields to achieve standardized and tailored PRF-based matrices for specific clinical 

indications. All these concerns are present research subjects in our group, with the aim of 

achieving a better understanding of the PRF-based regeneration system. It is hoped that this will 

provide better clinical outcomes and reduce patient morbidity. 

Conclusions 

The present study demonstrated that altering the relative centrifugation force has a 

significant influence on the in vivo cellular reaction to the generated PRF matrices. PRF high 

showed a dense and stable fibrin structure with significantly lower pore size compared to PRF 

medium. Thus, significantly higher in vivo vascularization and higher total numbers of human 

cells, especially on day 10 after scaffold implantation, were found in PRF medium compared to 

PRF high. The findings highlight the angiogenic potential of PRF-based matrices and indicate that 

reducing the RCF using the LSCC selectively alters the fibrin structure and included cell number. 

By considering the cells within the PRF-based matrices as sources of growth factors and thus as 

a complex natural drug-delivery system, modification of the preparation protocol might be a 

tool to increase the regenerative potential within the specific regions of interest. In conclusion, 

solid and liquid PRF-based matrices and especially those generated with respect to LSCC can be 

beneficial for both clinical as well as basic science researchers to better understand cell–cell 

communication in wound healing processes and tissue regeneration. 
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3.1.4. Autogenous biomaterials conclusions 

This chapters studies platelet rich fibrine (PRF) and its sensitivity to relative centrifugal 

force (RCF). PRF is a fibrin-based biomaterial that has been shown to promote cell adhesion, 

proliferation, and differentiation. However, the effect of RCF during PRF preparation has not 

been studied in depth. The aim of this research was to investigate the effect of RCF during matrix 

preparation on the structure and function of PRF using in vitro and in vivo models.  

In chapter 3.1.1 The purpose of this study was to observe the variation in platelet 

distribution and growth factor release (VEGF, TGF-β1, EGF) within three different solid PRF 

matrices (PRF, A-PRF, A-PRF+). These matrices were prepared using different relative centrifugal 

force (RCF) and centrifugation times, such as A-PRF+ (208g; 8 min), A-PRF (208g; 14min) and PRF 

(708g; 12 min). The results show that increased RCF during preparation significantly enhances 

the fibrin content of PRF, while decreasing RCF significantly influences cell count, specifically 

platelets. Different growth factor release was checked after 6h, 24h, 48h, 72h, 7 days and 10 

days incubation time in cultural medium.  The protein VEGF was found to be most prevalent on 

day 7; A-PRF+ presented a significantly higher rate than both A-PRF and PRF. A-PRF+ showed 

significantly higher accumulated release levels of growth factor release (TGF-β1 and EGF) on day 

10 in comparison with PRF and A-PRF. The release of TGF-β1 was significantly higher in the A-

PRF and A-PRF+ groups on days 7 and 10 compared with the PRF group. The release of EGF was 

highest at 24 hours in all groups, but the A-PRF+ group showed significantly higher EGF release 

than the PRF group. TGF-β1 and EGF growth factor release was significantly higher on day 10 in 

A-PRF+ and A-PRF groups as compared to PRF group. These results underscore that by reducing 

centrifugal force (RCF) according to the previously described low speed centrifugation concept 

(LSCC), leukocytes and platelets can release growth factors to a greater extent within solid PRF 

matrices. 

The main focus of chapter 3.1.2. is evaluation of RCF impact on liquid PRF form and its cell 

content together with growth factor release. The parameters used for each protocol were as 

follows: high RCF (966g for 3min), medium RCF (241g for 3 min) and low RCF (60g for 3min). 

Overall, automated cell count (platelets and leukocytes: neutrophils, monocytes and 

lymphocytes) revealed that the cell number increase with a decrease of RCF. The trend of 

gradual increase from around 5000 leukocytes per µl in high RCF protocol up to 11000 

leukocytes per µl could be seen. The similar ongoing raise trend in number of lymphocytes could 

be as well observed by    ̴ 2.5 folds in low RCF when compared to high RCF.  The number of 

neutrophils and monocytes was found the highest in low RCF by reaching    ̴4000 neutrophils per 

µl and    ̴700 monocytes per µl. Platelets in low and medium RCF were    ̴two fold higher in high 
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RCF. Additionally, leukocyte histochemical detection showed the highest number in low RCF in 

comparison to medium RCF and high RCF. ELISA method was employed in order to quantify 

concentration of growth factors, such as PDGF-BB, TGF-β1, VEGF and MMP-9.  Similar values for 

PDGF-BB, TGF-β1 and EGF release were observed by using low and medium RCF protocols and 

both of them presented to be significantly higher in comparison to high RCF example. Moreover, 

it has been presented that VEGF levels were 3 folds higher in low RCF than in high RCF and MMP-

9 levels were 16 folds higher in low RCF than in high RCF. These findings affirm the LSCC (low 

speed centrifugation concept), which demonstrates that cell and growth factor enriched PRF-

based matrices can be made through RCF reduction.   

The aim of the study enclosed in chapter 3.1.3. was to compare the tissue reactions to 

two different kinds of PRF-based matrices, in terms of vascularization and cell distribution, in 

vivo. In a subcutaneous implantation model of SCID mice, PRF-high (719 g) and PRF-medium 

(222 g) centrifugation protocols were studied at 5 and 10 days. Histology and histomorphometry 

were used to quantify various cell populations: lymphocytes, neutrophils, human macrophages 

and monocytes. To detect newly formed vessels, CD31 was used. All human cells were detected 

by using vimentin as a pan-cellular marker. The findings showed that PRF-high produced dense 

and steady fibrin structure that prevented cells from entering host tissue. In contrast, PRF-

medium was more porous with a mean diameter    ̴4 times. A faster in vivo vascularization rate 

could be also observed in PRF-medium with an approximation of 2 newly formed capillaries per 

mm2 on the day 5 up to almost 5 capillaries per mm2 detected on day 10. In contrast high PRF 

presented only 1 per mm2 newly formed capillary on day 5 and the same value on day 10. In 

general, the highest number of vimentin labelled cells within PRF matrix was found on 5th day 

post implantation in both samples mediumPRF and highPRF. Moreover, cell degradation was 

noticed in both protocols on day 10 as the number of them decreased (not native mice cells). 

Overall, slight increase in CD68+, CD15+ and CD3+ positive cells was noted in animal where PRF-

medium was utilized. These findings demonstrate the potential to modify the structure and 

composition of PRF matrices, and in doing so, selectively alter their regenerative capabilities in 

vivo. 

In general, these studies indicate that modification of RCF can be used to acquire, as well 

as tailor matrices with special characteristic (more porous, higher content of growth factor, 

more leukocytes etc.) that can be used for specific applications, like guided bone formation or 

guided tissue regeneration. Nevertheless, it is important to mention that this research is still in 

its early stage, as well as it is limited mostly to in vitro and in vivo studies. More research needs 

to be conducted to validate the in vivo effects of the different PRF preparations. The mechanism 

behind these differences is still not well understood and requires further investigation. However, 
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the results of this study provide a new perspective on how RCF can be employed to improve the 

biocompatibility of fibrin-based biomaterials. 
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3.2. The case of xenogenic materials 

Currently, there is a wide array of different biomaterials that can be used to support hard 

and soft tissue regeneration following the principles of guided bone regeneration (GBR) and 

guided tissue regeneration (GTR).1,2 In this context, collagen membranes are used as a support 

for delayed tissue regeneration in bone defects, as well as to stop early soft tissue growth into 

the damaged area. Furthermore, a barrier membrane used in dental procedures should ideally 

possess the following qualities: being able to integrate with host tissue, cell-occlusive, 

permeable for nutrients and easy to handle2,3  

Different collagen membranes of animal origin have been engineered for GTR or GBR 

procedures. Due to the fact that collagen is a major protein found in the connective tissues of 

all mammals, these membranes offer a high level of homology.4 From the 28 collagen types that 

have been identified in vertebrates, collagen type I is the most widespread and best-

characterized member of the family. In humans, collagens make up for ~30% of the body's total 

protein amount. They can be found in all tissues and organs, such as skin, bone, and tendon, etc. 

Collagen proteins play a vital role in various biological processes, such as blood vessel and 

extracellular matrix formation, cell adhesion and migration, as well as tissue morphogenesis and 

repair. They exist as either elongated fibres or network-forming collagens and give stability and 

elasticity to the tissue by their remarkable tensile strength. Different cells synthesize collagen 

molecules, such as endothelial or smooth muscle cells, but predominantly by fibroblasts.5,6  

Collagen-derived membranes are natural biomaterials that are very effective due to their 

quick adaptation to mechanical forces. They also play an important role in haemostatic 

reactions.6 Platelets have cell surface-exposed collagen-specific receptors that, when bound to 

a ligand, induce degranulation and blood clotting.7 Therefore, collagen helps stabilize wounds 

and has been widely used as a haemostatic agent and biological dressing in medicine and 

pharmacology.8 Furthermore, collagen acts as a chemoattractant for different cell types 

involved in the wound healing process, including gingival and periodontal ligament fibroblasts.6 

Collagen is degraded quickly and without inflammation when exposed to the oral cavity, which 

makes collagen membranes a viable option for use in challenging flap procedures. As collagen 

membranes are not synthesized de novo, they need to undergo processing using different 

chemical and physical methods.1,9 This purification process includes deactivation of potential 

pathogens and donor-cells, which may also affect the native structure. As such, the resultant 

structure and surface characteristics of natural biomaterials depend on the donor tissues and 

the processing techniques used. Furthermore, other methods are used to enhance the stability 

of collagen-based biomaterials including different types of cross-linking. However, this process 
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(especially chemical crosslinking) may result in inducing more pronounced foreign body 

reaction.9-11 

In order to investigate the tissue reaction and influence of MNGCs formation, several 

collagen membranes were studied using in vivo subcutaneous implantation model in rat. 

Additionally, the PRF based model for cellular penetration and PRF absorption coefficient was 

employed, providing an environment to observe interactions between the material and cells in 

a more controlled manner as well as allowing study of permeability and liquid absorption 

capacity of a collagen membrane. This PRF based evaluation system complements in vivo studies 

and might potentially reduce number of animals used in biomaterial experiments in the future. 
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Abstract 

Platelet-rich fibrin (PRF) is a blood concentrate derived from venous blood that is 

processed without anticoagulants by a one-step centrifugation process. This three-dimensional 

scaffold contains inflammatory cells and plasma proteins entrapped in a fibrin matrix. Liquid-

PRF was developed based on the previously described low-speed centrifuge concept (LSCC), 

which allowed the introduction of a liquid-PRF formulation of fibrinogen and thrombin prior to 

its conversion to fibrin. Liquid-PRF was introduced to meet the clinical demand for combination 

with biomaterials in a clinically applicable and easy-to-use way. The aim of the present study 

was to evaluate, ex vivo, the interaction of the liquid-PRF constituents with five different 

collagen biomaterials by histological analyses. The results first demonstrated that large 

variability existed between the biomaterials investigated. Liquid-PRF was able to completely 

invade Mucograft® (MG; Geistlich Biomaterials, Wolhusen, Switzerland) and to partly invade 

Bio-Gide® (BG; Geistlich Biomaterials, Wolhusen, Switzerland) and Mucoderm® (MD; Botiss 

Biomaterials, Berlin, Germany), and Collprotect® (CP; Botiss Biomaterials, Berlin, 

Germany) showed only a superficial interaction. The BEGO® collagen membrane (BCM; 

BEGO Implant Systems) appeared to be completely free of liquid-PRF. These results were 

confirmed by the different cellular penetration and liquid-PRF absorption coefficient (PAC) 

values of the evaluated membranes. The present study demonstrates a system for loading 

biomaterials with a complex autologous cell system (liquid-PRF) in a relatively short period of 

time and in a clinically relevant manner. The combination of biomaterials with liquid-PRF may 

be clinically utilized to enhance the bioactivity of collagen-based biomaterials and may act as a 

biomaterial-based growth factor delivery system. 

Introduction 

The function of biomaterials in regenerative medicine is to support soft and hard tissue 

regeneration through material-induced tissue reactions. When looking for the “ideal” 

biomaterial, several requirements must be considered, including tissue compatibility, 

physiochemical stability, the rates of vascularization and degradation, and the biomaterial-

specific immune response.1 Recently, various collagen-based biomaterials were introduced for 

use in guided bone and tissue regeneration (GBR/GTR). These materials are mostly resorbable, 

naturally derived collagenous biomaterials mainly with xenogeneic origins. Previous in vivo 

experiments evaluated the cellular reaction towards collagen-based biomaterials after 

subcutaneous implantation.2 Different types of tissue reactions were observed, including the 
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induction of mononuclear cells (MNCs), such as monocytes, lymphocytes, macrophages, and 

fibroblasts, or signs of a foreign body reaction, which is characterized by the formation of 

additional multinucleated giant cells (MNGCs).2,3 

In vivo evaluation of a porcine-derived bilayer collagen membrane showed stepwise 

integration, inducing only MNCs, over a 60-day period.4 Analysis of the vascularization rate 

revealed a mild vascularization pattern without material penetration, which emphasizes the 

ability of collagen-based biomaterials to integrate within the implantation region without 

undergoing transmembranous vascularization.4,5 Additional investigations evaluating porcine-

derived collagenous membranes of different thicknesses and physiochemical compositions 

revealed the presence of MNGCs. In these cases, the occurrence of MNGCs was associated with 

an enhanced vascularization rate and disintegration of the membranes accompanied by 

premature ingrowth of the peri-implantation region into the central region of the 

biomaterials.6,7 These observations showed that although all biomaterials were derived from the 

same origin, different cellular reactions were induced based on their processing techniques and 

physicochemical properties. 

The role of collagen-based biomaterials in GBR has been explored in vivo, showing the 

crucial influence of new bone formation when comparing bony defects covered with a collagen 

membrane to those without collagen membranes.8 However, the biomaterial characteristics 

may influence the underlying bone area. Several investigations have confirmed the function of 

different collagen-based biomaterials as bioactive components involved in bone regeneration in 

combination with different bone substitutes.9 These findings are relevant for clinical applications 

of pure biomaterials.10,11 Moreover, previously published, in vivo cell-based, tissue engineering 

studies that considered the use of biological concepts, such as the combination of biomaterials 

with primary human cells or pre-seeding with monocytes, have demonstrated their effects on 

the vascularization patterns in the biomaterials at hand, and the consequently enhanced 

regenerative capacities.12 However, cell-based tissue engineering is a sensitive technique that 

requires special conditions, which are mostly not available in clinical settings. A clinically 

applicable system was, therefore, highly needed to reap the benefits of these observations. 

This blood concentrate is derived from the patient’s peripheral blood after a one-step 

centrifugation without anticoagulants to generate a platelet and leucocyte-rich matrix. The 

presence of platelets, leucocytes, and fibrin was previously shown to be essential for wound 

healing.13,14 In addition to the potential of leucocytes to influence angiogenesis and 

lymphomagenesis, this fibrin network, containing leucocytes and platelets, is a source of 

cytokines and growth factors, which are the main players in the process of wound healing.15 The 

use of specific plastic tubes favors nonclotting platelet-rich fibrin (PRF) and results in the 
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development of a liquid-PRF-based matrix (liquid-PRF) produced without the need for 

anticoagulants. Previously, a systematic study investigated the influence of the applied relative 

centrifugal force (RCF) on the composition and bioactivity of PRF matrices.16 In that study, it was 

shown that liquid-PRF generated with the lowest RCF contained the highest concentration of 

platelets and leukocytes and released significantly higher concentrations of different growth 

factors compared to two other liquid-PRF matrices prepared at higher RCF.16 Therefore, the low-

speed centrifugation concept (LSCC) was described to standardize the centrifugation of blood 

concentrates. 

The combination of autologous biological products; i.e., PRF-based matrices with 

xenogeneic biomaterials, has been of great clinical interest. The application of PRF matrices with 

different centrifugation protocols in combination with collagen-based biomaterials was 

previously described in several clinical studies, especially in periodontology.17 However, the 

results are not consistent. Some studies showed a positive effect of the addition of PRF to 

collagen-based biomaterials, while others did not show any effect.18 It may be that the 

biomaterial-specific physicochemical characteristics, such as surface structure, absorption 

capacity, porosity, and thickness, may influence the interaction between the collagen-based 

biomaterial and PRF. However, to date, no published studies have evaluated the feasibility of 

combining collagen-based biomaterials and PRF in detail. Therefore, the aim of the present 

study was to evaluate the interaction of liquid-PRF with five different collagenous biomaterials 

by histological analyses to identify the most promising combination for clinical use. To the best 

of our knowledge, this was the first study to analyze the combination of different commercially 

available collagen-based biomaterials and liquid-PRF ex vivo. Particular attention was focused 

on the absorption capacities and penetration patterns of the leucocytes and platelets within the 

collagen-based biomaterials after liquid-PRF application, and on the interaction between 

collagen and fibrin. 

Experimental 

Collagen Membranes  

Mucograft® (MG; Geistlich Biomaterials, Wolhusen, Switzerland) is a bilayered collagen 

matrix derived from porcine peritoneum and skin. The collagen is derived from a certified 

porcine source and is processed to purify it from genetically active constituents. The matrix 

consists of type I and type III collagen and is processed using standardized methods and sterilized 

by gamma irradiation without chemical treatment or additional cross-linking. The bilayered 
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structure of the matrix consists of a thin, smooth, compact layer with low porosity and a three-

dimensional spongy layer with higher porosity. These layers are connected using a biophysical 

interweaving process. The pore system of the matrix is manufactured via defined parameters 

and lyophilization to include both small and large pores (5–200 µm). This variously-sized pores 

serve as a matrix for tissue and cell adherence and stabilize the blood clot after application. 

Bio-Gide® (BG; Geistlich Biomaterials, Wolhusen, Switzerland) is a porcine-derived 

collagen membrane containing type I and III collagen without cross-linking. This bilayered 

membrane is manufactured using a standardized process to eliminate immunologically active 

constituents, microorganisms, and other residues. Collagen is obtained from a veterinary-

certified porcine source and is sterilized by gamma irradiation. The pure bilayered collagen 

membrane consists of a smooth, thin, compact layer with low porosity and a three-dimensional, 

more porous spongy layer. This structure should support bone formation and inhibit connective 

tissue ingrowth in bony defects. 

Mucoderm® (MD; Botiss Biomaterials, Berlin, Germany) is a porcine dermis-based 

collagen matrix. The membrane is purified by a multistep cleaning method, lyophilized, and 

sterilized by gamma irradiation to produce a three-dimensional non-cross-linked membrane of 

collagen and elastin. 

Collprotect® (CP; Botiss Biomaterials, Berlin, Germany) is a bilayered cross-linked collagen 

membrane containing type I and type III collagen and elastin. The membrane is obtained from 

porcine dermis. Purification methods, such as multistep cleaning, lyophilization, and gamma 

irradiation, were performed to generate a stable three-dimensional bilayered collagen 

membrane. 

BEGO® collagen membrane (BCM; BEGO Implant Systems) is a non-cross-linked, stratified 

membrane obtained from porcine pericardium. Donor animals are selected in a veterinary-

controlled porcine source. The extracted collagen is treated by a controlled purification process, 

lyophilized, and sterilized with ethylene oxide gas. 

Scanning Electron Microscopy 

The ultrastructure of the collagen-based biomaterials was examined under a DSM 962 

SEM (scanning electron microscope, Zeiss, Oberkochen, Germany) operated with a LaB6 

cathode, which can be used to obtain medium resolution photographs. After sputter coating the 

samples with 20–30 nm gold in a cold sputter unit, images were taken at 10 keV acceleration 

energy and an object distance of approximately 12.0 cm. The SEM images were analyzed with 

the Kontron KS 300 image analysis program (Carl Zeiss Vision, Eching, Germany). 
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Liquid-PRF Preparation 

The application of PRF in this study was approved by the responsible Ethics Commission 

of the state of Hessen, Germany (265/17). Liquid-PRF was obtained from venous blood without 

additional anticoagulants as previously described.16 Three healthy volunteers, aged 18–50 years 

with no anticoagulant usage, donated peripheral blood for this study after informed consent 

was obtained. Four sterile, 10 mL plastic tubes (Process for PRF, France, radius 110 mm) full of 

blood were obtained from each participant. The filled tubes were immediately placed in the 

centrifuge, with two tubes placed directly opposite each other for balance during centrifugation. 

The liquid centrifugation protocol (10 mL, 600 rpm, 44 × g for 8 min) according to LSCC was 

performed in a programmed centrifuge (Duo centrifuge; PROCESS for PRF, Nice, France). The 

tubes that were used did not contain any type of anticoagulants in order to avoid interference 

with platelet activity. After centrifugation, the tubes showed a multiphasic liquid that contained 

an upper phase of a yellow–orange-colored liquid (liquid-PRF) and a lower red phase of the 

remaining blood constituents. The tubes were carefully opened to avoid mixing the phases, and 

1–2 mL of the upper liquid (liquid-PRF) was collected using a 10 mL syringe with a needle (B 

Braun inject®) and transferred to a flask. 

Liquid-PRF Application 

Four samples (10 × 10 mm) were prepared from each collagenous biomaterial using 

scissors. The material sample was placed on a 4 × 6 cell culture plate, and the prepared 500 µL 

liquid-PRF was applied to the collagen-based biomaterial samples, covering the entire sample. 

The membranes were kept in liquid-PRF until clotting (15 min at room temperature). Then, the 

samples were fixed in 4% formaldehyde for 24 h. 

Histological Preparation 

The fixed samples were processed according to previously described techniques.5 Briefly, 

after processing, six 3–4 µm sections were cut from each sample using a rotary microtome (Leica 

RM2255; Wetzlar, Germany). Next, the samples were stained with different histochemical 

stains. The first slice was stained with hematoxylin and eosin (H&E) according to standard 

protocols, and the other five slices were stained with Azan–Mallory, Masson–Goldner, and 

Giemsa. 
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Histological Analysis 

Morphological and qualitative histological analyses of the prepared slices were performed 

using a Nikon ECLIPSE 80i microscope (Tokyo, Japan). We focused on the interaction with liquid-

PRF, particularly the locations and distributions of leucocytes and platelets, and the liquid-PRF 

invasion of the biomaterials. Additionally, histological photographs were captured using a Nikon 

DS-Fi1/Digital camera with a digital sight control unit. 

Histomorphometrical and Statistical Analysis 

Four Giemsa-stained slides of each biomaterial were used for the histomorphometric 

analysis of cellular penetration. Total scans were created using a light microscope (Nikon, Tokyo, 

Japan) with a scanning table (Prior, Rockland, MA, USA) connected to a DS-Fi/1 digital camera 

(Nikon) and a PC running NIS Elements AR software (version 4.1; Nikon). A total scan is a merge 

of 50–100 single images of the region of interest. Subsequently, the thickness of the biomaterials 

was measured (in µm) using the measurement tools in NIS Elements. The penetration distance 

into the biomaterials was measured in µm. Cellular penetration into the central region 

(thickness/2) of the biomaterial was set to 100%. 

Fluid Absorption Capacity 

The capacity of each biomaterial to absorb liquid-PRF was measured using a gravimetric 

method and named the PRF absorption coefficient (PAC). This method was based on the 

difference in sample weight before versus after the application of a specific liquid. In this 

experiment, two different liquids were tested: distilled water and liquid-PRF. Three segments of 

0.8 mm diameter (d) from each biomaterial were extracted using biopsy punches (SmithKline 

Beecham, NW, UK) weighed in a dry state (W0) and then placed in 24-well cell culture plates. 

Five hundred microliters of liquid-PRF were deposited on top of the biomaterials; incubation for 

15 min at room temperature was then performed—until clotting. The weight of the biomaterials 

after incubation was registered (W1), and the absorption coefficient was calculated using the 

following formula: PAC = (W1 − W0)/W0. The same procedure was repeated with distilled water 

as a control measurement (WAC). 

Statistical Analysis 

The results are expressed as the means and standard deviations. GraphPad Prism 7 

(GraphPad Software, Inc., La Jolla, USA) was used to generate charts and perform statistical 
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analyses using one-way analysis of variance with Tukey’s multiple comparisons test (α= 0.05). 

Values were considered significant if p < 0.05 (*) and highly significant at p < 0.01 (**), p < 0.001 

(***), and p < 0.0001 (****). 

Results and discussion 

The results revealed the structural details of the biomaterials before combination with 

PRF to evaluate differences in the physical structures ex vivo. This may be relevant to 

understanding the interaction between the material and liquid-PRF, as described in the 

following sections 

Ultrastructure of the Collagen-Based Biomaterials without PRF 

Mucograft® (MG): The structure of MG was observed in the cross section as a bilayered 

collagen matrix. The layers could be differentiated because of their variation in porosity. The 

compact layer (CL) was thinner and exhibited lower porosity than the spongy layer (SL; Figure 

1A). The surface of the CL was smooth and even (Figure 1A1). In contrast, the surface of the 

spongy layer was more heterogeneous. Collagen fibers of different diameters were observed in 

a defined arrangement, which made the surface of the SL rough (Figure 1A2). 

Bio-Gide® (BG): In the cross section, the ultrastructure of BG showed two different layers; 

i.e., the CL and SL. The arrangement of the collagen fibers allowed the identification and 

differentiation of the layers. Most of the collagen fibers in the CL were arranged vertically, which 

imparted low porosity, whereas the collagen fibers within the SL were arranged in parallel 

horizontally direction, which contributed to its more porous appearance (Figure 1B). The surface 

of the CL consisted of collagen fibers that were close to each other, imparting a smooth, even 

surface with small intercollagenous spaces and low porosity (Figure 1B1). The SL showed a 

dynamic distribution of collagen fibers, which provided a more porous structure and a rather 

surface (Figure 1B2). 

Mucoderm® (MD): In the cross section, MD showed uniformly arranged collagen fibers 

that appeared to be tightly interwoven (Figure 1C). The surface structure exhibited a high 

roughness (Figure 1C1, C2). The porous system was compact and consistent. 

Collprotect® (CP): In cross section, the membrane appeared homogenous, with irregularly 

arranged collagen fibers. Different-sized pores were unequally distributed throughout the cross 

section (Figure 1D). The surfaces of both sides appeared to be different. The rough side exhibited 

a very uneven surface with upward-directed fibers (Figure 1D1). In contrast, the smooth side 
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was comparably smooth, with fine collagen fibers that formed a slightly wavy surface (Figure 

1D2). 

BEGO® collagen membrane (BCM): A cross section of the BCM showed parallelly-arranged 

collagen fibers with uniform porosity (Figure 1E). The surfaces of the membrane differed 

according to their morphology. The smooth surface was evenly wavy without obvious pores 

(Figure 1E1), whereas the rough surface was compact but more porous, with collagen fibers 

arranged in different directions (Figure 1E2). 

 
Figure. 1 Representative scanning electron microscopy images showing the ultrastructure of the 
evaluated biomaterials. (A) MG in a cross section (×25, 10 Kv, scale bar = 1 mm); (A1) the smooth 
surface of MG (×500, 5 kV, scale bar = 50 µm); (A2) the rough surface of MG (×500, 5 kV, scale bar 
= 50 µm). (B) Cross section of BG (×200, 10 kV, scale bar = 200 µm); (B1) the smooth surface of BG 
(×500, 5 kV, scale bar = 50 µm); (B2) the rough surface of BG (×500, 5 kV, scale bar = 50 µm). (C) 
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Cross section of MD (×50, 15 kV, scale bar = 500 µm); (C1) the surface of MD (×100, 5 Kv, scale bar 
= 200 µm); (C2) the surface of MD at a higher magnification (×500, 5 kV, scale bar = 50 µm). (D) 
Cross section of CP (×200, 15 kV, scale bar = 200 µm); (D1) the rough side of CP (×500, 5 kV, scale 
bar = 50 µm); (D2) the smooth side of CP (×500, 5 kV, scale bar = 50 µm); (E) cross section of BCM 
(×500, 15 kV, scale bar = 50 µm); (E1) smooth surface of BCM (×500, 5 kV, scale bar = 50 µm); (E2) 
the rough surface of BCM (×500, 5 kV, scale bar = 50 µm). 

Histological Evaluation of Material–PRF Interaction 

Qualitative histological analysis of each tissue was performed, focusing on the interaction 

between the liquid-PR and each collagen-based biomaterial. A particular emphasis was placed 

on the distribution of leucocytes and platelets within the biomaterials, and the fibrin saturation. 

Mucograft ® (MG): Liquid-PRF was detectable between the collagen fibers of the matrix, 

and liquid-PRF had invaded the entire collagen matrix; i.e., the SL and CL (Figure 2A, A1). 

