
 

 

 

 

 

 

 

 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 

 
André Eduardo Carneiro Dias 

 
 

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilització ha de respectar els drets 

de la persona autora. Pot ser utilitzada per a consulta o estudi personal, així com en activitats o materials 
d'investigació i docència en els termes establerts a l'art. 32 del Text Refós de la Llei de Propietat Intel·lectual 
(RDL 1/1996). Per altres utilitzacions es requereix l'autorització prèvia i expressa de la persona autora. En 
qualsevol cas, en la utilització dels seus continguts caldrà indicar de forma clara el nom i cognoms de la 
persona autora i el títol de la tesi doctoral. No s'autoritza la seva reproducció o altres formes d'explotació 
efectuades amb finalitats de lucre ni la seva comunicació pública des d'un lloc aliè al servei TDX. Tampoc 
s'autoritza la presentació del seu contingut en una finestra o marc aliè a TDX (framing). Aquesta reserva de 
drets afecta tant als continguts de la tesi com als seus resums i índexs. 
 
 
ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilización debe respetar los 

derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, así como en 
actividades o materiales de investigación y docencia en los términos establecidos en el art. 32 del Texto 
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorización 
previa y expresa de la persona autora. En cualquier caso, en la utilización de sus contenidos se deberá 
indicar de forma clara el nombre y apellidos de la persona autora y el título de la tesis doctoral. No se 
autoriza su reproducción u otras formas de explotación efectuadas con fines lucrativos ni su comunicación 
pública desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentación de su contenido en una 
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como 
a sus resúmenes e índices. 
 
 
WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It 

can be used for reference or private study, as well as research and learning activities or materials in the 
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and 
previous authorization of the author is required for any other uses. In any case, when using its content, full 
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit 
use or public communication from outside TDX service is not allowed. Presentation of its content in a window 
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis 
and its abstracts and indexes. 



 
 
 
 
 

 

 

 

Study of RBC shape transitions  

induced by nanoparticles 
 
 

 

André Eduardo Carneiro Dias 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DOCTORAL THESIS 
2019 

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 
i 

 

 

André Eduardo Carneiro Dias 
 
 

 

 

Study of RBC shape transitions  

induced by nanoparticles 
 
 

 

 

Doctoral Thesis 

Supervised by Dr. Vladimir A. Baulin  

 

 

Departament d’Enginyeria Química  

Molecular Simulation Group 

 

 

 

 

 

 

 

Tarragona, 2019 

  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 
ii 

 

 

 

Departament d’Enginyeria Química 

 

Av. Països Catalans, 26 
43007 Tarragona 
Tel.: +34 977 55 8675 
Fax.: +34 977 55 9621 
 

 

 

I STATE that the present study, entitled “Study of RBC shape transitions induced by 

nanoparticles”, presented by André Eduardo Carneiro Dias for the award of the degree 

of Doctor, has been carried out under my supervision at the Department d’Enginyeria 

Química of this university. 

 

 

Tarragona, April 08, 2019 

 

Doctoral Thesis Supervisor/s 

 

 

 

Dr. Vladimir A. Baulin 

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 
iii 

Acknowledgments 

 

First of all, I would like to thank my supervisor, Dr. Vladimir A. Baulin, for giving me a 

chance to complete my Ph.D. in his group, and the FP7-funded ITN-SNAL, which I have been a 

part of as an Early Stage Researcher and which has funded my Ph.D. I have learnt a lot in this 

process, which would not be possible other wise.  

I would also like to thank Dr. Kevin Ward, from BPS, and Dr. Jean-Baptiste Fleury, from 

Saarlandes University, both who I collaborated with during this Ph.D. in a very fruitful manner. I 

hope to continue working with you. 

Next, I would like to thank my co-workers, Anna, Adrien and Berardo for the interesting 

discussions, the coffee breaks, and their friendship. I have learnt a lot from you and each has 

contributed one way or another towards the outcome of this Ph.D. 

Finally, I would like to thank my family for all the support I could require even when things 

seemed darker. I would especially like to thank my father, who was an unbreakable pillar at all 

times. You were there for me when this journey began. You were there when I needed you the 

most, and, even now, I know you are still supporting me no matter what, even if I cannot reach 

you. This thesis is dedicated to you, know that you will always be in my heart. 

  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF RBC SHAPE TRANSITIONS INDUCED BY NANOPARTICLES 
André Eduardo Carneiro Dias 
 



 

 
iv 

Summary 

 

This thesis describes the study of the properties of extracellular medium on the 

cryopreservation of red blood cells and the potential application of silica nanoparticles as co-

agents for the intracellular delivery of trehalose, a natural cryoprotectant. The first part of the 

study focused on the freezing and thawing conditions, and on the properties of the extracellular 

medium for freezing. Different properties were analysed according to their influence on the 

survival rate of red blood cells as assessed by hemolysis assay and the effect of freezing was 

analysed by morphological analysis of images of red blood cells. The second part of the study 

investigates the interaction of differently charged silica nanoparticles with red blood cells for 

future application as co-agent for trehalose delivery. Silica nanoparticle toxicity was determined 

by hemolysis assay and their spatial distribution was studied by imaging freely floating red blood 

cells using laser scanning confocal microscopy (LSCM). A novel high-throughput 3D visualization 

method was developed and applied to LSCM images in order to correct the drift throughout the 

z-stack allowing the analysis of the images. Results were confirmed by interacting the silica 

nanoparticles with giant unilamellar vesicles (GUV) as an experimental model system.
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1. Introduction 

1.1. Historical background 

 

In the past centuries, Medicine has made significant progress towards understanding our 

circulatory system. William Harvey demonstrated how the circulatory system works back in the 

16th century1. After that, scientist became interested in blood transfusion. In the 1660’s, Richard 

Lower2 performed the first transfusion between two dogs, and then went on to pioneer new 

devices for transfusions, much like modern syringes and catheters. Animal blood was also 

attempted to be transfused into humans. However, and despite some initial evidence of patients 

surviving the procedure3 (likely due to small volumes of blood transfused, allowing the patients 

to overcome the allergic reaction), these commonly resulted in the patient’s death.  

It was in 1818, that Dr. James Blundell successfully performed the first human-to-human 

blood transfusion to treat post-partum hemorrhage4. Blundell used a syringe to extract blood 

from the patient’s husband and transfuse it into his wife. He then went on to continue the 

practice and develop new instruments for blood transfusion. Still, early blood transfusions were 

regarded as a risky and dubious practice. It was not until the 20th century, that Karl Landsteiner 

made significant advances in the field with the discovery that when incompatible blood types 

are mixed an immune response is triggered, causing red blood cells (RBC’s) to clot5. His work laid 

the foundation of the ABO blood groups and much safer transfusions. 

The discovery that addition of anticoagulants, and refrigeration of the blood allowed for 

it to be kept for longer periods opened the way to the development of blood banks, while the 

First World War acted as a catalyst6. Oswald Hope Robertson established the precursors for 

blood banks in preparation for the Third battle of Ypres. Sodium citrate was used as an 

anticoagulant and blood was stored at casualty clearing stations to allow treatment of injured 

soldiers7. In 1943, acid-citrate-dextrose solution was proposed as a preservative solution 

allowing for storage up to three weeks6. Phosphate was later introduced, in 1957, further 

increasing shelf life up to four weeks8,. After that, in 1979, citrate phosphate dextrose adenine 

(CPDA-1 and CPDA-2) were licensed, improving storage conditions, and allowing an increase in 

the blood supply and facilitating sharing between different facilities6. 

In the 1950s, Carl Walter and W.P. Murphy proposed the use of plastic bags for blood 

collection6,9. The use of a close system allowed reducing bacterial contamination and air 

exposure, reducing the weight, improving shock resistance and ease of storage. 
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By 1940, blood fractionation techniques were starting to develop. At the onset of World 

War II, liquid plasma was required in Britain. As a way of transporting it from New York, a dried 

plasma package was developed10. This package contained two bottles, one with distilled water 

to reconstitute the dry plasma. Plasma could be used up to 4 hours after reconstitution. 

Separation of the different blood components became more relevant as different 

components can be applied separately and can be stored under optimized conditions. The first 

additive solution developed for red blood cell (RBC) concentrates was sodium-adenine-glucose 

(SAG)11. Later, in order to reduce end-storage haemolysis, mannitol was also added (becoming 

SAGM). At present, RBC concentrates can be stored up to 42-49 days at 4ᵒC. However, and 

despite the fact that aged RBC’s do not show increase of toxicity in transfusions12, at end-

storage, they exhibit alterations of protein activity and even of morphologic properties13,14.  

Despite the advances performed in the last century, the limited shelf time of refrigerated 

RBC concentrates hampers their distribution in the event of a shortage of blood. Also, it is not 

uncommon for blood banks to run short of rarer blood types15. Improving storage conditions is 

still in high demand. 

Early attempts at freezing mammalian cells date back to the 19th century15, but it was not 

until the discovery of the protective action of glycerol, in 1949, that cryopreservation techniques 

started to be developed16. Upon addition of glycerol, it is internalized by the cells, preventing 

shrinkage and keeping cell structure. Soon after, in 1950, the successful cryopreservation of 

RBC’s in glycerol was reported16,17, followed by the successful transfusion of frozen RBC’s18. 

However, the high concentrations of glycerol that are required for efficient cryoprotection can 

also cause osmotic lysis upon transfusion. As such, it must be removed after thawing. process 

which can be damaging for the cells15. 

In 1984, Fahy suggested very rapid cooling, termed vitrification as a method to avoid ice 

formation19. However, due to scaling issues, this approach has been less applicable. Freezing at 

-80 ᵒC in high glycerol concentration became the standard approach due to the development of 

mechanical freezers and semi-automatic cell washers. At present, frozen RBC products rely on 

glycerol as a cryoprotectant and are approved for use up to 10 years of storage, although this is 

only an administrative limit15. 

Other cryoprotectants have also been attempted. Dimethylsulfoxide (DMSO) is a highly 

used cryoprotectant in cell biology20,however it is also a highly toxic component, yielding worse 

results than glycerol when applied in humans. A natural cryoprotectant in plants, trehalose, has 

also been proposed as an efficient cryoprotectant21-23 , but its scarcity made it not a viable 

alternative until the 21st century when it became possible to synthetize it at an industrial scale. 
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1.2. Cryopreservation of RBC’s 

 

The freezing of RBC’s aims at surpassing the shelf life limitation of standard refrigerated 

RBCs as well as storage lesions occurring due to age. Nonetheless, the freezing step by itself is 

quite harmful for the cells. 

The formation of intracellular ice crystals is the primary source of damage during the 

freezing step. Furthermore, as water is removed from solution under the form of ice, it causes 

significant osmotic changes leading to cell dehydration and affecting both the intracellular 

compartment and the membrane24. Studies performed in liposomes have shown that depending 

on the membrane composition, different consequences can arise, including vesicle and micelle 

formation25. 

Extra- and intracellular medium freeze at approximately -20 ᵒC and -45ᵒC due to high salt 

content. Fast cooling rates (e.g. immersion in liquid nitrogen) are usually associated with the 

formation of intracellular ice crystals. On the other hand, slower cooling rates allows 

extracellular ice crystals to grow, causing an increasing concentration of solutes in the 

extracellular medium, which in turns leads to water loss via osmosis24. 

One of the most used cryoprotectant is glycerol. It acts by entering the cell, preventing 

shrinkage and protecting its structure throughout the freezing process24. Two main 

cryopreservation strategies have been approved: slow freezing using high concentrations of 

glycerol, and fast freezing using low concentrations of glycerol15,24. Still, as mentioned before, 

the presence of glycerol may cause an osmotic lysis upon transfusion, requiring it to be removed 

using specific equipment, increasing the processing time of the samples and not enabling their 

use in poorly equipped facilities, such as in 3rd world countries15. Other alternatives have been 

proposed. Due to being a biocompatible sugar, trehalose has been acquiring attention in this 

regard21-24. 

Up to 1929, trehalose was considered a rare sugar because it could only be isolated in 

relatively large amounts from the resurrection plant (1.5%, w/w) and trehala manna (20–25%, 

w/w), both plants with low supply. Initial protocols to extract trehalose from yeast allowed 

easier access to it, however not in a large scale. It was not until 1999, that large scale production 

methods were established, increasing the availability of trehalose and decreasing its cost. This 

explains why despite the knowledge of its cryoprotective effect, only now trehalose is being 

seriously considered as an alternative for the use of glycerol 
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Trehalose’s mechanism of action as a cryoprotectant is not clear, though it has been 

suggested it binds to the membrane stabilizing it27 or that it acts by causing the solution to vitrify 

instead of crystalizing while freezing28. 

 However, its low permeability through the membrane leads to a reduced efficacy when 

applied to cells. Different strategies have been attempted to bypass this issue, namely by 

inducing endocytosis29 or by applying different co-agents in order to permeabilize the 

membrane22,23.  

Lynch et al have used pH-dependent membrane-disruptive polymers to permeabilize the 

RBC membrane for trehalose to permeate through22. In particular, the use of PP-50, a poly- L-

lysine-iso-phthalamide (PLP) polymer grafted with L-phenylalanine, proved the most effective 

for trehalose internalization, and, as later shown, for cryosurvival of RBCs. The authors also 

describe the mechanism in which the polymer attaches to the membrane, and when triggered 

by an acidification of the medium, changes conformation, destabilizing the membrane and 

allowing trehalose to permeate into the RBCs. 

Stefanic et al have reported the use of apatite nanoparticles as an alternative co-agent to 

enhance the permeation of trehalose (Figure 1)23. They show that NPs adhere to the membrane 

creating transient pores which can be used for the sugar to enter the cell (Figure 2). These pores 

are open for short periods, not causing large or permanent injuries to the cell. Furthermore, the 

nanoparticles (NPs) attach to the membrane, not being able to permeate through nor inducing 

toxicity by interacting with internal components of the RBCs, in a reversible manner. 

 
Figure 1. Schematic of the effect of a nanoparticle allowing the permeation of trehalose molecules 
through the cell membrane in its vicinity23. 

 

This new strategy opens the door to new materials, of similar size and properties, which 

may induce a similar behavior. Silica nanoparticles (SiNPs) are an example of such a material, 
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especially as their surface properties can be easily controlled via functionalization steps. SiNPs 

have been shown to interact strongly to the lipid bilayer, while showing little toxicity at high 

concentrations. These properties make SiNPs an ideal candidate to act as a co-agent for the 

internalization of trehalose. 

 

 
Figure 2. Single Chain Mean Field Theory calculation of interaction between an apatite NP (hydrophilic) 
and the lipid bilayer. NP attracts the heads of lipids (density of heads is shown in color: red – high volume 
fraction, blue – low volume fraction) and destabilizes the lipid bilayer making it more permeable. 
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1.3. Lyophilization of RBCs 

 

While cryopreserved RBCs can answer most of the long-term storage presented by 

refrigerated RBC’s (i.e. the high energy consumption and limited time of storage), it still requires 

specialized equipment for storage and transportation. It is hard to storage these packs in places 

with poor conditions, as well as in a military setting during war periods. To facilitate these points, 

lyophilization, or freeze-drying has been suggested15,24.  

As the name implies, freeze-drying, or lyophilization, is a multi-step process where the 

sample is first frozen and then the solvent is removed via sublimation, a direct phase change 

between solid and gaseous phases. As can be seen on the phase diagram of water (Figure 3), the 

melting point varies with pressure, and once this is below the triple point value, it is possible to 

achieve this phase change30. 

 
Figure 3. Phase diagram of water. In Introduction to Freeze-Drying. V. 2.130. 

Freeze-drying gained importance during the Second World War, when it was used to 

deliver plasma and penicillin into the battlefields10. This process allowed plasma and penicillin 

to be rendered chemically stable and viable without requiring refrigeration. It has since been 

applied to other products not only in the pharmaceutical industry (vaccines, tablets, etc.), but 

also in the food industry as a mean to preserve the products. Other applications have been 

suggested, but these two industries remain the primary users of this technique. 

In regard to RBCs, lyophilization promises the possibility of a compact, lightweight and 

stable product at room temperature31. This would eliminate the costs for refrigeration and 

difficulties of transport. Early work on lyophilizing RBC’s dates back to the 1960’s by 

Meryman32,33. While removal of the water content was successful, RBC membrane became too 
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fragile and resulted in significant lysis post-rehydration, which lead to the efforts being 

abandoned. 

In 1992, Goodrich et al reported successful rehydration of RBCs34,35, however further 

examination revealed damages to the membrane and a loss of surface area cause by 

vesiculation36. They also reported the most promising lyophilization solutions as containing 

membrane stabilizing agents. Nonetheless, it should be noted that attempts at reproducing 

these results proved fruitless37.  
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1.4. NP interactions with living cells 

NPs are usually uptaken by cells via endocytosis. Other processes can also result in particle 

uptake, such as phagocytosis (usually observed in monocytes or giant cells) or pinocytosis (fluid 

uptake, sometimes occurring for small NPs), however clathrin- and caveolae- mediated 

endocytosis are by far the most common38,39. Particle uptake is usually a two-step process: 

binding to the cell membrane, followed by internalization. The first step is defined mainly by the 

physico-chemical characteristics of the NPS. RBC’s differ from most cells as they lack endocytosis 

mechanisms and their interaction with NPs will be looked in more details in chapter 1.6. Still it 

is important to understand the general knowledge on the interaction of NPs with biological 

systems. 

Surface charge seems the most important parameter defining cell-NP interaction. 

Multiple observations were reported that the positively charged NPs show a higher uptake 

efficiency than neutral or negatively charged NPs40,41. This trend is not dependent on the NPs 

bulk composition (gold, silica, iron oxide, etc.) or cell type. While not exactly the same, surface 

charge and zeta (ζ) – potential are often coupled together, with the ζ-potential being used as an 

indication of the surface charge. When in solution, NPs are surrounded by a layer of ions (from 

the electrolyte solvents) strongly attached to the NP, forming the Stern layer (Figure 4). This is 

usually formed by protonation/deprotonation of the groups on the NP surface or by ionic 

interactions the ions in solution. A second, more mobile, layer is formed by the ions attracted to 

the surface via the Coulomb force or Brownian motion, acting to screen the Stern layer. These 

ions are not anchored to the NP and can move into the bulk solution. ζ-potential is defined as 

the electric potential between the second layer, the slipping or diffuse layer, and the Stern 

layer40 (Figure 4). 

Other parameters also affect NP uptake. For example, gold nanospheres have been 

reported to possess a higher uptake potential than gold nanorods or other polymeric shapes of 

NPs42,43, showing that the shape also plays in role in promoting NP uptake. NP size is also an 

important factor. NPs usually exhibit an optimal size for cellular uptake, this being around 50 nm 

for gold42 and silica NPs44 and 37 nm for iron oxide NPs45. This optimal size may be related to the 

mechanism of wrapping, where particles of this size allow for single particle wrapping, but 

smaller particles require clustering before internalization. For larger NPs, the decreased cellular 

uptake can be explained by a longer wrapping time, due to a slower receptor diffusion kinetics. 

It has also been shown in vitro that very small nanoparticles are able to permeate the lipid 

bilayer, bypassing the endocytosis mechanism and directly entering the cell39. However, this 

rarely observed in favor of other internalization pathways46. 
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Figure 4. Double electrical layer formation at the particle surface leading to the definition of different 
charge potentials. Adapted from Forest and Pourchez40. 
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1.5. NP-induced toxicity 

When interacting with unintended components, NPs may cause detrimental side-effects, 

resulting in hazards to the human health. The most common side effect reported is an increased 

production of reactive oxygen species (ROS) which may ultimately induce apoptosis or 

necrosis39,47. An increased production of ROS also affects various metabolic pathways, 

hampering the normal function of the cells.  

NPs have also been reported to interact with the cytoskeleton, a structure responsible for 

maintaining the cell morphology and mechanical properties. In fact, several types of NPs, 

including SiNPs48, iron oxide NPs49, or carbon nanotubes50 are known to cause structural 

reorganization of the cytoskeleton and/or increase of membrane stiffness.  

Regarding proliferation, SiNPs are able to induce proliferation and differentiation to 

osteoblast-like cells51. Other types of NPs, like gold NPs52, iron oxide NPs53, or carbon 

nanotubes54 also present a similar trend, however there are contradicting reports showing a 

negative influence on cell proliferation55. 

NP toxicity is highly concentration-dependent. Also, due the NPs’ size and their difficulty 

of clearance, cumulative effects over increasing number of doses can also be observed39,56. And. 

even NPs which are usually considered biocompatible can induce toxicity at high enough 

concentrations or after several dosages.  

Different cell types also exhibit different NP uptake and tolerance profiles. SiNPs have 

been reported to inhibit proliferation of human hepatoma HEPG2 cells, while their effect is 

negligible in human hepatic L-02 cells57. It should also be noted that up to early 21st century, the 

cell lines used in most of these studies were either derived from cancer cells or immortalized 

cell lines, rather than primary cells, directly taken from humans56. While these results offer 

valuable information, especially regarding cellular mechanisms, the information regarding 

dosages and toxicological parameters may not be fully accurate.  
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1.6. NPs interactions with RBCs 

RBCs, or erythrocytes, make up about 40% of the blood volume, and are responsible for 

delivering oxygen (O2) to the body tissues, and removing excess CO2, via the action of 

hemoglobin. In mammals, RBCs lose their nucleus and other organelles during their 

development cycle as a mean to accumulate hemoglobin. They are usually described as 

biconcave disks with flattened area in the center58. Their size varies amongst different species. 

For humans, RBC’s are about 6-8 µm long whereas sheep RBC’s have a diameter of 4-5 µm. Other 

shapes can also be found in certain species as llamas, who possess ovaloid RBCs, however these 

do not constitute the norm58. 

The RBCs’ membrane is their main structural constituent. Its main function is to preserve 

the cell contents while allowing the cell to deform in order to transverse through capillaries and 

interfacing with immune cells. The RBC membrane is composed of 3 different layers: the 

glycocalyx, an external layer rich in carbohydrates; the lipid bilayer, composed of a mixture of 

proteins and lipids; and the membrane skeleton, a structural protein network located on the 

inner side of the lipid bilayer. 

Despite the extensive knowledge of nanoparticle uptake mechanisms and the fact that 

NPs are in contact with RBCs in one of the main administration routes, not much is known about 

this interaction and how it affects RBC’s. Mainly, RBC’s lack endocytosis mechanisms, 

contradicting the knowledge obtained from different cell types, and enhancing the importance 

of possible interactions with the membrane58. As previously mentioned, Stefanic et al23 suggest 

that upon approaching NPs, lipid heads get attracted towards the NP, causing a deformation of 

the membrane in its vicinity. This mechanism explains how small molecules which would 

normally not permeate the membrane, such as trehalose, can do so in the presence of NPs.  

Attachment of NPs to the RBCs’ membrane helps NPs avoiding uptake by the immune 

system, further increasing their circulation time and improving their delivery rate59. In turn, NPs 

have been shown to induce toxicity to RBCs in a dose-dependent manner60. Previous studies 

have shown that NPs distribute randomly over the cell surface23,60,61. However, these studies 

required cells to be immobilized, even though their natural state is in suspension, and did not 

investigate possible alterations to the RBCs. Herein, I analyze how fluorescent SiNPs adsorb onto 

freely floating RBCs, using laser scanning confocal microscopy and a novel post-processing 

method to allow for the high-throughput 3D reconstruction and visualization of fluorescently-

labelled RBCs61.  
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1.7. Goals and research overview 

 

Cryopreservation of blood is an important tool to preserve rare blood types or to preserve 

viable units for transfusion in situations where keeping fresh units is not feasible. Current RBC 

cryopreservation techniques involve the use of glycerol, which later needs to be removed using 

specialized equipment, and storage at – 80ᵒC for long storage periods, again requiring 

specialized equipment and high energy consumption15,24. These two problems lead to two main 

scientific gaps in the field: 

1. There is the need for new cryopreservation methods which are not as toxic and 

do not require long processing time after thawing; 

2. There is the need for new preservation strategies which allow for long storage 

periods at room temperature. 

In this project, I set out to address mainly the 1st scientific gap, while keeping in mind 

possible alternatives addressing the 2nd scientific gap. As such, the following objectives were set 

in the beginning of the work: 

1. Development of image analysis techniques to assess RBC structure. 

2. Analysis of buffer composition on RBC cryopreservation. 

3. Application of SiNPs as a co-agent for trehalose delivery. 

The first objective aimed at supporting the analysis required to support the remaining 

goals. For this, different techniques were established: incorporation of pixel intensity analysis 

for the determination of freezing and melting points, 2-dimensional shape analysis of RBC 

images obtained using a freeze-drying microscope, and high-throughput 3-dimensional shape 

analysis of freely floating RBC images obtained using a laser scanning confocal microscope.  

The tasks to complete the second objective are described in chapter 3 and aimed at 

identifying key parameters affecting RBC cryopreservation. This task looks at the action of 

trehalose alone as a basis for future optimization of cryopreservation protocols, especially upon 

addition of the co-agents. After determination of the freezing and melting points, which acted 

as a basis for establishing freeze-thawing protocols, osmolarity, salt and sugar molecules, and 

pH were analyzed according to the survival of RBCs after thawing. 

Finally, in chapter 4 is described the analysis of the interactions of SiNPs with different 

surface charges using laser scanning confocal microscopy (LSCM). Dose-dependent SiNP toxicity 

was assessed using an hemolysis assay, and the interaction of SiNPs with RBCs was studied using 

the technique developed as part of objective 1. Herein, I analyzed the number of SiNP clusters 
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adsorbed onto RBCs according to the concentration and surface charge and possible 

morphological changes arising from this. 
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2. Visualization techniques for cryopreservation 

2.1. Absorbance and Fluorescence 

When materials are heated in flames, put in electrical discharges or irradiated at certain 

wavelengths, they are able to emit heat or light at well-defined frequencies. These phenomena 

constitute the basis of absorbance and fluorescence, and while known in the mid-19th century, 

their current understanding is due to the advent of quantum physics62.  

Upon irradiation from a light source, a material is able to absorb part of the energy (the 

remaining energy can be reflected or transmitted), entering an electronic excited state63 (Figure 

5-1). This transition is defined, requiring the exact energy to occur. In practice, this leads to the 

occurrence of peaks in the absorption or excitation spectra (Figure 6).  

Excited samples usually remain in this state for a period of time, during which 

conformational changes occur and allowing for interactions with the environment. This results 

in a relaxed excited state due to dissipation of the energy63 (Figure 5-2).  

When the return to the ground state is accompanied by the emission of a photon, it is 

defined as a radiative process (Figure 5-3). When this transition occurs between the same type 

of states (singlet-singlet transition), it is defined as fluorescence. Due to the energy dissipation 

during the excited lifetime of the material, the emitted photon has lower energy than the 

excitation photon, phenomenon defined as the Stokes shift, resulting in the shift of the emission 

spectrum relatively to the excitation or absorbance spectra63. 

 
Figure 5. Jablonski diagram illustrating the processes involved in the creation of an excited electronic 
singlet state by optical absorption and subsequent emission of fluorescence. The labeled stages 1, 2 and 
3 are explained in the text. Image retrieved from The Molecular Probes Handbook63.  

While absorbance and fluorescence are both related to the interactions of light with the 

sample, their measurement is fundamentally different. In the case of fluorescence 

measurements (fluorescence emission, excitation spectrum, and emission spectrum), sample 

emission is directly detected by placing the detector in such a manner that the irradiated light is 

not captured62 (in standard fluorospectrometers, it is placed at 90ᵒ relatively to the light source 

and the sample). These measurements are usually unitless as fluorescence emission is 
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dependent on several parameters, such as intensity of irradiated light, fluorescence quantum 

yield and concentration of fluorophore and irradiated wavelengths. In the specific case of 

excitation and emission spectra, they are measured by fixing the emission or excitation 

wavelengths, respectively, and measuring the fluorescence emission as the counterpart 

wavelength varies63. 

 
Figure 6. Excitation of a fluorophore at three different wavelengths (EX 1, EX 2, EX 3) does not change 
the emission profile but does produce variation in fluorescence emission intensity (EM 1, EM 2, EM 3) that 
corresponds to the amplitude of the excitation spectrum. Image retrieved from The Molecular Probes 
Handbook63. 

In the case of absorbance measurements, we’re detecting the intensity of the transmitted 

light (I) and relating it to the irradiated light (I0), relationship defined as transmittance (T). 

Absorbance (A) is then defined as:  

A = − log T = − log
I

I0
= log

I0

I
 

Absorbance is usually used over transmittance as it is dependent on the concentration of 

solute (c), and the length of optical pathway (l) as described by the Bouguer-Lambert-Beer law: 

𝐴 = 𝑐 𝜀 𝑙 

Where ε is the solute’s molar extinction coefficient, a constant specific for each molecule and 

for a specific wavelength. As the length of the optical pathway is fixed for all samples, the 

solute’s concentration can be easily determined once the absorbance is known62. 
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2.2. Brightfield Microscopy 

The advent of microscopy as a field of science was brought by the publication of the book 

“Micrographia” by Robert Hooke64. In this book, Hooke showed drawings of his observations 

with the microscope making the microcosm available for the general audience, while until then 

observations with a microscope were considered a hobby for the rich. It was also in this work 

that Robert Hook coined the term “cell” initially referring to the microscopical enclosures he 

found on cork. For his observations, Hooke used a compound microscope designed by Cristopher 

Cock, further improved by adding an oil lamp as an illumination source and a glass filled with 

water to focus the light on the sample64. While rudimentary, the design by Robert Hooke 

contains the main components which still make modern microscopes. Similarly to Hooke’s 

design, modern microscopes possess a lamp as illumination source, a condenser to focus the 

light on the specimen, an objective to capture the light and magnify the image and an ocular to 

allow visualization65,66(Figure 7). Alternatively, the image can be captured using a camera. The 

intensity of illumination and orientation of light pathways throughout the microscope can be 

controlled with strategically placed diaphragms, mirrors, prisms, beamsplitters, and other 

optical elements to achieve the desired degree of brightness and contrast in the specimen. 

 
Figure 7. Diagram of the components of a modern brightfield microscope. Image adapter from Olympus 
website65. 

Since the time of Robert Hooke, there were many contributions to the development of 

microscope lenses, improving image quality and magnifying power, but the most important 
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contribution was that of Ernst Abbe64. While working for Zeiss Optical Works, in addition to 

several important contributions to improve lenses quality (p.e. the invention of apochromatic 

lenses), Abbe described the resolution limit of the microscope, resulting in the equation: 

𝑑 =
𝜆

2𝑁𝐴
 

Where d is the smallest resolvable distance between two objects, λ is the imaging wavelength 

and NA is the Numerical aperture65,66. This equation holds true for modern techniques such as 

LSCM and it’s understanding is important to improve image quality. 

While it is important to understand how to achieve the highest possible resolution, it is 

often the case that image quality is too low to distinguish two objects. This was often the case 

in classical brightfield microscopy, where the background signal hid details from the sample. 

With this in mind several dyes were developed in order to increase contrast between the 

labelled structures and the background67. This idea of increasing contrast is also present in 

different microscopy techniques such as phase contrast microscopy, which makes use of phase 

shifts in the light as it crosses the sample to increase contrast., or, ultimately, epifluorescence 

microscopy, which highlights the labeled structures amidst of a dark background. 
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2.3. Freeze-drying microscopy 

Freeze-drying microscopy is a fundamental part of the development cycle of a new 

lyophilization formulation or protocol. This technique allows the determination of the eutectic 

temperature (temperature at which the solute melts, preventing the formation of any structure 

upon removal of the solvent) and collapse temperature (temperature at which the material 

softens to the point of not being able to support its structure)30. 

Freeze-drying microscopy analysis is performed by reducing the temperature until the 

sample is frozen, followed by reducing the pressure inside the chamber. This leads to 

sublimation of the solvent and subsequent drying of the sample. The collapse temperature is 

determined by slowly increasing the temperature during the drying process, until the dried 

sample no longer maintains its structure (Figure 8)30. 

Freeze-drying microscopy is performed using a Lyostat (Figure 9), a microscope developed 

by Biopharma Technology Ltd in collaboration with Linkam. The Lyostat varies from standard 

brightfield microscopes by possessing a temperature and pressure-controlled chamber, and by 

using polarized light to visualize variances in the crystal structure of the frozen sample. The 

temperature- and pressure-controlled chamber allows the microscope to reproduce a small 

scale freeze drier while also allowing the visualization of the sample in real time68. 

 

 
Figure 8. Example of a development cycle for the determination of the collapse temperature in freeze-
drying microscopy. The sample is placed on the holder (1) and temperature is decreased until the sample 
is frozen (2). Afterwards, the pressure inside the chambed is decreased, via an air pump, and temperature 
is slowly increased, causing the sample to dry(3-4). Once temperature reaches the sample’s collapse 
temperature, a loss of structure becomes apparent(5-6). Adapted from biopharma.co.uk68. 
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Figure 9. Diagram of the components of a Lyostat for freeze-drying microscopy. Adapted from 
biopharma.co.uk68. 
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2.4. Laser Scanning Confocal Microscopy 

 

Laser Scanning Confocal Microscopy (LSCM) has proved one of the most important 

advances for cell biology. The basic idea behind LSCM is the use of spatial filtering techniques to 

eliminate out-of-focus light in specimens thicker than the plane of focus67.  