Additionally, the pores appeared to be mostly full of liquid-PRF, and the leucocytes and platelets 

had reached the central region of the collagen matrix and were evenly distributed. These cells 

were clearly observable in the superficial layer and within the core of the membrane. A PRF-clot 

was observable on the surface of the matrix (Figure 3A, A1). 

Bio-Gide® (BG): After liquid-PRF application, the bilayered collagen membrane showed a 

variable distribution pattern. Leucocytes and platelets were located between the collagen fibers 

on the superficial parts of the CL (Figure 2B, B1). In contrast, the SL appeared to be largely free 

of cells. In addition, there were no leucocytes or platelets in the central region of the collagen 

membrane. While a stable, continuous liquid-PRF clot was located adjacent to the surface of the 

membrane on the SL (Figure 3B, B1), only a sporadic liquid-PRF was observed on the surface of 

the CL. 

Mucoderm® (MD): Both sides of the biomaterial interacted with the liquid-PRF matrix. 

However, the interaction was only observed on the very superficial layers of the membrane 

(Figure 2C, C1). There was almost no liquid-PRF invasion within the superficial layers, although 

some single leucocytes and platelets were observed (Figure 3C, C1). These cells did not enter 

the material body or reach the center. Accordingly, most of the collagenous material contained 

no fibrin or leucocytes. In addition, some PRF clot formation was observed on the collagen 

membrane surface. 

Collprotect® (CP): Both sides of the membrane had leucocytes and platelets between the 

collagen fibers of the superficial layer (Figure 2D, D1). However, the central region of the 

membrane was free of leucocytes and platelets (Figure 3D, D1). Liquid-PRF did not invade the 

membrane; therefore, no fibrin was observed in any part of the membrane; however, a PRF clot 

did form on the surface of the membrane. 
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BEGO® collagen membrane (BCM): The liquid-PRF did not enter the collagen membrane. 

No leucocytes or platelets were found in any region of the membrane (Figure 2E, E1), and no 

fibrin was observed within the membrane. Additionally, the membrane appeared to be 

embedded within a PRF clot, without allowing the liquid-PRF to enter the membrane central 

region (Figure 3E, E1). 

 
Figure 2. Representative histological micrographs. (a–e) Cross sections of blank membranes 
without liquid-PRF as a control (H&E staining, scale bar = 1000 µm). (a1–e1) Cross sections of 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
221 

membranes after liquid-PRF incubation (H&E staining, scale bar = 1000 µm). (a, a1) MG, (b, b1) BG, 
(c, c1) MD, (d, d1) CP, and (e, e1) BCM. 

 
Figure 3. The interaction between liquid-PRF and the evaluated membranes. (a–e) The formation 
of PRF-clots on the membrane (a) or on the membrane surface (b–e). (a–e) Masson Goldner 
staining. Dashed lines refer to the area, which is presented at a higher magnification in (a1–e1). 
(a1–e1) A higher magnification of the membrane-cell interaction in the different membrane types. 
Arrows point to the cell localization in the different membranes. Giemsa staining (a, a1) MG, (b, 
b1) BG, (c, c1) MD, (d, d1) CP, and (e, e1) BCM. 
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Histomorphometrical Results of the PRF Penetration Pattern within the Different Collagen-

Based Biomaterials 

Cellular penetration of the platelets and leukocytes into the different biomaterials was 

evaluated histomorphometrically. The analysis revealed that MG showed the highest 

percentage of cellular penetration, and compared to all other evaluated materials, the 

difference was highly significant (p < 0.0001 ****). The cellular penetration of BG was 

significantly higher than that of MD (p < 0.0001 ****), CP (p < 0.001 ***), and BMC (p < 0.0001 

****). CP showed significantly higher cellular penetration than BMC (p < 0.05 *). However, there 

were no statistically significant differences between MD and CP or MD and BCM (Figure 4). 

 
Figure 4. Statistical analysis of the cell penetration in percent with regard to the biomaterial 
thickness. Statistically significance at p < 0.05 (*) and high significance at p < 0.01 (**), p < 0.001 
(***) and p < 0.0001 (****). 

Water and Liquid-PRF Absorption Coefficient (WAC/PAC) in the Different Collagen-Based 

Biomaterials 

Similar absorption patterns were observed for both WAC and PAC. In the case of the WAC, 

MG absorbed a significantly higher amount of water compared to BG (**** p < 0.0001), MD 

(**** p < 0.0001), CP (**** p < 0.0001), and BCM (**** p < 0.0001). No statistically significant 

differences were found between the other groups. 

For the PAC, the results demonstrated that MG can absorb a high content of liquid-PRF 

components and increase its original weight up to 10 times (10.12 ± 1.29). BG increased its 

weight four times (4.37 ± 1.50) after being immersed in liquid-PRF. MD showed the lowest PAC 

with an increase of two times its original weight (2.83 ± 0.53). CP exhibited a middle range of 

PAC values with an increase of five times its weight (5.05 ± 2.21) after immersion in liquid-PRF. 

In the case of BCM, the measurements showed an increase of six times its original weight (6.12 
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± 0.97). Thereby, MG absorbed significantly more liquid-PRF compared to BG (**** p < 0.0001), 

MD (**** p < 0.0001), CP (*** p < 0.001), and BCM (** p < 0.01). No statistically significant 

differences were found between the other groups (Figure 5). 

 
Figure 5. (a–e) The different membranes incubated in liquid-PRF: (a) MG, (b) BG, (c) MD, (d) CP, 
and (e) BCM. (f) Water absorption coefficient (WAC) and liquid-PRF absorption coefficient (PAC). 
Differences were considered statistically significant at p < 0.05 (*) and as highly significant at p < 
0.01 (**), p < 0.001 (***) and p < 0.0001 (****). 

Classification of Collagen Liquid-PRF Interaction 

The histological observations allowed the classification of collagen-based biomaterials 

based on their interactions with liquid-PRF. Thereby, three different interaction types were 

observed. MG allowed total penetration of liquid-PRF into its central region and represented 

reaction type I (class I). MD, CP, and BG showed only some penetration of PRF into the collagen-

based biomaterials. However, the central region was free of liquid-PRF. These materials 

represented interaction type II (class II). Finally, BCM was completely occlusive over the 

penetration of liquid-PRF, and therefore represented a further, type III interaction (class III) 

(Figure 6). 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
224 

 
Figure 6.Classification of collagen-based biomaterials based on their interactions with liquid-PRF. 

Discussion 

The development of biomaterials for use in cell-based tissue engineering has focused on 

the in vitro preculturing of biomaterials. This technique showed enhanced vascularization after 

the addition of isolated cells, such as endothelial cells, mesenchymal cells, or primary human 

osteoblasts, in mono or cocultures.14 The procedure of cell isolation and preculturing of 

biomaterials is dependent on various factors, including harvesting human tissue, cell isolation, 

and cultivation under aseptic conditions in laboratories. Precultivation of biomaterials can take 

up to two weeks.19 In addition, cell cultures are sensitive to viral and bacterial infection and 

environmental changes.20 These factors are practical limitations and drawbacks for routine 

clinical use. With the introduction of PRF,13,21 scientific developments have met the 

requirements for clinical application; thus, cell-based tissue engineering and regeneration have 

become clinically applicable. In contrast to isolated cells, PRF is a complex system that includes 

human platelets, leukocytes, and plasma proteins within a fibrin matrix.22 Those components 

are key elements in wound healing and tissue regeneration. Leukocytes promote regeneration 

by releasing signaling molecules involved in angiogenesis, cellular cross-talk,15,23 and cell-cell 

communication during bone formation.24 Platelets are essential for wound healing and tissue 

regeneration, as they express numerous platelet-derived growth factors (PDGFs), such as 

vascular endothelial growth factor (VEGF), which promotes vascularization, and transforming 

growth factor-beta (TGF-β), which influences the function of cells involved in new tissue 

formation, such as fibroblasts.23,25,26 Thus, the interplay between these cells leads to better 

performance in regeneration.27 The so-called low-speed centrifugation concept (LSCC) leads to 

significant enrichment of liquid-PRF-based matrices with leukocytes and platelets.16 

Furthermore, liquid-PRF has a suitable consistency and is easy to handle. The reasoning behind 
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combining collagen membranes with liquid-PRF is to make use of the liquid-PRF constituents, 

such as leukocytes, platelets, and fibrin, to support guided bone and tissue regeneration 

(GTR/GBR). 

This study presented a histological analysis of the combination of autologous liquid-PRF 

matrix and xenogeneic collagen-based biomaterials. However, to date, it is unknown which type 

of collagen-based biomaterial is most suitable for combination with liquid-PRF. Therefore, this 

ex vivo study was the first to analyze the interaction pattern between PRF and different collagen-

based biomaterials with the aim of understanding the capacity and suitability of biomaterials to 

incorporate PRF. The results are potentially useful for translation into specific clinical indications 

with improved regeneration potential. The results of the present study showed differences in 

the structural composition of the collagen membranes observed by scanning electron 

microscopy and variations in the interactions between the collagen-based biomaterials and 

liquid-PRF, supporting previous findings that the cellular-biomaterial interaction is partially 

determined by the structural characteristics of the biomaterial [28,29]. 

MG is a collagen matrix composed of a smooth and rough surface. When mixed with 

liquid-PRF, the collagen matrix appeared completely loaded with liquid-PRF, including 

leukocytes, platelets and fibrin matrix, which were evenly distributed throughout the collagen 

matrix. Additionally, MG showed the higher PAC of all the membranes included in this study, 

ratifying the histological findings. The present ex vivo results also underlined the ability of MG 

to serve as an “enriched” scaffold with liquid-PRF, including cells and fibrin matrix. According to 

the literature, one of the most common clinical indications of MG in dentistry is the coverage of 

periodontal recession defects by GTR. In a previous clinical study by our group, MG was used to 

cover skin defects to induce soft tissue regeneration in patients undergoing skin cancer removal 

[30]. The histological results revealed an integrated membrane, inducing a mononuclear cellular 

reaction and a desirable clinical appearance [30]. The interaction between the collagen-based 

matrix and liquid-PRF, i.e., complete enrichment of the collagen matrix with liquid-PRF, may lead 

to a better tissue regeneration process in clinical applications as an effect of the regeneration 

potential of liquid-PRF. However, further clinical studies are required. 

BG is a collagen bilayered membrane with one compact and one spongy layer. In this 

scenario, in the cell–biomaterial interaction, liquid-PRF showed a different distribution within 

BG. The CL allowed cells (leukocytes and platelets) and the fibrin matrix to partially enter the 

membrane, whereas the SL was free of liquid-PRF. Therefore, the central region of the material 

showed no liquid-PRF cellular penetration. Interestingly, the SL, which was free of liquid-PRF, 

had a well-adhered liquid-PRF clot on the surface. The results confirm the primary clinical use 

for BG, which is GBR. As stated by the manufacturer, the SL should face the bony defect, and the 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
226 

CL should be adapted to the soft tissue. Clinically, by applying the “enriched” membrane to a 

bone defect, BG would preserve its clinical indication, and the liquid-PRF clot on the surface 

would face the bone defect to support its regeneration. 

In comparison, MD and CP allowed less liquid-PRF intake, as observed histologically and 

by the PAC measurements. These collagen-based biomaterials had leukocytes and platelets only 

in the most superficial layer. Those cellular–biomaterial interactions could be explained by the 

biomaterials’ compact structures with fibers of larger size, which were presumably impeding the 

expansion of biomaterials and reducing their PAC properties. 

MD contained liquid-PRF fibrin between the most superficial collagen fibers, and both 

biomaterials showed a stable liquid-PRF clot on their surface. These materials have been used 

clinically in GBR/GTR. In this scenario, the result once again confirmed the membranes’ clinical 

indication for GBR/GTR due to the observed liquid-PRF formation of a PRF clot on their surface. 

Remarkably, in a previous in vivo study by our group using a subcutaneous model in Wistar rats, 

a pathological cellular reaction lead by MNGCs was observed on the surface of these liquid-PRF 

collagen-based biomaterials. The implications of an enriched collagen biomaterial, i.e., covered 

with a liquid-PRF clot, as to whether the inflammatory cellular reaction would be modulated, is 

a topic of research that requires further investigation. 

The final biomaterial tested, BCM, appeared to be surrounded by a large liquid-PRF clot, 

and histologically no leukocytes, platelets, or fibrin were observed invading the membrane. 

Nevertheless, the PAC measurements of BMC showed an absorbing coefficient of five. These 

results suggest that BMC and the aforementioned collagen membranes may have also absorbed 

other components of liquid-PRF, which were not the focus of this histological evaluation. 

According to the manufacturer, BCM is to be used for GBR/GTR, which is in accordance with the 

formation of a liquid-PRF clot on the surface of the membrane. In this context, the adherent 

liquid-PRF clot would interact with the surrounding tissue. The rationale behind this cellular-

biomaterial interaction liquid-PRF could be related to the physicochemical characteristics of the 

biomaterial due to the methods used to sterilize the membranes. BCM is the only biomaterial 

investigated in this study that is sterilized with ethylene oxide gas;7 the other evaluated 

membranes are sterilized with gamma irradiation,4–6  which might influence the physiochemical 

composition of the biomaterial and its interaction with liquid-PRF. 

Remarkably, MD, CP, and BCM showed commonalities ex vivo. These collagenous 

materials prevented the liquid-PRF components from entering the membrane central region, 

leading to the formation of a PRF clot on the surfaces. Additionally, the ultrastructural analyses 

of the various collagen-based biomaterials showed different characteristics. 
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It seems that the physiochemical composition and surface properties of these 

biomaterials are critical elements for cellular interaction. These characteristics are probably 

related to the techniques used to process the biomaterials during manufacturing and the 

harvesting compartment. The various interaction patterns observed in this study are of great 

clinical relevance. Based on the results presented here, including three different interaction 

types (class I–III), this approach may be useful as a tool to further classify and evaluate the 

capacity of different collagen-based biomaterials to assess their regenerative capacities. 

However, this study did not provide any results about the bioactivity of the different 

membranes, after combination with PRF. Therefore, further studies are need to further verify 

this system. 

Interestingly, although all of the biomaterials evaluated here are of porcine origin, 

variable interactions with liquid-PRF were observed. Evidently, these differences depended on 

the biomaterial properties, since the protocol to obtain liquid-PRF was consistent. Accordingly, 

the physiochemical compositions of the particular biomaterials might influence their 

interactions with inflammatory cells. Therefore, liquid-PRF might be a useful tool for ex vivo 

examination of the initial response towards novel biomaterials to predict the in vivo cellular 

response. 

Previous in vitro studies have shown that PRF-based matrices can be considered delivery 

systems because of their ability to release different growth factors.16 When combining 

xenogeneic biomaterials with autologous liquid-PRF, the question raised is to what extent the 

addition of liquid-PRF, as a dose of physiological inflammatory cells, can influence the 

biomaterial-related cellular reaction. It might be that the total cellular penetration of the 

biomaterial, including the fibrin matrix within the collagen matrix, could act as a biomaterial-

based delivery system, leading to enhanced vascularization and tissue regeneration, as the 

regenerative potential of collagen-based biomaterials and fibrin-based liquid-PRF are used 

simultaneously. 

Furthermore, the present study utilized a protocol of 600 RPM for 8 min to produce liquid-

PRF, which was previously introduced by the low-speed centrifugation concept.16 Additionally, 

a systematic study investigated the influence of reducing the RCF as a proof of LSCC by using a 

3 min centrifugation time and showed similar results.31 More recently, it was further shown that 

the 8 min protocol utilized in our study represents a superior and more effective means to 

concentrate platelets compared to many commercially available protocols.32 Previous studies 

have described the role of collagen-based biomaterials as a bioactive compartment in GTR by 

demonstrating the effect of placing a collagen membrane on newly formed bone.8,9  Accordingly, 

the combination of liquid-PRF with collagen-based biomaterials introduced in this study aimed 
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to optimize the bioactivity of biomaterials to achieve better regeneration using a clinically 

applicable system. The present study proved that it is possible to load xenogeneic collagen-

based biomaterials with a complex mixture of autologous cells (liquid-PRF) using a clinically 

applicable method in less than 15 min. Additionally, 

we showed a histological analysis of each distribution pattern of liquid-PRF after its 

application on various biomaterials. However, the present observations do not provide any 

information as to what extent this biologically complex system, i.e., liquid-PRF with various 

collagen-based biomaterials, will influence the functionality of the included cells and growth 

factors. Additionally, the influence of PRF on the mechanical properties of the biomaterials and 

the activation of the cells in PRF after contact with the biomaterial surface must be further 

evaluated. Thus, ongoing systematic investigations, including ex vivo, in vivo, and in vitro studies, 

are needed to evaluate the functionality and potential of this system. Moreover, controlled 

clinical studies will provide knowledge about the sufficiency of this combination system for the 

regeneration process and its effects on patient morbidity. 

Conclusion 

The present study analyzed the combination of an autologous liquid-PRF matrix as a drug 

delivery system, with five different xenogeneic collagen-based biomaterials histologically. 

Emphasis was placed on the distribution of leucocytes and platelets within the collagen 

membrane, and the interaction between the collagen membrane and liquid-PRF. Although all of 

the evaluated membranes were of porcine origin, three different types of interactions were 

observed, including total cellular penetration, partial cellular penetration, and no cellular 

penetration. The present study showed that it is possible to load biomaterials with a complex 

cell system (liquid-PRF) using a clinically applicable method within 15 min. PRF could serve as a 

drug delivery system to support GTR/GBR and enhance biomaterial bioactivity. Additionally, this 

ex vivo system could be used to assess the initial reactions of novel biomaterials, and thus reduce 

the number of animals used for in vivo studies. However, further investigations are required to 

evaluate the regeneration potential of this combination system and its clinical impact on patient 

morbidity 
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Abstract 

Objectives: This study examines the permeability and barrier capacity of a sugar cross-

linked resorbable collagen membrane ex vivo and in vivo. 

Materials and methods: In an ex vivo study, injectable platelet-rich fibrin (i-PRF), a 

peripheral blood-derived human leukocyte and-platelet-rich plasma was used to analyze 

membrane permeability. in vivo subcutaneous implantation in Wistar rats (n = 4 per time point 

and group) was used to investigate the barrier capacity of the membrane. The induced in vivo 

cellular reaction was evaluated at 3, 15, and 30 days and compared to sham OP (control) without 

biomaterial using histological, immunohistochemical, and histomorphometric methods. 

Results: Ex vivo, the membrane was impenetrable to leukocytes, platelets, and fibrin from 

peripheral human blood concentrate (PRF). In vivo, the membrane maintained its structure and 

remained impervious to cells, connective tissue, and vessels over 30 days. CD-68-positive cell 

(macrophage) numbers significantly decreased from 3 to 15 days, while from day 15 onwards, 

the number of multinucleated giant cells (MNGCs) increased significantly. Correspondingly, a 

rise in implantation bed vascularization from 15 to 30 days was observed. However, no signs of 

degradation or material breakdown were observed at any time point. Conclusion Ex vivo and in 

vivo results showed material impermeability to cellular infiltration of human and murine cells, 

which highlights the membrane capacity to serve as a barrier over 30 days. However, whether 

the induced MNGCs will lead to material degradation or encapsulation over the long term 

requires further investigation. 

Clinical relevance: The data presented are of great clinical interest, as they contribute to 

the ongoing discussion concerning to what extent an implanted material should be integrated 

versus serving only as a barrier membrane. 

Introduction 

Guided bone regeneration (GBR) is a widely used procedure in different surgical fields, 

especially in oral and maxillofacial surgery.1 The principle aim is to substitute and support 

impaired regions due to diseases or traumatic events and to enhance the amount of bone 

available, such as prior to implant therapy in oral surgery. Since the rate of bone formation is 

slower than the rate of fibrogenesis, the role of the membrane is first and foremost to prevent 

the ingrowth of epithelium and connective tissue into the augmentation region.2–4 Further 

requirements are to act as a place holder, to maintain space for delayed osteogenesis, and to 

stabilize the wound in order to achieve primary wound closure.5 
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Currently, two types of membranes are commercially available: resorbable and non-

resorbable membranes. In the 1990s, non-resorbable membranes, such as expanded 

polytetrafluoroethylene (e-PTFE), titanium mesh, and titanium-reinforced PTFE, were used in 

the GBR technique. Although these barriers proved very effective in preventing the invasion of 

soft tissue physically,6, 7 their technique sensitivity and increased patient morbidity (due to 

obligatory membrane retrieval) were major limitations. To avoid these drawbacks, biomaterials 

development has been focused on generating resorbable membranes. Among these, collagen, 

as a ubiquitous molecule, has shown suitable and beneficial properties. Consequently, collagen-

based biomaterials have demonstrated favorable GBR results8 while bypassing the shortcomings 

of non-resorbable membranes. However, collagen membranes are predisposed to degradation 

within their implantation beds,9 which undermines their ability to function as true barriers. 

During wound healing, different inflammatory cells are involved in the regeneration 

process of the affected tissue as a cellular response to the injury. In the early wound healing 

stage and during hemostasis, platelet accumulation occurs to build a platelet plug, which then 

becomes a fibrin matrix.10 This phase is then followed by the recruitment of different physiologic 

mononuclear cells, such as leukocytes and their subtypes, which allows phagocytosis of 

contaminated and necrotic tissue, first by neutrophils and then by macrophages.10, 11 

Additionally, platelets and leukocytes release numerous growth factors to mediate 

vascularization12 and allow the shift to the process of new tissue formation by recruiting 

keratinocytes and fibroblasts.10 However, the implantation of biomaterials within the defect 

area adds an additional factor in the processes of wound healing and tissue regeneration. After 

biomaterial implantation, an interaction with the biomaterial occurs that results in a 

biomaterial-specific cellular reaction. 

Previously, our group conducted a series of in vivo studies to analyze the cellular reactions 

towards various collagen membranes of different origins and attributes using a subcutaneous 

implantation model in small animals. The collected data have shown that, generally, there are 

two different types of cellular reactions that most likely depend on the physicochemical 

properties and the processing techniques of the biomaterials. Membranes that induced a 

physiological reaction by means of mononuclear cells underwent an integration process and 

maintained their structure over a period of 60 days.7, 13 This process was revealed in non-cross-

linked bilayered collagen membranes of porcine origin composed of collagen types I and III,7 as 

well as in a collagen-based matrix that included collagen types I and III harvested from porcine 

peritoneum and skin.13 Furthermore, the main reaction towards these two collagen-based 

materials was dominated by mononuclear cells, which ultimately led to its integration within the 

host tissue without material breakdown.13 In addition, the cellular reaction in translational 
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clinical cases, including histological evaluation of human samples, corresponded to the in vivo 

observed outcomes.13 

Other biomaterials demonstrated a different type of cellular reaction that included non-

physiological cells, such as multinucleated giant cells (MNGCs), which are a sign of a foreign body 

reaction.14 In a comparative in vivo study, two collagen-based biomaterials with different 

thicknesses were analyzed in a subcutaneous implantation model. Both the thick collagen matrix 

and the thin bilayered collagen membrane induced the formation of MNGCs, a manifestation of 

a foreign body reaction,14, 15 which not only led to increased vascularization in the implantation 

regions but also to membrane breakdown in terms loss of the native structure.14 Similarly, 

another in vivo study investigated the cellular responses towards two non-cross-linked collagen-

based biomaterials, both of porcine origin but differing in their harvesting compartments and 

thicknesses, and found that they underwent disintegration by the induction of MNGCs, which 

led to a breakdown after 30 days in both biomaterials.15 

Therefore, the induced cellular reaction decisively influences the degradation and 

regeneration process of collagen-based biomaterials and their role as a barrier membrane. 

To further increase the resistance of collagen-based biomaterials to degradation, various 

chemical and physical crosslinking methods, such as ultraviolet light, glutaraldehyde, and 

enzymatic ribose cross-linking, have been used to boost the biomechanical properties of the 

collagen fibers.16 Various studies have shown that supplementary cross-linking confers stability 

on collagen membranes after implantation.17–19 However, cross-linking was also associated with 

foreign body reaction and fibrosis, which might be due to chemical manipulation of the collagen 

structure.20 Recently, GLYMATRIX™ technology (Datum Dental Ltd., 1 Bat Sheva Street, Lod 

7120101 Israel), a novel technique which uses ribose—a naturally occurring sugar molecule—to 

crosslink collagen, has been developed.21 The manufacturing process involves the extraction of 

collagen into monomeric fibrils, which are then reconstructed and cross-linked to form an 

improved collagen-based biomaterial. In this study, the capacity of such a sugar cross-linked 

collagen membrane, OSSIX® PLUS (OS, REGEDENT, Zurich, CH) to serve as a barrier was 

evaluated in vivo using a subcutaneous implantation model in Wistar rats. Special interest was 

directed at the induced cellular reaction in terms of cell types, membrane permeability, 

vascularization, and degradation patterns. Additionally, a blood concentrate system of 

injectable platelet-rich fibrin (iPRF), which contains numerous human peripheral blood cells, was 

used for evaluation of membrane permeability ex vivo. 
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Experimental 

OSSIX® PLUS membrane 

OSSIX® PLUS membrane (OS) is a sugar cross-linked resorbable collagen membrane 

derived from porcine tendons.22 The native tissue undergoes a series of purification processes 

to isolate monomeric collagen and to remove all potential immunogenic tissue remnants. 

Subsequently, the monomeric collagen is reconstituted into collagen fibrils and then glycated 

with ribose, a naturally occurring sugar, using GLYMATRIX™ technology.21 Sterilization was 

achieved with ethylene oxide. The collagen membrane is CE-marked. According to the 

manufacturer, OS maintains barrier functionality for 4–6 months. Furthermore, since it is 

purported to be resistant to the oral environment, membrane exposure during implantation will 

not impede wound healing or guided bone regeneration (GBR).22 The biomaterial is specified to 

be impermeable to cells, but permits the passage of fluid and plasma proteins. 

Experimental design of the ex vivo study part 

Injectable platelet-rich fibrin Platelet-rich fibrin (PRF) is a blood concentrate system 

obtained by the centrifugation of human peripheral blood.23 This system exists in a solid23 and a 

liquid form.24 PRF is a fully autologous concentrate system that does not require the addition of 

any external chemicals or anticoagulants. After blood collection, the tubes are immediately 

centrifuged using a specific, established centrifugation protocol.25 In the case of the liquid, 

injectable PRF (i-PRF), the resultant blood concentrate contains a high number of platelets, 

leukocytes, and plasma proteins suspended in a soluble fibrinogen matrix.24 Because iPRF is not 

treated with anticoagulants, the physiological coagulation process is not inhibited. Therefore, 

iPRF forms a clot of cell-loaded fibrin after 10–15 min. 

I-PRF preparation and application 

In the ex vivo section of this study, three healthy volunteers between 18 and 60 years of 

age, and who were not under any anticoagulant therapy, donated peripheral blood for research 

purposes. All three volunteers gave written informed consent beforehand. From each 

participant, venous blood was collected in four 10-ml sterile plastic tubes (Process for PRF, Nice, 

France). The tubes were immediately centrifuged in a pre-programmed centrifuge (Duo 

centrifuge, Process for PRF, Nice, France) according to the iPRF centrifugation protocol (10 ml, 

700 rpm, 60 ×g, for 3 min).25 After this centrifugation process, a multiphasic liquid consisting of 

a yellowish-orange upper phase and a reddish lower phase was obtained. The former is iPRF, 
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whereas the latter includes the remaining blood constituents. Using a blunt needle, 1–2 ml of 

the iPRF liquid was collected into a 5-ml syringe (Injekt®, B. Braun Medical Inc., Bethlehem, PA, 

USA) for further use. In the process, care was taken to prevent the two phases from mingling or 

an accidental uptake of the lower phase. 

Four 10 × 10-mm samples of OS were first placed inside a 4 × 6 cell culture plate and then 

covered by 500 μl iPRF. After 15 min at room temperature, the iPRF liquid formed fibrin clots on 

the OS samples. These OS membrane-fibrin clot samples were then fixed in 4% 

paraformaldehyde for 24 h to allow for subsequent histological analysis. This experiment was 

performed in triplicate at independent time points. 

Experimental design of the in vivo study part 

This study was approved by the Committee on the Use of Live Animals in Teaching and 

Research of the State of Hessen, Germany. A total of 24 Wistar rats were obtained from Charles 

River Laboratories (Sulzfeld, Germany) and housed in the Laboratory Animal Unit, Institute of 

Pathology, Goethe University Frankfurt, Germany. The animals were allowed an acclimation 

period of 1 week, which enabled them to become accustomed to the new laboratory 

environment before the experiments began. Throughout the entire study period, the animals 

were fed regularly with mouse pellets (Laboratory Rodent Chow, Altromin, Lage, Germany) and 

given water ad libitum. Artificial light–dark cycles of 12 h each simulated day and night rhythms. 