Truth be told, comparing to widefield fluorescence microscopy, LSCM offers marginal 

improvements in resolution66. Its main improvement relies on the exclusion of emission light 

originating form area outside the focal plane. 

Coherent light immitted by the laser system passes through a pinhole which is aligned 

with the scanning point- As the laser light is reflected by a dichroic mirror to excite the sample, 

fluorescence light emitted it travels back across the dichroic mirror and are focused on the 

detection pinhole (Figure 10). While emission still occurs at points above and below the focal 

plane, it is largely excluded by the pinhole barrier, where only light originating from the focal 

plane is able to cross the aperture67. 

 
Figure 10. Diagram of the working principle behind a LSCM microscope67. 

The second difference to widefield fluorescence microscopy is the light source. Whereas 

traditionally the sample is illuminated by a mercury or xenon lamp and the image can be 

visualized on the ocular or camera, LSCM uses one or several lasers as excitation sources, a scan 

head with optical and electronic components, an electronic detector (usually photomultiplier 

tubes), and a computer for processing and displaying the image67. Thus, the mechanism of image 

formation in LSCM is fundamentally different from traditional microscopes.  
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In LSCM, the image is generated by scanning the sample across a defined area in a raster 

pattern, i.e. the beam is moved from the left to the right along the x axis, and once it reaches 

the end, it is transported back and shifted along the y-axis. The process can be repeated at the 

end of each line or each frame in order to improve image quality by averaging different 

measurements. After acquisition of each frame, the sample can be moved along the z-axis via a 

stepper motor effectively achieving a 3d image reconstruction67. 
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3. Image Analysis Techniques for Cryopreservation  

 

As previously mentioned, the determination of fusion point and collapse temperature is 

amongst the first steps of the development cycle of a new freeze-drying formulation30. Current 

state-of-the-art methods rely on direct visualization of the sample during a freeze-drying cycle 

using a freeze-drying microscope. Incorporation of image analysis tools during the process can 

easily provide more accurate measurements without requiring expensive hardware upgrades. 

3.1. Determination of the fusion and melting points of blood 

 

In the particular case of blood, it is a highly complex mixture, composed not only of 

dissolved solutes in solution, but also of undissolved components, i.e. erythrocytes, leucocytes, 

platelets and other. These components add an additional layer of complexity to the process as 

maintaining their structure and function is during the freeze-drying cycle, storage and 

reconstitution is of high importance. The complexity of the sample has often resulted in its 

degradation during the freeze-drying-reconstitution process. However, due to the extreme 

conditions required during the drying process, it is not possible to analyze the sample after each 

step, to understand what is not working as intended. In this chapter, I show a post-processing 

method to specifically analyze the freezing and melting points of blood using freeze-drying 

microscopy. 

The standard approach for determination of the freezing and thawing points required 

looking at individual images until a visual change is detected30. Herein, I show a method to 

analyze change in image intensity profile throughout time while relating it to the chamber 

temperature. As the sample solidifies, diffraction increases and not allowing light to be 

transmitted through the sample. The opposite happens during the thawing process, increasing 

the intensity of transmitted light.  

After acquisition of a freeze-thawing cycle, individual images are exported and stacked as 

a time-lapse movie for analysis (Figure 11). A Region of Interest (ROI) is selected (Figure 11) and 

an intensity profile is measured throughout the time-lapse movie (Figure 12A). Intensity (I) can 

then be plotted against the temperature measurements taken at the same time of the images. 

The results can then be further analyzed by plotting the variance of intensity (dI) versus the 

temperature (𝑑𝐼 = 𝐼𝑛 − 𝐼𝑛−1), as shown in Figure 12B. 
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Figure 11. Example of a time-lapse video acquired of the freeze-thawing cycle of sRBCs in PBS. The 
temperature was reduced allowing the sample to freeze and then slowly increased until 37ᵒC. Similar 
videos were acquired for sRBC’s suspended in different media. The yellow line delimits the selected ROI. 

Using the intensity variation profile (Figure 12C), it is possible to determine the freezing 

point according to the peak in the freezing curve. The fact that the peak is so pronounced is 

indicative of a fast transition from liquid to solid state. As the chamber temperature remains 

below the freezing temperature the sample is still cooling further down, causing a decrease of 

intensity even if the chamber is warming up. The moment this tendency is inverted is indicative 

of the sample starting to melt. As such, we can determine the sample’s melting point according 

to the minimum in the thawing curve of the intensity profile against the temperature (Figure 

12B). The melting process is slower as energy transfer only occurs via conduction at the contact 

surfaces of the frozen core.  

After the phase transition is completed, it is noticeable a much higher intensity than 

before the freeze-thawing process. Damage to the RBC’s resulting from the state transitions 

creates a more homogeneous solution. As RBC’s lose their structure and become unnoticeable 

in solution, they no longer diffract light, allowing it to be transmitted through the sample and 

causing an increase in the detected intensity.  

Determination of the freezing and thawing points for RBC’s suspensions in different 

solvents shows the freezing and thawing points are very close (Table 1), suggesting the fast 

freezing observed is not due to a supercooling event, and the RBC’s may be acting as a nucleation 

core to start the phase transition. It should also be noted that freeze-thawing cycle causes 

damage to the RBC’s. As such, even if a cryoprotectant is used, repeated cycles should be 

avoided under penalty of damaging the sample. 
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Figure 12. Intensity profiles of the freezing and thawing curves of sRBC’s suspended in PBS plotted against 
time (A) and temperature (B), and intensity variation profile (C). The blue arrow indicates the freezing 
point and the green arrow indicates the thawing point.   d 

 

Table 1. Freezing and thawing points of sRBC’s suspension in different solvents.  

Solvent Freezing point / ᵒC Thawing point / ᵒC 

PBS -22 -23 

0,5M Trehalose in PBS -21 -20 

3x PBS -21 -23 
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3.2. RBC’s survival rate after cryopreservation 

 

As previously mentioned, standard blood cryopreservation protocols aim at either slowly 

cooling the sample, forcing water to exit the cells via osmosis, or rapidly freezing the sample in 

liquid nitrogen, whilst promoting vitrification as a mean to avoid crystal formation. As for 

thawing, samples are usually thawed at 37ºC to decrease the period of time they remain at low 

temperatures. Still, even though the combination of these protocols is known to produce 

favorable results, the influence of each freezing and thawing conditions or buffer composition 

is not fully understood. In order to further understand the influence of the freezing and thawing 

rates as well as sample composition, different combinations of all freezing and thawing protocols 

were tested, followed by testing different buffer compositions using the optimal procedure. 

Freezing conditions were tested as follows: slow cooling, at -0.5 ᵒC / min in the freeze 

drier; medium cooling, by inserting the sample into the freeze-drier after it had been cooled 

down to -40 ᵒC; and flash freeze, by immersing the samples in liquid N2. Each cooling condition 

was coupled with different thawing conditions as follows: immersion in 37 ᵒC water bath with 

constant shaking; kept at room temperature; at 0.5 ᵒC/min in the freeze drier; and kept in the 

4ᵒC fridge overnight. All conditions were tested for RBCs suspensions in different solvents:  

0.5 M trehalose; 3x PBS; and PBS. 3x PBS was selected due to possessing the same osmolarity as 

the trehalose solution. 

RBC’s survival in PBS was very low across all freeze-thawing conditions applied, not being 

possible to detect any remaining hemoglobin. For sRBC’s suspensions in 3x PBS and trehalose 

solution the best conditions seem to be medium freezing coupled with either incubation at room 

temperature, incubation at 4 ᵒC, or 0.5 ᵒC/min in the freeze-drier for thawing or flash-freeze 

coupled with thawing at 37 ᵒC water bath (Figure 13). For the remaining conditions, RBC’s 

survival was very low for the samples suspended in 3x PBS, while trehalose seems to still possess 

a small protective effect for the samples frozen under slow freezing and medium freezing 

conditions.  

Opposing to freezing in 3x PBS,  Trehalose is able to offer some protection when freezing 

the RBCs at slow cooling rates. However, it remains unclear why certain combinations of freezing 

and thawing conditions much more effective at protecting the cells from freezing damage. 

Additionally, the fact that the 3x PBS solution is able to protect the RBCs through the freeze-

thawing cycle suggests that osmolarity plays a role in this effect. Medium cooling likely reaches 

an acceptable ice crystal growth rate, promoting a local upconcentration of the solvent and 

further pressuring water out of the cells via osmosis. On the other hand, slow cooling likely 
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results in larger crystals which end up damaging the cells. Regarding the flash-freezing approach, 

it is interesting that only when thawed at 37ᵒC samples retain their viability, while all other 

thawing approaches resulted in the degradation of the sample. These results are opposite to 

what is observed for medium cooling suggesting an alternative preservation method. In fact, 

due to sample size and the fast cooling rate, it is possible that instead of crystalizing into ice the 

solution undergoes a vitrification process. Regarding the thawing rate, it is important to 

remember that all these processes are dynamic, and vitrification requires the temperature to 

decrease abruptly allowing the sample to bypass the glass transition temperature without 

formation of ice. Slow thawing methods may allow molecules to restructure into ice crystals 

resulting in damage to the cells. 

 
Figure 13. sRBC’s survivability upon freeze-thawing in 0.5 M trehalose (A) and 3xPBS (B).  
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Using medium cooling coupled with thawing at 4ᵒC, several properties were studied in 

order to assess their influence on RBC survival after freeze-thawing: Osmolarity, using different 

concentration of PBS; salt balance, by comparing isotonic solutions of 3x PBS, and KCl in PBS; 

pH, by using either PBS or 0.36 M trehalose in PBS at pH 7.4, 7.05 and 6.5; and sugar molecule, 

using either trehalose, sucrose or glucose solutions (0.36 M in PBS)(Figure 14).  

All tested parameters seem to play a role on RBC survival. In regards to osmolarity, 

hypotonic and isotonic solutions resulted in most RBCs dying during the freeze-thawing cycle; 

however there is little variation between 2x PBS and 3x PBS solutions. The higher survivability 

of the latter can be explained by crenation of the RBCs. RBCs immersed in a hypertonic solution 

will undergo crenation due to water leaving the cell via osmosis. Thus, there isn’t enough water 

available during freezing to form harmful ice crystals inside the cells. The lower survivability 

between the 3x PBS solution as compared to the previous experiment can be related to the age 

of the sample. While not directly tested, a trend could be noticed where sample age is directly 

correlated to the freezing damage suffered by the sample. Salt balance also seems to contribute 

towards RBCs survival, as the excess of K+ ions mays affect the membrane potential across the 

cell membrane and may lead to freezing damage. As far as pH goes, the fact that the solvent is 

hypertonic and contains trehalose seems to have a higher contribution to RBC survival, however, 

amongst different trehalose solutions, data obtained confirms previous results23 where a slightly 

acidic environment helps to protect the cells. Lastly, amongst the different sugars tested 

trehalose has a higher protective effect, confirming previous observations24. While it is not fully 

understood the mechanism which causes trehalose to be more effective than other sugars, it 

has been suggest it can act vitrification of the solvent28 or by replacing water molecules around 

and inside the cells27.  
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Figure 14. Effect of osmolarity (A), salt balance (B), pH (C), and sugar molecule (D) of the solvent during 
the freeze-thawing cycle on sRBC survival.  
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3.3. RBCs population analysis 

To further understand the influence of the different parameters, the RBC samples were 

prepared as smears and imaged with a freeze-drying microscope adapted as a brightfield 

microscope. RBC’s were individually analysed according to their morphology (Figure 15). After 

correcting the background, individual cells were selected by creating a mask using a “mean” 

automatic threshold filter available in the FIJI distribution of ImageJ and adjacent cells were 

separated by applying a watershed algorithm also available in the package. Individual cells were 

then selected based on their size (objects too small are excluded as they likely constitute debris 

and objects too large are excluded as they might correspond to multiple cells) and measured for 

the area occupied. This sequence of actions was automated via a custom ImageJ script, allowing 

the analysis of multiple files in rapid sequence. Results were then plotted as an histogram and a 

gaussian curve was fitted. Using this approach provides a more accurate description of the 

analysis compared to directly analyzing the extracted results as it takes into account the 

distribution of the cells, predicting size distributions which are not possible to include in the 

analysis. By considering the RBCs as circular, it is possible to determine the average diameter of 

the population based on the area occupied. Results for the cells in a isotonic solution (PBS) show 

the average diameter is within the expected range for sheep RBCs (4-5 µm)(Table 2), validating 

this method. 

As expected, hypertonic solutions result in smaller RBC’s (Table 2) due to crenation of the 

cells. It should be noted that even though the 0.5M trehalose and 3x PBS solution were isotonic 

in relation to each other, RBC’s population differ in size suggesting that osmotic flow is not the 

only factor affecting cell size and that trehalose has some effect on cell morphology. 
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Figure 15. Examples of micrographs of sRBC’s suspended in PBS (A) and in 0.5 M trehalose (B) overlayed 
with the threshold result. And sRBC’s population analysis from sRBC’s suspended in different media. 
Population analysis was performed from at least 3 individual images taken in different regions from a 
single sample.  

Table 2. sRBC’s population description when suspended in different solvents. Diameter is calculated by 
assuming RBC shape as circle. 

 sRBCs in PBS sRBCs in 3xPBS sRBCs in Trehalose 

Average / μm2  14.12 13.02 11.41 
std dev / μm2  3.062 2.569 3.564 
SEM / μm2  0.06563 0.04755 0.2613 
Diameter / μm  4.24 4.07 3.81 

 

Analysis of sRBC’s population after freeze-thawing in different solvents shows an increase 

of sRBC’s size after treatment (Table 3). This could be an indication of cell damage due to sample 
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freezing. Alternatively, the size increase could be related to an aging process, as the control 

sample had been imaged one week prior. More data needs to be acquired to identify the process 

behind this increase in size. 

Table 3. sRBC’s population description before and after a freeze-thawing cycle in different solvents. All 
samples were imaged in PBS. Diameter is calculated by assuming RBC shape as circle. 

 
Before 
Freeze-
Thaw 

FT in 
3xPBS 

FT in 
0.36M 

Trehalose 

FT in 
Trehlalose 

pH 7.05 

FT in 
Trehalose 

pH 6.5 

FT in 
Glucose 

FT in 
Sucrose 

Average / μm2 14.12 17.88 15.58 15.45 16.29 16.13 16.55 

std dev / μm2  3.062 2.145 2.225 2.002 2.439 1.819 2.695 

SEM / μm2 0.066 0.182 0.057 0.099 0.170 0.054 0.133 

Diameter / μm  4.24 4.77 4.45 4.44 4.55 4.53 4.59 
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3.4. Lyophilization of RBCs 

Freeze-drying, or lyophilization, is an innovative approach to preserve blood samples. 

While potentially, it can offer several improvements by allowing samples to be preserved at 

room temperature, so far researchers have not found a viable strategy to restore the sample 

without it having suffered any damage.  

Herein, in order to try to preserve the RBC’s in dry conditions, RBC’s suspensions, in 

different solvents as described for the freeze-thawing cycles, were frozen in liquid N2 and dried 

by reducing the pressure in the freeze-drier chamber until the samples were fully dry (~ 2days).  

Other freezing conditions showed problems with sample freezing as sample position in 

the freeze-dryer affects the sample temperature, causing variances within the same batch. 

Ultimately, it caused some of the samples to collapse during the freeze-drying cycle. 

By freezing the samples in liquid N2, it was possible to acquire homogeneous “cakes”, 

indicating the sample was fully dry (Figure 16). The samples were reconstituted with PBS to avoid 

local hypotonic regions during the reconstitution process. Still, after reconstitution, samples 

exhibited a cherry color indicative of the oxidation of hemoglobin (Figure 17). After 

centrifugation, there was no pellet formed, indicating the treatment caused the destruction of 

the RBC’s. 

 
Figure 16. sRBC’s suspensions in different solvents after freeze-drying.  

 

 
Figure 17. Freeze-dried RBC’s samples after reconstitution with PBS.  
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By imaging the powder obtained after freeze drying, it is visible that spherical structures 

are still present, however completely enclosed in a crystalline structure (Figure 18). For some of 

the spherical structures, the crystalline structure surrounding is not very developed, however a 

thin crystalline layer can still be observed (Figure 18B). This suggests RBC’s can act as a 

nucleation core for salt crystals during the drying process. 

 

 
Figure 18. Micrographs of RBC’s samples after freeze-drying. The powder obtained was crushed to 
separate individual crystals. Spherical structures can be found usually surrounded by a developed 
crystalline structure (A) or, occasionally by a thin crystalline layer (B, indicated by the green arrow).  
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4. Interactions of SiNPs with RBC membrane 

4.1. SiNPs toxicity  

 

When fluorescent SiNPs are mixed with a suspension of RBCs, SiNPs are able to attach to 

the membrane of the RBCs. This process depends on the surface properties of the SiNPs and 

may affect the viability of the RBCs. To study the influence of the surface properties on the 

adsorption to membrane and ultimately how it affects the RBCs, three types of SiNPs with 

different negative charge at physiological pH were tested (Table 4)  

Table 4. ζ-potential measurements of SiNPs employed in this study. 

Plain-SiNPs COOH-SiNPs NH2-SiNPs 

-54.8 mV (±7) -63.7 mV (±7) -39.5 mV (±7) 

 

RBC’s survivability was measured with a hemolysis assay. In order to more accurately 

quantify hemoglobin concentration using the absorbance spectra, the contributions of each 

species of hemoglobin was taken into account. Plain and highly negative charges present similar 

hemolysis values and are able to disrupt RBCs at concentrations higher than 1 mg mL-1 (Figure 

19). Comparing with the literature, similar size NPs show similar hemolysis rate at high 

concentration (~20%) however, the least negatively charged NH2-SiNPs show higher toxicity 

(~40%) which is likely associated with a stronger attachment to the membrane. These 

observations are in accordance to the concentration of SiNPs attached to the RBCs. While the 

surface charge helps particles attach to the membrane, their toxicity seems to be driven not by 

charge, but by the amount of particles adsorbed. 
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Figure 19. Toxicity of differently coated 200 nm SiNPs on RBCs. (A) Red blood cell survivability at different 
concentrations of SiNPs. Only concentrations above 1 mg mL-1 show a decrease of RBC survivability. (B) 
Relation between the number of SiNPs attached to the RBCs and the concentration of SiNPs applied. 
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4.2. Population analysis of RBCs interacting with SiNPs 

 

To further understand how the interaction affects the cells, RBCs were mixed with the 

highest (COOH- SiNPS) and lowest negatively charged nanoparticles (NH2-SiNPs) and imaged 

using brightfield microscopy. A monolayer of RBCs was created by compressing a droplet in 

between a quartz slide and a glass slide and cells were imaged once they became immobile on 

the surface (Figure 20). 

 

 
Figure 20. Example image of RBCs mixed with SiNPs and imaged via brightfield microscopy. The yellow 
outline represents the measurements of individual RBCs for this image. 

 

Each experimental set resulted in agreeing data points within the same set but varied 

between both sets. This difference still holds for the control samples prepared in the absence of 

SiNPs, indicating a problem with the imaging setup. As the imaging microscope was adjusted 

from a freeze-drying microscope, it became apparent that small changes in the sample position 

and/or position of the objectives likely caused a drift of the focal plane and changed the image 

calibration. Due to the sensitivity of the imaging system and the necessity to visualize the SiNPs, 

which was impossible using brightfield microscopy, it was decided to image the samples with 

LSCM.  

Due to being based on fluorescence emission, LSCM has a much higher signal-to-ratio than 

brightfield microscopy, allowing the user to attain higher resolution images. It also allows 3D 
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imaging of samples immobilized on a surface. Initial strategy for sample preparation aimed at 

immobilizing RBCs on a glass slide using methanol fixation. Even though it is a standard method 

for analysis of blood smears in histopathology, methanol fixation causes RBCs to loosen their 3D 

conformation and become flat (Figure 21). Other fixation methods also risked hampering RBC 

morphology and elasticity and were, therefore, excluded. Ultimately, to avoid hampering cell 

morphology, cells were imaged in standard imaging media, while the cells remained suspended 

in solution. 

 
Figure 21. Example of a 3D reconstruction of a RBC after fixation with methanol. RBC membrane was 
labelled in green, while SiNPs-are labelled in red. 

 

As RBC’s are non-adherent cells, introduction of shear flow in the imaging chamber causes 

cells to continuously drift, which, in turn, causes distortions in the acquired image (Error! 

Reference source not found.). Other approaches to 3D imaging of moving objects usually aim 

at increasing scanning speed to cancel the object’s movement69. Herein, I present a high-

throughput post-processing method which can be applied to any confocal microscope and 

computer hardware70. 

In order to reconstruct the RBCs, a mask for each object is first created considering only 

the channel which depicts the labelled RBCs. Images are first filtered using a “median” filter, and 

a mask is created using a “moments” algorithm. The resulting mask is then expanded and filled 

via “dilate” and “fill holes” functions, respectively, available in ImageJ. Small objects present in 

the mask are excluded under the assumption that they constituted mainly debris. All previous 

steps are applied to each individual frame across the entire z-stack. 3D objects are connected 

and identified via overlapping sections in neighboring z-steps, using 3D object counter71. 

Individual objects are then considered sequentially by removing the remaining information from 

the mask and applying it to the original image. This results in a z-stack containing a single object 

(this may contain either single cells, or multiple adjacent cells).  
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Figure 22. Orthogonal view of a raw acquisition of 3D stack of RBCs with SiNPs. XZ and YZ views show 
distortion of the cell caused by their movement. Cell membrane is labelled in red, while SiNPs are labelled 
in green. Error bar represents a 10 µm distance. 

Upon attaining the image containing a single object, the z-dimension is defined as time, 

allowing the image to be aligned via the “correct 3D drift” plugin. Application of the plugin is 

only possible at this point due to previous steps limiting the amount of data present in the image. 

Upon realignment, the original dimensions are restored resulting in the aligned 3D stack 

containing a single object, which can then be analysed using 3D object counter, and exported to 

other software for further analysis. 

In summary, using the previous described method (Figure 23), it was possible to 

reconstruct the 3D structure of single cells slowly drifting in solution during the acquisition of 

fluorescent images using a combination of (1) identification of the 3D object along the z-axis and 

(2) correction for the flow of the center of mass of the object (Figure 24). This method can be 

applied to each imaged cell automatically and, as such, it is able to provide accurate statistics to 

describe the population(s) of RBC’s. As a result of the analysis, 3D reconstructed RBC’s with and 

without fluorescent SiNPs have been obtained. To achieve a successful reconstruction, a cell has 

to move less than a radius (from its starting position) in between scanning steps. In this case, 

this was obtained when a cell was moving at less than 0.15 μm s−1. This limitation highlights the 

importance of optimizing the imaging settings not just for image quality but also for acquisition 

speed, as faster acquisitions will allow the reconstruction of faster moving RBCs, whereas 

slowing the acquisition speed will likely improve image quality. .  
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Figure 23. Schematic representation of the approach used to reconstruct 3D objects based on the 
deformed images obtained via LSCM. Direct reconstruction of the objects is not possible requiring  

 

  
Figure 24. 3D surface reconstruction of a RBCs after alignment. The outer limit of the cells was rendered 
in 3D. The figure on the right highlights the possibility of reconstructing large objects composed of 
multiple cells, even if in the scope of this work these were excluded from the analysis.  

 

Multiple channels can be analyzed parallelly, hence NP clusters could be visualized in 

conjunction with the RBC’s (Figure 25). However, due to the resolution of the microscope it was 

not possible to distinguish individual NPs from NP clusters. As such, NP clusters are considered 

to be consisted of one or more NPs. It should be noted however that LSCM is able to distinguish 

the NP cluster’s position in regards to the cell membrane, i.e. whether or not a cluster has 

crossed the membrane into the cytosol, or remains attached to it (Figure 26).  
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Figure 25. 3D Volume reconstruction of RBCs with SiNPs adsorbed onto the surface. The cell is 
reconstructed based on the intensity of the signal acquired. This allows visualization of multiple signals in 
contrast to surface-only visualization. 

In order to obtain a complete 3D reconstruction of the cell, the flow should be slow 

enough to allow a partial overlap of the same cell at different z-planes. Under standard 

conditions reported in this work, RBC 3D reconstruction could be achieved at flow speeds under 

3 µm per z step of the microscope. 

 

 
Figure 26. Rare occurrence of a negatively charged SiNP inside a RBC. 

 

The concentration of NPs plays an important role in the attachment of NPs to the RBC’s 

membrane. An increase in the concentration of NPs is associated with a higher distribution of 

the nanoparticles across the available RBC’s. Interestingly, NPs do not seem to cover the surface 

uniformly, but rather form clusters at the RBC surface (Figure 25). 
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The number of clusters observed at the surface depends on the type of particle (Figure 

27). Plain SiNPs show an average of 0.42 clusters per cell at 5 mg mL-1. While this number seems 

quite small, larger concentrations of SiNPs cause lysis of the cells. For the highly negatively 

charged COOH-SiNPs the number of attached SiNP cluster is similar, remaining at 0.5 clusters 

per cell even at 5 mg mL-1. In contrast, the NH2-SiNPs have an average of 2.1 clusters per cell, 

with most of the cells being covered by NPs. These results suggest the attachment of SiNPs is 

dependent on their surface charge, as the least negatively charged NH2-SiNPs are present on the 

surface of RBC’s on a much larger scale than either plain-SiNPs or COOH-SiNPs. 
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Figure 27.  (A) Average number of SiNP clusters attached to single RBCs and (B) fraction of cells containing 
at least 1 SiNP cluster. RBCs were reconstructed and individually analyzed for the presence and number 
of SiNP clusters. Results are shown as average and SEM. 

Comparing the results with the toxicity described earlier, there is a correlation between 

the amount of SiNP clusters adsorbed onto the RBC membrane and their disruptive power. 

Samples with higher number of SiNP clusters adsorbed are related with higher toxicity, while 

samples with similar number of SiNP clusters per cell, also show the same tendency, p.e. both 
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plain SiNPs and COOH-SiNPs present similar values for number of SiNP clusters attached while 

also presenting similar values for toxicity.  

When analyzing the shape descriptors for the different samples, for all types of 

nanoparticles no clear sign of disturbance is observed (Figure 28). While average values are 

within the expected range for healthy RBCs, it is not clear whether they retain their elasticity 

and deformability.  

 

 
Figure 28. Morphological analysis for sphericity (top) and elongation (bottom) of RBCs interacting with 
differently charged SiNPs. Samples show no statistically significant differences when compared amongst 
themselves and with the control sample (Sphericitycontrol=0.482±0.071; Elongationcontrol=1.218±0.033) 
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4.3. SiNP interaction with GUVs 

 

To demonstrate the generic applicability of this study, and as a collaboration with Dr. 

Jean-Baptiste Fleury from University of Saarlandes, the interaction between the same types of 

nanoparticles and Giant Unilammelar Vesicles (GUVs) was investigated. GUVs can be considered 

a model system for RBCs, while being less rigid and not having a glycocalyx layer surrounding 

the membrane. Fluorescent GUVs were prepared using a DOPC/DOPS mixture supplemented 

with 8% PS lipids to provide a negative electrostatic charge to the vesicles. Upon addition of 

Plain- and NH2-SiNPs, they begin attaching to the surface of the GUVs, though it is not known 

whether this effect is reversible or not. COOH-SiNPs however do not seen to attach to the GUVs 

(Figure 29). When measuring the GUV morphology over time, it is observable that plain-SiNPs 

do not cause shape distortions of the GUV. On the other hand, both the NH2-SiNPs and the 

COOH-SiNPs cause a strong disturbance of the membrane (Figure 30). 

 
Figure 29. Fluorescence microscopy images (top) and corresponding line scans (bottom) of a GUV when 
in contact with different SiNPs throughout a brief period of time. SiNPs are labelled in green, while GUVs 
are not labelled. Line scans measurements are represent according to the signal-to-background (S/B) 
ratio. 
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Figure 30. Fluorescence microscopy images (top) and corresponding roundness measurements (bottom) 
of a GUV when in contact with different SiNPs throughout a brief period of time. GUVs are labelled in 
green, while SiNPs are not labelled. Scale bar represents a 10 µm  distance. 

Unlike what is observed on RBCs, SiNPs interacting with GUVs are distributed in a more 

uniform manner and not under the form of clusters. This might indicate that flow conditions 

under which the RBC experiments were performed triggered the clustering of the SiNPs. The 

most negatively charged particles, COOH-SiNPs, do not attach to GUVs, while on RBCs, they 

presented a similar behaviour to the plain-SiNPs. As with RBCs, NH2-SiNPs show the strongest 

attachment to GUVs, which is consistent with literature data. These different behaviours may 

be due to a structural difference between the vesicle (fluid membrane) and RBCs (elastic 

membrane) and the glycocalyx layer surrounding the RBCs. 

Despite the different adsorption behaviours by NH2- and COOH-SiNPs, both types of NPs 

induce a strong disturbance of the GUV membrane, while plain-SiNPs do not disturb the 

membrane. While in the case of NH2-SiNPs, these distortions can be justified by the attachment 

of SiNPs, the same justification does not apply to COOH-SiNPs. A better attempt to explain the 

latter would be to consider electrostatic repulsion between the vesicles and the COOH-SiNPs, 

this question still requires further investigation. 
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5. Future perspectives 

Despite the work described in this thesis, several questions remain unanswered. The first 

part of the work described the determination of freezing and thawing point but did not fully 

explore the mechanisms which lead to a hysteresis of the freezing point. In this regard, it is 

possible that, due to the small volume of the sample, it undergoes a vitrification process, leading 

to an amorphous phase. This process could be clarified via differential scanning calorimetry, as 

it can be expected the crystalline structure displays a different heat capacity relatively to its 

amorphous counterpart. Understanding of this process will lead to further optimization of 

existing protocols, namely for alternative cryoprotectants such as trehalose. 

In chapters 3.2, the question of the influence of aging on the cryopreservation of RBCs 

was also raised. The understanding of this influence is vital for the optimization of current 

protocols both for RBC cryopreservation studies and for clinical environments. Even though the 

benefits of current methods vastly outperform possible drawbacks, it is important to minimize 

the latter. It is known that protein composition on the membrane of red blood cells changes 

with age, being one of the mechanisms allowing the identification of old RBCs for renewal by 

our body. Relating the protein composition at different points in time with the survival rate of 

cells after a freeze-thawing cycle will provide clues on which proteins affect this process, either 

by stabilizing the membrane during freezing or, in contrary, by destabilizing it. Such knowledge 

can be applied to improve cryopreservation protocols by incorporating stabilizing proteins in the 

system. 

Population studies in chapter 3.3 have shown an increase in RBC size after a freeze-

thawing cycle. It is not clear the effect of this change on the function of RBCs, and more 

information is required on the molecular alterations which lead to this increase, namely 

alterations to the membrane structure, composition, permeability and lipid spacing. It is also 

important to analyse RBCs rheological properties as these are vital towards their function. It 

should be noted that the benefits of using cryopreserved RBCs heavily outweigh the risks, thus 

even if their function is partially impaired, it is not expected this will modify existing protocols. 

Chapter 4 explores the interaction of SiNPs with RBCs, as potential co-agents for the 

delivery of trehalose. During the scope of this project it was not possible to evaluate the 

internalization of trehalose or other small molecules, so this would be a logical next step. It was 

also not possible to measure their rheological properties, so techniques such as micropipette 

suction would provide valuable information in this regard. 

Chapter 4.3 shows the use of GUVs as model systems for RBCs. Here, it was shown that 

SiNPs attach in a uniform manner to the surface of GUVs, suggesting they follow a Langmuir 
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adsorption model. However, in chapter 4.2 it was shown that SiNPs attach as clusters to the 

surface of RBCs, arguing for a different adsorption model. While determination of adsorption 

isotherms in RBCs may be complicated in solution due to the high concentration of SiNPs 

required, it would be possible to do so by immobilizing the RBCs on the surface thus limiting the 

volume of sample required. Understanding the adsorption mechanism would contribute 

towards increasing our knowledge on the influence of the glycocalyx on the attachment of SiNPs 

to RBCs.  

Finally, the high-throughput image alignment method described in chapter 4.2 is not 

limited to the study of RBCs with a single type of NP or to LSCM images. First, relatively to the 

image acquisition methodology, this post-processing method simply requires a z-stack as an 

input. Thus, it can be directly applied to different imaging methods which can produce this 

output (e.g. widefield deconvolution microscopy, spinning disk confocal microscopy, light sheet 

fluorescence microscopy). Second, it works identifying the objects in the channel showcasing 

the cell membranes and using these to align the remaining channels. In this work, the first 

channel corresponded to labelled RBCs, but it can be expanded to other suspension cells (e.g. 

monocytes, leukocytes). Furthermore, in a raw sense, the remaining channels correspond to a 

signal originating from something other than the dye in the membrane, and not necessarily to 

NPs. This means that the same method can be directly applied to the study of membrane 

proteins on suspension cells or other external objects so long as they emit fluorescence or can 

be labelled with a fluorescent dye. In principle, more than two channels can be used for imaging, 

with the only limitations set during the sample preparation and image acquisition steps. This last 

point highlights the possibility to not only study the interaction of NPs with the membrane, but 

also the correlation between different objects (e.g. to study the modulation of certain 

membrane proteins upon interaction with the membrane. In short, the proposed method, 

presents an easy option which can be applied to multiple systems, without requiring expensive 

improvements to existing microscopes. 
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6. Conclusions 

This thesis describes different strategies for cryopreservation of red blood cells (RBCs): 

chapter 3 is focused on application of trehalose for the cryopreservation of RBCs, and chapter 4 

study the interactions of SiNPs with RBCs for future application as co-agents for trehalose 

delivery. In particular, In chapter 3, I have presented an improvement to current methods for 

determining the freezing and melting points of blood by applying post-processing image analysis 

to the images obtained via freeze-drying microscopy. This method uses pixel intensity profiles 

throughout time as the sample is frozen and molten to remove the user from the analysis, 

obtaining a fully analytical method and allowing to obtain more precise measurements. This 

method has been validated only for blood samples, however it offers the possibility of being 

applied to other samples, while also allowing the process to become fully automated.  