Based on the study design, the 24 rats were first assigned randomly into two groups. The 

animals in the first group (n = 4 animals/time point) were implanted with OS, whereas the 

second group (n = 4 animals/time point) served as a sham-operated control in order to evaluate 

the inflammatory pattern during wound healing without biomaterial implantation. The 

evaluated time points were 3, 15, and 30 days after implantation. The implantation of OS was 

performed under sterile conditions in accordance with previously established subcutaneous 

implantation methods as previously described.13 All animals survived the operational procedure 

and through the respective evaluation time points without any complications. 

Tissue preparation for histology and histochemistry 

After explanation at the designated time points, tissue samples as well as ex vivo samples 

were processed by the methods described in previously published studies.26–28 First, the samples 

were fixed in 4% neutral buffered formaldehyde for 24 h. These samples were then placed into 

embedding cassettes (Histosette, VWR, Deutschland) and dehydrated in baths of progressively 

concentrated ethanol (70–100%) before alcohol clearance with xylene. Finally, the tissue 
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segments were impregnated with molten paraffin wax and embedded into paraffin blocks. After 

sufficient cooling, the paraffin blocks were cut with a rotatory microtome (Rotationsmikrotom 

RM2255, Leica, Germany) to produce serial sections of 3-μm thickness. To evaluate the tissue 

sections under a microscope, they were stained as follows: the first section was stained with 

Mayer’s hematoxylin and eosin (H&E), while the second section was stained with Azan. The third 

section was stained with Masson’s trichrome stain, and the fourth section underwent tartrate-

resistant acid phosphatase (TRAP) staining. The latter stain was specifically used to identify TRAP 

activity in target cells. The fifth and sixth and seventh sections were stained 

immunohistochemically with anti-mouse CD-31, CD-68, and vWF respectively, as previously 

described.13, 15 In brief, immunohistochemistry was conducted with a Lab Vision™ Autostainer 

360-2D (ThermoFisher Scientific, Germany). After deparaffinization, the slides were pretreated 

with citrate buffer and proteinase K, followed by H2O2 (UltraVisionTM Quanto Detection System, 

ThermoFisher Scientific, Germany) and avidin and biotin blocking solutions (Avidin/Biotin 

Blocking Kit, Vector Laboratories, US). The first antibody used was anti-CD-68 (MCA341GA; 

1:400; 30 min), anti-CD-31 (orb10314; 1:200; 2 h), or anti-vWF (ab6994; 1:500; 2 h), whereas the 

second antibody was goat anti-rabbit IgG-B (sc-2040, 1:200, Santa Cruz Biotechnology, USA). 

Subsequently, the avidinbiotin-peroxidase complex (ABC) (30 min) and the Histostain-Plus IHC 

Kit including AEC (20 min) were applied (ThermoFisher Scientific, Germany). Counterstaining 

was performed using Mayer’s hematoxylin.CD-31 and vWF highlight murine blood vessels, while 

CD-68 detects macrophages in the tissue sections. The negative control for the 

immunohistochemical staining used was the absence of incubation for primary antibody, while 

the positive control was applied according to the manufacturer’s instruction (anti-CD-31, rat 

lung; Anti-vWF, human tongue; and anti-CD-68, rat lymph node). 

Qualitative histological analysis 

Systematic histological assessment was performed by means of a Nikon ECLIPSE 80i 

microscope (Nikon, Tokyo, Japan) equipped with a motorized stage (ProScan III, Prior, Rockland, 

MA, USA) and NIS Elements software (Nikon, Tokyo, Japan) as described in preceding 

publications.14 Qualitative and quantitative histological analysis focused on the cellular reaction 

and inflammatory pattern towards the implanted biomaterial, vascularization of the 

implantation bed, signs of fibrosis, encapsulation, and membrane degradation.  
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Quantitative histological analysis 

Membrane thickness 

Adopting the same histomorphometry methods as mentioned in earlier studies,27 the 

peri-implant tissue of each animal was first digitized prior to histomorphometric analysis. 

Initially, a total scan including 100–130 individual micrographs was taken automatically by the 

Nikon ECLIPSE 80i microscope. This was made possible by the motorized stage, which moved 

automatically within coordinates specified in the NIS Elements software. These single images 

were then compounded to generate a single large total scan at ×100 magnification. The 

thickness of the OS membrane of each animal at each of the three time points (3, 15, and 30 

days) was then measured at up to 15 distinct points along its length. The mean of these 

measurements was calculated as the absolute membrane thickness in micrometers. The values 

obtained from the later time points were also compared to that of day 3, assigned to a value of 

100%. 

Number of multinucleated giant cells and CD-68-positive mononuclear cells 

To analyze the material-associated MNGCs histomorphometrically, TRAP- and CD-68-

stained slides were first converted to total scan digital images as previously mentioned. The 

“annotations and measurements” function of the NIS Elements software was used to manually 

count the numbers of MNGCs and their subpopulations(TRAP-positive and -negative giant cells), 

as well as CD-68-positive cells, separately. The respective cell numbers were then computed in 

relation to the implantation area (MNGCs/mm2; CD-68/ mm2), and statistical comparison of the 

different time points was performed to determine the tissue response elicited by OS over the 

course of the study. 

Statistical analysis 

The results from the abovementioned histomorphometric analysis were presented as the 

means ± standard deviation and were evaluated for significant differences at the different time 

points using a one-way analysis of variance (ANOVA) using GraphPad Prism 6.0 software 

(GraphPad Software Inc., La Jolla, CA, USA). Differences were considered statistically significant 

if the P values were* < 0.05 and highly significant if the P values were, **< 0.01, and ***< 0.001 

and ****<0.0001. The compiled data were plotted with GraphPad Prism 6.0 software to 

represent the results graphically. 
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Results 

Ex vivo histological analysis 

The OS membrane was easily identified and exhibited a highly dense structure without 

detectable pores. The interaction with the iPRF revealed that no leukocytes or platelets from 

the iPRF penetrated into the biomaterial. Instead, OS prevented the inflammatory cells from 

entering the membrane body. Moreover, the extracellular fibrin was not included within the 

biomaterial, which resulted in the formation of a cell-rich fibrin clot on both surfaces of the 

membrane (Fig. 1A, B). 

 
Figure 1. (A) The native structure of OS membrane ex vivo as a control in H&E staining. (B) iPRF 
alone in H&E staining; asterisk = fibrin clot, black arrows = human leukocytes. (C) iPRF alone; black 
arrows = human leukocytes, asterisk= fibrin clot in H&E staining. (D) A cross section of the OS 
membrane treated with i-PRF in H&E staining. (E) The interface between i-PRF and OS in H&E 
staining; asterisk = fibrin clot, black arrows = human leukocytes. (F) Black arrows = human 
leukocytes in H&E staining 

In vivo histological and histomorphometric analysis 

All tested animals survived their respective operations, and healing was uneventful. 

During the entire experiment, no animals were observed to have necrosis or signs of atypical 

inflammation. 

Tissue reaction to the OS membrane 

The OS membrane was clearly visible within the murine subcutaneous implantation bed 

3 days after implantation (Fig. 2A). It showed a homogeneous structure of densely packed 

collagen. Both surfaces of this compact membrane were lined with a layer of mononuclear cells 
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(Fig. 2A, B), of which a large amount were CD-68-positive, i.e., macrophages. No penetration by 

peri-implant cells or extracellular matrix was noted at this time point (Fig. 4A, A1). Thus, the 

membrane per se was free of cells. Single vessels were found within the periimplantation area, 

but the membrane itself exhibited no vascularization (Fig. 3A). 

 
Figure 2. (A) The membrane (OS) within the implantation bed on day 3. Mononuclear cells were 
detected on both membrane surfaces (black arrows). (B) Mononuclear cells on the membrane (OS) 
surface (black arrows) on day 3.(C) The membrane(OS) within the implantation region on day 15. 
There is an increased number of mononuclear cells on both membrane surfaces (black arrows). (D) 
Mononuclear cells (black arrows), as well asmultinucleated giant cells (blue arrow) on the 
membrane surface (OS) on day 15. (E) The membrane within the implantation bed (OS) on day 30. 
(F) Mononuclear (black arrows) and multinucleated giant cells adhering to the membrane (OS) 
surface on day 30. 

On day 15 post-implantation, the membrane did not show any signs of degradation (Fig. 

2C, D). In comparison to day 3, more mononuclear cells were observed in the implantation bed 

(Fig. 5B), several of which were CD-68positive (Fig. 4B, B1). Additionally, a small number of 

MNGCs located predominantly at the biomaterial-tissue interface was seen (Fig. 2D). A majority 

of these MNGCs was TRAP-negative (Fig. 5C). At this time point, the membrane maintained its 

structure, preventing cellular infiltration into the membrane central region. Moreover, 

connective tissue formation was observed only within the peri-implantation region, and no 

connective tissue ingrowth was detected within the membrane. Although micro-vessel 

formation was noted in proximity to the membrane, the membrane body itself remained 

avascular (Fig. 5A, Fig. 3B). Additionally, no signs of membrane breakdown were observed at this 

time point. 

 At day 30 after implantation, no evidence of degradation of the membrane was perceived 

(Fig. 2E). The membrane displayed a stable dense structure and inhibited cellular infiltration of 

all kinds. Instead, an organized, cell-rich connective tissue was seen on both membrane surfaces 

(Fig. 5E). In comparison to day 15, the number of mononuclear cells adjacent to the membrane 

increased significantly (Fig. 2E, F). These included CD-68-positive cells (Fig. 4C, C1). In addition, 
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more biomaterial-adherent MNGCs were identified within the implantation region (Fig. 2F), 

which remained on the membrane surface and did not enter the biomaterial body. The majority 

of the MNGCs showed no TRAP expression. Nevertheless, no signs of membrane breakdown 

were found (Fig. 5F). Although the membrane continued to be impermeable to cells and 

connective tissue, there were no indications that it was segregated from the surrounding tissue 

by encapsulation or fibrosis. 

 
Figure 3. The vascularization pattern over the investigation time points using 
immunohistochemical stains: (A-C) = anti-CD-31; scale bar = 100 μm, (D-F) = anti-vWF; scale bar = 
20 μm. Black arrows indicate vessels and OS indicates the membrane 
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Figure 4. The CD-68-positive cells on the biomaterial surface at day 3 (A; A1); day 15 (B; B1) and 
day 30 (C; C1). Black arrows = CD-68-positive mononuclear cells, i.e., macrophages. OS indicates 
the biomaterial. In B and C, the biomaterial was detached and washed during the staining process.  

 
Figure 5. Detailed representative micrographs on days 15 and 30. (A) Vessels (black arrows) were 
detected near the membrane (OS) at day 15, (Azan staining; scale bar = 100 μm). (B) Accumulation 
of mononuclear cells (black arrows) on the membrane (OS) surface at day 15, (Masson Goldner 
staining; scale bar = 20 μm). (C) TRAP-negative multinucleated giant cells (black arrows) adherent 
on the membrane (OS) surface at day 30 (TRAP staining; scale bar = 20 μm). (D) Increased numbers 
of vessels (black arrows) were detected in proximity to the membrane (OS) at day 30, (Azan 
staining; scale bar = 100 μm). (E) Formation of organized connective tissue including mononuclear 
cells (asterisk) on the membrane (OS) surface at day 30, (Masson Goldner; scale bar = 20 μm). (F) 
TRAP-negative multinucleated giant cell (black arrows) adherent on the membrane (OS) surface at 
day 30 (TRAP staining; scale bar = 20 μm) 
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Histomorphometric analysis of OS membrane thickness  

The histomorphometric analysis of the OS membrane revealed that there was no decrease in 

membrane thickness between day 3 and day 30 after implantation. In contrast, the measured 

membrane thickness showed a slight increase over the study period, which was not statistically 

significant (day 3 = 274.68 ± 27.75; day 15 = 287.59 ± 27.83; day 30 = 302.60 ± 15.19), (Fig. 6A). 

Due to the possibility of artifacts arising from the histological and implantation procedures, the 

membrane thickness was calculated as a percentage to obtain a more accurate evaluation. The 

thickness of day 3 was set at 100%, and all mean values of successive time points were calculated 

in relation to day 3. The percentage of thickness revealed a slight increase of the membrane 

thickness towards day 30. However, no statistically significant differences were detected over 

the duration of the study (day 15 = 104.70% ± 15.93%; day 30 = 110.11% ± 15.77%; Fig. 6B).  

Histomorphometric analysis of CD-68-positive macrophages  

At day 3 post-implantation, the macrophage density in the peri-implant area was significantly 

higher than that of day 15 (P < 0.1) and day 30 (P < 0.1). There was no statistically significant 

increase in the density of the macrophages in the implantation bed between day 15 and day 30. 

A similar trend was observed within the control group, which showed that the number of 

macrophages decreased significantly from day 3 to 15, (day 3 vs. day 15 (P < 0.5); day 3 vs. day 

30 (P < 0.1)). In contrast, there was no statistically significant difference between days 15 and 

30 (data not shown). However, the number of macrophages within the OS group was 

significantly higher than that of the control group at all time points (day 3 (P < 0.001); day 15 (P 

< 0.1); day 30 (P < 0.001), Fig. 7B).  

Histomorphometric analysis of multinucleated giant cells 

 At day 3 after implantation, no MNGCs could be detected within the area of implantation. Their 

presence was first observed at day 15 after implantation. The number of MNGCs at day 15 was 

highly significant compared to day 3 (P < 0.001). Moreover, the majority of the MNGCs was 

TRAP-negative, and the difference between day 3 and day 15 was statistically significant (P < 

0.01). The membrane-adherent TRAP-positive MNGCs at day 15 showed no statistical 

significance when compared between day 3 and day 15. However, at day 30, the total number 

of MNGCs increased significantly. 
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Histomorphometric analysis of the implantation bed vascularization 

Histomorphometric evaluation of the implantation bed showed that no ingrowth of 

vessels into the membrane was detected at any time points during the study. The percentage of 

vascularization in the peri-implantation bed increased steadily over the course of the study. At 

day 3 after implantation, the percentage of vascularization was comparable to that of the 

control group. At day 15 post-implantation, there was no statistically significant increase in the 

vascularization percentage compared to day 3. In addition, no statistically significant difference 

was detected between the test group and the control group. However, at day 30, the percentage 

of vascularization was significantly higher in comparison to day 3 (P < 0.0001) and day 15 (P < 

0.001), respectively. At this time point, the vascularization percentage in the test group was 

significantly higher than that in the control group (P < 0.05). Similarly, the percentage of 

vascularization increased gradually in the sham-operated groups as well (Fig. 6C). 

 
Figure 6. (A) Illustration of the histomorphometric analysis of the membrane thickness in 
micrometers. (B) Illustration of the histomorphometric analysis of the membrane thickness as a 
percentage relative to day 3 

The number of vessels detected per square millimeter at day 3 was significantly higher 

than that of the control group (P < 0.01). Comparing the values at day 15 to day 3, no statistically 

significant difference between the test groups was found. However, at day 15, the value in the 

test group was significantly higher than that of the control group (P < 0.01). Moreover, at day 30 

post-implantation, there was a marked increase in the number of vessels per square millimeter. 

This value was highly statistically significant compared to both day 3 and day 15 (P < 0.0001). At 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
247 

this time point, the difference in vessel number per square millimeter was also highly significant 

compared to the control group (P<0.0001) (Fig. 7D). 

 
Figure 7. (A) Comparative graphical presentation of the histomorphometric statistical analysis over 
the study period. Values are illustrated as means and SD. a The number of total multinucleated 
giant cells (MNGCs) and TRAP-positive and TRAP-negative MGCSs per square millimeter. (B) The 
total number of macrophages (CD-68-positive cells) millimeter. b The total number of 
macrophages (CD-68-positive cells) per square millimeter. (C) The vascularization rate over the 
study time in the OS test group and the control group. The vessel area was calculated as a 
percentage of the total examined area. (D) The number of vessels per square millimeter in the OS 
test group and the control group. * = P < 0.05, **= P < 0.1, *** = P < 0.01, and ****= P < 0.001 

Discussions 

The present study evaluated a collagen membrane reinforced using a ribose cross-linking 

technique. The aim of the study was to analyze cellular permeability of this biomaterial ex vivo 

and its barrier capacity in vivo. Special interest was directed to the cellular reaction towards this 

biomaterial in terms of the induced cell types and vascularization and degradation pattern 

compared to the control sham operation group, which imitated the physiological wound healing 

process.  

In the ex vivo part, the focus was placed on evaluating the cellular permeability of the 

biomaterial. Looking at the clinical scenario, after biomaterial application, the membrane first 

comes in contact with the blood. Therefore, injectable platelet rich fibrin (iPRF), which is a blood 

concentrate system derived from centrifuged human peripheral blood, was chosen for this 

examination. I-PRF can be considered a cell suspension containing cells that are involved in 
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wound healing, such as platelets and leukocytes.29 In this context, the pattern of interaction with 

iPRF might provide several hints concerning the initial cellular interactions with the biomaterial. 

The results of the ex vivo part showed that OS was occlusive to the cells and fibrin of the iPRF 

and prevented cellular penetration into the membrane body. These results underline the 

impenetrability of OS to soluble plasma and proteins, such as the fluid fibrin. 

The in vivo study focused on the barrier capacity of OS over 30 days and the induced cells 

in comparison to the cells involved in wound healing of the control group. In vivo histological 

analysis revealed no cellular penetration of the membrane at any time point. In short, both ex 

vivo human cells and in vivo murine inflammatory cells were not detected within the membrane. 

This comparison between the ex vivo and in vivo studies is noteworthy, as it was demonstrated 

in this study that it is possible to determine the barrier capacity and to obtain clues regarding 

the cellular response of biomaterials by using a human-derived cell-rich blood concentrate, iPRF, 

to reach results similar to those obtained by in vivo animal experiments. However, further 

applications of this method are necessary to evaluate the potential of iPRF to serve as an 

alternative to in vivo animal experimentation to assess immediate and early tissue reactions 

towards biomaterials. 

Histological analysis of the cellular reaction showed that the membrane induced an initial 

mononuclear cell-based reaction at day 3. At this time point, a large number of CD-68 positive 

cells, macrophages, were detected within the implantation bed. Thus, at the mid-term 

evaluation time point, day 15, a course change in the inflammatory pattern was observed. 

During this time, the number of CD-68-positive cells significantly decreased, coincident with the 

appearance of multinucleated giant cells (MNGCs). The trend of the CD-68 accumulation was 

similar to the control group wound healing. However, OS induced significantly higher numbers 

of CD68 cells at all time points. In addition, no MNGCs were found in the control group at any 

time point. This significant reduction in the number of CD-68 cells towards days 15 and 30 in the 

OS group might be related to the physiological presence of macrophages in an increased number 

during the initial phase of the wound healing and their physiological persistence period within 

the wounded site, as was the case in the control group.10 However, the high number of CD-68-

positive cells within the OS group in comparison to the control group showed a higher rate of 

inflammation due to the biomaterial, which might have led to the persistence of a specific type 

of macrophages that is not only involved in wound healing but also in so-called “frustrated 

phagocytosis”,30, 31 a process of foreign body giant cell formation in which macrophages fuse to 

form MNGCs after their efforts to phagocytize the implanted biomaterial proved futile. From 

day 15 to day 30, the number of CD-68-positive cells showed no significant difference, but the 

number of MNGCs significantly increased. It might be deduced that newly recruited 
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macrophages progressively fused to form MNGCs as the collagen biomaterial continued to 

persist in the implantation region. In this context, the observed cellular response also might be 

partly due to the surface topography of OS, as the surface properties of biomaterials influence 

the type of proteins that adhere to the biomaterial surfaces.13 This impacts the adhesion and 

subsequent polarization of macrophages downstream, the amount and types of cytokines they 

secrete, and, eventually the fusion of these macrophages into MNGCs.32, 33 

The material-adherent MNGCs were mostly TRAP-negative. Only single TRAP-positive 

MNGCs were located within the implantation region, and their numbers displayed no 

statistically significant increase over the study period. The presence of MNGCs within the 

implantation bed indicated a foreign body reaction towards the evaluated membrane,31 

although the role of biomaterial-related MNGCs is still mostly unexplored. 

The aforementioned significant increase in the total number of MNGCs between day 3, 

day 15, and day 30 also contributed to a significant rise in implantation bed vascularization 

between the analyzed time points. The MNGCs might have contributed to the increase in 

implantation bed vascularization, since it is known that MNGCs secrete vascular endothelial 

growth factor, a main protagonist of neoangiogenesis.12, 34 These findings verify the present 

results, which highlight the correlation between the enhanced vascularization and the increase 

in the number of MNGCs within the implantation bed of collagen-based biomaterials. Taken 

together, the significant increase in the number of MNGCs and the significant rise in 

implantation bed vascularization over the course of the study are indicative of a foreign body 

reaction. 

Interestingly, recent studies have shown that the presence of MNGCs within the 

implantation bed of the non-crosslinked collagen membrane led to its disintegration by 

premature connective tissue ingrowth and eventual membrane breakdown. In these studies, 

the correlation between the increased number of MNGCs and the enhanced implantation bed 

vascularization bears resemblance to our current findings.13, 35 Although MNGCs boast enhanced 

oxidative and phagocytic capabilities compared to macrophages alone,36, 37 the significant 

increase in the vascularization and number of MNGCs in the present study did not alter the 

integrity of OS over 30 days. In contrast, the membrane remained fully intact, without exhibiting 

any signs of cellular penetration, degradation, or membrane breakdown over the observation 

period of 30 days. Moreover, as OS is derived from porcine tendons, it is different from the other 

membranes investigated earlier by our study group, which are either processed from the porcine 

dermis and/or pericardium.13–15 In this context, the quality and the harvesting compartment of 

the used collagen might play a crucial role in its degradation pattern and therefore its barrier 

function. 
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Other studies conducted by our group have shown that several biomaterials induce a full 

physiological reaction without the formation of MNGCs, such as a non-cross-linked gamma-

sterilized collagen membrane that maintained its structure over a period of 60 days. It 

underwent a slow and controlled integration by inducing a mere mononuclear reaction that was 

similar to the wound healing physiological reaction that was observed in the control group of 

the present study. Moreover, these mononuclear cells were accompanied by a mild 

vascularization. This membrane elicited a physiological mononuclear reaction and mild 

vascularization pattern. The integration of the membrane was achieved by allowing the host 

cells to slowly migrate into the membrane scaffold while preserving the function, structure, and 

the functional barrier of the membrane.13 

Despite the formation of MNGCs, in an in vivo study in a dog model, OS was used to cover 

critical size defects within the jaw after tooth extraction. After 25 weeks, OS showed signs of 

ossification and led to enhanced bone regeneration compared to sham OP.38 The manufacturing 

technique of OS also makes it highly interesting, as the collagen fibrils are reconstituted de novo 

from extracted monomeric collagen, whereas conventional membranes are assembled from 

residual in situ collagen after the removal of all immunogenic components from the donor 

tissue. Another distinct characteristic of OS is the incorporation of ribose to cross-link the 

collagen fibrils by a patented glycation process, GLYMATRIX™.21 In a way, OS simulates glycation 

by glucose, a well-documented occurrence in aging tissue and diabetes, which grants collagen 

fibers resistance to degradation by collagenase.39, 40 

In comparison, other cross-linking methods, such as chemical cross-linking with 

glutaraldehyde, evoked a more aggressive inflammatory reaction.41 In addition, clinical human 

studies have shown that even when exposed to the oral environment, OS sustained GBR and 

GTR functions compared.18, 42 Additionally, a case series in which OS was applied for GBR in 

implant-related bony defects showed that 25–29 weeks after primary healing, new bone 

formation was observed in close proximity to the OS showing partial signs of ossification.43 

The actual results in OS resemble the cellular reaction observed with e-PTFE, a non-

resorbable membrane that displayed a similar inflammatory pattern and cellular reaction to the 

currently evaluated membrane OS. In brief, e-PTFE elicited an initial mononuclear cell-based 

reaction, which was followed by the formation of MNGCs. e-PTFE, which served as a bona fide 

physical barrier, prevented cellular infiltration for an investigation period of 60 days. 

Accordingly, the e-PTFE membrane was encapsulated within a vessel- and MNGC-rich 

connective tissue after 60 days.7 No encapsulation could be detected at the latest time point of 

this study. Nevertheless, the limited evaluation period of 30 days is likely insufficient to evaluate 

whether the membrane will ultimately undergo encapsulation. Therefore, further long-term 
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studies are needed to assess to what extent the presence of MNGCs within the implantation bed 

of this specific cross-linked biomaterial might influence the regeneration process, which is 

thought to be guided by OS. Additionally, one limitation of the in vivo part of this study is 

analyzing only sugar-based without PRF. Thereby, this study cannot make any statement about 

the in vivo cellular reaction to OS-iPRF combination. The implantation of iPRF in small animals 

would require the use of severe combined immunodeficiency (SCID) mice to avoid any immune 

reaction to the implanted human cells. Ongoing research is towards understanding the in vivo 

cellular reaction to PRF and its combination with different biomaterials. This application might 

be a tool to modulate the cellular reaction towards biomaterials by means of pre-loading with 

iPRF in advance. 

Conclusions 

The present study evaluated, the permeability and barrier capacity of a ribose cross-linked 

collagen membrane ex vivo as well as in vivo, with specific respect to the induced cell types. Ex 

vivo, the membrane was impermeable to human cells derived from peripheral blood. In vivo, 

the membrane showed a stable structure and allowed no cellular penetration over 30 days. The 

in vivo cellular reaction was initiated by mononuclear cells, which progressed to the formation 

of multinucleated giant cells (MNGCs) from day 15 onwards. Over the course of the experiment, 

a significant increase in the number of MNGCs was associated with a significant rise in 

implantation bed vascularization. This is indicative of a foreign body reaction. However, no 

breakdown was observed at any time point. The data gathered prove that ribose cross linking 

enhanced the barrier functionality of the collagen membranes. On these grounds, further long-

term studies are necessary to investigate the degradation pattern of this specific cross-linked 

biomaterial. 
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Abstract 

The present study evaluated the tissue response toward a resorbable collagen membrane 

derived from bovine achilles tendon (test group) in comparison to physiological wound healing 

(control group). After subcutaneous implantation in Wistar rats over 30 days, histochemical and 

immunohistochemical methods elucidated the cellular inflammatory response, vascularization 

pattern, membrane protein and cell absorbance capacity. After 30 days, the test-group induced 

two different inflammatory patterns. On the membrane surface, multinucleated giant cells 

(MNGCs) were formed after the accumulation of CD-68-positive cells (macrophages), whereas 

only mononuclear cells (MNCs) were found within the membrane central region. Peri-implant 

vascularization was significantly enhanced after the formation of MNGCs. No vessels were found 

within the central region of the membrane. Physiological wound healing revealed no MNGCs at 

any time point. These dynamic changes in the cellular reaction and vascularization within the 

test-group are related typical indications of a foreign body reaction. Due to the membrane-

specific porosity, mononuclear cells migrated into the central region, and the membrane 

maintained its integrity over 30 days by showing no breakdown or disintegration. The ex vivo 

investigation analyzed the interaction between the membrane and a blood concentrate system, 

liquid platelet-rich fibrin (liquid PRF), derived from human peripheral blood and consisting of 

platelets, leukocytes and fibrin. PRF penetrated the membrane after just 15 min. The data 

question the role of biomaterial-induced MNGCs as a pathological reaction and whether this is 

acceptable to trigger vascularization or should be considered as an adverse reaction. Therefore, 

further pre-clinical and clinical studies are needed to identify the types of MNGCs that are 

induced by clinically approved biomaterials. 

Introduction 

The biomaterial physicochemical properties play a major role in induced cellular reactions 

(Ghanaati et al., 2012). Synthetic biomaterials are precisely synthetized under controlled 

conditions to produce a specific biomaterial porosity, thickness and surface topography (Moore 

et al., 2001). In contrast, natural biomaterials e.g., allogeneic and xenogeneic biomaterials are 

mostly derived from a particular region of the donor body without de novo synthesis (Ghanaati 

et al., 2011). Thereby, these materials undergo strict processing using different chemical and 

physical methods to reach an adequate state of purification and deactivation of potential 

pathogens and donor-cells, which may also affect the native structure (Ghanaati et al., 2014). In 

this sense, the resultant structure and surface characteristics of natural biomaterials depend on 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
259 

the donor tissues and the processing techniques used for their purification (Al-Maawi et al., 

2017). 