Freezing and thawing conditions as well as buffer composition were analyzed according 

to their influence of the survivability of RBCs. These conditions play a major role in the 

preservation of RBCs as ice crystal growth is controlled by them. Very slow freezing rates result 

in low RBC survival likely due to ice crystals growing too large. Faster cooling rates show better 

survival rates as ice crystals do not have as much opportunity to grow. Freezing in liquid N2, 

presents a viable option only when samples are thawed quickly, in a water bath at 37ᵒC. While 

the reason is not fully understood, it can be suggested that during immersion in liquid N2, the 

samples undergo a vitrification process instead of crystallization, allowing cells to keep water in 

the cytosol. Slow thawing methods allow the water to restructure, causing damage to the 

membrane. 

Observation that hypertonic solutions are able to protect RBC’s from freezing damage led 

to the analysis of different buffer parameters on RBC cryosurvival: osmolarity, salt composition, 

pH, and sugar molecule. While osmolarity and salt composition (NaCl vs KCl) do present a role 

in protecting RBCs, the presence of trehalose is more impactful than using salt alone. This 

molecule is also able to outperform similar sugar molecules, suggesting it’s a particular effect 

observable only for trehalose. Effect which is enhanced at lower pH (6.5). The RBC survivability 

is higher than reported in literature, although this is likely associated to the use of sheep RBCs 

instead of human RBCs. The use of trehalose presents a viable alternative to glycerol for 

cryopreservation of RBCs, not requiring such high concentrations of the cryoprotectant and 

possibly allowing to bypass the cryoprotectant removal step, due to it being metabolized in the 

body.  

Lyophilization of RBC samples was attempted using different buffer compositions. This 

strategy offers the advantage of not requiring cold storage, facilitating not only storage but also 
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transport. Nonetheless, all the conditions tested resulted in the bursting of the RBCs and 

oxidation of hemoglobin. While promising, the drawbacks of the method do not allow for its 

implementation, requiring more understanding of the membrane phase shifts or redox reactions 

during the drying and reconstitution steps. 

In chapter 4, and in order to study the effects of differently charged SiNPs on RBC, three 

types of SiNPs were added to RBC samples. These NPs show signs of toxicity at concentrations 

higher than 1 mg/mL (survivability decreases by 20%), whereas the effect is further enhanced 

(survivability decreases by 40%) when using NPs with a lower negative charge, SiNPs-NH2. This 

suggests the toxicity is related to stronger interactions between the SiNPs and the negatively 

charged cell membrane. As per fluorescence intensity measurements, the decrease in 

survivability is also associated with an increase in the concentration of SiNPs adsorbed, providing 

further evidence of these interactions.  

In order to visualize the RBCs as to measure any deformations, two strategies were 

attempted: first, by brightfield microscopy, using an adapted freeze-drying microscope; and 

second, by LSCM, in order to acquire more precise and 3-dimensional data. Due to imperfections 

in the data acquisition steps, the use of brightfield microscopy was abandoned in favor of more 

precise measurements acquired via a LSCM microscope. For the analysis of the acquired 3D 

images of floating RBCs, a high throughput image analysis method was developed allowing the 

XY alignment of individual objects across the Z-axis of the image, and which has been published 

in Dias et al, Nanoscale, 2019 (annex I)70. Additionally, the method allows the alignment of 

multiple channels, enabling labelling multiple compounds and distinguishing the position of 

each signal to the cell.  

When incubated with RBCs in solution, NPs distributed under the form of clusters. The 

average number of clusters found on each cell is higher for lower negatively charged 

nanoparticles, hinting at the major role of surface charge in this interaction. Despite the number 

of identified clusters attached to RBCs, the cells did not exhibit morphological changes when 

compared to a control sample in the absence of SiNPs. This seems to point that despite the 

attachment of RBCs, cells retain their structure and deformability potential. Nonetheless, the 

results must be taken with a grain of salt, as the high deformability of RBCs may hide potential 

variations in the parameters analyzed. The results were confirmed with a experimental model 

system, GUVs with a lipid composition mimicking that of RBCs. These experiments show a similar 

behavior in that weakly negatively charged SiNPs, SiNPs-NH2, display a stronger attachment in 

comparison with the remaining similar sized SiNPs. However, when attaching to GUVs, SiNPs do 

not adsorb as clusters, suggesting the glycocalyx may play a more important role than initially 

considered. 
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Overall, as long as below the 1 mg/mL threshold, SiNPs are a stable component, not 

showing clear signs of toxicity to RBCs. This enables further applications to be developed by 

making use of SiNPs as nanocarriers, while using their surface charge to tailor the interaction 

strength to RBCs. The alignment method published may also see application in other biological 

samples, like suspension cells, to locate fluorescent proteins expressed or other labelled 

compounds.  
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7. Materials and Methods  

Red Blood Cells: RBCs were isolated from fresh whole sheep blood supplied in Alsever’s medium 

(TCS Biosciences Ltd, UK) and kept at 4 o C. Before use, RBCs were washed twice by centrifugation 

at 500g and exchanging media with phosphate-buffered saline (PBS), and adjusted to 40% 

hematocrit. 

 

Incubation media: 3x Phosphate Buffered Saline (PBS) solutions were prepared by dissolving 

PBS tablets in AnalaR water. Subsequent dilutions were prepared by diluting the 3x PBS solution 

in AnalaR water. Trehalose, glucose and sucrose solutions were prepared by dissolving the 

specific compound in 1x PBS. Afterwards, the pH of the medium was adjusted with NaOH/HCl 

using a digital pH meter (FE20, Mettler Toledo, Switzerland). Finally, the osmolarity was 

measured using a Type 13/13DR osmometer (Löser Messtechnik, Berlin, Germany). All chemicals 

were acquired from Sigma-Aldrich, UK. 

 

Freeze-thawing curves: After washing and medium exchange with the appropriate solution, a 

RBC droplet was imaged using a Lyostat5 (BTL, UK). The temperature was decreased until -30 ᵒC 

and then increased up to 25 o C (room temperature) while keeping the chamber at 1 atm. Cooling 

and heating rates were slowed down close to the freezing and melting points and imaging rate 

was increased in order to increase the sensitivity of the measurements. Images were exported 

and analyzed using FIJI, a distribution of ImageJ. Data was then transferred and analyzed using 

Microsoft Excel. 

 

RBC freeze-thawing: After washing and exchanging media for the appropriate solution, samples 

were frozen according to 3 different protocols: flash-freezing, by immersing the samples in liquid 

N2; medium cooling, by storing the samples in a pre-cooled freeze-drier at -40 ᵒC; and slow 

cooling, by using a freeze-drier to reduce the temperature by -0.5 ᵒC / min down to -40 ᵒC. 

Samples were kept at – 40 ᵒC for 4 hours, followed by storage overnight at -80 ᵒC. For thawing, 

samples were thawed according to 4 different protocols: using a water bath at  

37 ᵒC; allowing the samples to rest at room temperature; using a freeze-dryer to increase the 

temperature by 0.5 ᵒC / min, from -40 ᵒC to 25 ᵒC; and by storing the samples in a 4 ᵒC fridge. 

 

Hemolysis assay: Hemolysis assay was performed by diluting the RBCs samples in MQ Water (5 

μL sample: 95 μL MQ water) in a Greiner 96-well plate. This causes RBCs to lyse due to osmotic 

pressure, thus releasing intracellular hemoglobin to the medium. Fluorescence intensity (λex = 
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550 nm; λem = 627 nm) and absorbance spectra (500 nm to 800 nm, with increments of 2 nm) 

were recorded using a Tecan Infinity m200 microplate reader. Hemoglobin (Hb) concentration 

is calculated by taking into account the different contributions of the its different forms to the 

final UV-Vis spectrum as described in Benesch et al71. Ultimately the survivability is defined as a 

ratio between the Hb concentration in the sample and the Hb concentration in an untreated 

control.  

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑏𝑖𝑙𝑖𝑡𝑦(%) =
[𝐻𝑏]𝑠𝑎𝑚𝑝𝑙𝑒

[𝐻𝑏]𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
∙ 100 

The concentration of adsorbed nanoparticles was determined by comparing the fluorescence 

emission of the sample to known standards previously prepared. This comparison assumes that 

after cell lysis particles become homogenously suspended in solution and no other component 

acts as a quencher for the conditions used.  

 

RBC’s morphology measurements: For imaging, RBC’s smears were prepared using a coverslip 

and covered. The sample was imaged using a Lyostat5 (BTL, UK), which had been set up as a 

brightfield microscope by removing the polarizer and analyzer disks. The pixel size was 

determined for a 50x objective using a calibration slide. During image acquisition, a background 

image was acquired (either by direct acquisition or by processing different background images 

as required) and background correction was performed by dividing the sample image by the 

background image. This allowed to correct artifacts present in the images, while improving 

overall image quality, as seen in Figure 31. 

 

  
Figure 31. Micrograph of sRBC’s suspended in 3x PBS solution before (left) and after background 
correction (after).  

A mask for the individual selection of RBCs was created by applying a “mean” thresholding 

algorithm available on the the FIJI distribution of ImageJ, followed by a watershed. Objects were 

analysed using the “Analyse Particles” function available in the same software. The results were 
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exported to Graphpad Prism where frequency histograms were plotted according to the RBCs’ 

size and a Gaussian fit was applied to describe the sRBC’s population. RBCs diameter was 

calculated by assuming RBCs as circles, and, as such, their radius as a function of the area 

occupied. 

 

RBC lyophilization: After washing, RBCs’ medium was exchanged to the appropriate solutions 

previously used for cryopreservation experiments. Samples were frozen by immersion in liquid 

N2 and immediately transferred to a pre-cooled to – 40 ᵒC freeze drier. After, they were kept in 

a vacuum at -40 ᵒC for 2 days, after which they were removed and stored at room temperature. 

Samples were reconstituted using PBS solution. The RBC powder was imaged prior to sample 

reconstitution using a Lyostat5 (BTL, UK) previously adapted with a 50x objective and by 

removing the polarizer and analyzer disks. 

 

Fluorescent SiNPs: Amorphous, fluorescent and spherical “red-Sicastar” SiNPs of 200 nm were 

purchased from Micromod Partikeltechnologie GmbH. These particles are prepared according 

to the hydrolysis process. The advantage of this process is that the fluorescent molecules are 

dispersed in the bulk of the NPs and their presence at a surface is marginal. They have a 

hydrophilic surface functionalized with terminal Si-OH bonds (i.e. plain silica). In order to 

compare the effects of the surface properties of NPs, fluorescent SiNPs with different groups 

were used: -NH2 (weakly negatice) or -COOH (strongly negative). 

 

Incubation with SiNPs: Nanoparticle suspensions were prepared by diluting the nanoparticles 

in PBS. Previously prepared RBCs were split into 0.5 mL aliquots, centrifuged at 500g for 5 min 

and resuspended in the nanoparticle suspension. Samples were kept at 37ᵒC in an orbital mixer 

overnight at 15 rpm. Before analysis, RBCs were washed by centrifuging at 500g for 5 min and 

resuspending in PBS. 

 

Brightfield microscopy: After incubation with nanoparticles, samples were immediately diluted 

in PBS (1:50 ratio) and inserted in a Countess™ Cell Counting Chamber Slide. Cells were allowed 

to deposit for 5 min and imaged with a Lyostat5 Freeze Drying Microscope adapted for 

brightfield microscopy by removal of the polarizer and analyzer filters.  

Images were analyzed using Fiji as described in chapter 1, while using a “Moments” filter to 

create the segmentation mask.  
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Laser Scanning Confocal Microscopy: Glass slides were washed with MQ water, 70% ethanol 

and isopropanol and dried under N2 stream. A temporary chamber on the glass slide was created 

using silicone spacers to allow handling the samples. Slides were coated with Collagen type IV 

(Sigma Aldrich, St Louis, USA) by incubating with 3% solution (w/v) for 30 min and removing 

excess by washing three times with PBS. Samples were then diluted in PBS (1:10 ratio) and  

300 μL were transferred into the chamber and allowed to deposit for 30 min. Excess RBCs were 

removed by washing twice with PBS.  

RBC membrane was labelled by incubating the samples with 5 μg/mL WGA-AF488 in PBS for 10 

min and removing excess by washing twice with PBS. The silicone spacer was then removed and 

slides were mounted using Ibidi Mounting Medium.  

Samples were imaged using a Leica SP5 Laser Scanning Confocal Microscope equipped with an 

Ar laser and a 561 diode laser, and a 63x magnification objective (oil, N.A. 1.4). Pinhole was set 

to 1 airy and image magnification was set to 2.4x (pixel size ~100 nm), interplane distance was 

optimized using the microscope software (~340 nm voxel height). Images were acquired using 

resonant scanner mode to decrease acquisition time; and using line sequential scanning, to 

remove cross-talk between the different channels, with a line average of 8 times, to decrease 

background noise. 

3D reconstructions followed by morphological analyses of the RBCs were performed using a 

custom script for FIJI. Results were exported as comma separated values (csv) files and RBC 

populations were described by performing a gaussian fit via a custom python3 script. 

 

Giant unilamellar vesicles’ preparation: Giant Unilamellar Vesicles (GUVs) were grown 

following the protocol of Angelova et al74 Briefly, 20 μl of a 1 mM lipid stock solution 

(DOPC/DOPS/Rho-DOPE, 91.2 : 8 : 0.8 mol%) in chloroform (Sigma) were dried on an ITO glass 

slide (Delta Technologies) under vacuum and rehydrated with 2 ml of 200 mM sucrose (Sigma). 

GUV formation was performed at 8 Hz and 1.1 V for 2 h. The GUVs were then mixed with 0.1 mg 

ml−1 of fluorescent SiNPs and introduced by capillarity into a microfluidic chamber. The vesicles 

and the NPs were observed under an epifluorescence microscope (Zeiss Axio Observer.Z1) with 

two different excitation wavelengths (blue laser 493 nm and green laser 531 nm). To fabricate 

the observation chambers with a flat bottom, glass slides were cut into squares of about 2.5 × 

2.5 cm and coated with octadecyltrichlorosilane (OTS, purchased from Sigma) to prevent GUV 

adhesion.25,26 The OTS-coated glass squares were stacked with a cover slide (thickness 150 

μm) as a spacer and glued together at three sides using epoxy glue. 
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GUV shape analysis: The shape of GUVs was analyzed automatically using ImagePro Plus10 as 

commercial image processing software (Media Cybernetics). 

 

Lipids: Phospholipids: dioleoyl-phosphatidylcholine (DOPC), dioleoylphosphatidylserine (DOPS), 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-

DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (NBD-DOPE), and 7-nitrobenzofurazan-

labeled. All lipids were purchased from Avanti Polar Lipids (USA). 
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High-throughput 3D visualization of nanoparticles
attached to the surface of red blood cells†
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Vladimir A. Baulin *a

Blood circulation is the main distribution route for systemic delivery and the possibility to manipulate red

blood cells (RBCs) by attaching nanoparticles to their surface provides a great opportunity for cargo deliv-

ery into tissues. Nanocarriers attached to RBCs can be delivered to specific organs orders of magnitude

faster than if injected directly into the bloodstream. Another advantage is a shielding from recognition by

the immune system, thereby increasing the efficiency of delivery. We present a high-throughput microfl-

uidic method that can monitor the shape of drifting cells due to interactions with nanoparticles and

characterize the 3D dispersion of fluorescent silica nanoparticles at the surface of RBCs. The combination

of fluorescence microscopy with image analysis demonstrates that the adsorption of silica nanoparticles

onto the surface of RBCs is strongly influenced by electrostatic interactions. A reduced number of intact

RBCs with increasing nanoparticle concentration beyond a certain threshold points to a toxicity mecha-

nism associated with the nanoparticle adsorption at the surface of RBCs.

Red blood cells (RBCs) are universal carriers of oxygen to
tissues in humans and animals. Their particular shape and
great membrane elasticity allow for delivery of oxygen through
tiny capillaries. It is thus an attractive target for bioengineering
applications1 that allows one to alter and “hijack” the surface
of RBCs with nanomaterials2,3 and modify their ability as a
delivery vector. RBCs have many features of ideal drug carriers,
including their bioavailability, biocompatibility, and a long
lifetime in the bloodstream (approximately 120 days in
humans).4 Due to their simple structure, RBCs can be easier to
tailor than other types of cells. They also lack many active pro-
cesses vitally important for functioning of living cells includ-
ing endocytosis.5 In addition, engineered nanomaterials inter-

acting with living cells have attracted increasing attention6 in
view of rising concerns of toxicity of these nanomaterials.

Nanoparticles (NPs) are actively exploited as vectors for tar-
geted delivery, imaging tools and heat conductors for cancer
treatment.6 Among the undesirable effects and difficulties for
NP biotechnological applications one can mention rapid cover-
ing of NPs with serum proteins7 which leads to the formation
of a protein corona and consequent recognition by the
immune system. This effect also alters the surface properties
of NPs and the aggregation of NPs into clusters and may be
directly linked to hemolysis and consequent toxicity.8,9

Engineered complexes formed by RBCs and NPs attached to
their surfaces provide several advantages for their appli-
cations:10 it has been shown that the attachment of NPs to
RBCs alters the function and properties of NPs and greatly
reduces the NP uptake by mononuclear phagocytes.11 The
non-covalent attachment of NPs to RBCs increases their pres-
ence in the blood for over 24 hours and, at the same time,
reduces their elimination by the liver and spleen.11 Moreover,
it has been demonstrated that NPs attached to the surface of
RBCs can be reversibly removed from RBCs in a shear flow.11

Another aspect of the attachment of NPs to RBCs is a “cleaning
effect”, i.e. a reduction of freely floating NPs in the blood-
stream: NPs in the solution modify the hydrodynamic pro-
perties of the blood flow and might lead to the undesired for-
mation of RBC clusters.8 In turn, NPs by themselves can be
used as blood-cleaning devices.8

Optimal observation conditions for optical microscopy are
achieved for NPs on the order of hundreds of nanometers in

†Electronic supplementary information (ESI) available: ImageJ macro perform-
ing the 3D alignment for individual objects (3d alignment.ijm); a 3D alignment
macro setup for batch processing of all open images (3d alignment_macro);
macro counting the number of NP clusters present in the reconstructed images
(3d analysis.ijm); a video of raw acquisition of a 3D stack of RBCs in suspension
(3d stack.avi); a video of a 3D volume rendering of the RBC shown in Fig. 4; a
video of a vesicle without NPs (control); a video of a vesicle with positively
charged NPs (NH2-modified). See DOI: 10.1039/c8nr09960j
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diameter. These are typical sizes of NPs used for the visualiza-
tion of NPs’ interaction with RBCs. Previous studies of the
interaction of NPs with RBCs revealed the spatial distribution
of NPs on the surface of the RBCs.12 Scanning electron
microscopy under static conditions13 allowed the visualization
of the dispersion of ∼100–500 nm NPs on the surface of RBCs,
while a lower spatial resolution has been achieved with fluo-
rescence confocal microscopy and fluorescent NPs.14,15 These
independent experiments demonstrate that NPs are distribu-
ted randomly on the cell surface of RBCs. However, due to a
flow in the solution, it was not possible to visualize NPs on a
single RBC with these methods. For example, a shear flow
present during the measurements is able to remove an individ-
ual NP from the RBC surface.11 Indirect methods, such as the
quantification of hemolysis, or optical microscopy monitoring
the shape of RBCs, provide indirect information on the effect
of NP adhesion on the RBC surface via characteristics such as
deformability, clustering and cell death.16 It is noteworthy that
most of these experimental techniques require immobilized
RBCs in solution, or even for cells to be attached to a substrate.
As such, the characterization and visualization of individual
cells with attached NPs within the flow is a challenging task.17

Here we present a high-throughput method that allows for
quantification – and reconstruction in a 3D format – of fluores-
cently labelled NPs attached to the surface of fluorescent RBCs
while they are flowing in a microfluidic chamber with a
specially designed image analysis technique. In contrast to the
standard laser scanning confocal microscopy that requires
sample immobilization during scanning, our approach allows
for the individual reconstruction of each cell regardless of its
movement or spatial distribution. Other approaches to 3D
imaging of fast-moving objects usually aim at increasing the
scanning speed of the microscope to cancel their movement,18

whereas we present a post-processing method which can be
applied to any confocal microscope and computer hardware.

Materials and methods
Red blood cells

RBCs were isolated from the fresh whole sheep blood supplied
in Alsever’s medium (TCS Biosciences Ltd, UK) and used within
one week. RBCs were washed twice by centrifugation at 500g
and exchanging media with phosphate-buffered saline (PBS).

Silica nanoparticles

Amorphous, fluorescent and spherical “red-Sicastar” silica NPs
(SiNPs) of 200 nm were purchased from Micromod
Partikeltechnologie GmbH. These particles are prepared
according to the hydrolysis process. The advantage of this
process is that the fluorescent molecules are dispersed in the
bulk of the NPs and their presence at a surface is marginal.
They have a hydrophilic surface functionalized with terminal
Si–OH bonds (i.e. plain silica). In order to compare the effects
of the surface properties of NPs, fluorescent SiNPs with

different groups were used: –NH2 (weakly negative) or –COOH
(strongly negative). See the ESI.†

Nanoparticles and RBC mixture

Samples were prepared by adding the SiNPs while adjusting
hematocrit to 40% and were incubated at 37 °C overnight with
constant stirring. After incubation, the samples were washed
once with PBS and stored at 4 °C.

Hemolysis assay

After preparation, the samples were diluted to 1 : 20 in Milli-Q
water and the absorbance was measured at 560, 576, 630 and
700 nm using a Tecan Infinite M200. Hemoglobin concen-
tration, c(Hb), was determined according to the protocol
described by Benesch et al.19 while using the absorbance at
700 nm as a background. RBCs’ survivability was determined by

Survivability %ð Þ ¼ c Hbð Þfinal
c Hbð Þinitial

� 100:

Microfluidic device fabrication

Glass slides were coated with Blood Serum Albumin (BSA) and
20 µL of the sample were deposited onto the slide and isolated
with a silicone spacer. The samples were washed twice by
adding PBS and discarding the supernatant. The RBCs were
stained by suspending the cells in 1% WGA-Alexa488 solution
(Invitrogen) for 10 min and washing twice with PBS. Finally,
the slide was mounted using Ibidi mounting medium.

Fluorescence imaging

Laser scanning confocal microscopy (LSCM) was performed
using a Leica SP5 laser confocal microscope equipped with a
resonant scanner. Different channels were acquired individu-
ally in the sequential mode.

Image reconstruction and analysis

The recorded microscopy images were reconstructed and ana-
lyzed automatically via a specially constructed image analysis
technique compatible with ImageJ [available in the ESI†].
LSCM images were analyzed using FIJI,20,21 a distribution
version of ImageJ, in the following sequence. Individual
objects were identified with a 3D Object counter22 and aligned
with Correct 3D Drift.23 In particular, the number of NP clus-
ters and their position inside or outside the RBC surface could
be measured in a high-throughput manner. Nanoparticle clus-
ters were counted with 3D object counter. The figures were
plotted using Graphpad Prism 7. To achieve a successful
reconstruction, a cell has to move less than a radius (from its
starting position) during the scanning step. In our case, this
was obtained when a cell was moving at less than 0.15 µm s−1.

Giant unilamellar vesicles’ preparation

Giant Unilamellar Vesicles (GUVs) were grown following the
protocol of Angelova et al.24 Briefly, 20 μl of a 1 mM lipid stock
solution (DOPC/DOPS/Rho-DOPE, 91.2 : 8 : 0.8 mol%) in
chloroform (Sigma) were dried on an ITO glass slide (Delta
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Technologies) under vacuum and rehydrated with 2 ml of
200 mM sucrose (Sigma). GUV formation was performed at
8 Hz and 1.1 V for 2 h. The GUVs were then mixed with
0.1 mg ml−1 of fluorescent SiNPs and introduced by capillarity
into a microfluidic chamber. The vesicles and the NPs were
observed under an epifluorescence microscope (Zeiss Axio
Observer.Z1) with two different excitation wavelengths (blue
laser 493 nm and green laser 531 nm). To fabricate the obser-
vation chambers with a flat bottom, glass slides were cut into
squares of about 2.5 × 2.5 cm and coated with octadecyl-
trichlorosilane (OTS, purchased from Sigma) to prevent GUV
adhesion.25,26 The OTS-coated glass squares were stacked with
a cover slide (thickness 150 μm) as a spacer and glued together
at three sides using epoxy glue.

GUV shape analysis

The shape of GUVs was analyzed automatically using Image-
Pro Plus10 as commercial image processing software (Media
Cybernetics).

Lipids

Phospholipids: dioleoyl-phosphatidylcholine (DOPC), dioleoyl-
phosphatidylserine (DOPS), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rho-DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(NBD-DOPE), and 7-nitrobenzofurazan-labeled. All lipids were
purchased from Avanti Polar Lipids (USA).

Results and discussion

When fluorescent SiNPs were mixed with a suspension of
RBCs, SiNPs became attached to the surface of RBCs. This
process depends on the surface properties of NPs and to inves-
tigate the influence of the surface properties on adsorption, we
tested 3 types of SiNPs with different levels of negative charge
at physiological pH (Table 1). Our image recognition and ana-
lysis technique has been applied to fluorescence microscope
images where RBCs had a red dye and the attached SiNPs had
a green dye.

It was possible to reconstruct a 3D structure of a single cell
by slowly drifting in the solution during the acquisition of
fluorescent images using a confocal microscope by a combi-
nation of (i) identification of the 3D object center of mass and
(ii) correction for flow of the center of mass of the stack. A
typical example of a fluorescence image that was analyzed is
shown in Fig. 1. As a result of the analysis, 3D reconstructed
cells with or without the attached NPs have been obtained
(Fig. 2). This method can be applied to each detected cell in
the solution automatically and thus, such a high-throughput

method provides an accurate statistics of the shapes of RBC
cells affected by the interaction with NPs and allows the visual-
ization of NPs attached to the surface of RBCs. However, due
to the resolution of the microscope, it was not possible to dis-
tinguish individual NPs from the clusters of NPs (Fig. 3).
Therefore, we consider that NP clusters can consist of one or
several NPs. In contrast, the spatial resolution of confocal
images was good enough to resolve the position of the cluster
with respect to the membrane of the cell, i.e. distinguish
whether the cluster has crossed the membrane and attached
to the inside of the cell or it was localized at the RBC mem-
brane outside of the cell (Fig. 4). Thus, this method can be

Table 1 Zeta-potential measurements of SiNPs employed in this study

NH2 Plain COOH

pH = 7.4 −39.5 mV (±7) −54.8 mV (±7) −63.7 mV (±10)

Fig. 1 Orthogonal view of a raw acquisition of the 3D stack of RBCs
with SiNPs. XZ and YZ views show the distortion of the cell caused by
their movement. Scale bar corresponds to a 10 μm length.

Fig. 2 3D surface reconstruction of a RBC after alignment. The outer
limit of the cell was rendered in 3D.
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used for screening of translocation events through the mem-
brane of the cell and allows for the collection of the corres-
ponding statistics over many cells. It would be possible to
extend this method to study endocytosis and active or passive
membrane crossings with other types of living cells for
different nanoobjects.

In order to obtain a complete 3D reconstruction of the cell,
the flow should be slow enough to allow for the confocal
microscope to complete the scanning of z-stacks before the
cell moves out of the field of view. For the standard conditions
reported in this article, RBC 3D reconstruction can be achieved
at flow speeds slower than 3 µm (in the xx′ and yy′ axes) per z
step of the microscope.

It is noteworthy that the concentration of NPs plays an
important role in the attachment of NPs to the RBCs.
Increasing the concentration of plain SiNPs from ∼1 mg ml−1

to ∼5 mg ml−1 in the RBC suspension strongly affects the dis-
tribution of clusters at the cell surface (Fig. 5). Interestingly,
for the highest concentration of plain SiNPs in this experi-

ment, NPs do not cover the RBC surface uniformly, but form
clusters at the RBC surface, which increase in number.

The number of attached NPs and clusters formed on the
surface of RBCs depends on the surface properties of the NPs.
Plain SiNPs are charged negatively in water, while –NH2

surface-modified SiNPs are less negatively charged and
–COOH surface-modified SiNPs are more negatively charged
(Table 1).

The number of clusters attached to the RBCs’ surface for
plain SiNPs, at 5 mg ml−1, is on average 0.42 per cell. This
number looks relatively small when taking into account the
considerable SiNP concentration in the suspension. A further
increase in the concentration leads to lysis of the cells. For the
most negatively charged COOH–SiNPs the number of clusters
attached to the RBCs’ surface is similar for the same concen-
trations. Even at a very high concentration, 5 mg ml−1, the
average number of clusters attached to RBCs is only equal to

Fig. 3 3D volume reconstruction of RBCs with SiNPs adsorbed onto
the surface. The cell is reconstructed based on the intensity of the signal
acquired. This allows the visualization of multiple signals in contrast to
surface-only visualization.

Fig. 4 Rare occurrence of a negatively charged SiNP inside a RBC.
Scale bar corresponds to a 2 μm length.

Fig. 5 (A) Average number of SiNP clusters attached to single RBCs and
(B) fraction of cells containing at least 1 SiNP cluster. RBCs were recon-
structed and individually analyzed for the presence and number of SiNP
clusters. The results are shown as average and SEM.
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0.5. In contrast, for the least negatively charged NH2–SiNPs,
the average number of clusters attached to the RBC surface is
2.1. Assuming that clusters have similar sizes, these results
indicate that the least negatively charged NH2–SiNPs attach to
the RBC surfaces in larger amounts than plain SiNPs and
COOH–SiNPs suggesting that the attachment of SiNPs is influ-
enced by the charge. The least negatively charged NH2–SiNPs
have less repulsion with negative charges at the RBC surface.
This fact can also explain the difficulty for highly negatively
charged COOH–SiNPs to attach to the RBC surface and
explains why plain SiNPs do not attach to RBC surfaces in
large numbers, despite the high adhesion energy between the
plain silica surface and a single RBC, as measured by AFM.27

In addition to the quantification of the numbers of clusters
attached to the RBCs’ surface, this method can indirectly
inform on the toxicity of NPs that at high concentrations can
induce RBC hemolysis.28 To study this effect, we measured the
RBCs’ survivability with a hemolysis assay as a function of the
SiNP concentration (Fig. 6). RBCs’ survivability can be evalu-
ated according to the concentration of hemoglobin. As
different forms of the molecule have different absorbance
spectra, the contribution of each species must be taken into
account.19 Plain SiNPs and highly charged COOH–SiNPs
present similar hemolysis values and they are able to disrupt
RBCs at concentrations above 1 mg ml−1. This may indicate
that the presence of (several) clusters is mandatory to cause
the mechanical disruption of the RBC membrane. However,
the least negatively charged NH2–SiNPs seem to have a signifi-
cantly higher toxicity at lower concentrations (Fig. 6), which is
likely associated with possibly stronger attraction to the
surface of RBCs. It is interesting to compare these hemolysis
results with those reported in the literature.29–31 Crystalline
and amorphous plain SiNPs have also been reported to
trigger membrane disruption at high nanoparticle
concentrations.29–31 The hemolysis rate is similar for NPs of
the same size (∼20%), when we compare with our results for
highly negatively charged and plain SiNPs.31 However, this sur-
vivability rate is much weaker compared to ∼40% hemolysis

rate measured for our positively charged SiNPs,30 confirming a
key role of electrostatic interactions in the interaction between
RBCs and the SiNPs.

To demonstrate the more general applicability of the results
presented in this study, we studied the interaction between the
same three types of SiNPs and Giant Unilamellar Vesicles
(GUVs). GUVs can be considered as a model system for RBCs,
while being less rigid, with a fluid membrane and also
without having a glycocalyx layer as a pericellular matrix
coating the RBC surface. To mimic RBC lipid bilayers, fluo-
rescent GUVs containing a DOPC/DOPS mixture were prepared
with the addition of 8% PS lipids, which provide a negative
electrostatic charge to the vesicles. Note that GUVs in the
absence of NPs show a very regular spherical shape. On adding
fluorescent plain SiNPs with different fluorescent excitation
wavelengths as compared to the lipids composing the vesicles,
we observed no distortion of the GUV shape (Fig. 7). However,
it is not clear whether these plain negatively charged SiNPs
could detach reversibly from the GUV surface. In contrast,
highly negatively charged SiNPs show large fluctuations of the
shape suggesting strong disturbance to the membrane of the
GUVs.