The type of the triggered cellular reaction in response to a biomaterial is imperative for 

the success of tissue engineering strategies (Dollinger et al., 2018). After biomaterial application, 

interaction with the surrounding host tissues and cells leads to the induction of a specific cellular 

inflammatory reaction that may characterize the biomaterial regeneration capacity (Ghanaati, 

2012). In a complex process, the cellular reaction toward the implanted biomaterial occurs in 

concert with wound healing. Initially, the biomaterial surface capacity to absorb specific proteins 

such as fibrin is a trend-setting property for the subsequent cellular reactions and was described 

to be involved in the foreign body reaction (Anderson et al., 2008). The formation of a 

provisional matrix on the interface between the implanted biomaterial and the host tissue is the 

initial nexus for the host cells to interact with the biomaterial (Anderson et al., 2008). Different 

in vitro and in vivo models are utilized to understand the patterns of inflammatory responses to 

biomaterials and assess their biocompatibility and potential adverse reactions. 

In the last decade, our group has presented a systematic series of in vivo investigations to 

analyze the cellular reactions toward different biomaterials using a subcutaneous implantation 

model (Al-Maawi et al., 2017). Basically, two types of cellular reactions were observed. A 

physiological reaction that includes the induction of solely mononuclear cells was observed in 

the case of a non-cross-linked bilayer collagen membrane leading to its integration within the 

host tissue (Ghanaati, 2012; Al-Maawi et al., 2017). In this in vivo study, the porcine-derived 

biomaterial maintained its structure over 60 days and showed the capacity to serve as a 

functional barrier without undergoing a premature breakdown or degradation. Moreover, 

transmembraneous vascularization was not necessary for the integration of this collagen 

membrane (Ghanaati, 2012). A similar reaction was detected within the implantation bed of a 

non-cross-linked collagen matrix made from porcine skin and peritoneum (Ghanaati et al., 

2011). This biomaterial evoked only mononuclear cells over 60 days and maintained its native 

structure, which led to its integration within the implantation region. In addition, these findings 

were successfully translated to the clinic, showing the same mononuclear cell-based reaction 

(Ghanaati et al., 2011). 

The second type of tissue response included the formation of multinucleated giant cells 

(MNGCs) as a pathological cellular reaction toward the biomaterials (Al-Maawi et al., 2017). The 

presence of MNGCs within the subcutaneous implantation bed of two non-cross-linked, 

collagen-based biomaterials of different thicknesses led to their disintegration in terms of 

premature loss of their native structure as well as an influx of the host connective tissue into the 

membrane after 30 days, leading to biomaterial disintegration. Thus, the cellular reaction 
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toward biomaterials depends on their physicochemical properties (Barbeck et al., 2015; Al-

Maawi et al., 2017). The role of biomaterial induced MNGCs within the regeneration process is 

not yet fully understood. Different aspects are discussed in the literature to whether these cells 

may have any contribution to the regeneration process by expressing possible anti-inflammatory 

mediators (Miron and Bosshardt, 2018). On the other hand, a literature review has shown that 

biomaterial induced MNGCs actually express similar proinflammatory pattern as pathological 

MNGCs known from inflammatory diseases such as tuberculosis (Al-Maawi et al., 2017). 

In addition to the manufacturing techniques, further methods are used to enhance the 

stability of collagen-based biomaterials including different types of cross-linking. However, cross 

linking techniques, especially chemical cross linking was shown to induce a high foreign body 

reaction (Rothamel et al., 2005). To avoid this, clinical techniques were introduced to provide 

the membrane higher biomechanical stability without cross linking. In this sense, the collagen 

double layer technique was introduced for enhanced membrane stability during guided bone 

regeneration (Abou Fadel et al., 2018). However, degradable biomaterials cannot be considered 

as a physically occlusive barrier as it is the case for nonresorbable biomaterials (Ghanaati, 2012). 

Recent studies have shown that resorbable biomaterials serve rather as a functional barrier for 

a defined time period and get then integrated into the implantation region (Ghanaati et al., 

2011; Ghanaati, 2012). 

Further developments have focused on harvesting collagen from different animal groups 

and compartments. Thereby, a novel collagen biomaterial with a specific structural architecture 

was derived from bovine achilles tendon. The aim of the present study was to analyze the in vivo 

cellular response toward this biomaterial. A subcutaneous implantation model in Wistar rats 

was used to analyze the cellular reaction in comparison to physiological wound healing without 

a biomaterial over 30 days. Special focus was placed on the inflammatory pattern, 

vascularization and regenerative capacity. A liquid platelet-rich fibrin (liquid PRF), which is a 

blood concentrate system derived from centrifuged human peripheral blood components 

including fibrin, leukocytes and platelets, was used to examine the protein absorption capacity 

and interaction with human cells as a novel ex vivo assessment system. 

Experimental 

SYMBIOS® Collagen Membrane SR 

SYMBIOS R Collagen Membrane SR (SB, Dentsply Implants, Germany) is a slowly resorbing 

membrane matrix engineered from highly purified type I collagen fibers derived from bovine 
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achilles tendon. According to the manufacturer, the harvested collagen underwent a purification 

and processing procedure including the use of sodium hydroxide for the inactivation of 

pathogens such as those associated with bovine spongiform encephalopathy (BSE). The 

processing and purification methods met the European and international standards for animal 

tissue sourcing. 

Ex vivo Study 

The ex vivo part of the study focused on the histological analysis of the initial biomaterial-

cell interaction to assess the membrane capacity to absorb human proteins and interact with 

mononuclear cells from the peripheral blood. 

Liquid Platelet-Rich Fibrin (Liquid PRF) Preparation PRF is a blood concentrate system 

derived from centrifuged human peripheral blood. This concentrate contains a high number of 

platelets and leukocytes in addition to fibrinogen and plasma proteins. Liquid PRF was chosen 

to mimic the initial interaction between the biomaterial and the host tissue after biomaterial 

application. 

Three healthy volunteers between 20 and 60 years old donated blood for this study. All 

volunteers gave written informed consent beforehand. The liquid PRF preparation was 

performed as previously published (Chia-Lai et al., 2017; Wend et al., 2017). Peripheral blood 

was collected using 10ml plastic tubes (orange tubes, PROCESS for PRF, France) and clinically 

approved butterflies. Two 10-ml tubes per donor were collected and immediately placed in a 

preprogramed centrifuge (DUOTM, PROCESS for PRF, France). Centrifugation was performed for 

8 min at 600 rpm, 44 g. The resultant upper layer (liquid PRF) was collected using a syringe with 

a needle (BD Microlance™ 3, Germany). Nine biomaterial samples (3 per donor) 10 × 10 mm2 in 

size were placed in a 24-well plate. One milliliter of liquid PRF was added to each biomaterial 

sample and incubated for 15 min. Thereafter, the samples were fixed in 4% buffered formalin 

for 24 h for further histological analysis. 

In vivo Experimental Design: Animal Surgery 

The present in vivo protocol was approved by the committee on the Use of Live Animals 

in Teaching and Research (State, Darmstadt, Hessen Germany). A total number of 32 female 8-

week-old Wistar rats were purchased from Charles River Laboratories (Germany) and housed 

for a week before use at the Animal Welfare Office and Central Facility (Goethe University, 

Frankfurt, Germany). The animals were randomly distributed into 2 groups (n = 16 animals per 

group). The surgical procedure followed standardized methods as previously described 
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(Ghanaati, 2012). In brief, after intraperitoneal anesthesia (10 ml of ketamine (50 mg /ml) with 

1.6 ml of 2% xylazine), the first group (n = 4 per time point) of animals was placed under 

anesthesia, and a sterile collagen membrane (SYMBIOS R Collagen Membrane SR, 

DentsplyImplants, Germany) was implanted under strict sterile conditions into a subcutaneous 

pocket within the rostral subscapular region. The second group was sham operated (n = 4 per 

time point) to analyze the cellular reaction under physiological wound healing. The animals were 

sacrificed by means of an overdose (ketamine and xylazine 4 times the anesthetic dose). After 

the evaluation time points at 3, 10, 15, and 30 days post-operation, the biomaterial including 

the periimplantation region in the first group as well as the sham operated region in the second 

group were explanted and fixed in 4% buffered formalin for 24 h for further histological 

preparation. 

Tissue Preparation for Histology and Immunohistochemistry 

The histological processing and staining procedures were performed as previously 

described (Ghanaati, 2012; Barbeck et al., 2016). Briefly, the explants were cut into three 

identical segments, which included the margins and the center of the implantation area. 

Subsequently, the ex vivo and in vivo samples were processed using a series of graded alcohol 

and xylene followed by paraffin embedding. For the histological and immunohistochemical 

staining, four consecutive 3–4-µm slices from the central segment were cut using a rotation 

microtome (Rotationsmicrotom RM2255, Leica, Germany). After deparaffinization and 

rehydration, histochemical staining of the in vivo and ex vivo samples included Mayer’s 

hematoxylin and eosin (H and E), Azan stain and Masson-Goldner stain. To identify tartrate-

resistant acid phosphatase (TRAP) activity of the cells, specific staining was performed for TRAP 

as previously described (Ghanaati et al., 2013). A Sample from previous (Ghanaati et al., 2010a) 

study showing TRAP-positive cells in Wistar rats served as a positive control for TRAP-staining 

(data not shown). Two more slices of the in vivo samples were used for further 

immunohistochemical staining to determine blood vessel density and identify macrophages. 

Immunohistochemical staining was performed using a Lab VisionTM Autostainer 360-2D 

instrument (ThermoFisher Scientific, Germany) as previously described (Barbeck et al., 2016). 

Next, endogenous peroxidase activity was blocked using 4% H2O2 in methanol, and endogenous 

avidin- and biotin-binding proteins were blocked by avidin and biotin blocking solutions 

(Avidin/Biotin Blocking Kit, Vector Laboratories, USA). The first antibody anti CD-68 (MCA341GA; 

1:400; 30 min) for macrophages and Anti-Actin, α-Smooth Muscle (SMA) A5228; 1:1,000; 2 h) 

for vascular endothelial cells. Ex vivo samples were stained using anti CD-61 (Dako; 1:50; 1 h) to 
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stain platelets. Thereafter, the secondary antibody goat anti-rabbit IgG-B (sc-2040; 1:200, Santa 

Cruz Biotechnology, USA) was applied. Subsequently, the avidin-biotin-peroxidase complex 

(ABC, ThermoFisher Scientific, Germany) for CD-68 and the Histostain-Plus IHC Kit including AEC 

(ThermoFisher Scientific, Germany) for SMA were applied for 30 min and 20 min, respectively. 

As negative controls, immunological staining in the absence of the primary antibody was 

performed on 2 control sections. For visualization by light microscopy, the sections used for 

immunohistochemistry were counterstained with Mayer’s hematoxylin. 

Qualitative Histological Analysis 

Qualitative histopathological evaluation was performed using a Nikon ECLIPSE 80i light 

microscope (Nikon, Japan). The analysis focused on characterizing of the cellular reactions, 

inflammatory responses and vascularization. A further aim of the histological analysis was to 

examine the interaction of the biomaterial with liquid PRF ex vivo. Photomicrographs were 

captured using a camera DS-Fi1 (Nikon, Japan). 

Quantitative Histomorphometric Analysis 

Quantitative histomorphometric analysis of the stained slides was performed with a light 

microscope (ECLIPSE 80i; Nikon, Japan) including a motorized scanning stage (ProScan III, Prior, 

USA) connected to a PC running NIS Elements software (Nikon, Japan). As previously described 

(Ghanaati, 2012; Barbeck et al., 2015a), images of the total implantation beds (total scans), large 

images of the sample including the collagen membrane and the peri-implant tissue, were 

reconstructed automatically by merging 100-130 individual micrographs. To evaluate the mean 

membrane thickness at each time point, the total scans of the H and E-stained slides were used. 

Fifteen distinct points along the length of the biomaterial per animal were measured manually 

using the “annotations and measurements” function of the NIS Elements software (Nikon, 

Tokyo, Japan). The mean of these measurements per slide was calculated as the absolute 

membrane thickness in µm. The values obtained from later time points were calculated as a 

percent, while the membrane thickness at day 3 was defined as 100% to avoid artifacts due to 

histological preparation. The number of MNGCs as well as CD-68-positive macrophages was 

counted manually using the “count” tool in NIS Elements on the total scans of the TRAP staining 

and CD-68 staining, respectively, in each animal. The total number of each cell type was 

calculated with respect to the total implant area on the slides (cell number/mm²) at each time 

point. The SMA-stained slides were used for evaluation the vascularization pattern. The number 

and the area (in mm²) of vessels within the implantation beds were determined by manually 
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marking the vessels within the digitized scans. Thus, the total number of vessels was calculated 

in relation to the total area (in vessels/mm²) and as a percentage of the vessel area (as a fraction 

of the total implant area in %). 

Statistical Analysis 

The results from the calculated histomorphometrical analysis were evaluated for 

significant differences at different time points using one-way and two-way analyses of variance 

(ANOVA). Statistical significance was defined via p-values (∗/•p < 0.05; ∗∗/••p < 0.01; ∗∗∗/•••p 

< 0.001 and ∗∗∗∗/••••p < 0.0001) using GraphPad Prism 7 Software (La Jolla, USA). The results 

are presented as the mean ± standard deviation, and GraphPad Prism 7 was used to produce 

charts and complete the statistical analysis. 

Results and discussion 

Ex vivo Histological Analysis 

The interaction between the liquid PRF and the collagen membrane SB was analyzed 

histologically. The membrane showed a specific structure with differently oriented collagen 

fibers (Figure 1A). The membrane absorbed PRF, showing a fibrin clot within its porous structure 

(Figures 1B, C). In addition, leukocytes and platelets were detected within the central region of 

the membrane (Figures 1D, E). 
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Figure 1. Ex vivo interaction between liquid platelet-rich fibrin and the collagen membrane SB. (A) 
A control of the SB illustrating the membrane-specific porous structure (H and E staining; scale bar 
= 100μm). (B) Total penetration of leukocytes and platelets from liquid PRF into the SB central 
region (H and E staining; scale bar = 100μm). (C) High magnification micrograph showing the fibrin 
network (*) within the SB collagen fibers (H and E staining; scale bar = 20μm). (D) High 
magnification micrograph showing the leukocytes (black arrows) within the SB collagen fibers (H 
and E staining; scale bar = 100μm). (E) High magnification micrograph showing the platelets (black 
arrows) and fibrin network (*) within the SB collagen fibers (anti CD-61 staining; scale bar = 20μm). 

In vivo Histological and Histomorphometrical Analyses 

All animals survived the implantation period. The wound healing was appropriate in the 

test group as well as in the sham operated animals. No signs of infection or atypical feeding or 

sleeping behaviors were observed during the evaluation period. 

Qualitative Analysis of the Cellular Reaction Over Time 

For the test group, the biomaterial was detected within the implantation region at all-

time points. Three days after implantation, the membrane maintained its native structure and 

integrity and induced mononuclear cells, which were found on the membrane surface (Figures 

2A–D). The biomaterial central region was mostly free of cells (Figure 2A). 

After 10 days, the biomaterial showed a stable structure. More mononuclear cells were 

accumulated on both sides of the membrane. Moreover, mononuclear cells started invading the 

membrane and were found within the pores of the membrane (Figure 2B). CD-68-positive 

macrophages were accumulated on the biomaterial surface (Figure 4A). At this time point, single 
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MNGCs were sporadically found within the biomaterial implantation bed and on the biomaterial 

surface. Most of the MNGCs showed no TRAP activity (data not shown). Additionally, micro 

vessels were detected in proximity to the biomaterial. However, no vessels were detected within 

the membrane central region. 

 
Figure. 2 The collagen membrane SB within the implantation bed over the investigates time points. 
(A) after 3 days; (B) after 10 days; (C) after 15 days; (D) after 30 days. (Azan staining; x40 
magnification; scale bars = 500μm). (E, F) Histomorphometrical image of the membrane thickness 
and percentage thickness over 30 days (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001). 

Fifteen days following implantation, the membrane maintained its integrity and showed 

stable structure. No signs of breakdown were observed. The membrane was embedded in a cell- 

and vessel-rich connective tissue. At this time point, more mononuclear cells invaded the 

membrane and reached its central region. The membrane interfibrillar area contained 

connective tissue (Figures 3A, B). The number of MNGCs increased remarkably, while fewer CD-

68-positive macrophages were found in proximity to the biomaterial (Figure 4B). However, in 

general, the MNGCs showed no TRAP expression. The implantation bed showed higher 

vascularization at 15 days than at the previous time point. However, the MNGCs persisted but 

were not increased in number and were located on the membrane surface. Thus, no infiltration 

of no vessels were found within the membrane central region (Figures 2D, 3A and B). At 30 days 

after implantation, the membrane was detectable within the implantation bed, showing a stable 

volume and sustained integrity. No signs of breakdown or disintegration were revealed. The 

membrane was embedded in a cell and vessel-rich host connective tissue and allowed the 

infiltration of mononuclear cells and connective tissue into its central region without losing its 

native structure (Figure 3D). Similar to the observations at day 10, some CD-68-positive 

macrophages were observed close to the biomaterial surface (Figure 4C). However, MNGCs 

within the central region was observed. At this time point, most of the MNGCs showed no TRAP 
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activity (Figure 3D). The implantation area showed new, well-vascularized connective tissue, 

while the biomaterial retained its native structure and included the newly formed connective 

tissue (Figures 2E, 3C and D). 

In the control group, the physiological wound healing was uneventful during the 

observation period. The cellular reaction included only mononuclear cells. No MNGCs were 

observed at any time point. At day 3, a high number of macrophages (CD-68-positive) was 

observed within the evaluation area. The number of macrophages decreased progressively 

toward day 30. A mild vascularization pattern was detected in the healing area with an 

increasing tendency from day 3 to day 30. 

 
Figure 3. (A) Cellular and connective tissue infiltration (black arrows) of the collagen membrane 
(SB) on day 15, (Masson Goldner staining; scale bar= 100μm). (B) TRAP- negative MNGCs (black 
arrows) on the membrane surface (SB) on day 15, (TRAP staining; scale bar = 20μm). (C) Cellular 
and connective tissue infiltration (black arrows) of the collagen membrane (SB) on day 30, (Masson 
Goldner staining; scale bar = 100μm). (D) TRAP-negative MNGCs (black arrows) on the membrane 
surface (SB) on day 30, (TRAP staining; scale bar = 20μm). 

 
Figure 4. The behavior of macrophage (black arrows) accumulation on days 10 (A), 15 (B), and 30 
(C) on the surface of the biomaterial (CD-68) immunohistochemical staining; scale bar =100μm). 
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Quantitative Histomorphometrical Analysis 

Evaluation of the Membrane Thickness Over Time 

The membrane maintained its stable structure over the observation time period. The 

histomorphometrical analysis showed that on day 3 the membrane exhibited a mean thickness 

of 233.5 ± 29.4 µm. The mean thickness increased toward day 10 (366.4 ± 104.8 µm). The 

membrane thickness at day 15 (345.3 ± 54.2 µm) was comparable to that at day 10. Thus, no 

statistically significant difference was detected between day 15 and day 

10. Finally, a similar value was measured on day 30 (325.7 ± 51.3 µm). The statistical 

analysis showed a significant difference in the membrane thickness on day 3 and those 

measured on days 10 (∗∗p < 0.01), 15 (∗p < 0.05) and 30 (∗p < 0.05). However, no statistically 

significant differences were found among the thicknesses measured on days 10, 15, and 30 

(Figure 2C). 

The analysis of the percent thickness in relation to day 3 showed a similar pattern. 

Thereby, the mean percent thickness increased after 10 days (149.2 ± 13.5%). The membrane 

maintained the percent thickness on days 15 (134.5 ± 12.1%) and 30 (139.9 ± 8.2%). Statistically 

significant differences were detected between the measured percent thickness on day 3 and 

those measured on days 10 (∗∗∗∗p < 0.0001), 15 (∗∗p < 0.01), and 30 (∗∗∗p < 0.001). Whereas 

no statistically significant differences were found comparing the thickness measured on days 10, 

15, and 30 (Figure 2F). 

Evaluation of the Number of CD-68-Positive Cells (Macrophages) Over Time 

The number of CD-68-positive macrophages was calculated histomorphometrically per 

square millimeter. Three days after implantation, some CD-68-positive cells were found within 

the implantation bed in the test group (33.7 ± 12.5 cells/mm²), whereas a significantly higher 

number was found within the implantation bed in the control group (105.9 ± 16.3 cells/mm²; 

••••p < 0.0001). The number of these cells increased by day 10 (185.9 ± 8.5 cells/mm²) in the 

test group. On the contrary, there was a rapid decrease in the number of CD-68-positive cells in 

the control group (19.6 ± 3.7 cells/mm²). At this time point, the highest number of macrophages 

was measured in the test group throughout the study period and was significantly higher than 

in the control group (••••p < 0.0001). By day 15, the number of macrophages was decreased in 

the test group (118.9 ± 8.5 cells/mm²) and in the control group (12.5 ± 4.2 cells/mm²). At this 

time point, the difference was still highly significant (p < 0.0001). Similar numbers of 

macrophages observed on day 15 were observed on day 30 in the respective test (109.8 ± 14.4 
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cells/mm²) and control groups (8.9 ± 2.9 cells/mm²). At this timepoint, significantly higher 

number of CD-68 positive cells was detected within the test group compared to the control 

group (••••p < 0.0001). Within-group analyses in the test group showed that the increase in the 

number of macrophages from day 3 to 10 was highly significant (∗∗∗∗p < 0.0001). Moreover, the 

decrease from day 10 to 15 showed a statistically significant difference (∗∗∗p < 0.001). 

Additionally, the difference in macrophage number between day 10 and 30 was statistically 

highly significant (∗∗∗∗p< 0.0001). Despite the decrease from day 10 onward, the numbers of 

macrophages on days 15 and 30 were higher. The difference was statistically highly significant 

when comparing the numbers between day 3 and day 15 (∗∗∗∗p < 0.0001) and between day 3 

and day 30 (∗∗∗∗p < 0.0001). However, no statistically significant difference was observed in the 

macrophage numbers between days 15 and 30 (Figure 5A). 

 
Figure 5. Histomorphometrical analysis. (A) The numbers of CD-68-positive cells (macrophages) 
per square millimeter over the time. (B) The vascularizationpattern over the time in vessels per 
square millimeter in comparison to the control group. (C) The numbers of multinucleated giant 
cells (MNGCs) per square millimeterover the time. (D) The percent vascularization of the 
implantation bed over the time in comparison to the control group. (*/•p < 0.05; **/••p < 0.01; 
***/•••p < 0.001; and ****/••••p < 0.0001). 

Evaluation of the Number of Multinucleated Giant Cells Over Time 

No MNGCs were observed in the control group at any time point; therefore, it was not 

considered for the statistical analysis. 

The number of the MNGCs was determined histomorphometrically per square millimeter. 

Three days after implantation, no MNGCs were found within the implantation bed of the 
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biomaterial. After 10 days, a moderate number of MNGCs were present within the biomaterial 

implantation bed (4.6 ± 1.3 MNGCs/mm²). The number of the MNGCs increased significantly 

toward day 15 (9.3 ± 2.1 MNGCs/mm²). However, after 30 days, a slight decrease in the MNGC 

number was detected (7.2 ± 2.7 MNGCs/mm²) compared to the number of MNGCs at day 15. 

Statistical analysis showed a significant difference in the MNGC number between days 3 

and 10 (∗p < 0.05). The number of MNGCs was significantly higher on day 15 than on day 3 

(∗∗∗∗p < 0.0001) and on day 10 (∗p < 0.05). The slight decrease from day 15 to 30 showed no 

statistically significant difference. Moreover, no statistically significant difference was observed 

in the MNGC numbers between days 30 and 10. However, the number of MNGCs was 

significantly higher on day 30 than on day 3 (∗∗∗p < 0.001). Generally, the MNGCs showed no 

TRAP expression. Therefore, no histomorphometrical analysis of the TRAP expression was 

performed (Figure 5C). 

Evaluation of the Vascularization Pattern Over Time  

The vascularization pattern was evaluated histomorphometrically in the biomaterial 

implantation bed as well as the sham operation group. 

The vessel density on day 3 within the SB implantation bed (6.4 ± 2.8 vessels/mm²) and 

the control group (5.3 ± 2.7 vessels/mm²) showed comparable results. Thus, no statistically 

significant difference was revealed at this time point. Ten days after implantation, the SB 

implantation bed (33.7 ± 8.4 vessels/mm²) showed a higher vascularization rate than that on 

day 3. The difference was statistically significant (∗∗p < 0.01). The vessel density within the 

control group increased only slightly on day (5.9 ± 2.2 vessels/mm²). Therefore, the vessel 

density within the SB group showed a significantly higher rate than that in the control group 

(••••p < 0.0001). After 15 days, the vessel density within the SB implantation bed was increased 

slightly (35.4 ± 13.4 vessels/mm²). No statistically significant difference was detected compared 

to day 10. However, the vessel density was significantly higher than that on day 3 (∗∗p < 0.01). 

In addition, a minor increase in the vessel number was observed in the control group (6.3 ± 3.8 

vessels/mm²). The SB group showed a significantly higher vessel number than the control group 

at this time point (••••p < 0.0001). On day 30, an increase in the vessel density within the SB 

group was observed (39.4 ± 8.8 vessels/mm²). However, no statistically significant difference 

was revealed between days 10 and 15. The number of vessels was significantly higher than the 

vessel density on day 3 (∗∗∗p < 0.001). The vascularization of the control group showed an 

increase in the vessel density (10.2 ± 2.1 vessels/mm²). However, the SB group showed a 

significantly higher vessel density compared to the control group at this time point (••••p < 
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0.0001; Figure 5B). The vascularization was quantified with respect to the implantation area in 

both the SB group and the control group. The percent vascularization increased over 30 days in 

both groups. On day 3, both groups showed comparable values (SB: 0.2 ± 0.07%; control: 0.15 ± 

0.08%), and there was no statistically significant difference. The percent vascularization 

increased in the SB group significantly by day 10 (1.6 ± 0.06%). At this time point, the percent 

vascularization within the SB implantation bed was significantly higher than that in the control 

group (0.12 ± 0.06%; ••••p < 0.001). Subsequently, on day 15, the percent vascularization rate 

within the SB group (1.3 ± 0.6%) showed a slight decrease compared to the previous time point. 

However, the vascularization was significantly higher than that on day 3 (∗∗p < 0.01), whereas 

no statistically significant difference was detected compared to the vascularization on day 10. 

The difference between the vascularization in the SB group and in the control group (0.2 ± 0.1%) 

showed a significantly higher vascularization in the SB group at this time point (••p < 0.001). 

Finally, after 30 days, the percent vascularization increased in the SB group (1.7 ± 0.3%). This 

value was significantly higher than the percent vascularization on day 3 (∗∗∗∗p < 0.0001). In 

contrast, no statistically significant differences were evident compared to the percent 

vascularization on days 15 or 10. The percent vascularization within the control group (0.7 ± 

0.07%) increased compared to the previous time point. Nevertheless, the percent 

vascularization was significantly higher in the SB group than in the control group at this time 

point (••p < 0.01; Figure 5D). 

Additionally, similar kinetics were detected in the vascularization and induction of 

MNGCs. The vascularization pattern increased corresponding to the increasing number of the 

induced MNGCs over time (Figures 6A–C). 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
272 

 
Figure 6. The vascularization pattern (A) on day 10 and (B) on day 15 highlighted with 
immunohistochemical staining of SMA. Black arrowheads, vessels; scale bar, 100μm. (C) The 
correlation between the induced MNGCs and the vascularization in the test group. 

Discussion 

Numerous collagen-based membranes are available as naturally derived xenogeneic 

membranes that should meet the defined requirements to serve as a scaffold and maintain 

integrity for a suitable time period. However, the naturally derived xenogeneic collagen-based 

biomaterials must undergo different purification and processing procedures that influence their 

native structure. In this context, the cellular reaction toward different membranes is primarily 

related to the membrane-specific physicochemical properties (Dadsetan et al., 2004; Ghanaati 

et al., 2012). 

The in vivo tissue response toward a novel collagen-based biomaterial SB that is derived 

from bovine achilles tendon showed that SB initially induced a mononuclear cell-based reaction 

on day 3. At this time point, single mononuclear cells had already infiltrated the membrane. 

Immunohistochemical staining showed that some of the mononuclear cells were CD-68-positive, 

representing the presence of macrophages on the SB surface. The mid-term cellular reaction on 

day 10 was characterized by a high number of macrophages (CD-68-positive) on the membrane 

surface, reflecting a significant increase in their number compared the number of macrophages 

observed on day 3. Additionally, some MNGCs were found on the biomaterial surface at this 

time point. The induction of MNGCs was accompanied by significantly increased vascularization. 