Comparing the results of the interaction of the three types
of NPs with different charges between GUVs and RBCs, we
observe that the lowest negatively charged SiNPs are showing
the strongest attachment, while stronger negatively charged
SiNPs are showing a weaker attachment for both lipid vesicles
and RBCs. This is consistent with literature data.24–26 However,
there are two important differences: first, no clusters are

Fig. 6 Survivability of RBCs when exposed to different concentrations
of SiNPs. Weakly charged NH2–SiNPs show a higher toxicity (i.e. lower
RBC survivability). Error bars show the SD from 3 independent
experiments.

Fig. 7 Fluorescence microscopy images (top) and the corresponding
roundness measurements (bottom) of a GUV when in contact with
different SiNPs throughout a brief period of time. Scale bars correspond
to a 10 μm length.
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observed on GUVs for all three types of SiNPs used in this
study and in contrast to RBCs, GUVs are covered with SiNPs
homogeneously. This may indicate that a shear flow may
trigger the clustering of SiNPs in the RBC experiment. Second,
the lowest negatively charged NH2-SiNPs attach more strongly
to GUVs than to RBCs. This may be due to a structural differ-
ence between vesicles (fluid membrane) and RBCs (elastic
membrane) and the glycocalyx network covering the RBC
surface; this question requires further investigation.

Conclusions

A high-throughput image analysis and reconstruction method
has been presented that enables fast 3D reconstruction and
characterization of individual RBCs flowing in a microfluidic
chamber. This automated method can enable the visualization
and characterization of the distribution of fluorescent NP clus-
ters attached to RBC surfaces and furthermore, the data pre-
sented here demonstrate that this technique can also resolve
the 3D position of a NP cluster on the RBCs’ surface.
Moreover, this method allows the user to distinguish whether
the cluster is located inside the cell, or at its surface. This
method was applied to the analysis of the interaction of SiNPs
with different levels of negative charges. It turned out that
plain and highly negatively charged COOH–SiNPs do not inter-
act strongly with RBCs, while weakly charged NH2–SiNPs show
strong attachment to the RBC surface. These results were con-
firmed with the model experimental system, GUVs with the
lipid composition mimicking the structure of the RBC bilayer
and the same three types of SiNPs. GUV experiments show
similar behavior, with weakly charged NH2–SiNPs attaching
more strongly to the membrane than plain and highly charged
COOH–SiNPs. However, in contrast to RBCs, no clusters were
observed for all three types of SiNPs. This may indicate that
hydrodynamic flow plays a key role in triggering the clustering
of SiNPs. These results are interesting in the context of the tox-
icity of SiNPs. In particular, NH2–NPs show high hemolysis
properties in comparison to similar sized silica nanoparticles
with a different surface, or structural, chemistry. The image
reconstruction suggests that the presence of clusters is the
cause of the cells’ hemolysis. Finally, we expect that this
method can be extended to other types of living cells and
nanoobjects. It may also be further applied to record the struc-
ture of fluorescent biomolecules in living cells, like micro-
tubules, vesicles, proteins, or lipid droplets.
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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.

Keywords: nerve growth factor (NGF); poly-L-lysine; fibronectin; laminin; PC12 neuronal differentiation

1. 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 pheochromocytoma [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 growth [1] and can transmit signals along the axons [4,5].
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In laboratory conditions, PC12 cells attach poorly to polystyrene (PS) tissue culture surfaces [4,6]
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].

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 analysed 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 analysed by using brightfield phase
contrast microscopy and wide field fluorescence microscopy.

2. Materials and Methods

2.1. 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 protocols [4,18] 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%.

2.2. Coatings

2.2.1. 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.

2.2.2. 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.
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2.2.3. 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.

2.3. 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 × 10 µm surface area with 512 × 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].

2.4. Differentiation of PC12 Cells

PC12 cells were seeded onto 24-well polystyrene (PS) tissue culture plates at a density of
3 × 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. 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.

2.5. 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).

2.6. Assessment of Neurite Outgrowth

A neurite outgrowth analysis was 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.

2.7. 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
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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].

2.8. 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. Results

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.

3.1. 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.

3.2. 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
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.
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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 
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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.
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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.

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
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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.

3.3. 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.
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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.
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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.

3.4. 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 analysed 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.

4. 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 5.5–6.0 [27] and 6.4 [28], 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 [30] are known to facilitate adherence the PC12
cells [30]. It was also demonstrated that the cell attachment domain of Fn consists of potential chains
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of β-turns, which form the most hydrophilic region for cell attachment [29]. The integrin binding
domain present on Lam [27] 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 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.
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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.
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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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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 inWistar 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, immunohistochem-
ical, 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 vasculariza-
tion 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 inducedMNGCs 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.

Keywords Collagen . Guided bone regeneration . Guided tissue regeneration . Foreign body giant cell reaction . Multinucleated
giant cells . 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].

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 tech-
nique. Although these barriers proved very effective in
preventing the invasion of soft tissue physically [6, 7],
their technique sensitivity and increased patient
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morbidity (due to obligatory membrane retrieval) were
major limitations. To avoid these drawbacks, biomate-
rials development has been focused on generating re-
sorbable membranes. Among these, collagen, as a ubiq-
uitous molecule, has shown suitable and beneficial prop-
erties. Consequently, collagen-based biomaterials have
demonstrated favorable GBR results [8] while bypassing
the shortcomings of non-resorbable membranes.
However, collagen membranes are predisposed to degra-
dation within their implantation beds [9], which under-
mines 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 ne-
crotic tissue, first by neutrophils and then by macrophages
[10, 11]. Additionally, platelets and leukocytes release numer-
ous growth factors to mediate vascularization [12] 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 implanta-
tion, 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 subcu-
taneous 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 physico-
chemical properties and the processing techniques of the bio-
materials. Membranes that induced a physiological reaction
by means of mononuclear cells underwent an integration pro-
cess 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 peri-
toneum and skin [13]. Furthermore, the main reaction towards
these two collagen-based materials was dominated by mono-
nuclear cells, which ultimately led to its integration within the
host tissue without material breakdown [13]. In addition, the
cellular reaction in translational clinical cases, including his-
tological 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 multi-
nucleated 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 mem-
brane 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 mem-
brane breakdown in terms loss of the native structure [14].
Similarly, another in vivo study investigated the cellular re-
sponses towards two non-cross-linked collagen-based bioma-
terials, 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 bioma-
terials to degradation, various chemical and physical cross-
linking 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 for-
eign body reaction and fibrosis, which might be due to chem-
ical 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 cross-
link 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 implan-
tation 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 (i-PRF), which contains numerous human
peripheral blood cells, was used for evaluation of membrane
permeability ex vivo.

Materials and methods

OSSIX® PLUS membrane

OSSIX® PLUS membrane (OS) is a sugar cross-linked re-
sorbable collagen membrane derived from porcine tendons
[22]. The native tissue undergoes a series of purification
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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, OSmaintains barrier function-
ality 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.

2.2 The study was designed in two separate parts,
including ex vivo evaluation and in vivo evaluation:

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 solid
[23] and a liquid form [24]. PRF is a fully autologous concen-
trate 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 cen-
trifugation 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 i-
PRF is not treated with anticoagulants, the physiological co-
agulation process is not inhibited. Therefore, i-PRF 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, do-
nated peripheral blood for research purposes. All three volun-
teers 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 i-PRF centrifugation protocol (10 ml, 700 rpm, 60 ×g,
for 3 min) [25]. After this centrifugation process, a multi-
phasic liquid consisting of a yellowish-orange upper phase
and a reddish lower phase was obtained. The former is i-
PRF, whereas the latter includes the remaining blood constit-
uents. Using a blunt needle, 1–2 ml of the i-PRF 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 acciden-
tal 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 i-PRF.
After 15 min at room temperature, the i-PRF 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 exper-
iment 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 ex-
periments began. Throughout the entire study period, the an-
imals 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 implan-
tation. 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 previ-
ously 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 ex-
planation 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 segments were im-
pregnated with molten paraffin wax and embedded into par-
affin 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
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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
VisionTM Autostainer 360-2D (ThermoFisher Scientific,
Germany). After deparaffinization, the slides were pre-
treated 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 avidin-
biotin-peroxidase complex (ABC) (30 min) and the
Histostain-Plus IHCKit including AEC (20min) were applied
(ThermoFisher Scientific, Germany). Counterstaining was
performed usingMayer’s hematoxylin. CD-31 and vWF high-
light murine blood vessels, while CD-68 detects macrophages
in the tissue sections. The negative control for the immuno-
histochemical staining used was the absence of incubation for
primary antibody, while the positive control was applied ac-
cording 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.

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 micro-
graphs 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 abso-
lute 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 a n a l y z e t h e m a t e r i a l - a s s o c i a t e d MNGCs
histomorphometrically, TRAP- and CD-68-stained slides
were first converted to total scan digital images as previously
mentioned. The Bannotations and measurements^ function of
the NIS Elements software was used to manually count the
numbers ofMNGCs 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.

Measurements of membrane vascularization

In a similar fashion, after digitizing the peri-implant region in
total scans, the prominently stained blood vessels were man-
ually circumscribed with the area tool of the Bannotations and
measurements^ function of the NIS Elements software. For
comparison purposes, the vessel density (vessels/mm2) and
the percentage of vascularization were computed from the
total number and total area of vessels in the implantation
bed, respectively.

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

3.1 Ex vivo histological analysis

The OS membrane was easily identified and exhibited a
highly dense structure without detectable pores. The inter-
action with the i-PRF revealed that no leukocytes or plate-
lets from the i-PRF 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 for-
mation of a cell-rich fibrin clot on both surfaces of the mem-
brane (Fig. 1a, b).

3.2 In vivo histological and histomorphometric
analysis

All tested animals survived their respective operations, and
healing was uneventful. During the entire experiment, no an-
imals were observed to have necrosis or signs of atypical
inflammation.

3.2.1 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 mem-
brane were lined with a layer of mononuclear cells
(Fig. 2a, b), of which a large amount were CD-68-posi-
tive, 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 peri-
implantation area, but the membrane itself exhibited no
vascularization (Fig. 3 A).

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 im-
plantation bed (Fig. 5b), several of which were CD-68-
positive (Fig. 4b, B1). Additionally, a small number of
MNGCs located predominantly at the biomaterial-tissue in-
terface 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 ob-
served 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 in-
filtration of all kinds. Instead, an organized, cell-rich con-
nective tissue was seen on both membrane surfaces
(Fig. 5e). In comparison to day 15, the number of mononu-
clear cells adjacent to the membrane increased significantly
(Fig. 2e, f). These included CD-68-positive cells (Fig. 4c,
C1). In addition, 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

Fig. 1 a The native structure of
OS membrane ex vivo as a
control in H&E staining at ×100
magnification. b i-PRF alone in
H&E staining at ×200 magnifica-
tion; asterisk = fibrin clot, black
arrows = human leukocytes. c i-
PRF alone; black arrows = human
leukocytes, asterisk = fibrin clot
in H&E staining ×600 magnifi-
cation. d A cross section of the
OS membrane treated with i-PRF
in H&E staining at ×100 magni-
fication. e The interface between
i-PRF and OS in H&E staining at
×200 magnification; asterisk = fi-
brin clot, black arrows = human
leukocytes. f Black arrows = hu-
man leukocytes in H&E staining
×600 magnification
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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.

Fig. 2 a The membrane (OS) within the implantation bed on day 3.
Mononuclear cells were detected on both membrane surfaces (black ar-
rows). bMononuclear cells on the membrane (OS) surface (black arrows)
on day 3. c Themembrane (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 as

multinucleated 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. (H&E staining; a, c, e at ×100
magnification; b, d, f at ×200 magnification; all scale bars = 200 μm)

Fig. 3 The vascularization
pattern over the investigation time
points using
immunohistochemical stains: a–
c = anti-CD-31; × 200
magnification; scale bar =
100 μm. d–f = anti-vWF; ×00
magnification; scale bar = 20 μm.
Black arrows indicate vessels and
OS indicates the membrane
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3.2.2 Histomorphometric results

Histomorphometric analysis of OS membrane thickness The
histomorphometric analysis of the OSmembrane revealed that
there was no decrease in membrane thickness between day 3
and day 30 after implantation. In contrast, the measured mem-
brane thickness showed a slight increase over the study peri-
od, 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 be-
tween 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-posi-
tive 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

Fig. 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 pro-
cess. a–c × 100 magnification;
100-μm scale bar. A1–C1 ×400
magnification; 20-μm scale bar
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compared to day 3 (P < 0.0001) and day 15 (P < 0.0001).
Additionally, the number of TRAP-negative MNGCs was sig-
nificantly higher than at day 3 (P < 0.0001) and day 15
(P < 0.0001). In contrast, the number of TRAP-positive
MNGCs was notably constant, and there was no significant
difference between day 3, day 15, and day 30 (Fig. 7a).

The control group showed no multinucleated giant cells at
any time point.

Histomorphometric analysis of the implantation bed vascu-
larization 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 percent-
age of vascularization in the peri-implantation bed increased
steadily over the course of the study. At day 3 after implanta-
tion, 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 per-
centage compared to day 3. In addition, no statistically signif-
icant difference was detected between the test group and the
control group. However, at day 30, the percentage of vascu-
larization 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 gradu-
ally in the sham-operated groups as well (Fig. 6c).

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 sta-
tistically 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 this time point, the difference in
vessel number per square millimeter was also highly signifi-
cant compared to the control group (P<0.0001) (Fig. 7d).

Discussion

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

Fig. 5 Detailed representative micrographs on days 15 and 30. a Vessels
(black arrows) were detected near the membrane (OS) at day 15, (Azan
staining; ×200 magnification; scale bar = 100 μm). b Accumulation of
mononuclear cells (black arrows) on the membrane (OS) surface at day
15, (Masson Goldner staining; ×400 magnification; scale bar = 20 μm). c
TRAP-negative multinucleated giant cells (black arrows) adherent on the
membrane (OS) surface at day 30 (TRAP staining; ×400 magnification;
scale bar = 20 μm). d Increased numbers of vessels (black arrows) were

detected in proximity to the membrane (OS) at day 30, (Azan staining;
×200 magnification; scale bar = 100 μm). e Formation of organized con-
nective tissue including mononuclear cells (asterisk) on the membrane
(OS) surface at day 30, (Masson Goldner staining; ×400 magnification;
scale bar = 20 μm). f TRAP-negative multinucleated giant cell (black
arrows) adherent on the membrane (OS) surface at day 30 (TRAP stain-
ing; ×400 magnification; scale bar = 20 μm)
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comes in contact with the blood. Therefore, injectable platelet-
rich fibrin (i-PRF), which is a blood concentrate system de-
rived from centrifuged human peripheral blood, was chosen
for this examination. I-PRF can be considered a cell suspen-
sion containing cells that are involved in wound healing, such
as platelets and leukocytes [29]. In this context, the pattern of
interaction with i-PRF 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 i-PRF and prevented cellular penetration into
the membrane body. These results underline the impenetrabil-
ity 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 his-
tological analysis revealed no cellular penetration of the mem-
brane 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, i-PRF, to
reach results similar to those obtained by in vivo animal ex-
periments. However, further applications of this method are
necessary to evaluate the potential of i-PRF to serve as an

alternative to in vivo animal experimentation to assess imme-
diate and early tissue reactions towards biomaterials.

Histological analysis of the cellular reaction showed that
the membrane induced an initial mononuclear cell-based re-
action at day 3. At this time point, a large number of CD-68-
positive cells, macrophages, were detected within the implan-
tation 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 signifi-
cantly decreased, coincident with the appearance of multinu-
cleated giant cells (MNGCs). The trend of the CD-68 accu-
mulation was similar to the control group wound healing.
However, OS induced significantly higher numbers of CD-
68 cells at all time points. In addition, no MNGCs were found
in the control group at any time point. This significant reduc-
tion 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 peri-
od 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 Bfrustrated 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 macrophages pro-
gressively 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 bioma-
terials influence the type of proteins that adhere to the bioma-
terial 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-nega-
tive. Only single TRAP-positive MNGCs were located within
the implantation region, and their numbers displayed no sta-
tistically significant increase over the study period. The pres-
ence of MNGCs within the implantation bed indicated a for-
eign body reaction towards the evaluated membrane [31], al-
though 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 contrib-
uted to a significant rise in implantation bed vascularization
between the analyzed time points. The MNGCs might have

Fig. 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
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contributed to the increase in implantation bed vasculariza-
tion, since it is known that MNGCs secrete vascular endothe-
lial 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 ofMNGCswithin 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-cross-
linked collagen membrane led to its disintegration by prema-
ture connective tissue ingrowth and eventual membrane
breakdown. In these studies, the correlation between the in-
creased 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 colla-
gen might play a crucial role in its degradation pattern and
therefore its barrier function.