However, the localization of the mononuclear cells was rather triggered within the central 

region, whereas MNGCs were only located on the membrane surface (Figure 3). 
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MNGCs the potential to express vascular endothelial growth factor, which may explain 

the enhanced vascularization within the implantation bed after their formation (Moens et al., 

2014). This phenomenon was previously observed within the implantation bed of different 

biomaterials including synthetic and xenogeneic bone substitute materials and collagen based 

membranes (Ghanaati et al., 2010a; Barbeck et al., 2015). By day 15, a course change was 

detected in the number of the macrophages and MNGCs (Figure 4). The macrophage number 

decreased significantly in comparison to that observed on day 10. Simultaneously, the number 

of the MNGCs increased significantly compared to that observed on day 10. Macrophages are 

precursors cells of MNGCs (Anderson et al., 2008; Chen et al., 2010). Their interaction with the 

biomaterial surface and the inflammatory microenvironment around the implanted biomaterial 

is essential for the fusion and formation of MNGCs, which possess an enhanced oxidative 

capacity (Enelow et al., 1992; McNally and Anderson, 2002; Chang et al., 2009). This process was 

previously described as “frustrated phagocytosis”. Thus, after the frustrated attempts of 

macrophages to degrade the biomaterial, they fuse to form MNGCs (Xia and Triffitt, 2006; 

MacLauchlan et al., 2009). Accordingly, the dynamic changes observed here in the numbers of 

macrophages and MNGCs might be due to their fusion and the process of MNGC formation. At 

the last observation time point, neither the macrophages nor the MNGCs showed a significant 

change in the number of cells. These findings were similar to the rate of vascularization, which 

showed a stable level from day 10 onwards. All the parameters presented here, including the 

formation of MNGCs and enhanced vascularization, are circumstantial evidence of a foreign 

body reaction (Mcnally and Anderson, 2015). In this sense, it is questionable whether an 

exuberant vascularization is required for the regeneration process. It was previously shown that 

a mild vascularization that is derived by mononuclear, similar to the physiological vascularization 

pattern is sufficient for membrane integration in vivo (Ghanaati, 2012). 

The present results showed that the occurrence of MNGCs is induced by the implanted 

biomaterial, thus no MNGCs were observed within the control group, which simulated 

physiological wound healing. Previous assumptions questioned whether the formation of 

MNGCs is a physiological reaction related to biomaterial resorption or might be associated with 

collagen-based biomaterials harvested from a specific compartment (Barbeck et al., 2015b). 

However, MNGCs were observed within the implantation bed of different biomaterials including 

collagen-based biomaterial (Barbeck et al., 2015b) and silk-based polymers (Ghanaati et al., 

2010c), as well as different synthetic and xenogeneic bone substitute materials (Ghanaati et al., 

2010b). The biomaterial-induced MNGCs show common characteristics with pathological 

MNGCs (Langerhans’ giant cells) that exist in sarcoidosis and tuberculosis (Al-Maawi et al., 2017). 

These are not only morphological characteristics in terms of the number of nuclei but also in the 
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expressed surface proteins such as CD-68, Integrin ß 1/2 and HLA-DR (Al-Maawi et al., 2017). In 

this sense, the question arises as to whether the presence of MNGCs within the implantation 

bed of clinically applicable biomaterials is an acceptable reaction or rather an adverse reaction 

after chronic inflammation. 

It is noteworthy that collagen-based biomaterials, such as non-cross-linked bilayer 

collagen matrix from porcine skin and peritoneum, induced solely mononuclear cells and 

maintained their native structure over a period of 60 days. This collagen matrix allowed slow 

penetration into the biomaterial superficial layer but served as a functional barrier within its 

central region and was integrated within the host tissue (Ghanaati et al., 2011). 

Additionally, in the present study MNGCs were only localized on the surface of the 

biomaterial and did not enter the biomaterial body, while the mononuclear cells migrated into 

the membrane body and were integrated after 30 days. Therefore, the vascularization was 

enhanced at the peri-implantation region, but no vessels were observed within the membrane 

central region in terms of transmembraneous vascularization. The occurrence of inflammatory 

responses with two different outcomes, i.e., mononuclear cells vs. MNGCs, is noteworthy. This 

specific inflammatory pattern may be beneficial to recruit vessels to the implantation region 

without manipulating the membrane structure. This may be related to the specific architecture 

of the biomaterial that includes pores within the membrane body, which allowed the 

mononuclear cells to migrate into the center region and integrate within the biomaterial so that 

the macrophages were not over-accumulated at the surface, resulting in a high number of 

MNGCs. In addition, despite the presence of MNGCs, the SB maintained its integrity over 30 days 

and allowed only mononuclear cells to enter its central region while resisting the MNGCs (Figure 

3). Thereby, no signs of breakdown or disintegration in terms of loss of the initial structure, were 

detected during the evaluation period. Additionally, within the observation period of this study, 

the biomaterial did not show typical signs of encapsulation as it was previously found in non-

resorbable biomaterials (Ghanaati, 2012) Furthermore, it is interesting to further elucidate 

whether the presence of MNGCs will lead to a classical foreign body reaction and encapsulation 

of the biomaterial or whether these cells could be involved within the resorption process of the 

biomaterial. 

In contrast, other non-cross-linked, collagen-based biomaterials that induced MNGCs 

underwent disintegration after a clear backdown leading to their disintegration (Barbeck et al., 

2015b). In that case, the loss of integrity allowed premature ingrowth of the peri-implantation 

connective tissue into the membrane body including MNGC- and vessel-rich granulation tissue 

(Barbeck et al., 2015b). This phenomenon was not observed in this study during the evaluation 
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period. Within the limitations of this study, it is presumable that the membrane may experience 

disintegration after 60 days or more. 

Another naturally derived biomaterial of silk fibroin underwent disintegration after the 

induction of MNGCs. The silk fibroin showed transmembraneous vascularization and a loss of 

integrity after 60 days (Ghanaati, 2012). However, most of the induced MNGCs in silk fibroin 

expressed TRAP, which might be a sign for their pro-inflammatory activity (Ghanaati, 2012). On 

the other hand, the present results showed mostly no TRAP-positive MNGCs, which might 

represent a different MNGC type that did not contribute to the disintegration of the biomaterial. 

Another parameter may be the harvesting compartment of the SB, i.e., bovine achilles tendon. 

This may include a different collagen quality that does not evoke a severe pro-inflammatory 

reaction. 

Furthermore, different processing and purification methods have an impact on changing 

the surface characteristics of the native collagen, which leads to different tissue responses 

(Jones et al., 2004). This may influence the cellular activation and thus the macrophage 

polarization and expression pattern, which possibly influence their fusion to MNGCs (Jones et 

al., 2004; Kajahn et al., 2012). However, further studies are needed to determine the interaction 

between differently activated macrophages and the formation of MNGCs for a better 

understanding of the mononuclear cells and multinucleated giant cell activation and 

polarization. 

The ex vivo results of the interaction between SB and the liquid PRF showed that the 

membrane was infiltrated by liquid PRF including leukocytes and platelets. Therefore, the 

membrane absorbed the liquid PRF and allowed cellular invasion during the early time period 

(Figure 1). However, in vivo results after 3 days showed some cellular infiltration intro the 

superficial layer of the membrane, whereas the central region was still free of murine cells of 

the peri-implantation region. This occurs because of the difference between the qualities of 

subcutaneous tissue and the liquid PRF. Thereby, in vivo cellular infiltration require longer time 

period until cells migrate from the extracellular matrix of the peri-implantation region into the 

membrane compartment. Nevertheless, cellular infiltration was then reached after an initial 

time period of 10–15 days in vivo. 

Accordingly, the in vivo thickness measurements showed that the SB thickness increased 

significantly from day 3 to day 10 and then maintained the thickness level over 30 days. This 

occurred because the SB allowed cells and connective tissue to enter the membrane body. The 

specific structure and interfibrillar compartments allowed the membrane to include the host 

cells and connective tissue and thus increase in thickness without undergoing a breakdown or 

disintegration (Figure 3). Recently, the application of this method for the evaluation of a sugar 
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cross-linked porcine derived collagen membrane showed that the membrane was occlusive to 

the fibrin and cells of PRF (ChiaLai et al., 2017). These results were in correlation to the in vivo 

evaluation using subcutaneous implantation. This frequent agreement in the ex vivo and in vivo 

results make liquid PRF a potential tool to investigate the membrane absorbance capacity and 

provide information about the in vivo cellular reaction while avoiding animal experiments. 

Recent studies used blood serum and plasma proteins to investigate the biomaterial surface 

absorption capacity (Nguyen et al., 2016). In the present study, a more complex system was used 

i.e., liquid PRF, which includes not only plasma proteins but also cells (Platelets and leukocytes). 

Thereby, the focus of the present study was placed on the cellular infiltration of the collagen-

based membrane by the cells and the formation of the fibrin network within the membrane 

pores. Additionally, to further elucidate the mechanisms of protein absorbance and the 

interaction between collagen and PRF, further methods are required such as atomic force 

microscopy. These aspects are further topics of our research group and are presently under 

investigation to elucidate the capacity of different collagen-based biomaterials to incorporate 

PRF with special focus on different plasma proteins respecting the competitive protein exchange 

and the Vroman effect (Hirsh et al., 2013). 

In addition, the specific porous structure and the ability to include the host connective 

tissue might be a reason for the maintained integrity after inducing a foreign body reaction by 

MNGCs. It might be that including the host cells within the membrane is favorable for the 

regeneration process to serve as a scaffold to promote guided tissue regeneration. In an animal 

study using a tooth dehiscence model for periodontological regeneration, a collagen biomaterial 

of bovine achilles origin showed comparable results to a non-cross-linked, porcine derived 

collagen membrane, which led to successful tissue regeneration (Behfarnia et al., 2012). 

Furthermore, a clinical study showed that bovine-derived collagen membranes are suitable for 

successful root coverage (Schlee et al., 2012). 

In summary, the present findings raise the need for further research to characterize the 

types of biomaterial-related MNGCs and whether they should be accepted as a biomaterial 

related cellular reaction or considered as an adverse reaction following chronic inflammation. 

These findings are clinically highly interesting to evaluate the clinical suitability of different 

biomaterials and define suitable indications with respect to the biomaterial physicochemical 

properties. 
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Conclusion 

The present study evaluated the cellular reaction toward a novel collagen membrane 

derived from bovine achilles tendon. The tissue response showed an initial reaction of 

mononuclear cells followed by the formation of MNGCs from day 10 onwards, whereas no 

MNGCs were detected within the control group that mimicked physiological wound healing. The 

presence of these cells was accompanied by a reduction in the CD-68-positive cell number 

(macrophages), indicating their fusion to form MNGCs, which were only localized on the 

membrane surface. Along with the enhanced MNGC number, the vascularization of the 

periimplantation area increased significantly. No transmembraneous vascularization was found 

within the membrane body, and only mononuclear cells were able to migrate. These 

characteristics refer to a foreign body reaction toward the biomaterial surface. Thereby, the role 

of the MNGCs induced by this biomaterial requires further investigation. 

Ex vivo and in vivo experiments showed that the biomaterial allows protein absorbance 

and mononuclear cells to migrate into its central region. These findings were observed along 

with the in vivo increase in thickness reflecting the membrane capacity to incorporate the host 

cells and connective tissue and form a scaffold without undergoing any signs of breakdown or 

disintegration. These findings raise the question of whether the formation of MNGCs should be 

accepted as a biomaterial-related reaction or considered as an adverse reaction. 
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Abstract 

Objectives: The aim of the present study was to characterize the cellular reaction to a 

xenogeneic resorbable collagen membrane of porcine origin using a subcutaneous implantation 

model in Wistar rats over 30 days. 

Materials and methods: Ex vivo, liquid platelet-rich fibrin (PRF), a leukocyte and platelet-

rich cell suspension, was used to evaluate the blood cell membrane interaction. The material 

was implanted subcutaneously in rats. Sham-operated rats without biomaterial displayed 

physiological wound healing (control group). Histological, immunohistological, and 

histomorphometric analyses were focused on the inflammatory pattern, vascularization rate, 

and degradation pattern. 

Results: The membrane induced a large number of mononuclear cells over the 

observation period, including lymphocytes, macrophages, and fibroblasts. After 15 days, 

multinucleated giant cells (MNGCs) were observed on the biomaterial surface. Their number 

increased significantly, and they proceeded to the center of the biomaterial on day 30. These 

cells highly expressed CD-68, calcitonin receptor, and MMP-9, but not TRAP or integrin-ß3. Thus, 

the membrane lost its integrity and underwent disintegration as a consequence of the induction 

of MNGCs. The significant increase in MNGC number correlated with a high rate of 

vascularization, which was significantly higher than the control group. Physiological wound 

healing in the control group did not induce any MNGCs at any time point. Ex vivo blood cells 

from liquid-PRF did not penetrate the membrane. Conclusion The present study suggests a 

potential role for MNGCs in biomaterial degradation and questions whether it is beneficial to 

accept them in clinically approved biomaterials or focus on biomaterials that induce only 

mononuclear cells. Thus, further studies are necessary to identify the function of biomaterial-

induced MNGCs. 

Clinical relevance: Understanding the cellular reaction to biomaterials is essential to 

assess their suitability for specific clinical indications and outline the potential benefit of specific 

group of biomaterials in the respective clinical indications. 

Introduction 

The principle of guided tissue regeneration (GTR) and guided bone regeneration (GBR) is 

based on the separation of different cells and tissues that compete during the healing process.1,2 

Different collagen-based biomaterials have been utilized in oral and maxillofacial surgery to 

promote healthy soft tissue regeneration (GTR) or bone regeneration (GBR) while inhibiting the 
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ingrowth of undesirable fibrotic tissue into the bony defect.1, 3–5 In addition to biocompatibility 

and suitability in clinical handling, membranes are required to fulfill a so-called barrier function 

and to act as a place holder.1, 6, 7 

Xenogeneic collagen-based membranes were used successfully in GTR/GBR methods.8–10 

Collagen is an ubiquitous protein in human and animal tissue that undergoes enzymatic 

degradation via matrix metalloproteases (MMP) released by neutrophils, 

monocytes/macrophages, eosinophils, and fibroblasts recruited during wound healing.11, 12 In 

addition to the angiogenic potential of collagen type I, it plays an important role in tissue 

regeneration.7, 13, 14 

Currently a wide range of different collagen-based biomaterials is available for clinical 

applications.15 However, the regenerative mechanisms of the membranes are still not fully 

explored.16 Additionally, different manufacturing and processing techniques influence the 

biomaterials’ specific surface and physicochemical properties such as porosity, polarity, and 

hydrophilicity. Accordingly, the biomaterial attracts a different type of cellular reaction.17, 18 

Previous studies have shown different collagen-based materials of the same origin, i.e., porcine 

induce different cellular reactions according to their properties after their implantation in vivo.19, 

20 In this context, the formation of biomaterial-induced multinucleated giant cells (MNGCs) has 

been frequently observed.21–24 Different studies discussed the morphological and possible 

functional similarities of these cells to physiologically existing osteoclasts and disease-related 

MNGCs.21, 25, 26 Further studies showed that their formation leads rather to a premature 

biomaterial disintegration and enhanced vascularization in vivo.19, 23 However, the reason for 

their formation and the role of these cells in the biomaterial-based regeneration process are still 

unexplored. 

This study aimed to analyze the cellular reaction of a resorbable membrane consisting of 

collagen and elastin. Their combination in an interwoven structure is thought to provide the 

membrane a high in vivo stability. This novel collagen-based membrane, Creos™ Xenoprotect 

(CXP, Nobel Biocare, Gothenburg, Sweden; Remaix, Matricel GmbH, Herzogenrath, Germany), is 

derived from porcine collagen and elastin, which are manufactured to a highly purified non-

cross-linked collagen membrane. Special attention was paid to the cellular response and 

degradation pattern of the specifically reinforced collagen membrane CXP. 

Additionally, this study evaluated the biomaterial-induced MNGCs and their 

differentiation. Moreover, liquid platelet rich fibrin (PRF), a blood concentrate system obtained 

from the peripheral blood, was used to examine the initial interaction between collagen and 

fibrin, including the physiological existence of blood cells derived from peripheral blood to 

analyze the initial permeability of the biomaterial ex vivo. 
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Experimental 

Creos™ Xenoprotect (CXP) 

According to the manufacturer, CXP is a xenogeneic, biodegradable, non-chemically cross-

linked collagen membrane of porcine origin, which is indicated in clinical cases requiring 

GBR and GTR. This collagen membrane is marked as Conformité Européene (CE). The 

hydrophilic membrane is composed of collagen and elastin fiber networks, which supply it with 

high mechanical strength and avoid invasion of the surrounding tissue. 

Ex vivo analysis of the biomaterial-blood interaction 

PRF is a blood concentrate system that is produced by the centrifugation of human 

peripheral blood. PRF is composed of platelets, leukocytes, and plasma proteins. In this study, 

PRF was used as a cell suspension to evaluate the membrane-cell interaction and 

occlusion. The ex vivo analysis was performed as previously described.22, 23 Three healthy 

volunteers participated in this study, and informed consent was obtained before blood 

withdrawal according to a local ethical approval (265/17). Using a 24-gauge butterfly needle, 10 

ml of blood was withdrawn from the antecubital vein direct into 10-ml liquid-PRF tubes covered 

with plastic in the interior (Process for PRF, Nice, France). The tube was quickly transported to a 

tabletop centrifuge (Duo centrifuge, Process for PRF, Nice, France (11 cm rotor, fixed angel)) and 

processed at low speed to allow the concentration of blood cells in high numbers using a 

relatively low centrifugation force (44×g and 8 min) [27]. The blood was fractioned into a 

superior liquid segment containing liquid-PRF and a lower segment of erythrocytes. The superior 

segment was collected using a 1-ml pipette tip and transported in 5-ml plastic tubes for 

homogenization. Concomitantly, the Creos™ Xenoprotect (CXP) membranes were cut into 1-cm2 

segments and placed in 24-well cell culture plates. Before coagulation of liquidPRF, 1 ml was 

deposited on top of the membranes until they were covered and kept at room temperature for 

15 min until clot formation. The samples were fixed with formaldehyde (Roti-Histofix 4% acid 

free pH 7, Carl-Roth, Germany) over 24 h for histological evaluation. 

In vivo analysis of the cellular reaction 

The design, analysis, and reporting of the experiments were conducted following the 

ARRIVE guidelines for animal research.28 The experiments were approved by the government 

regulating agency of Darmstadt and the ethical committee from the University of Goethe of 

Frankfurt am Main (FK/ 1023). Animal husbandry, care, and surgeries were carried out in the 
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animal care facility ((ZFE) Frankfurt am Main, Germany) of the Department of Medicine of 

Johann Wolfgang Goethe University Frankfurt. Twenty-four female Wistar rats (Rattus 

norvegicus) were purchased from Charles River (Sulzfeld, Germany) with an average age of 7–8 

weeks and weighing between 190 and 220 g. The experiments were performed in summer 2016. 

The animals were housed in groups for 1 week prior to surgery for acclimatization in a controlled 

environment (temp, 20 °C; light/dark cycles of 12 h; and humidity of 40% to 70%) and fed regular 

rodent pellets and water ad libitum. The animals were provided from Charles River in groups of 

4 in one cage and were prepared by an independent person from the animal facility. In 

sequence, animals in each cage (n = 4) were alternately used either for implantation (test group) 

or for the control group. The surgical intervention was performed following a standardized and 

established model as previously described.29, 30 Anesthesia was induced through intraperitoneal 

injection of a mixture of ketamine/xylazine (100 mg/kg/5 mg/kg). The animals were placed in 

the prone position, and the depth of anesthesia was verified by the absence of the toe reflex. A 

subcutaneous pocket was prepared by generating a 2-cm incision in the rostral skin and 

dissection of the subcutaneous tissue into the interscapular area. The biomaterial was cut in 

segments of 1 cm2 and placed above the muscle fascia. The tissue was sutured using a 4–0 

polypropylene suture (Prolene Ethicon). Tramadol (1–3 mg/kg/d) was administered orally for 

pain management through the drinking water for 1 day. Four animals were included in the 

experimental group, and four served as controls (sham surgery) to evaluate the physiological 

wound healing per time point. In the control group of animals, anesthesia and surgery were 

performed as described for the experimental group, but without the implantation of a 

biomaterial. Tissue explantation involving the biomaterial and the surrounding implantation bed 

was performed on day 3, 15, and 30 and fixed with formaldehyde (Roti-Histofix 4% acid free pH 

7, Carl-Roth, Germany) over 24 h for histological evaluation. 

Tissue processing and histological preparation 

Histological preparation was performed as previously described.31, 32 The fixed tissue 

mentioned above was segmented and distributed in embedding cassettes (Histosette, VWR, 

Deutschland) before processing in increasing concentrations of alcohol and xylol, followed by 

the infiltration of paraffin wax under a vacuum using an automatic tissue processor (Leica 

TP1020). After processing, the samples were embedded in paraffin blocks, and slides from all 

blocks with a thickness of 3 μm were obtained from consecutive sections using a rotation 

microtome (Leica RM2255) and stained with hematoxylin and eosin for screening. The block 

containing the most representative sagittal section of the biomaterial was selected, and nine 
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consecutive slides were obtained and stained as described previously; the first four slides were 

stained with Mayer’s hematoxylinand eosin (H&E) (1), Azan (2), MassonGoldner (3), and TRAP 

(4). The remaining five slides were immunohistochemically stained using an autostainer (Lab 

Vision™ Autostainer 360, Thermo Scientific, Germany). Antigen retrieval was performed using 

the heat-induced epitope retrieval (HIER) method. The slides were immersed in citrate buffer, 

pH 6.0, and heated using a water bath (VWR®, Germany) at 95 °C for 20 min. Subsequently, after 

protein blocking (Avidin/Biotin Blocking Kit, Vector Laboratories, USA), antigens were 

immunodetected with mouse anti-rat CD-68 monoclonal antibody (Bio-Rad; MCA341GA; 

concentration 1:400; 30 min) as a pan marker for the monocyte lineage (5). Goat anti-rabbit IgG-

B (Santa Cruz Biotechnology, USA. sc-2040; 1:200; 60 min) was used as the secondary antibody 

with further amplification of the antigen using the avidin-biotin complex method (ABC, Thermo 

Fisher Scientific, Germany). Finally, the slides were stained with α-smooth muscle actin (α-SMA) 

(Sigma-Aldrich, Germany; A5228; concentration 1:20.000; 120 min) for vascular endothelial cells 

(6), MMP-9 (ab58803, 1: 250) (7), calcitonin receptor (ab11042, 1:200) (8), integrin-β3 

(ab225742, 1:2000), and (9) followed by anti-mouse secondary antibody (HRP Ultravision 

Quanto Detection System, Thermo Fisher Scientific). Chromogenic visualization was obtained by 

applying AEC (3-amino-9-ethylcarbazole) peroxidase (Thermo Fisher Scientific, Germany) for CD-

68 and α-SMA or DAB (diaminobenzidine (DAB) Quanto chromogen and substrate) for calcitonin 

receptor, integrin-β3 and MMP-9 and counterstaining with Mayer’s hematoxylin. From the set 

of samples, two supplementary, randomly selected slides were added as a negative control 

without application of the primary antibody. For immunohistochemical staining, rat bone was 

used as positive control. As negative controls, the primary antibodies were replaced by antibody 

substrate and used to stain rat bone as described. 

Qualitative histological evaluation 

The stained slides were systematically evaluated by the authors (AT, SA, and SG) using a 

light microscope (Nikon Eclipse 80i, Tokyo, Japan). The cellular reaction in the implantation bed, 

characteristics of the biomaterial, and vascularization were compared within the experimental 

group (inter-comparison) at all time points and with the control group (inter-comparison). 

Representative histological images were captured with a Nikon DS-Fi1 digital camera and a 

Nikon Digital sight unit DS-U3 (Nikon, Tokyo, Japan), which were controlled using Nikon’s NIS-

Elements imaging software (Nikon, Tokyo, Japan). Six samples per animal were stained from 

which two samples per animal from the center region were used for histomorphometry. 
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Quantitative histological analysis 

Histomorphometry was performed following established parameters as previously 

described.29, 33 All stained slides were scanned with the Nikon ECLIPSE 80i histological 

microscope at high magnification using the large image settings in the NIS-Elements software 

(Nikon, Tokyo, Japan). Using an automatically motorized stage, a total of 100–200 images were 

obtained at × 200 for each sample and used to construct the “total scan,” allowing complete 

visualization of the sample and histomorphometric analyses. 

Measurement of vascularization 

After obtaining the “total scan” of α-SMA positively stained structures on day 3, 15, and 

30, the vascular structures in the implantation bed and within the biomaterial were manually 

counted using the annotation and measurement function in the NIS-Elements software (Nikon, 

Tokyo, Japan). To obtain different perspectives regarding the angiogenesis process during 

implantation of the biomaterial, the quantified vascular structures were first expressed as the 

density and then calculated by dividing the total vascular structures by the total area of the 

sample (vessel/mm2). Second, the lumen area of the vascular structures was quantified and 

expressed as a percentage (%). 

Quantification of multinucleated giant cells (MNGCs) and CD-68-positive mononuclear cells 

As described previously, the slides were scanned using the large image capture tool (“total 

scan”) in the Nis element software (Nikon, Tokyo, Japan). The positively stained MNGCs and 

their subtypes, TRAP positive or TRAP negative, as well as CD-68-positive monocytes were 

quantified using the manual “annotations and measurements” tool in the NIS-Elements 

software. For each individual slide, the total number of counted cells was divided by the total 

area of the implantation bed as a relative measurement to evaluate the cellular reaction of the 

Creos™ Xenoprotect (CXP) membrane. The results are expressed as MNGCs/mm2 (TRAP-/TRAP+) 

and CD-68-positive monocytes/mm2, and they were statistically evaluated for all time points (on 

day 3, 15, 30). 

Statistics 

Sample size calculation (n = 4) was assessed according to previous studies.22, 26, 34 Primary 

outcomes were the characterization of the cellular reaction in terms of the induction of 

multinucleated giant cells (MNGCs) and vascularization. Secondary outcomes were signaling 
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molecule expression (TRAP and CD-68, calcitonin receptor, MMP-9 and integrin-β3). All the 

output data were introduced into GraphPad Prism 7.0 software (GraphPad Software Inc., La 

Jolla, CA, USA) and statistically evaluated by one-way and two-way analysis of variance (ANOVA). 

The results were all expressed as the mean and standard deviation (SD) and depicted as column 

bars. Differences were considered statistically significant if the p values were *< 0.05 and highly 

significant if the p values were **< 0.01, ***< 0.001, and ****< 0.0001 

Results and discussion 

Ex vivo analysis of the cellular interaction with Creos Xenoprotect (CXP) 

Liquid-PRF, as a blood concentrate system containing a large number of platelets and 

leukocytes, was used to evaluate the cellular interaction and membrane permeability ex vivo 

over 15 min as previously described.26 Fifteen minutes after application, the liquid-PRF formed 

a fibrin clot. Histological analysis showed that the membrane was not penetrated by the 

leukocytes and platelets from liquid-PRF (Fig. 1A-C). A fibrin clot including leukocytes and 

platelets was formed on both surfaces of the membrane (Fig. 1B). However, membrane cross 

sections showed no cellular penetration into the membrane body in any of the evaluated CXP 

samples (Fig. 1C). 
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Figure. 1 Ex vivo interaction between membrane Creos™ Xenoprotect (CXP), blood-derived cells, 
and fibrin from liquid-PRF. (A) A control cross section of the native membrane ex vivo, H and E 
staining; (B) CXP after liquid-PRF application. A fibrin clot is formed on the membrane surface (*); 
H and E staining; (C) High magnification of fibrin clot formation on the membrane surface (*) 
including blood cells (arrows). The membrane was not invaded by cells. 

Qualitative analysis of the in vivo cellular reaction 

In the following section, the observed cellular reaction is described for both Creos™ 

Xenoprotect (CXP) and control group. 

Control group 

The sham-operated control group was used to mimic wound healing without biomaterial 

implantation as previously described.22, 23 All animals survived the operation and the observation 

time period without any complications or atypical feeding or sleeping behaviors. No wound 

dehiscence, infection, or wound healing disorders were observed at any time point. Across the 

healing time points, i.e., day 3, 15, 30, only mononuclear cells (e.g., monocytes, macrophages, 

fibroblasts, lymphocytes) were observed within the wound healing region. No multinucleated 

giant cells (MNGCs) were detected at any time point. 
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Qualitative analysis of the in vivo cellular reaction to Creos™ Xenoprotect (CXP) 

All animals survived the operation and the observation time period without any 

complications or atypical feeding or sleeping behaviors. No wound dehiscence, infection, or 

wound healing disorders were observed at any time point. The membrane was detectable within 

the implantation area after 3 days (Fig. 2A). A large number of mononuclear cells accumulated 

on the surface, including lymphocytes, monocytes, and macrophages. Some of the mononuclear 

cells expressed CD-68. Some cells started invading the CXP toward its center region. However, 

the central area was generally free of cells. New vessel formation was observed in the peri-

implant region (Fig. 2B). 

 
Figure 2. The cellular reaction to Creos™ Xenoprotect (CXP). a and b Day 3. c and d Day 15. e and f 
day 30. Left column - Azan staining; Right column - Masson-Goldner staining; Arrows, peri-
implantation tissue/ cells 

After 15 days, the number of mononuclear cells increased, illustrating a wall of 

inflammatory cells on the CXP surface (Fig. 2C). Thus, more cells invaded CXP toward its central 

region. At this time point, no capsule formation was observed. The membrane displayed a stable 

structure and maintained its integrity without allowing connective tissue ingrowth from the peri-

implantation area (Fig. 2C). Single MNGCs could be detected on the biomaterial surface. Most 

of the induced MNGCs were TRAP negative. Additional vessels were detected in proximity to the 
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membrane in comparison with the initial time point on day 3. However, no vessel formation was 

observed within the biomaterial body (Fig. 2D). 

On day 30 following implantation, the membrane was invaded by mononuclear cells that 

reached the central region. Immunohistochemical staining showed that some mononuclear cells 

within the implantation bed of CXP expressed CD-68. Compared with day 15, a greater number 

of MNGCs formed on the surface of CXP (Fig. 2E). These cells started to invade the membrane, 

followed by connective tissue ingrowth that progressed toward the central region of the 

membrane. The membrane showed a high rate of degradation and influx of connective tissue as 

markers of disintegration (Fig. 2F). Most of the induced MNGCs showed no TRAP and integrin-

ß3 activity. In addition, vessel formation was observed within the superficial region of the 

membrane. However, a high expression of CD-68, calcitonin receptor, and MMP-9 was observed 

(Fig. 3A–E). 

 
Figure 3. Immunhistochemical staining of the different expression markers in multinucleated giant 
cells (MNGCs). Positive cells are stained in red/ brown. a Anti-CD-68. b Anti-calcitonin receptor. c 
Anti-MMP-9. d Anti-integrin-β3. e TRAP staining. f Statistical analysis of the histomorphometrically 
measured MNGC number per square millimeter. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001 

Quantitative histomorphometric analysis 

The comparative statistical analysis of the quantified data of material-induced 

multinucleated giant cells (MNGCs), number of cells expressing CD-68, and the vascularization 

rate is presented in the following section. 
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Material-induced multinucleated giant cells (MNGCs) 

In the control group, no MNGCs were observed at any time point. In the Creos™ 

Xenoprotect (CXP) test group, the membrane induced MNGCs starting on day 15 (Fig. 4A). 

Toward day 30 (Fig. 4B), the number of induced MNGCs per square millimeter increased 

significantly compared with the previous time points on day 15 (p < 0.0001) and 3 days (p < 

0.0001) (Fig. 4C). On day 15, some MNGCs expressed TRAP. However, their number was not 

statistically significant compared with the TRAP-negative MNGCs. After 30 days, TRAP activity 

was detected in the analyzed material-induced MNGCs, but their number was significantly 

reduced (p < 0.0001) compared with the TRAP-negative MNGCs representative of most of the 

material-induced MNGCs at this time point (Fig. 4C). Differences were detected especially on 

day 30. The number of MNGCs expressing CD-68 was the highest, followed by calcitonin receptor 

and MMP-9. However, the number of MNGCs expressing MMP-9 was significantly lower 

compared with the total number (**** p < 0.0001). Additionally, the number of MNGCs 

expressing TRAP and integrin-ß3 was the lowest. Both were significantly lower compared with 

the total MNGCs number (**** p < 0.0001), CD-68-positive MNGCs (**** p < 0.0001), calcitonin 

receptor (**** p < 0.0001), and MMP-9 (**** p < 0.0001) (Fig. 3F). 

 
Figure 4. Biomaterial-induced multinucleated giant cells (MNGCs). A TRAP-negativeMNGCs 
(arrowhead) on Creos™ Xenoprotect (CXP) surface on day 15. b TRAP-positive cells (arrowheads) 
invaded CXP on day 30. TRAP staining; × 200magnification. c Statistical analysis of the 
histomorphometrically measured MNGC number per square millimeter. *p < 0.05; **p < 0.01; ***p 
< 0.001; ****p < 0.0001 
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Vascularization pattern over time 

The vessel density was evaluated histomorphometrically in the CXP group and control 

group over the evaluation time period of 30 days. 

Intraindividual analysis revealed a progressive increase in vascularization in the CXP group 

in which the vessel density increased notably from day 3 to day 15. However, the difference was 

not statistically significant. Toward day 30, a significant increase in vessel density was observed 

compared with day 3 (p < 0.0001) and day 15 (p < 0.01) (Fig. 5A-E). In the control group, the 

vessel density increased from day 3 to day 30 without a statistically significant difference. 

On day 3, the interindividual analysis showed that the vessel density in the CXP group was 

significantly higher than that of the control group at the same time point (p < 0.05). Similarly, a 

significantly higher vessel density was detected in the CXP group on day 15 compared with the 

control group (p < 0.0001) on the same day. Finally, on day 30, the vessel density was higher in 

the CXP group than the control group, demonstrating a highly significant difference at that same 

time point (p < 0.0001) (Fig. 5A-E). 

A similar pattern was observed when evaluating the percent vascularization. The percent 

vascularization increased progressively in both groups. The intraindividual group. However, the 

CXP group showed a significantly higher percentage of vascularization on day 30 compared with 

day 3 (p < 0.01) (Fig. 5B-E). 

The interindividual analysis revealed significantly higher vascularization in the CXP group 

compared with the control group on both day 15 (p < 0.01) and day 30 (p < 0.01). However, no 

statistically significant difference was detected on day 3 (Fig. 5B-E). 
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Figure 5. Vessel formation within Creos™ Xenoprotect (CXP). Statistical analysis of the 
histomorphometrically measured vessel number per square millimeter. *p < 0.05; **p < 0.01; ***p 
< 0.001; ****p < 0.0001. (A) Vessel density, (B) vascularization rate as a percent, (C–E) 
immunohistochemical staining of α-SMA marked vessels (arrows) (C) day 3, (D) day 15, and (E) and 
(E1) day 30. 

CD-68 expression in mononuclear cells 

Histomorphometric measurements of CD-68 expressing cells were calculated per square 

millimeter in the CXP (Fig. 6A–C) and control group (Fig. 6D–F). 

On day 3, the number of CD-68-positive cells was significantly higher in the control group 

(p < 0.001) compared with the test group. Toward day 15, the number of CD-68-positive 

mononuclear cells was decreased in the control group. However, in the CXP test group, the 

number of CD-68positive cells increased significantly. Consequently, a significantly higher cell 

number per square millimeter was detected in the CXP compared with the control group (p < 

0.001). Thirty days after implantation, the number of CD-68positive cells was further reduced 

compared with day 15 in the control group. By contrast, the CXP group showed a slight increase 

in CD-68-positive cells compared with day 15. The difference between the tested groups at this 

time point was statistically highly significant, demonstrating an increase in the CXP compared 

with the control group (p < 0.0001) (Fig. 6G). 
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Figure 6. Immunohistochemical staining of CD-68-positive cells (A) day 3, (B) day15, and (C) day 30 
in the Creos™ Xenoprotect (CXP) group and (D) day 3, (E) day 15, and (F) day 30 in the control 
group. (G) Statistical analysis of the histomorphometrically measured CD-68-positive mononuclear 
cell number per square millimeter. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 

Discussion 

In the last few years, the European market has experienced an influx of different collagen-

based membranes and matrices that were introduced for applications in GTR and GBR.26 

Collagen-based biomaterials are derived from different origins, including allogeneic and 

xenogeneic materials. In addition, different harvesting species and compartments were used to 

manufacture well-engineered, biocompatible, and clinically practical membranes and matrices. 

The most common harvesting compartments are porcine pericardium, dermis, and skin [19]; 

bovine Achilles tendon;23 and porcine tendon.22 Collagen is a favorable material for application 

as a resorbable scaffold or membrane in tissue engineering35 because it is a highly conserved 

protein that exists in most mammals and is therefore well tolerated as a naturally derived 

biomaterial.11 Additionally, physiological native collagen exhibits good features to support cell 

migration, proliferation, and angiogenesis.36 Although collagen-based biomaterials consist of the 

same construction unit, i.e., collagen, which is mostly preserved in its natural structure, different 
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processing and purification methods are applied to eliminate pathogens and avoid the risk of 

xenotransplantation of immunologically active material.37 Moreover, some manufacturers 

implement further techniques to reinforce the biomaterial stability by means of chemical or 

physical cross-linking methods.22 These changes in the physical and chemical properties of 

materials have a prominent influence on the induced cellular reaction in vivo after biomaterial 

implantation into the host tissue.26 Therefore, the present study aimed to analyze the cellular 

reaction to a novel non-chemically cross-linked collagen membrane to understand its pattern of 

regeneration and degradation. A wound healing model was used as a control to mimic 

physiological wound healing without the biomaterial. The authors believe that the most 

accurate control in this case is the physiological wound healing without biomaterial as 

demonstrated in previous studies.23 It is not reasonable to compare different commercially 

available collagen-based biomaterials, as the manufacturing and processing methods 

significantly influence the cellular reaction as previously published.19, 38 Therefore, to the best of 

our knowledge, no reliable parameters are presently known to characterize an appropriate 

control in terms of a collagen-based biomaterial. In this context, in this study, the physiological 

wound healing was considered as a control to assess biomaterial-related changes in relation to 

the physiological regeneration pattern. However, summarizing the reactions from different data 

can provide evidence to other researches. In this context, one of the limitations of the present 

study is the analysis of only one membrane in comparison with physiological healing. 

Additionally, the present data can be compared with previously published studies that used the 

same standardized model and evaluation methods but analyzed different collagen-based 

biomaterials. This study presents two preclinical models to characterize the cell-matrix 

interaction ex vivo and in vivo. Ex vivo, a leukocyte and platelet-rich cell suspension (liquid-PRF) 

was used to mimic the first interaction between the Creos™ Xenoprotect (CXP) membrane and 

the host cells, i.e., blood cells, as previously described.22, 23 The ex vivo results showed that the 

blood-derived leukocytes and platelets accumulated on the membrane surface and could not 

penetrate the biomaterial. Moreover, a fibrin clot was formed on the biomaterial surface, 

including the blood derived cells. Similar results were observed in previous studies that used 

liquid-PRF to investigate other collagen-based membranes of bovine and porcine origin. 

Regardless of the rate of porosity, the membranes were occlusive to blood cells in liquid-PRF. 22, 

23 PRF was used as a cell suspension to evaluate the initial biomaterial interaction with blood 

cells and the biomaterial capacity of absorbing blood components. In this case, only one 

biomaterial was tested to compare the in vivo and the ex vivo results in order to understand the 

absorption capacity of this specific biomaterial. 
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The ex vivo results were in accordance with the in vivo observations 3 days after 

implantation. In this case, the membrane induced only physiological mononuclear cells (e.g., 

monocytes, macrophages, lymphocytes), which were also observed in the control group and did 

not allow the cells to enter the biomaterial body. However, toward day 30 following 

implantation, the membrane induced a large number of multinucleated giant cells (MNGCs), 

which were first only located on the biomaterial surface (day 15) but then proceeded to infiltrate 

the biomaterial body (day 30) along with the mononuclear cells and peri-implantation 

connective tissue. Remarkably, the control group did not show any induction of MNGCs at any 

time point. This observation supports the suggestion that MNGCs are rather biomaterial-related 

cells that are not involved in physiological wound healing and regenerative processes.26 

Biomaterial-induced MNGCs are frequently observed in the implantation bed of different 

biomaterials.26, 39 In addition, common surface molecules and secretors are found between the 

biomaterial-induced MNGCs and other pathological MNGC types that are found, for example, in 

sarcoidosis.26 

Previous in vitro and in vivo studies have shown that MNGCs are formed by the fusion of 

macrophages after their frustrated attempt to degrade the biomaterial in a process called 

“frustrated phagocytosis” as an indication of a foreign body reaction.22, 23, 40 However, MNGC 

induction and formation depend primarily on the biomaterial surface characteristics and, 

thereby, the adhesive molecules expressed by the cells.41 Interestingly, the present study 

demonstrated a dynamic decrease in the number of macrophages (CD-68-positive mononuclear 

cells) in the control group as a physiological life cycle of macrophages.42 In contrast, the CXP 

group showed a significant increase over of persisting macrophages in the implantation bed. 

This phenomenon is associated with a chronic inflammation as one sign of a foreign body 

reaction.43 Consequently, persisted macrophages fused to form biomaterial-induced MNGCs as 

observed in the present similar membrane.23 Thus, both studies observed the formation of 

MNGCs in response to collagen membrane CXP. The MNGCs observed herein were further 

characterized as TRAP-positive and TRAP-negative MNGCs. TRAP positive MNGCs were detected 

on day 30, results starting with day 15 until day 30. The present findings are in agreement with 

a previous in vivo study investigating a together with obvious biomaterial disintegration, which 

indicated a loss of integrity, fragmentation, and a loss of the initial structure. Thus, peri-

implantation connective tissue was able to find its way into the central region of the membrane 

between membrane fragments. These observations are supported by a recent in vitro study, 

which have shown that both types of TRAP expression are associated with collagen 

degradation.44 These findings showed that the biomaterial-induced TRAP positive MNGCs in this 

case were associated with a high inflammatory reaction. TRAP is a degrading enzyme that exists 
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in 2 isoforms, type 5a and type 5b, that have been suggested to have different functions.44–46 It 

was first described in osteoclasts;47, 48 however, recent studies have shown that TRAP may be 

considered as a pro-inflammatory signaling molecule.49, 50 Similar findings were observed when 

analyzing the expression of MNGCs in inflammatory diseases such as sarcoidosis. TRAP type 5a 

was highly expressed in MNGCs and macrophages of sarcoidosis tissue. This study also suggested 

that TRAP type 5a is derived from systemic inflammatory of macrophages and thereby may be 

a biomarker of inflammation. 

Another interesting finding of the present study was the correlation between the number 

of MNGCs and the rate of vascularization. With an increased number of MNGCs, a high 

vascularization rate was measured on day 15 and 30, which was significantly higher than in the 

control group, i.e., not comparable to the physiological vascularization that occurs during wound 

healing (supraphysiological). The large number of vessels was potentially induced by the pro-

inflammatory microenvironment resulting from the persistence of CD-68positive cells and 

induction of MNGCs. In a previous in vivo study, biomaterial-induced MNGCs were shown to 

produce vascular endothelial growth factor (VEGF) in vivo.31 Additionally, the number and 

kinetics of the biomaterial induced MNGCs have been shown to directly influence its 

degradation pattern. A recent study analyzed a bovine-derived collagen-based membrane 

gained from Achilles tendon in the same implantation model. The bovine-derived membrane 

also induced MNGCs but in a different pattern. In this case, there was no statistically significant 

increase of the MNGCs number from day 15 to 30. Thereby, the membrane did not undergo a 

total disintegration, as it was observed by the present membrane.23 These results show that 

even though most of the clinically used membranes are collagen based, different in vivo 

reactions are observed according to the biomaterial-specific physicochemical properties, 

manufacturing technique, surface morphology and structure. In this context, our group 

performed a standardized series of studies to classify different polymeric biomaterials according 

to the in vivo induced cellular reaction. The results showed that there are three different cellular 

reaction patterns based on the biomaterial properties.51 Class I incudes biomaterials that do not 

induce MNGCs at any time point; class II includes biomaterials that induce MNGCs with a 

constant number over 30 days; and class III includes biomaterials that induce MNGCs with 

continuous increasing number over 30 days.51 Based on this classification, the here analyzed 

membrane fits in class III. 

Previously, biomaterial-induced MNGCs were considered as osteoclasts, because of their 

morphological similarities. However, biomaterial-induced MNGCs and osteoclasts express some 

signaling molecules in common such as CD-68.21 A previous histological study that evaluated the 

expression pattern of biomaterial-induced MNGCs in human biopsies showed that biomaterial-
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induced MNGCs show a high expression of inflammatory signaling molecules such as Cox-2 or 

CCR-7 and rather low expression of other markers such as CD-163 or CD-206.52 Additionally, 

osteoclasts are known to express markers like RANKL, calcitonin receptor, integrin-ß3, and TRAP. 

However, little is known about the expression of these markers in the biomaterial-induced 

MNGCs. A recent in vitro study showed that calcitonin receptors show rather a low expression 

in biomaterial-induced MNGCs.21 By contrast, the present study showed a high expression of 

calcitonin receptor in the biomaterial-induced MNGCs. Different studies showed that the high 

expression of calcitonin receptor inhibits the activity of osteoclasts.53 It may be presumed that 

a similar effect of this molecule will play a role in the biomaterial degradation. However, further 

research is needed to understand this mechanism. Additionally, biomaterial-induced MNGCs 

highly expressed MMP-9, a matrix metalloprotease. MMP-9 was found to be expressed in both 

osteoclasts,54 foreign body MNGCs, and disease-related MNGCs such as tuberculosis.55, 56 In 

addition, the upregulation ofMMP-9 in an inflammatory process has been shown to play an 

important role in the fusion of macrophages to form MNGCs.55 This molecule has been 

additionally shown to be involved in collagen degradation in different localization.57, 58 In this 

context, the high expression of MMP-9 in the biomaterial-induced MNGCs is a potential marker 

for their role in the biomaterial degradation. 

A further study characterized the type of MNGCs according to the expressed type of 

integrin. Integrins ß1 and ß2 have been described in the process of foreign body MNGC fusion, 

while integrin-ß3 is rather expressed in osteoclasts.59 The present finding confirms these data, 

as the biomaterial induced MNGCs in this study showed a rather low expression of integrin-ß3. 

Similar findings were observed in the case of TRAP expression. Based on these data, the present 

study showed that biomaterial-induced MNGCs may have similarities with osteoclasts, 

especially in the inflammatory markers (CD-68, MMP-9), but not in marker that are related to 

bone adhesion and resorption (integrin-ß3, TRAP). 

To date, little is known about the role of biomaterial induced MNGCs in the process of 

regeneration.25 One function may be to support biomaterial degradation in resorbable 

biomaterials. However, other collagen-based membranes, such as non-cross-linked collagen I 

and III porcine-derived membrane and matrix, were evaluated in vivo using similar subcutaneous 

implantation models as demonstrated in the present study. These collagen-based materials did 

not induce any MNGCs at any time point over an observation time of 60 days.20, 34 They induced 

only mononuclear cells, which are physiologically involved in the process of regeneration, such 

as macrophages, lymphocytes, and fibroblasts; preserved their native structure over the study 

period; and were well integrated into the host tissue after 60 days. Additionally, their slow 

degradation without a loss of function was primarily associated with macrophages. These 
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observations show that biomaterials do not induce foreign body MNGCs per se and that it is 

possible to produce biomaterials that induce only mononuclear cells as a physiological reaction. 

At this point, the question arises whether MNGCs have any contribution to the process of 

regeneration and whether clinicians should accept this reaction in clinical applications. The 

disintegration of the membrane evaluated herein after 30 days showed that the membrane 

might be alternately used for indications for which rapid biomaterial degradation and induction 

of a high rate of vascularization are required rather than for indications in which long-term 

stability is necessary. 

The present study also demonstrated that the wound healing microenvironment after 

biomaterial implantation is more complex than physiological wound healing. The present study 

analyzed only one membrane in comparison with the physiological wound healing. Because of 

the high number of different parameters that may influence the cellular reaction, it would be 

interesting to manufacture the same collagen membrane and modify only one parameter such 

as cross-linking to be able to separately evaluate this parameter in a more standardized and 

systematic study. Collagen-based membranes were previously considered to serve as an inactive 

barrier to separate two types of tissue in terms of GTR or GBR. However, recent in vivo studies 

have shown that the applied collagen membrane significantly influences the underlying 

augmentation area.16 A previous in vivo study investigated the same collagen membrane that 

was evaluated in this study (CXP) using a bone defect model, further comparing it with a porcine-

derived collagen membrane.60 The results revealed different rates of newly formed bone 

according to the implanted collagen membrane, although both membranes were of porcine 

origin.60 These outcomes demonstrate that despite of the identical origin, different collagen 

membranes contribute differently to the GBR process based on their interaction with the 

surrounding tissue and the induced cellular reaction. Thus, understanding the cellular reaction 

to biomaterials is essential to assess their suitability for specific clinical indications. However, 

further controlled clinical studies are needed to outline the potential benefit to the specific 

group of biomaterials in the respective clinical indications. 

Taken together, the present study showed that biomaterial implantation leads to changes 

in the physiological cellular kinetics of wound healing in a biomaterial-specific cellular reaction. 

Ex vivo and in vivo interactions with the host tissue showed that the CXP biomaterial investigated 

herein was initially occlusive to host tissue cells, but the induction and accumulation of MNGCs 

led to its disintegration after 30 days. The present findings mandate further characterization of 

the biomaterial-induced MNGCs to outline their potential functions in the process of 

regeneration. 
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Conclusion 

This study characterized the cellular reaction to a novel collagen-based membrane of 

porcine origin ex vivo and in vivo in comparison with physiological wound healing. 

The tissue response revealed an initial accumulation of mononuclear cells, such as 

monocytes, macrophages, lymphocytes, and fibroblasts, at the early time point in both ex vivo 

and in vivo examinations. From day 15 onward, the membrane induced MNGCs that were first 

localized on the membranes surface and then proceeded toward the central membrane region, 

followed by connective tissue influx from the periimplantation region. During physiological 

wound healing, no MNGCs were observed at any time point. After material implantation, a 

dynamic change was observed in the number of CD-68-positive cells (macrophages), which 

correlated with the induction of MNGCs. MNGCs highly expressed CD-68, calcitonin receptor, 

and MMP-9 but not integrin-β3 and TRAP. These findings support that biomaterial-induced 

MNGCs are rather a sign of a foreign body reaction. The induced MNGCs led to membrane 

disintegration after 30 days and a loss of integrity. Thus, the present study calls for further 

preclinical and controlled clinical research to characterize the biomaterial-induced MNGCs and 

to elucidate their potential function in the degradation process. 
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3.2.5. Xenogenic biomaterial conclusions 

This chapter focus on the biocompatibility of xenogeneic materials, in particular, of 

collagen membranes. These materials were evaluated using traditional in vivo models (such as 

subcutaneous implantation model in rats) as well as an ex vivo interaction with liquid PRF matrix. 

A comparative study of five different collagen membranes is described in chapter 3.2.1. 

using cellular penetration % and liquid – PRF absorption coefficient (PAC) as indicatives. Liquid-

PRF (fibrin and cells) was found to be able to completely invade Mucograft® (MG) membrane by 

reaching its center, while Bio-Gide® (BG) only approximately 50%. Mucoderm® (MD) and 

Collprotect® (CP) only demonstrated superficial interaction with liquid-PRF. Lastly, BEGO® (BCM) 

collagen membrane appeared to be free of liquid-PRF entirely. The results of the PAC analysis 

presented that MG was able to absorb a high content of liquid-PRF components, increasing its 

original weight by 10 folds (10.12 ± 1.29). In case of BG membrane, the increase in weight was 

four folds (4.37 ± 1.50) after being immersed in liquid-PRF. The measurements showed that MD 

had the lowest PAC with an increase of two folds its original weight (2.83 ± 0.53). CP 

demonstrated a middle range of PAC values, increasing five folds in weight (5.05 ± 2.21) after 

immersion in liquid-PRF whereas, the BCM test presented an increase of six folds its original 

weight (6.12 ± 0.97). 

The pairing of biomaterials with liquid-PRF can be used clinically to improve the bioactivity 

of collagen-based biomaterials as well as it may act as a growth factor delivery system that is 

based on biomaterials. Additionally, it can complement in vitro and in vivo studies and reduce 

number of animals needed in the process. 

In chapter 3.2.2, ex vivo study utilizing PRF study as means of membrane cellular 

penetration was used together with in vivo subcutaneous implantation model. Ex vivo results 

exhibit that there was no cellular penetration after 15 min of PRF application. In terms of 

subcutaneous implantation model, the membrane retained its structure and neither cells nor 

blood vessels could be found within its center after 30-day period. Macrophages were reduced 

in numbers from 3 days to 15 days, from approximately 320 to 150 per mm2. Moreover, from 

day 15 onwards, there was a significant increase in the number of multinucleated giant cells 

(MNGCs) reaching almost 4 cells per mm2. In parallel, increase in neovascularization around the 

implant site was observed by more than 45 newly formed capillaries. The data presented in this 

study suggest that OSSIX PLUS® can be used as barrier membrane as it does not disintegrate, 

however this should be investigated and validated further over a longer period of time. 

Chapter 3.2.3 focuses on analysis of bovine Achilles tendon derived membrane, 

commercially named SYMBIOS®. The investigation methods used were the same as in chapter 
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3.2.2. The research focused on the interaction between a blood concentrate system (PRF) and 

SYMBIOS® membrane and revealed presence of leukocytes, platelets, and fibrin with 

membrane’s center 15 min after the deposition. In vivo data indicates the peak in the number 

of macrophages was observed at day 10 after implantation procedure, achieving up to 200 cells 

per mm2. MNGCs were not detected at any time point, while mononuclear cells could be 

observed in the middle of the membrane. The membrane retained its integrity over 30 day 

period. At day 10, as well as 30, approximately 40 of newly formed capillaries per mm2 (areas 

indicated by CD31 immunohistochemical staining) were counted. This data do not contribute to 

the theory of MNGCs presence necessity in new vessel formation process. 

Investigation of tissue reaction to Creos Xenoprotect® membrane was conducted and 

describe in detail in chapter 3.2.4. The same ex vivo and in vivo models were employed as 

previously mentioned in above chapters. Fifteen-minute application of PRF concentrate 

assessment did not show any cellular membrane penetration. Histological data obtained from 

subcutaneous implantation model did not show any presence of macrophages or MNG cells on 

day 3. A slight increase in the number of these cells could be seen on day 15 (1 cell per mm2), 

reaching approximately 12 CD68+ and MNG cells per mm2 on day 30. First newly formed blood 

vessel could be observed on day 3 (15 per mm2). The number of blood vessel was gradually 

growing over time, up to 40 per mm2. The result of the study indicates that MNGCs could play a 

pivotal role in degradation process of a material.  

Overall, the results of these studies show that all tested collagen membranes are 

biocompatible and support cell adhesion and proliferation. In addition, Ossix Plus® and Creos 

Xenoprotect®   membranes promote foreign body reaction, described by multinucleated giant 

cell formation and collagen deposition around the materials. Interestingly, together with the 

gradual increase of a MNGCs within implantation bed over time, an increase in the number of 

blood vessels was noticed. This leads to the conclusion that moderate presence of MNGCs does 

not affect biocompatibility of a material in harmful manner, but on the contrary might have a 

positive effect on neovascularization of the implant environment. Moreover, OSSIX PLUS® and 

Creos Xenoprotect® membranes were found to be non-permeable to the liquid PRF matrix 

(fibrin leukocytes and platelets), which suggests that they could be used as a barrier to prevent 

the ingrowth of undesired cells.  

It is important to mention that this research is still in its early stage, as well as it is limited 

mostly to in vivo observation up to 30 days post implantation. On these grounds, further long-

term experiments (60 days) and controlled clinical studies are necessary to be evoked. 