Other studies conducted by our group have shown that
several biomaterials induce a full physiological reaction with-
out 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 reac-
tion that was similar to the wound healing physiological reac-
tion 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 physio-
logical mononuclear reaction andmild 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].

Fig. 7 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-negativeMGCSs per square 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 percent-
age 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
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Despite the formation of MNGCs, in an in vivo study in a
dogmodel, OSwas 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 convention-
al 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 simu-
lates glycation by glucose, a well-documented occurrence in
aging tissue and diabetes, which grants collagen fibers resis-
tance to degradation by collagenase [39, 40].

In comparison, other cross-linking methods, such as chemi-
cal 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 ob-
served 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 infil-
tration 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 encapsu-
lation 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 studies
are needed to assess to what extent the presence of MNGCs
within the implantation bed of this specific cross-linked bio-
material 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-i-PRF combination. The implantation of i-PRF
in small animals would require the use of severe combined
immunodeficiency (SCID) mice to avoid any immune reac-
tion to the implanted human cells. Ongoing research is to-
wards 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 bio-
materials by means of pre-loading with i-PRF in advance.

Conclusion

The present study evaluated, the permeability and barrier ca-
pacity 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 de-
rived 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 mono-
nuclear cells, which progressed to the formation of multinu-
cleated 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 implanta-
tion 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 en-
hanced 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 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 (rela-
tive 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, leuko-
cytes, neutrophils, lymphocytes and monocytes) and histo-
morphometrically (CD 61, CD- 45, CD-15+, CD-68+, CD-
3+ and CD-20). ELISA was utilized to quantify the con-
centration of growth factors and cytokines including PDGF-
BB, TGF-β1, EGF, VEGF and MMP-9. Leukocytes, neu-
trophils, monocytes and lymphocytes had significantly
higher total cell numbers using lower RCF. Whereas, pla-
telets in the low and medium RCF ranges both demon-
strated 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 differ-
ences 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 cen-
trifugation 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.

Graphical abstract

1 Introduction

Platelet rich fibrin (PRF) is a blood concentrate system
obtained from the peripheral blood of patients. first protocol
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of PRF matrices are generated using a one-step cen-
trifugation process without necessitating the use of antic-
oagulants, known inhibitors of wound healing [1, 2]. Since
the introduction of PRF in 2001 as a first platelet con-
centrate 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 regen-
erative 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 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 man-
ufacturing 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 prox-
imal 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 angio-
genic 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 forma-
tion is supported by the glass surface of the collecting tubes
used to generate solid PRF matrices. Therefore, the manu-
facturing of an injectable blood concentrate without the
need for anticoagulants was achieved by developing spe-
cific plastic tubes favoring the liquid phase after cen-
trifugation. 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 cen-
trifugation period in order to produce a liquid platelet con-
centrate 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 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 sub-
families along with the release of several growth factors and
cytokines within the i-PRF matrices.

2 Materials and Methods

2.1 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 participa-
tion 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.
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After centrifugation, injectable PRF was collected using
an ordinary syringe (5 ml Terumo® Syringe, Leuven, Bel-
gium) with a needle (20 G x ½”, Terumo®, Leuven, Bel-
gium) through means of aspirating the upper yellowish
layer without manipulating the red blood cell fraction.

2.2 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, Ger-
many) 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.

2.3 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 metal-
lopeptidase 9 (MMP9) and epidermal growth factor (EGF)
were quantified using ELISA-kits (Quantikine® ELISA,
R&D Systems, Minneapolis, USA) according to the man-
ufacturer’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.

2.4 Automated cell-counting

Automated cell-counting was performed as described before
[10]. For each specific experimental condition, the inject-
able 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, neu-
trophil granulocytes, monocytes, lymphocytes and platelets
per microliter in each group.

2.5 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, Wet-
zlar, Germany) to obtain 6 slices of 2–3 µm thickness.
Subsequently, the sections were deparaffinized using
xylene and rehydrated by passing through a series of alco-
hol 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 immunohis-
tochemical staining was performed according to standar-
dized 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 run-
ning trap water. Before transferring the slides to the auto-
stainer (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).

2.6 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).

Table 1 The used ELISA and detection ranges for the different
growth factors

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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2.7 Histomorphometrical evaluation

As described before [2], within each group, two immuno-
histochemically 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 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.

2.8 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 (***).

3 Results

3.1 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 com-
pared 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

Table 2 The
immunohistochemical markers
used in this study and their
specifications

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

Fig. 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 (***)
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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 com-
pared 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 med-
ium RCF groups (Fig. 1c).

3.2 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 leu-
kocytes compared to the other two tested groups (Fig. 3a3,
b3). The findings from these qualitative observations sup-
port the findings from the automated cell counting experi-
ments demonstrating that lower RCF resulted in more cells
throughout the PRF-based matrices.

3.3 Quantitative histomorphometrical analysis

The number of CD-61 positive cells (platelets) was sig-
nificantly higher in the groups of low and medium RCF
(P< 0.001 and P< 0.05, respectively). Whereas no statis-
tical significant difference was detected between the
medium and low RCF groups (Fig. 3c). The histomorpho-
metrical 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 sig-
nificant 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 sig-
nificant 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 (mono-
cytes) 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 sig-
nificant differences were detected between the 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 statis-
tically significant differences were observed (Fig. 4).

3.4 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 sig-
nificantly 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

Fig. 2 Representative histological images of the clotted injectable PRF
in different RCF ranges (H&E staining; left column× 200 magnifi-
cation; scale bar= 100 µm; Right column× 600 magnification; scale
bar= 20 µm; arrows= cells)
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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 (<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).

Fig. 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 61-
positive 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 (***)

Fig. 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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3.5 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).

4 Discussion

The relative centrifugation force and centrifugation time are
key elements that could be modified to enhance the struc-
ture and composition of PRF-based matrices [2, 8, 10].
Moreover, the introduction of the LSCC (low speed cen-
trifugation 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 con-
sequence of different rpm (revolutions per minute) settings
during the preparation of injectable PRF-based matrices. As
such, three injectable PRF-based matrices were manu-
factured 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 fac-
tors and cytokines within the evaluated PRF-based matrices.

The results from the automated cell counting experi-
ments 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,
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 sig-
nificant 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 corre-
late well with the results of our recent study, which indi-
cated 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 differ-
ences 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 pos-
sible to influence the number of specific cells selectively,
which might be a promising approach for generating spe-
cific 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].

Fig. 5 Comparative diagrams
for the evaluated growth factor
release using ELISA. a PDGF-
BB, 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 (***)
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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 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 neu-
trophils, 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 plate-
lets 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 morphoge-
netic 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 mono-
cytes isolated from human peripheral blood with bone sub-
stitute 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 cells [26] 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. How-
ever, 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 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 statisti-
cally significant difference was detected between medium
and low RCF and similar results were observed for PDGF-
BB. 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 sta-
tistically 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.
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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 sig-
nificantly. 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 sig-
nificantly 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 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 regen-
eration [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 migration [33] 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 metallo-
proteases, 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 find-
ings 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 compo-
nents, 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 regen-
erative potential of this system as well as to explore its
impact on wound healing and patient morbidity.

5 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 bio-
logically 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 centrifuga-
tion concept) led to improved characteristics of PRF-based
matrices by reducing the applied RCF. Thus, further pre-
clinical and clinical studies are necessary to investigate
whether the application of PRF-matrices generated accord-
ing to the LSCC will further benefit wound healing.
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Moreover, platelets were located homogenously through-
out 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 
growthfactor 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 fac-
tors influence wound healing and biomaterial-based tissue 
regeneration.  Conclusion These outcomes accentuate the 
fact that with a reduction of RCF according to the previ-
ously LSCC (described low speed centrifugation concept), 
growth factor release can be increased in leukocytes and 
platelets within the solid PRF matrices.

Keywords Inflammation · Leukocytes · Platelets · 
Platelet-rich-fibrin · Tissue engineering · Vascularization

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 therapies [1, 2]. PRP is prepared by multiple 
centrifugation steps using patient blood to which antico-
agulants have been added to achieve a platelet-rich concen-
trate that can be used for different indications [3]. However, 
seeking to minimize contamination risk, eliminate addi-
tional anticoagulants and use the autologous and 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 

Abstract Purpose The present study evaluated the plate-
let 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 immunohis-
tochemistry was conducted to assess the platelet distribu-
tion 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 sig-
nificantly 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 sig-
nificantly 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. 
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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 inflamma-
tory 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 heal-
ing. 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 mac-
rophages, 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 forma-
tion of blood vessels, and fibrin provides a scaffold for the 
inflammatory cells [14].

The structure and constituents of PRF-based matri-
ces 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 composi-
tion 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 functional-
ity 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 com-
position 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 introduction of a new 

PRF-based matrix, Advanced-PRF+ (A-PRF+). A previ-
ous 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 matri-
ces 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 matricesand 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.

Materials and methods

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; Mec-
tron, Cologne, Germany) without external anticoagulants 
and placed immediately in a centrifuge (Duo centrifuge, 
Process for PRF™, Nice, France; Mectron, Cologne, Ger-
many). 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 centri-
fuge stops in 2–5 s. All preparation steps were performed 
at room temperature according to the established protocols 
as follows:

•	 PRF: 10 ml; 2400 rpm; 12 min; 708 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 frac-
tion 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 Inter-
national) and covered with 5  ml Roswell Park Memorial 
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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%  CO2. The supernatants from each well 
were taken 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 cov-
ered 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 fac-
tors by enzyme-linked immunosorbent assay (ELISA). All 
collected supernatants were simultaneously centrifuged 
(1500 rpm; 5 min.) using a centrifuge (Thermo fisher sci-
entific,  Heraeus®  Labofuge® 400 R) to exclude possible 
residue that could affect the photometrical measurement. 
Before TGF-β1 and EGF ELISA preparation, the super-
natants 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 con-
ducted 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 col-
lected 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. After-
wards, 3 µm thick sections from each sample were cut by 
a rotatory microtome (Leica RM2255, Wetzlar, Germany). 
For immunohistochemistry, the sections were deparaffi-
nized, 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, Plate-
let 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 micropho-
tographs were prepared with a connected DS-Fi1/Digi-
tal camera (Nikon, Tokyo, Japan) and a Digital sight unit 
DS-L2 (Nikon, Tokyo, Japan).

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 sig-
nificant differences were regarded as significant if the p val-
ues 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

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 for-
mation 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.

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.

VEGF release

The general trend of the three evaluated groups at each 
time point was similar. The release of VEGF increased in 
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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 com-
parison (data not shown). During the 4 days of cultivation 
between 72  h and day 7, the highest released concentra-
tion of VEGF over the study time was measured. Here, 
A-PRF+ showed the highest concentration when com-
pared 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 com-
pared 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 identi-
fied among the groups (Fig. 2a1).

Concerning the accumulated VEGF concentra-
tion, 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 sig-
nificant (p < 0.05). However, no statistically significant dif-
ference was detected regarding A-PRF+. This observation 
was followed by irregular behavior until 72 h and a signifi-
cant increase at day 7, when the highest TGF-β1 release of 
A-PRF was observed. At this time point, A-PRF was sig-
nificantly higher than PRF (p < 0.0001), whereas no signifi-
cant difference was revealed for the A-PRF+ group.

A-PRF+ showed a mild decrease of the released TGF-
β1 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 

Fig. 1  The PRF-based matrices immediately following centrifuga-
tion
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Fig. 2  Statistical analysis of the growth factor releases by time 
points as the mean ± standard deviation for PRF, A-PRF and 
A-PRF+. a1 VEGF, b1 TGF-β1 release, c1 EGF release, (*p < 0.05), 

(***p < 0.0005), (****p < 0.0001). Total accumulated growth factor 
concentration over 10 days. a2 VEGF, b2 TGF-β1, c2 EGF

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)

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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increased TGF-β1 concentration was observed. These dif-
ferences on day 10 were statistically significant when com-
paring 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).

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 com-
pared 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 A-PRF+. Subse-
quently, 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 statisti-
cally significant difference was detectable. At the last eval-
uated 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 sim-
ilar curve progression in the form of increased EGF 
release over the study time. A-PRF and A-PRF+ also dis-
played similar values. Early in the study time, a remark-
able 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 com-
pared with PRF (A-PRF+ compared with PRF p < 0.005; 
A-PRF compared with PRF p < 0.05), whereas no statisti-
cally significant differences were revealed when comparing 
A-PRF to A-PRF+ (Table 1) (Fig. 2c2).

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 matri-
ces. 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 plate-
lets 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 dis-
played an even platelet distribution pattern in the various 
locations within the clot (Fig. 5).

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.

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 sus-
tained 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+ indi-
cated 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 sig-
nificant difference between the TGF-β1 release of A-PRF 
and A-PRF+ was identified. On day 10, the accumulated 
TGF-β1 concentration was significantly higher in the 
A-PRF and A-PRF+ groups than in the PRF group. By 
contrast, A-PRF and A-PRF+ revealed no statistically 
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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 TGF-
β1, as was the case 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 char-
acteristics are essential in the biomaterial-based regen-
eration process. Hence, PRF-based matrices as an addi-
tional 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 biomateri-
als should provide a scaffold and support the regeneration 
process in the defect area.

Fig. 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; ×100 magnification, 

scale bar 500 µm). a2, b2, c2 show the distribution pattern of plate-
lets (yellow arrows) in higher magnification (f fibrin; b buffy coat; 
×400 magnification; scale bar 20 µm)
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The release of EGF was generally higher in the A-PRF 
and A-PRF+ groups when compared with PRF. Statisti-
cally highly significant differences were detected when 
comparing A-PRF+ with PRF after 24 h, whereas no sig-
nificant 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 re-
epithelization and skin healing [25, 26]. Additionally, EGF 
supports the healing process of chronic wounds [27], non-
healing 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. 

Fig. 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; ×100 magnification, 

scale bar 500 µm). a2, b2, c2 Show the distribution pattern of plate-
lets (yellow arrows) in higher magnification (f fibrin; b buffy coat; 
×400 magnification; scale bar 20 µm)
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Moreover, immunohistochemical 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 

Fig. 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; ×100 magnifi-

cation, scale bar 500 µm). a2, b2, c2 Show the distribution pattern 
of platelets (yellow arrows) in higher magnification (f fibrin; b buffy 
coat; ×400 magnification; scale bar 20 µm)
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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 struc-
ture, 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 indi-
cated significantly more platelets in PRF matrices prepared 
with low RCF than with high RCF application [15]. A pre-
vious 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 immunohistochemi-
cal studies are required to determine the distribution pat-
tern of the included leukocytes and their subgroups, par-
ticularly 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 regenera-
tion [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 kinet-
ics demonstrated here, one may assume that the growth fac-
tor release pattern within the various PRF-based matrices is 
an active release from living cells within the different PRF 
clots, which most likely experienced apoptosis during the 
study period if 10 days reflects the reduction in growth fac-
tor 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 regenera-
tion [9]. In this context, the high regeneration potential of 
advanced PRF-based matrices could be beneficial in vari-
ous clinical applications, such as enhancing the regen-
eration 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 heal-
ing 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 ben-
eficial 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 sup-
ports 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 centrifu-
gation time appeared to influence only certain growth fac-
tors, 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 applica-
tion 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 accumu-
lated 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 differ-
ent 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 results by showing 
significantly enhanced VEGF release on day 7 in the case 
of A-PRF+. By contrast, EGF is released in a high con-
centration 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 prop-
erties of the clot and the specific fibrin structure related 
to the manufacturing protocol [5] may also influence the 
binding affinity and the sustained release of the various 
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growth factors. It is possible that a more porous struc-
ture, 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 per-
haps 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 reduc-
tion of the RCF enhances the release of these growth fac-
tors. 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 fac-
tors 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+ concern-
ing 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 differ-
ences 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 sig-
nificant 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 evalua-
tion, 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 prepa-
ration 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 pri-
mary 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 deg-
radation of the fibrin network would be different in  vivo. 
Further in vivo studies are required to determine the influ-
ence 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 iden-
tify out whether the observed inflammatory cell and growth 
factor enhancement will contribute to an improved regen-
eration 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 atten-
tion has been focused on the composition of PRF-based 
matrices obtained from patients undergoing pharmaco-
logic 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 mono-
nuclear 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 com-
plex system that influences cell growth and differentiation 
and provides a growth factor reservoir remain necessary.

Additionally, the current PRF-based matrices were pre-
pared 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 
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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 out-
comes 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 demon-
strate their advantages now and in the future.

Conclusion

The present study demonstrates the influence of RCF 
reduction on the growth factor release and platelet distribu-
tion in solid PRF-based matrices. A-PRF+, prepared with 
a reduced RCF, displayed significantly higher VEGF con-
centration 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 advan-
tages in the wound healing process. However, the signifi-
cantly enhanced release in A-PRF and A-PRF+ may render 
these matrices superior to PRF in specific clinical indica-
tions. 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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