Additionally, as it has been a debate for long time of defining the role of MNGCs in 

neovascularisation process further studies are necessary to be conducted to identify the 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
311 

function of biomaterial induced MNGCs. Furthermore, as results obtained from the PRF-based 

model closely align with in vivo findings regarding membrane permeability and function and thus 

it proves that the model could be potentially used to complement or even replace in vivo studies 

in some cases. Though, it is necessary to emphasize that this research is still preliminary as well 

as materials which have been applied are only reduce to collagen membrane therefore, other 

materials should be used to verify that findings.  
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4. Study of biocompatibility of PP-13 

4.1. The pyrrolopyrimidine colchicine-binding site agent PP-

13 reduces the metastatic dissemination of invasive cancer 

cells in vitro and in vivo 
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Abstract  

Standard chemotherapies that interfere with microtubule dynamics are a 

chemotherapeutic option used for the patients with advanced malignancies that invariably 

relapse after targeted therapies. However, major efforts are needed to reduce their toxicity, 

optimize their efficacy, and reduce cancer chemoresistance to these agents. We previously 

identified a pyrrolo[2,3d]pyrimidine-based microtubule-depolymerizing agent (PP-13) that 

binds to the colchicine site of β-tubulin and exhibits anticancer properties in solid human cancer 

cells, including chemoresistant subtypes. Here, we investigated the therapeutic potential of PP-

13 in vitro and in vivo. PP-13 induced a mitotic blockade and apoptosis in several cancer cells 

cultured in two-dimensions or three-dimensions spheroids, in conjunction with reduced cell 

proliferation. Capillary-like tube formation assays using HUVECs showed that PP-13 displayed 

antiangiogenic properties. It also inhibited cancer cell motility and invasion, in in vitro wound-

healing and transwell migration assays. Low concentration PP-13 (130 nmol.L-1) treatment 

significantly reduced the metastatic invasiveness of human cancer cells engrafts on chicken 

chorioallantoic membrane. In nude mice, 0.5 or 1 mg.kg-1 PP-13 intraperitoneally administered 

three-times a week reduced the sizes of paclitaxel-refractory orthotopic breast tumors, delayed 

the progression of metastasis, and decreased the global metastatic load compared to 0.5 mg.kg-

1 paclitaxel or vehicle alone. PP-13 did not show any apparent early adverse effect in vivo. These 

data suggest that PP-13 is a promising alternative to standard chemotherapy in antimitotic drug-

refractory tumors, especially through its impact on metastasis. 

Introduction 

Despite recent innovations in targeted anticancer strategies over the last decade, non-

selective chemotherapies are still widely used for the clinical management of various patients 

with advanced malignancies.1 Microtubules represent one of the most common targets for 

chemotherapies, as they are crucial for the maintenance of cell shape, intracellular transport 

cell motility, and chromosome migration during cell division.2 Taxanes and vinca-alkaloids are 

the two main classes of microtubule-targeting agents and are classically known to induce 

microtubule stabilization and depolymerization, respectively.3 Therapeutic doses of all 

compounds from these two families lead to the alteration of the dynamic state of the 

microtubules, which ultimately induces multipolar divisions and causes cell death.4, 5 Beyond 

their cytotoxic activity, most microtubule-binding agents display antimetastatic, antiangiogenic 

or vascular-disrupting properties, supporting their use as therapeutic agents for cancer 
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treatment.6-8 However, the troublesome side effects of microtubule inhibitors, particularly 

myelosuppression and peripheral neurotoxicity, and the emergence of chemoresistance, 

predominantly from the overexpression of efflux transporters, drastically limits their therapeutic 

outcomes,3 hence underscoring the need for alternative agents.  

We recently identified a novel pyrrolopyrimidine-based microtubule-depolymerizing 

agent (PP-13) that was effective in vitro on a wide range of human cancer cells.9 PP-13 has no 

kinase activity, directly binds to the colchicine binding site of β-tubulin, interferes with 

microtubule organization and induces spindle multipolarity, transient mitotic cell cycle arrest 

and apoptosis.9 Interestingly, in marked contrast to conventional microtubule-damaging drugs, 

PP-13 escapes resistance mechanisms linked to the presence of efflux pumps, which underlies 

its potential anticancer activity for multidrug-resistant cancer cells.9 Based on the efficacy of PP-

13 against human cancer cell proliferation and multi drug resistant cancer cells, the aim of the 

present study was to investigate the therapeutic potential of PP-13 against highly invasive and 

aggressive cancer cell lines in vitro and in vivo. The effects of PP-13 were analyzed in HeLa 

cervical cancer cells, A549 NSCLC cells and 4T1 murine mammary cancer cells that were cultured 

in two-dimensions monolayers or in three dimensions-spheroids. The impact of PP-13 on cell 

migration, metastasis and angiogenesis was evaluated. Since no colchicine binding-site agent is 

currently used in clinic for cancer treatment, we assessed the clinical potential of PP-13 activity 

in comparison with paclitaxel, a standard anti-mitotic chemotherapy that is routinely used for 

the treatment of a wide range of solid cancers, and is considered a reference treatment for in 

vitro and in vivo studies of new microtubule-targeting agents. 

Experimental 

Materials 

Paclitaxel was obtained from Sigma-Aldrich (Saint-Quentin-Fallavier, France). PP-13 was 

obtained from Institut Curie (CNRS Chemical library, 2004 version), as described in.9 All drugs 

were dissolved in sterile anhydrous dimethyl sulfoxide (DMSO, Carl Roth, Karlsruhe, Germany) 

at a 10 mmol.L-1 stock solution. Phospho-histone H3 (H3P), and active caspase-3 antibodies 

were purchased from Cell Signaling Technology (Ozyme, Saint-Quentin-LesYvelines, France), and 

conjugated Alexa Fluor 633 goat anti-rabbit antibodies were from Thermo Fisher Scientific 

(Saint-Aubin, France). 
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Cell lines and culture  

The human HeLa and A549 cell lines and the murine 4T1 cells were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA). HeLa cells expressing mEGFP-α-

tubulin and mRFP-H2B (HeLa-EGFP/RFP) were a generous gift from Dr. D. Gerlich [10]. The 4T1 

cells were stably transfected with a plasmid expressing the fusion histone H2B-RFP (provided by 

Dr. C. Albigès-Rizo, Institute for Advanced Biosciences, Grenoble, France) (4T1-RFP) or with the 

pGL4.50[luc2/CMV/Hygro] vector encoding the firefly luciferase reporter gene luc2 (Promega, 

Charbonnière, France) (4T1-rvLuc2) using JetPEI (Polyplus Transfection, Illkirch, France) 

according to the manufacturer’s protocol. Transfected cells were selected with G418 antibiotic 

(Invivogen Europe, Toulouse, France, ant-gn-5) and amplified. All cells were routinely tested for 

the presence of mycoplasma (MYCOALERT® Mycoplasma Detection Kit, Lonza, Amboise, France) 

and used within three months after thawing. A549, HeLa, and HeLa-EGFP/RFP cell lines were 

authenticated by DNA STR profiling (ATCC Cell line Authentication Service, Manassas, VA, USA). 

Human umbilical vein endothelial cells (HUVECs, passage two to five; Lonza) were cultured in 

complete medium of the EGM-2 BulletKit (Lonza, Amboise, France). 

Two-dimensions (2D) cell culture  

Cells were maintained in culture at 37°C in the appropriate medium with 10% FBS in a 5% 

CO2 humidified atmosphere, and the cell morphology was routinely checked. 

Three-dimensions (3D) cell culture  

Spheroids were generated by plating A549 (4000 cells/well), HeLa-EGFP/RFP (1000 

cells/well), or 4T1-RFP (2000 cells/well) cells into 96-well round bottom ultra-low attachment 

(ULA) spheroid microplates (Corning, Tewksbury, MA, USA). The spheroid culture was 

performed in medium with 10% FBS in a humidified atmosphere with 5% CO2. Spheroid 

formation and growth were assessed by microscopic examination using an inverted microscope 

and by imaging the spheroids at each time point.   

In vitro cytotoxicity assays  

Cell proliferation assays were conducted in 96-well culture plates. 2D-cultured cells and 

spheroids were cultured for 24 h and 72 h, respectively, prior to treatment with PP-13 or 

paclitaxel in medium containing 10% FBS for 72 h. The cell viability was quantified using 

CELLTITER 96® AQueous One Solution cell proliferation assay (Promega, Charbonnière, France) 
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in 2D cell models or by using the CELLTITER-GLO® 3D Cell Viability Assay (Promega, 

Charbonnière, France) in spheroids. The drug concentrations required to inhibit cell growth by 

50% (IC50) were interpolated from the dose-response curves. 

Immunofluorescence analyses of spheroids  

After PP-13 treatment, the spheroids were washed, fixed overnight at 4°C in 4% 

paraformaldehyde, and then washed, frozen and cut into 7-µm sections before mounting onto 

SuperFrost UltraPlus slides (Thermo Fisher Scientific, Saint-Aubin, France). Cryosections were 

rehydrated in PBS-glycine, permeabilized for 1 h in PBS with 2% Triton X-100, washed in PBS-

glycine, blocked in 10% goat serum and incubated overnight at 4°C with primary antibodies. The 

sections were then washed in 0.2% Tween-20/PBS and incubated for 1 h with conjugated 

secondary antibodies. Hoechst was used to counterstain the cell nuclei. Fluorescence 

microscopy was carried out using a confocal microscope (LSM 710; Carl Zeiss, Jena, Germany). 

An objective Plan Apochromat 20×/0.8 NA in air and an objective Plan Apochromat 63×/1.4 NA 

in oil were used. The H3P and active caspase-3 expression levels in spheroids were counted 

based on color thresholding image adjustment using ImageJ software (NIH, Bethesda, MD, USA) 

and the images were blinded. The percentage of H3P was physically wounded the cell 

monolayers, and increasing concentrations of PP-13 or DMSO were added into the medium. 

Images of the cells invading the scratch wound were monitored for 12 h using the IncuCyte S3 

Live-Cell analysis system (Essen Bioscience, Hertfordshire, UK). The relative wound density was 

analyzed using the IncuCyte S3 software. Transwell migration and invasion assays A549, 4T1-

rvLuc2 and HeLa cells were plated (75000 cells) on top of a transwell chamber with Matrigel 

(Corning, Tewksbury, MA, USA) under starvation conditions, and complete medium was added 

into the well. After 24 h of incubation with PP-13 or DMSO, cells that reached the bottom of the 

transwell were stained with methylene blue and observed by microscopy (AxioImager M2, Carl 

Zeiss, Jena, Germany). Ten images were obtained per condition and were blinded for 

quantification. Cell invasion was quantified using a fully connected, three-layer back-

propagation neuronal network, as previously described.12 Briefly, the input layer of the network 

was prepared to receive 12 9 12 pixel images, with three-color channels totaling up to 12 9 12 9 

3 input neurons. A total of twenty-four neurons in the hidden layer were utilized. The output 

layer consists of two neurons corresponding to the two classes E (empty space between 

structures) and S (structure) with respect to which each pixel and its neighborhood were 

classified. A training set of ~10-20 images of each kind were created for training. An extended 

training set of ~ five hundred pictures per species was generated by rotating each picture by 
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twenty-four equidistant angles, as well as rescaling to 90, 100, and 110% of the original size. 

Training was performed by (on average) two thousand forward passes per extended training set 

picture, with full error back propagations. Feedforward and error-backward propagations 

employ well-known sigmoidal characteristics based on the logistic function. The target signals 

for the two output neurons were [1, 0] corresponding to E, and [0, 1] corresponding to S, 

respectively. 

In vitro capillary-like tube formation assay  

A 15-well Ibidi angiogenesis microslide (Ibidi, Clinisciences, Nanterren France) was coated 

with 10 µL of Matrigel matrix (Corning) and incubated for 30 minutes at 37°C for gel 

polymerization. Twenty thousand HUVECs were seeded on top of the polymerized gel matrix in 

complete medium with increasing concentrations of PP-13 or 0.1% DMSO. The microslide was 

then placed in a 37°C heated stage in a 5% CO2 humidified atmosphere. Images were acquired 

after 6 h of incubation by a phase-contrast microscope with an Achromat 5×/0.12 NA objective, 

blinded and analyzed using the automated WimTube image analysis tool (Wimasis GmbH, 

Munich, Germany).  

In vivo studies using chick embryo tumor model  

A chick embryo tumor growth and metastasis assay (InOvotion, Grenoble, France) was 

performed as previously described.9 According to French legislation, no ethical approval is 

needed for scientific experimentations using oviparous embryos (decree number 2013–118, 

February 1, 2013; art. R-214–88). Briefly, fertilized white leghorn eggs (SFPA, Hendrix Genetics 

group, Saint Brieuc, France) were incubated at 38°C with 60% relative humidity for nine days. 

The chorioallantoic membrane (CAM) was then dropped, and a 1-cm2 window cut into the 

eggshell above the CAM (at day nine). A total of three million A549 cells were added directly 

onto the CAM of each egg. The eggs were randomly allocated into three groups. Group size was 

determined based on the expertise of InOvotion showing that n ≥ 15 was the minimum number 

of eggs to show significant effects. At day ten, when tumors began to be detectable, the eggs 

were treated every other day for ten days by adding 100 μL of either 50 μmol.L−1 paclitaxel (n 

= 17), 0.13 μmol.L−1 PP-13 (n = 18), or 0.5% DMSO in PBS (vehicle, n = 18) dropwise onto the 

tumor. The concentration of paclitaxel was chosen as a positive control to induce significant 

tumor growth inhibition without toxicity for embryos.  

The concentration of PP-13 has been arbitrarily chosen according to in vitro experiments 

(IC50) and following the expertise of InOvotion. The upper portion of the CAM was then 
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removed, and the tumors were carefully cut away and weighed. In parallel, a 1 cm2 portion of 

the lower CAM was collected, genomic DNA was extracted, and qPCR analysis was performed 

by using primers specific for genomic human Alu/repetitive sequences9 to evaluate the number 

of A549 cells. Finally, scoring the number of dead embryos and looking for morphological or 

functional abnormalities in the surviving embryos was carried out to evaluate the toxicity of the 

treatment.  

In vivo studies using mice tumor model  

All animal studies were performed in accordance with the European Economic 

Community guidelines and the “Principles of Laboratory Animal Care” (NIH publication N 86-23 

revised 1985) and were approved by the institutional guidelines and the European Community 

(EU Directive 2010/63/EU) for the use of experimental animals (authorization for the 

experiment: APAFIS#8854-2017031314338357 v1). 

Six-week-old female NMRI nude mice (Janvier Labs, Le Genest-Saint Isle, France) were 

anesthetized using 4% isoflurane/air for anesthesia induction and 1.5% thereafter, and 

luciferase-modified mouse 4T1 cancer cells (4T1-rvLuc2 cells, 20000 cells per 50 µL) were 

injected into the mammary fat pad. The mice were immediately randomly divided into four 

groups of eight mice, receiving vehicle (0.9% NaCl, 1% DMSO, 30% PEG, 1% Tween-80, referred 

to as control), 0.5 mg.kg-1 paclitaxel, 0.5 mg.kg-1 PP-13, or 1 mg.kg-1 PP-13. Group size was 

determined based on our expertise showing that n ≥ 8 per group was the minimum number of 

mice to show significant effects on metastases. Based on the results obtained on chick embryo 

tumor model showing the effect of PP-13 at very low dose, two low concentrations of PP-13 

were chosen (0.5 and 1 mg.kg-1). Similar low concentration (0.5 mg.kg-1) was chosen for 

paclitaxel to compared this standard chemotherapy with PP-13, and based on preliminary 

experiments showing sub-therapeutic effect of 0.5 mg/kg-1 paclitaxel on tumor and metastases 

growth (data not shown). Intraperitoneal administration of 200 µL of treatment was performed 

three times per week for five weeks. The mice were examined daily for behavior and morbi-

mortality and were weighed three times per week. The primary tumor growth was monitored 

three times per week using a caliper, and the tumor volume was calculated as follows:13 tumor 

volume = length x width² x 0.4. The thoracic metastasis growth was followed once per week by 

in vivo bioluminescence imaging (IVIS KINETIC, Perkin Elmer, Waltham, MA, USA) 5 min after the 

intraperitoneal injection of 150 mg.kg-1 of luciferin (Promega, E1605), as previously described.14 

Twenty-two days after 4T1-rvLuc2 cell implantation, 0.1 mg.kg-1 buprenorphine was injected 

subcutaneously for analgesia and the primary breast tumors were excised under general 
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anesthesia. The mice were carefully observed during the day following the surgery. After five 

weeks, the mice were sacrificed and blood samples were collected by cardiac puncture using a 

heparinized syringe. The lungs, axillary and brachial lymph nodes, kidney and liver were 

harvested for further imaging and/or analyses. 

Ex vivo studies of mice tissue samples  

Blood samples were evaluated for hematological parameters with a medical automated 

hematology analyzer (Micros-60, Horiba ABX, Montpellier, France), and biochemical analyses 

were performed by the Charles Rivers Laboratory (Massachusetts, USA). Bone marrow was 

obtained after having carefully sectioned mice femurs at each joint and flushing the bone cavity 

with PBS. Cells from the plasma and bone marrow samples were washed in PBS, cytospun 

(Cytospin 4, Fisher Scientific, Illkirch, France) and stained with MayGrunwald-Giemsa solution 

(MGG) with the automated XE-5000 Instrument (Sysmex, Roissy, France). Global cell abundance 

evaluation and megakaryocyte and leukocyte counting were then performed for both samples 

by an experienced hematologist. Tumor tissues were frozen in OCT-embedding medium (VWR 

international, Fontenay-sous-Bois, France) and cut into 7 μm thick sections using a 

cryomicrotome for immunohistochemical analyses. Immunohistochemical examinations were 

performed after fixation with 4% paraformaldehyde and staining with anti-CD31 antibody 

(Pharmingen, BD Biosciences, Le Pont de Claix, France), using an AxioImager M2 microscope 

(Carl Zeiss, Jena, Germany). Segmentation of tissues was performed using a fully connected, 

three-layer back-propagation neuronal network, as previously described.12 

Statistical analyses  

All analyses were performed using the GraphPad Prism software (GraphPad Software Inc., 

San Diego, California, USA). Statistical comparisons between two groups or more were 

conducted with Mann-Whitney test, Kruskal-Wallis test, or Friedman test with Dunn’s multiple 

comparisons post hoc test. Statistical comparisons between mice groups among time were 

determined by two-way ANOVA with Bonferroni’s post hoc test. Statistical significance was 

defined for p values ≤0.05. 
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Results and discussion 

PP-13 treatment decreases cancer cell proliferation in vitro  

 To investigate the therapeutic effect of PP-13, we chose three cell lines displaying high 

levels of proliferation, migration and invasiveness: the human HeLa cervical cell line and its 

derivative subclone expressing mEGFP-tubulin and mRFP-H2B (HeLa-EGFP/RFP), the human 

A549 lung cancer cell line, and the mouse 4T1 mammary cancer cells expressing mRFP-H2B (4T1-

RFP) or luciferase (4T1-rvLuc2). We first analyzed the toxicity of PP-13 in these cell lines cultured 

in monolayers or in 3D-spheroids. PP-13 had a significant effect on the proliferation of these cell 

lines, strongly reducing their viability (Fig. 1A). The IC50 values of PP-13 (50% growth inhibition) 

were relatively similar for the three cell lines cultured in monolayers (Table 1).9 These IC50 

values did not vary significantly when the cells were grown in spheroids, except for A549 (Table 

1 and Fig. 1A and 1B). Indeed, the A549 spheroids appeared to strongly resist PP-13 treatment 

compared to A549 cells in the monolayer cell culture. Similar effects were observed in these cell 

lines with the reference antimitotic chemotherapy paclitaxel (Table 1 and Fig. 1). We have shown 

that paclitaxel has a reducing effect on 4T1 cell viability in 2D culture compared to A549 (~five-

fold lower) and HeLa (~ten-fold lower) cells, thus reflecting the resistance of 4T1 cells to 

paclitaxel. In addition, although 4T1-RFP spheroids were surprisingly more sensitive to low doses 

of paclitaxel than monolayer 4T1-RFP cells, high concentrations of paclitaxel failed to inhibit 

more than 50% of the cell proliferation of both A549 and 4T1 spheroids. Thus, PP-13 affected 

the proliferation of invasive cells in vitro, including those that are resistant to paclitaxel. 
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Figure 1. Viability of cancer cells treated with PP-13 or paclitaxel. (A) A549, 4T1 mRFP-H2B (4T1-
RFP), and HeLa mEGFP-α-tubulin mRFP-H2B (HeLaEGFP/RFP) were cultured in two-dimensions (2D) 
or in spheroids, and treated for 72 h with increasing concentrations of PP-13 (left) or paclitaxel 
(right), and the cell viability was assessed. Data represent the mean ± SD from three independent 
experiments, each performed in triplicate. (B) Representative images of treated spheroids are 
shown; Scale bars: 100 µm.  

PP-13 treatment induces mitotic blockade in cancer cell spheroids  

We previously demonstrated that PP-13 induced a transient mitotic blockade by 

interfering with mitotic spindle organization and microtubule dynamics in monolayer cell 

cultures.9 Here, we analyzed the effect of PP-13 on mitosis in spheroids. The cell viability of 

HeLaEGFP/RFP spheroids was not impacted by a short 24 h treatment of 200 nmol.L-1 PP-13 

(data not shown). Alpha-tubulin and phosphorylated histone H3 (H3P), a marker of late G2/M 

cell cycle phase, were analyzed by confocal microscopy on HeLa-EGFP/RFP spheroid sections 

(Fig. 2A). We observed that PP-13 led to mitotic defects, including multiple misoriented and 

shortened mitotic spindles (green arrows) associated with chromosomes miscongression (blue 

arrows). In addition, we showed a significant increase in the level of H3P after 24 h of PP-13 

treatment, reflecting the strong accumulation of cells in mitosis in the HeLa-EGFP/RFP spheroids 

(Fig. 2C). As expected, paclitaxel also enhanced the level of H3P in HeLaEGFP/RFP spheroids but 

to a lower extent than PP-13 and with an effect mainly on the cells at the periphery of the 

spheroids (Fig. 2B and 2C). Accumulation of H3P in response to PP-13 treatment was also 

increased in A549 spheroids compared to untreated control (Fig. 2C), and was confirmed by 

western blot of the three spheroid types (Fig. 2D). Finally, after 72 h of PP13 treatment, the 

HeLa-EGFP/RFP spheroids showed a significant increase in cleaved caspase-3 (Fig. 2E and 2F). 

Therefore, in spheroid cultures, PP-13 induced mitotic spindle disorganization, mitotic blockade, 

inhibition of cell growth and apoptosis. 
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Figure 2. Effects of PP-13 on cancer cell spheroids. HeLa mEGFP-tubulin mRFP-H2B (HeLa-
EGFP/RFP) spheroids were treated with vehicle (control), 200 nmol.L-1 PP-13, or 15 nmol.L-1 
paclitaxel for 24 h (A-D) or for 72 h (E-F). A549 spheroids were treated for 24 h with vehicle (control) 
or 10 µmol.L-1 PP-13 (C-D). 4T1 mRFP-H2B (4T1-RFP) spheroids were treated for 24 h with vehicle 
(control) or 200 nmol.L-1 PP-13 (D). (A) Representative confocal microscopy images of 
microtubules (α-tubulin-EGFP) and phosphorylated histone H3 (H3P, a marker of late G2/M cell 
cycle phase) immunodetection in spheroid sections treated with vehicle (control) or PP-13. In 
purple: H3P, in green: α-tubulin, in red: H2B-RFP, in blue: Hoechst-stained nuclei. The green and 
blue arrows indicate multipolar mitotic spindles and miscongressed chromosomes, respectively. 
Scale bars: 50 µm and 10 µm. (B) Representative confocal microscopy images of H3P analyzed by 
immunofluorescence on spheroids sections treated with vehicle (control), or paclitaxel. In pink: 
H3P, in blue: Hoechst-stained nuclei. Scale bars: 50 µm. (C) The percentage of H3P was calculated 
as the number of H3P-positive cells in control (n = 7, HeLa-EGFP/RFP; n=11, A549), PP-13 (n = 13, 
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HeLa-EGFP/RFP; n=11, A549), or paclitaxel (n = 9, HeLa-EGFP/RFP) spheroids, with two or three 
sections per spheroid. Data are expressed as the mean ± SD. *** p < 0.0001 between control and 
treated conditions; Mann-Whitney U-test. (D) Western blot analysis of H3P in A549, 4T1-RFP, or 
HeLa-EGFP/RFP pooled spheroids (n = 10 spheroids in each condition). Actin was used as a loading 
control. Values indicate relative H3P/actin ratio. (E) Representative confocal microscopy images of 
cleaved caspase-3 immunodetection in spheroid sections. In purple: cleaved caspase-3, in green: 
α-tubulin, in red: H2B-RFP, in blue: Hoechst-stained nuclei. Scale bars: 50 µm. (F) Quantification of 
cleaved caspase-3 in spheroids (control, n = 9 spheroids; PP-13, n = 7 spheroids; with two or three 
sections per spheroids). Data are expressed as the mean ± SD. *** p < 0.0001 between control and 
treated conditions; MannWhitney U-test. 

PP-13 inhibits angiogenesis in vitro  

Because most of the microtubule-targeting agents also exhibit antiangiogenic properties3, 

6, 15, 16 we investigated the effects of PP-13 on capillary-like structure formation in vitro using 

HUVECs plated on a Matrigel basement membrane. In control conditions, endothelial cells 

aligned and formed organized networks of capillary-like structures after 6 h (Fig. 3A). PP-13 

treatment reduced the total number of branching points, the number of loops, the length of the 

tubes, and the total cell-covered area compared to the control (Fig. 3B). Altogether, PP13 altered 

the ability of HUVECs to form tube-like structures. The concentrations of PP-13 that were used 

had limited impact on HUVEC proliferation (Fig. 3C). Hence, this suggested that PP-13 displayed 

antiangiogenic properties in vitro.  

 
Figure 3. In vitro effects of PP-13 on angiogenesis. HUVECs were treated with vehicle (control) or 
increasing concentrations of PP-13, as indicated, for 6 h. (A) Capillary-like tube formation assay: 
representative images of the HUVEC capillary-like tube formation in each condition. Scale bar: 200 
µm. (B) Quantification of the tube length, the cell-covered area, the number of loops and the 
number of branching points. Data are expressed as the mean ± SD and as the percentages of vehicle 
condition to control the seeding variations between the experiments (n = 5). * p < 0.05; ** p < 0.01; 
*** p < 0.001 between control and treated conditions; Kruskal-Wallis test with Dunn’s multiple 
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comparisons post hoc test. (C) HUVEC cell viability was assessed. Data represent the mean ±SD (n 
≥ 3).  

PP-13 inhibits the migration of cancer cells in vitro  

Given the essential role of microtubules in cell motility, we investigated whether the PP-

tubulin inhibitor impacted HeLa, A549, and 4T1-rvLuc2 cell migration and invasiveness in vitro. 

The impact of PP-13 on the motility of cells was examined using an in vitro wound healing assay. 

We observed that PP-13 significantly reduced the motility of the three cell lines in a dose-

dependent manner, and as paclitaxel (Fig. 4A and 4B). The effect of PP-13 on invasive migration 

was assessed with Matrigel in transwell chambers. PP-13 exerted a strong inhibitory effect on 

the invasion of the three cell lines (Fig. 4C and 4D). Paclitaxel also inhibited the invasion of these 

cells. These results indicated that PP-13 is able to slow down cell motility and invasion in vitro. 
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Figure 4. In vitro effects of PP-13 on cancer cell migration and invasion. (A-B) Wound-healing assay 
in A549, HeLa, and 4T1-rvLuc2 cells treated with vehicle (control) or increasing concentrations of 
PP-13 or paclitaxel for 12 h. (A) Representative images from wound-healing assay experiment at 0 
h and 12 h. Cells were treated with vehicle (control), 1 µmol.L-1 (A549 and HeLa) or 0.5 µmol.L-1 
(4T1-rvLuc2) PP-13, 20 nmol.L-1 (HeLa) or 50 nmol.L-1 (A549) or 200 nmol.L-1 (4T1-rvLuc2) 
paclitaxel. The white lane delineates the edges of the wound. (B) Relative wound density over time 
in cells treated as indicated. The relative wound density at 0 h is arbitrarily set to 0%. Data are 
expressed as the mean ± SD. Experiments were performed at least five times in triplicate. * p < 
0.05; ** p < 0.01; *** p < 0.001 compared to control or treated conditions as indicated; Friedman 
test with Dunn’s multiple comparisons post hoc test. (C, D) Matrigel invasion assay of A549, 
4T1rvLuc2 and HeLa cells treated treated with vehicle (control), 200 nmol.L-1 (4T1-rvLuc2) or 500 
nmol.L-1 (A549, HeLa) PP-13, or 20 nmol.L-1 (HeLa), 40 nmol.L-1 (A549), or 150 nmol.L-1 (4T1-
rvLuc2) paclitaxel for 24 h. (C) Representative images from methylen-blue stained cells treated 
with vehicle (control), PP-13, or paclitaxel. The red squares show the quantified cells. (D) 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF BIOCOMPATIBILITY OF NANOSTRUCTURED MATERIALS ON IN VITRO AND IN VIVO MODELS 
Anna Barbara Orlowska



 
326 

Quantification of invasion of cells treated with vehicle (control), PP-13, or paclitaxel. Cells were 
counted in ten fields per condition and in three independent experiments. Data are expressed as 
the mean ± SD and as the percentages of vehicle condition to control variations between the 
experiments. * p < 0.05; ** p < 0.01  between control and treated conditions; Mann-Whitney U-
test. 

PP-13 inhibits the migration of cancer cells in vivo  

 We previously showed that PP-13 reduces tumor growth and metastatic invasion in vivo 

by using H358 NSCLC cells engrafted onto chicken chorioallantoic membranes (CAMs).9 Here, 

we used A549 NSCLC cells engrafted onto the CAMs to evaluate the efficacy of PP-13 on the 

migration of invasive cancer cells. The tumors were treated every other day with vehicle 

(control), PP-13, or paclitaxel (Fig. 5A). At the end of the experiment, the tumors were recovered 

from the upper CAMs and weighed. We used a very low concentration of PP13 (0.13 μmol.L-1) 

compared to the > 10 µmol.L-1 PP-13 IC50 in the A549 spheroid cell culture (Table 1), which did 

not inhibit A549 tumor growth (Fig. 5B). Analysis of the presence of A549 cells at the lower CAM 

by qPCR, allowing for the accurate detection of tumor cell dissemination, showed that this low 

dose of PP-13 significantly reduced the metastatic ability of A549 cells compared to the control 

(Fig. 5C). Paclitaxel was used as a positive control at a concentration known to inhibit A549 

tumor growth and metastatic dissemination without inducing significant toxicity (Fig. 5B and 

5C).9 These results suggested that PP-13 inhibited invasion in vivo. Furthermore, treatment with 

PP-13 did not significantly increase the mortality (two embryos died in the control group, and 

one embryo died in both paclitaxel and PP-13-treated groups) or abnormalities (no abnormality 

observed on surviving embryos for the different experimental groups) on chicken embryos, 

indicating that it was well tolerated. 

Table 1. Sensitivity of cancer cell lines to PP-13 and paclitaxel. 

 
The drug concentrations required to inhibit cell growth by 50% (IC50) at 72 h in HeLa cells, HeLa 
mEGFP-α-tubulin and mRFP-H2B cells (HeLa-EGFP/RFP), A549 cells, 4T1 mRFP-H2B cells (4T1-RFP) 
and 4T1-rvLuc2 cells cultured in 2D-monolayer (2D) or spheroids. Data represent the mean ± SD of 
three independent experiments, each performed in triplicate. 
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PP-13 impairs tumor progression and metastasis in an allogeneic breast cancer model  

To further evaluate the effect of PP-13 on tumor growth and metastasis formation, we 

used the allogeneic model of 4T1-rvLuc2 cell engraftment in the mammary fat pads of mice. We 

chose this model because once engrafted orthotopically in the mammary gland, 4T1-rvLuc2 

mouse cancer cells metastasize to multiple distant sites (lymph nodes, lungs, liver, bone, brain), 

thus mimicking human breast cancers.17 As soon as the 4T1-rvLuc2 cells were inoculated, the 

mice were randomly divided into four groups: one control group, one group treated with 

paclitaxel (0.5 mg.kg-1) and two groups treated with PP-13 (0.5 and 1 mg.kg-1) (Fig. 5D). The low 

concentrations of PP-13 were chosen based on the results obtained on chick embryo tumor 

model showing an inhibitory effect of PP-13 at very low dose, and were compared to the same 

concentration of the standard chemotherapy paclitaxel. Intraperitoneal injections of each 

treatment were performed three times per week. The tumor progression was not affected at 

early time points, but the final tumor volumes were significantly lower after three weeks for the 

two groups treated with PP-13 in this rapidly progressing breast cancer model (Fig. 5E). The 

potential antiangiogenic activity of PP-13 in vivo was assessed sections performed on primary 

tumors stained with an anti-CD31 antibody. The microvessel density was counted and showed 

no significant difference between the treatments at the concentrations used and at this time-

point (Fig. 5F).  
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Figure 5. Effects of PP-13 in vivo. (A) Schematic representation of the in ovo assay principle. A549 
cells were engrafted onto chick embryo chorioallantoic membranes (CAMs) at E9, were 
randomized into three groups, and treatments with 0.5% DMSO (control, n = 18), 50 µmol.L-1 
paclitaxel (positive control of tumor growth inhibition, n = 17), or 0.13 µmol.L-1 PP-13 (low dose, 
n = 18) were administered every other day for 10 days. (B) Tumors were excised and weighted at 
the end of the treatments. The histogram represents the effect of treatments on A549 tumor 
weight (means ± SEM, n = 16). *** p < 0.001 compared to control; Kruskal-Wallis test. (C) The 
presence of A549 cells in the lower CAM at the end of the experiment was evaluated by qPCR in 
ten random embryos per group. The histogram represents the effect of treatments on A549 
metastases in the lower CAM (means ± SEM, n = 10). The relative amount of metastases in the 
lower CAM in the control group is arbitrarily set to one to control interindividual variations. *** p 
< 0.001 compared to control; Kruskal-Wallis test. (D) Schematic representation of orthotopic breast 
tumors and metastatic growth and of the treatment plan. The mice were inoculated with 4T1-
rvLuc2 cells and randomized into four groups of eight mice. Vehicle (control), 0.5 mg.kg-1 
paclitaxel, or 0.5 or 1 mg.kg-1 PP-13 were administered intraperitoneally three times a week. 
Thoracic bioluminescence imaging was performed once a week for five weeks. After three weeks, 
the primary tumors were resected. (E) Primary tumor volume. Data represent the mean ± SEM in 
each group (n = 8). *** p < 0.001 compared to control group; two-way ANOVA with Bonferroni 
post hoc test. (F) Histogram shows the CD31 positive staining quantification on frozen 4T1-tumor 
sections, expressed as the mean ± SD. The CD31 levels were determined after counting positive 
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stained blood vessel area as described in methods, in three sections per tumor and in three tumors 
per group.  

No significant difference between the treatments was observed in Ki67 immunostaining 

either (data not shown). In vivo bioluminescence imaging was used to follow the development 

of thoracic metastases before and after primary tumor resection. Paclitaxel had no effect on the 

bioluminescence signal compared to the control treatment and even slightly enhanced it at day 

28 (Fig. 6A and 6B). In contrast, the signal of thoracic metastasis was reduced with PP-13 

treatment. Of note, both PP-13 and paclitaxel treatment reduced the number of mice with 

thoracic metastases compared to the control treatment from 2 weeks of treatment (Table 2). 

These results were confirmed by measuring bioluminescence in the lungs ex vivo at the end of 

the experiment (day 35) (Fig. 6C). This showed a non-significant 66% reduction in the lung 

metastasis signal in mice treated with 1 mg.kg-1 PP-13 compared to control mice (Fig. 6D). 

Table. 2. PP-13 decrased the number of mice with thoracic and lymp node metastases 

 
Mice with 4T1-rvLuc2 tumors were treated with vehicle (control), paclitaxel 0.5 mg.kg−1, or PP-13 
(0.5 and 1 mg.kg−1) (see Fig. 5D). Number and percentages of mice with thoracic metastases at 
day 14, and with invaded axillary and brachial lymph nodes at day 35 are shown in each group. 
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Figure 6. Effects of PP-13 on thoracic metastases in orthotopic breast tumor model. Mice with 4T1-
rvLuc2 tumors were treated with vehicle (control), paclitaxel 0.5 mg.kg-1, or PP-13 (0.5 and 1 
mg.kg-1), 3 times a week (see Fig. 5D). (A) In vivo bioluminescence images of the thoracic 
metastases (ventral view) in one representative mouse per group at day twenty eight. (B) Overtime 
quantification of in vivo bioluminescence signal in thoracic areas over the duration of the 
experiment (ventral and dorsal views). Data are expressed as the mean ± SEM (n = 8). * p < 0.05; 
**** p < 0.0001 compared to control or to paclitaxel-treated groups; twoway ANOVA with 
Bonferroni post hoc test. (C) Ex vivo bioluminescence images of lungs at the end of the experiment 
(day 35). (n = 8, except in paclitaxel-treated group, n = 7). (D) Ex vivo bioluminescence signal in 
each lung at the end of the experiment (day 35). Bars: mean bioluminescence signal (n = 8, except 
in paclitaxel-treated group, n = 7). Number indicates the reduction (%) in mean bioluminescence 
signal in 1 mg.kg-1 PP-13-treated group, compared to control group. 

In addition, ex vivo, the axillary and brachial lymph nodes showed a significant decrease 

in signal in both of the PP-13-treated groups compared to the control and paclitaxel-treated 

groups (Fig. 7A and 7B). The percentage of mice with axillary and brachial lymph node 

metastases was reduced in a dose-dependent manner in the PP-13-treated groups compared to 

the control and paclitaxel treated groups (Table 2), as was the number of metastatic axillary and 
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brachial lymph nodes (Fig. 7A). Taken together, these results showed that PP-13 decreased 

tumor and metastatic dissemination in this breast cancer model. 

 
Figure 7. Effects of PP-13 on lymph node metastases. Axillary and brachial lymph nodes were 
collected at the end of the experiment (day thirtyfive) in 4T1-rvLuc2 mice treated as indicated. (A) 
Ex vivo bioluminescence images of lymph nodes. RA, right axillary lymph node; LA, left axillary 
lymph node; RB, right brachial lymph node; LB, left brachial lymph node. Each line shows the lymph 
nodes of one mouse (n = 8, except in paclitaxel-treated group, n = 7). Numbers indicates the 
invaded lymph nodes and their percentages in each group. (B) Ex vivo bioluminescence signal in 
each lymph node. Bars: median bioluminescence signal (n = 32 lymph nodes/group, 8 mice/group 
except in paclitaxel-treated group: 7 mice, 28 lymph nodes). * p < 0.05; *** p < 0.001; **** p < 
0.0001 compared to control or treated groups; Kruskal-Wallis with Dunn’s multiple comparisons 
post hoc test. ns, not significant. 

PP-13 shows no adverse side effects in vivo  

We assessed the toxicity of PP-13 and paclitaxel in vivo. There was no body-weight loss in 

the control and PP-13-treated mice over the course of the experiment, while mice exposed to 

paclitaxel displayed a significant decrease in body weight at the end of the experiment (Table 

3). In addition, one of the eight mice in each of the paclitaxel and control groups died before the 

end of the experiment probably because of tumor progression, while all PP-13-treated mice 

survived suggesting that PP-13 may control tumor progression. We paid particular attention to 

some of the side effects described for conventional spindle poisons in patients. Serum 
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biochemical analysis showed significant decreases in phosphorus, creatinine, and glucose in 

paclitaxel-treated mice compared to the control group (Table 4). No significant changes in serum 

biochemical values were reported in PP-13-treated mice, except a small and isolated decrease 

in blood urea nitrogen that did not reflect any renal toxicity in this context. In addition, 

macroscopic analyses of the organs of the treated mice did not show evidence of damage (data 

not shown). Hematological analysis of the blood and bone marrow cells from mice treated with 

PP-13 did not reveal any apparent signs of myelosuppression or other hematological 

abnormalities compared to the control (Table 5). In contrast, paclitaxel treatment led to a 

significant reduction in the white blood cell (WBC) count and a slight increase in the mean 

corpuscular hemoglobin concentration (MCHC). 

Overall, these data suggest that PP-13 displays a favorable safety profile, as it slows both 

tumor and metastasis progression and is well tolerated at these doses compared to the control 

and paclitaxel. 

Table 3. Mice body-weight. 

 
Mice with 4T1-rvLuc2 tumors were treated with vehicle (control), paclitaxel 0.5 mg.kg−1, or PP-13 
(0.5 and 1 mg.kg−1) (see Fig. 5D). Mice body-weight is expressed as mean ± SEM (n=8, except in 
paclitaxel-treated group at day 35, n=7), and as percentage of initial body-weight (day 0). * p < 
0.05; two-way ANOVA with Bonferroni post-test (day 35 compared today 28). 
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Table 4. Biochemical analyses of mice. 

 
Plasma biochemical values of mice after control, paclitaxel or PP-13 treatments were assessed. 
Data represent the mean ± SD of 6 mice per group. Data were analyzed using Mann-Whitney U 
test. * Significant as compared to control group. 

Table 5. Hematological and bone marrow analyses of mice. 

 
Complete blood count and white blood cells count and evaluation of the global cell abundance and 
megakaryocyte and leukocyte counts in the bone marrow, frommice treated with control, 
paclitaxel, or PP-13. Data represent the mean ± SD of 8 mice per group.NS: not significant. # From 
score 1 (low abundance) to score 4 (high abundance). Data were analyzed using one-way analysis 
of variance. 
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Discussion  

The new pyrrolo[2,3d]pyrimidine-based colchicine-binding site agent PP-13 showed 

promising anticancer properties in vitro.9 In this study, we explored the therapeutic potential of 

PP-13, particularly in conditions leading to invasive cancer cell phenotype, and compared the 

effects of PP-13 with those of paclitaxel, a widely used tubulin-targeting agent in solid tumors. 

We showed that PP-13 inhibited proliferation, migration and angiogenesis in vitro, which may 

potentiate its antineoplastic activity, and reduced metastatic dissemination in paclitaxel-

resistant tumors in vivo, with no detectable adverse side effects. We confirmed the in vitro 

antitumor effects of PP-13 in spheroids. The PP-13-treated spheroids showed enhanced H3P 

levels associated with defects in mitotic spindle organization and chromosome congression, thus 

confirming in three-dimensions models that PP-13 induced an early mitotic blockade. Late 

caspase-3-dependent apoptotic mechanisms contributed to the decrease in spheroid growth, as 

was previously described in two dimensions cell cultures.9 Spheroids are currently considered to 

be a more suitable model than monolayer cell cultures because they better mimic the in vivo 

three-dimensions tumor environment and cell-cell and cell-extracellular matrix interactions.18-20 

Large spheroids (≥ 300 µm diameter), such as those generated in our experiments, display a 

hypoxic core resulting from chemical gradients of oxygen and nutrients that are correlated with 

chemoresistance, as reported in developing tumors.21 We observed differences in the IC50 

values of PP-13 between monolayer cell culture and spheroids. In particular, A549 cells were 

resistant to PP-13 when cultured in spheroids, in contrast to monolayer cell culture, suggesting 

that the effect of PP-13 observed on two-dimensions-culture cell proliferation is reduced in 

spheroids. The presence of various environmental factors affecting the tumor development 

(e.g., cell–cell adhesion, cell-cycle distribution, local pH, extracellular matrix)20 could explain the 

lower sensitivity of spheroid cancer cells to drugs compared to two dimensions cell cultures, as 

was also observed in different in vivo tumor models.22-24 The physicochemical properties of PP-

13 could also be responsible for the lower sensitivity in three-dimensions cell culture.  

Despite opposite mechanisms of action (microtubule stabilization or depolymerization),3 both 

PP-13 and paclitaxel lead to the disruption of the microtubule organization and the induction of 

cancer cell cycle arrest and apoptosis. 

Angiogenesis and cancer cell migration are attractive therapeutic targets.25 The widely 

used capillary-like tube formation assay aids in studying the effects of new molecules on many 

steps of neoangiogenesis, including endothelial cell adhesion, migration, and tubule formation.26 

With this approach, we showed that PP-13 interfered with the tubule assembly in vitro by 

decreasing both the number of loops and branch nodes, the total length of the formed tubes 
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and the cell-covered area. Using in vivo 4T1 primary breast tumor models, we did not observe 

any impact of PP-13 on microvessel density, suggesting that such PP-13 concentrations were 

inadequate to induce antiangiogenic activities and/or that the study time was not suitable to 

inhibit endothelial cells in vivo in this rapidly progressing breast cancer orthotopic model. 

PP-13 inhibited cell motility and invasion both in vitro and in vivo. In vitro, we found that 

PP-13 inhibited cancer cell migration in the three metastatic tumor cell types. In addition, PP13 

reduced metastatic invasion in H3589 and A549 NSCLC cells engrafted onto chicken CAMs at 

concentrations that did not inhibit cell proliferation in A549 spheroids. Accordingly, PP-13 did 

not inhibit A549 tumor growth in chicken CAMs. This confirmed the lower effect of PP-13 on cell 

proliferation in spheroids and in vivo compared to monolayer cell culture. The orthotopic mouse 

model of breast cancer that was used is clinically relevant to predict the influence of the organ 

microenvironment on tumor cell behavior and to study the cancer cell invasion and metastatic 

growth.27 Although PP-13 did not inhibit in vivo tumor cell migration and metastasis seeding at 

the concentrations used, we observed that the growth of the metastases was delayed, and their 

size remained small in both lungs and lymph nodes when the cells migrated from the primary 

tumor. Although PP-13 had both antiproliferative and antimigration effects in vitro, the in vivo 

experiments indicated that the effect of the drug on the inhibition of invasion was stronger than 

its antiproliferative effects. 

Overall, our data indicate that PP-13 could be a potent agent to decrease the growth of 

both primary tumors and their metastases, especially for triple-negative breast cancers (TNBC), 

which account for nearly 15% of breast cancers and have poor therapeutic options and 

prognoses.28 The 4T1 allogeneic transplant mouse model mimics TNBC in humans and is 

associated with a high propensity to metastasize, primarily in the lymph nodes and lungs. The 

therapeutic arsenal for TNBC mainly consists of anthracyclines and taxane-based 

chemotherapies; however, the emergence of resistance and frequent tumor recurrence support 

the need to identify alternative drugs for the management of refractory tumors. The 4T1 model 

thus represents an interesting approach to screen new molecules for TNBC therapy, especially 

since it spontaneously metastasizes in the same regions as in TNBC and easily develops 

resistance to chemotherapies classically used in TNBC.29, 30 Compared to paclitaxel, which was 

used as a reference treatment to reduce metastasis while limiting the adverse effects, PP-13 

moderately inhibited primary tumor growth and delayed metastatic growth. 

PP-13 treatment did not show any sign of toxicity compared to the controls; there was 

notably an absence of myelosuppression, which is classically observed with conventional 

antimitotic drug treatments or colchicine binding-site agents.3 At the same dose, paclitaxel led 

to a significant decrease in white blood cell count, as has been previously reported,31 as well as 
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a slight reduction in plasma glycaemia, phosphorus and creatinine and an increase in MCHC. 

Further investigations with higher concentrations of PP-13 will be needed to establish the 

maximal antitumor effect of PP-13, and the therapeutic index of the molecule, and long-term 

survival. In addition, PP-13 has no kinase activity9 but may target other molecule than tubulin, 

that remains to determine. 

In summary, PP-13 significantly reduced the cancer cell migration and neoangiogenesis 

processes in vitro. PP-13 also led to a reduction in both tumor growth and metastatic 

dissemination in vivo in a mouse orthotopic TNBC model without any significant toxicity. These 

findings suggest that PP-13 should be an efficient anticancer therapy and an alternative option 

to conventional spindle poisons such as taxanes or vinca-alkaloids. 
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Supplementary Data 

 
Figure S1. Viability of cancer cells treated with PP-13 or paclitaxel. A549, 4T1 mRFP-H2B (4T1-RFP), 
and HeLa mEGFP-α-tubulin mRFP-H2B (HeLa-EGFP/RFP) were cultured in 2D or in spheroids, and 
treated for 72 h with increasing concentrations of PP-13 or paclitaxel as indicated. The cell viability 
was assessed. Data represent the mean ± SD from 3 independent experiments. Representative 
images of spheroids are shown. 
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Figure S2. Effects of PP-13 on HeLa-EGFP/RFP spheroids. HeLa mEGFP-α-tubulin mRFP-H2B (HeLa-
EGFP/RFP) spheroids were treated for 24 h with vehicle (control), or 200 nmol.L-1 PP-13. (A) 
Representative images of HeLa-EGFP/ RFP spheroids visualized by a spinning disk confocal laser 
video microscope (Andromeda iMic, FEI, Munich, Germany) equipped with a Plan-Apochromat 
20X/1.4 oil objective and an EMCCD camera iXion3897 (Andor, Belfast, UK). In red: H2BRFP, in 
green: α-tubulin-EGFP. Scale bars: 50 μm. (B) Cell viability of spheroid cells was assessed at 24 h. 
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Figure S3. Effects of PP-13 on A549 spheroids. A549 spheroids were treated for 24 h with vehicle 
(control) or PP-13 (10 µmol.L-1). (A) Cell viability of A549 spheroids after 24 h control or PP-13 
treatment. (B) Representative confocal microscopy images of phosphorylated histone H3 (H3P) 
analyzed by immunofluorescence on A549 spheroid sections. In pink: H3P, in blue: Hoechst-stained 
nuclei. Scale bars: 50 µm. (C) Quantification of H3P in A549 spheroids. The percentage of H3P was 
calculated as the number of H3P-positive cells in 11 control spheroids and 11 treated spheroids, 
with 2 or 3 sections per spheroid. *** p < 0.0001 between control and treated conditions, Mann-
Whitney U-test. 
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Figure S4. Effects of paclitaxel on HeLa-EGFP/RFP spheroids. HeLa-EGFP/RFP spheroids were 
treated for 24 h with vehicle (control), or 15 nmol.L-1 paclitaxel. (A) Representative images of 
spheroids were visualized by a spinning disk confocal laser videomicroscope (Andromeda iMic, FEI, 
Munich, Germany) equipped with a Plan-Apochromat 20X/1.4 oil objective and an EMCCD camera 
iXion3897 (Andor, Belfast, UK). In red: H2B-RFP, in green: α-tubulin-EGFP. Scale bars: 50 µm. (B) 
Cell viability of spheroid cells was assessed at 24 h. (C) Representative confocal microscopy images 
of H3P analyzed by immunofluorescence on HeLa-EGFP/RFP spheroids sections. In pink: H3P, in 
blue: Hoechst-stained nuclei. Scale bars: 50 µm. (D) Quantification of H3P in HeLa-EGFP/RFP 
spheroids treated with paclitaxel. The percentage of phosphorylated histone H3 (H3P) was 
calculated as the number of H3P-positive cells in 10 control and 9 paclitaxeltreated spheroids, with 
2 or 3 sections per spheroid. *** p < 0.0001 between control and treated conditions, Mann-
Whitney U-test. 
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Figure S5. Effect of PP-13 on HUVECs viability. HUVECs were treated with vehicle (control) or 
increasing concentrations of PP-13 as indicated for 6 h, and cell viability was assessed. Data 
represent the mean ± SD from ≥ 3 experiments. 

 
Figure S6. In vitro effects of paclitaxel on cancer cell migration. Wound-healing assay in A549, 4T1-
rvLuc2 and HeLa cells treated with DMSO (control) or paclitaxel as indicated. (A) Representative 
images from wound-healing assay experiment at 0 h and 12 h. Cells were treated with DMSO 
(control) or 50 nmol.L-1 (A549), 200 nmol.L-1 (4T1-rvLuc2), and 20 nmol.L-1 (HeLa) paclitaxel. The 
white lane delineates the edges of the wound. (B) Graphs represent the relative wound density 
among time in cells treated with DMSO (control) or 10 and 50 nmol.L-1 (A549), 45 and 200 nmol.L-
1 (4T1rvLuc2), and 4 and 20 nmol.L-1 (HeLa) paclitaxel. Data are expressed as mean ± SD. * p < 
0.05; *** p < 0.001, compared to control (Friedman test with Dunn’s multiple comparisons test). 
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Figure S7. In vitro Matrigel invasion assay.(A) Representative images from methylen-blue stained 
cells treated with vehicle (control), 200 (4T1-rvLuc2), or 500 (A549, HeLa) nmol.L-1 PP-13, or 20 
(HeLa), 40 (A549), or 150 (4T1-rvLuc2) nmol.L-1 paclitaxel. The red squares show the quantified 
cells. (B) Histograms represent the quantification of invasion of A549, 4T1-rvLuc2 and HeLa cells 
treated with vehicle (control), 20 (HeLa), 40 (A549), or 150 (4T1-rvLuc2) nmol.L-1 paclitaxel. 
Counting of cells was performed using a fully connected, three-layer back-propagation neuronal 
network, as previously described (Zheng et al. 2004, Cytom Part A). 
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Figure S8. PP-13 did not induce toxicity in chicken embryos. A549 cells were xenografted on chick 
embryochorioallantoic membranes (CAMs), and treatments with 0.5% DMSO (control), 50 µmol.L-
1 paclitaxel (positive control of tumor growth inhibition), or 0.13 µmol.L-1 PP-13 (low dose) were 
administered. (A) The table shows the numbers of dead and surviving embryos for the different 
experimental groups after 10 days of treatment. (B) The table shows the numbers of  abnormality 
observed on surviving embryos for the different experimental groups after 10 days of treatment. 
0 = no abnormality. 
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Figure S9. Immunostaining of mice tumor sections and quantification. Hematoxylin and eosin (HE) 
staining, and CD31 immunostaining on frozen 4T1-tumor sections from mice treated with vehicle, 
paclitaxel (0.5 mg/kg) or PP-13 (0.5 and 1 mg/kg). Tumor tissues were frozen in OCT-embedding 
medium (VWR international, Fontenay-sous-Bois, France) and cut into 7 µm thick sections using a 
cryomicrotome for immunohistochemical analysis. Histological observations were performed after 
fixation with 4% paraformaldehyde and staining with HE. One representative image of one tumor 
in each group is shown. Dotted lines delineate necrosis zones. Magnification x2.5. 
Immunohistochemical examinations were performed after fixation with 4% paraformaldehyde and 
staining with anti-CD31 antibody, using an AxioImager M2 microscope (Carl Zeiss, Jena, Germany). 
One representative magnification of one tumor in each group is shown. Bar, 100 µm. The CD31 
levels were determined as shown in the segmentation pictures after counting positive stained 
blood vessel area (blue and green colors) in 3 sections per tumor and in 3 tumors per group. One 
representative magnification of one segmentation in each group is shown. Segmentation of tissues 
was performed using a fully connected, three-layer back-propagation neuronal network, as 
previously described (Zheng et al. 2004, Cytom Part A). Blue and green: CD31-stained blood vessels; 
red: nuclei. Histogram shows the CD31 positive staining expressed as the mean ± SD. 
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Figure S10. Effects of PP-13 on orthotopic breast tumor model in vivo. Mice with 4T1-rvLuc2 
tumors were treated with vehicle (control), paclitaxel 0.5 mg/kg, or PP-13 (0.5 and 1 mg/kg), 3 
times a week. (A) In vivo thoracic bioluminescence image of each mouse at day 14. (B) Percentage 
of mice with and without thoracic metastases at day 14 in each group (n = 8). Numbers indicate 
the reduction in mice with lung metastases in each treatment group, compared to control group. 
(C) Ex vivo bioluminescence images of lungs at the end of the experiment (day 35). (D) Ex vivo 
bioluminescence signal in each lung at the end of the experiment (day 35). Bars: mean 
bioluminescence signal (n = 8). Number indicates the reduction in mean bioluminescence signal in 
1 mg/kg PP-13-treated group, compared to control group. 
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Figure S11. Effects of PP-13 on orthotopic breast tumor model in vivo. (A) Mice body-weight at day 
0, day 28 and day 35 in each group. Data represent the mean ± SEM and are expressed as 
percentage of initial weight (n = 8). * p < 0.05, two-way ANOVA with Bonferroni post-tests; NS not 
significant. (B) Percentage of mice dead or alive at the end of the experiment (day 35) in each group 
(n = 8). 

 
Figure S12. Biochemical analyses of mice. Plasma biochemical values of mice after control, 
paclitaxel or PP-13 treatments were assessed. Data represent the mean ± SD of 6 mice per group. 
Data were analyzed using one-way analysis of variance. 
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Figure S13. Hematoxylin and eosin (HE) staining on frozen liver and kidney sections from 4T1-mice 
treated with vehicle, paclitaxel (0.5 mg/ kg) or PP-13 (0.5 and 1 mg/kg). Organ tissues were frozen 
in OCT-embedding medium (VWR international, Fontenay-sous-Bois, France) and cut into 7 µm 
thick sections using a cryomicrotome for analysis. Histological observations were performed after 
fixation with 4% paraformaldehyde and staining with HE. One representative image of each group 
is shown. Bars, 200 µm (liver) and 500 µm (kidney). 

 
Figure S14. Hematological and bone marrows analyses of mice. Complete blood count and white 
blood cells count and evaluation of the global cell abundance and megakaryocyte and leukocyte 
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counts in the bone marrow, from mice treated with control, paclitaxel, or PP-13. Data represent 
the mean ± SD of 8 mice per group. # from score 1 (low abundance) to score 4 (high abundance). 
Data were analyzed using one-way analysis of variance. 
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