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Abstract
Objectives: The aim of this study was to develop
functionalized nanoﬁbres as a simple delivery system
for growth factors (GFs) and make nanoﬁbre cellseeded scaffold implants a one-step intervention.
Materials and methods: We have functionalized
polycaprolactone (PCL) nanoﬁbres with thrombocytes adherent on them. Immobilized, these thrombocytes attached to nanoﬁbre scaffolds were used as a
nanoscale delivery system for native (autologous)
proliferation and differentiation factors, in vitro. Pig
chondrocytes were seeded on the thrombocytecoated scaffolds and levels of proliferation and differentiation of these cells were compared with those
seeded on non-coated scaffolds.
Results: Immobilized thrombocytes on PCL nanoﬁbres effectively enhanced chondrocyte proliferation
due to time-dependent degradation of thrombocytes
and release of their GFs.
Conclusions: These simply functionalized scaffolds
present new possibilities for nanoﬁbre applications,
as smart cell scaffolds equipped with a GF delivery
tool.
Introduction
Blood ﬂow is pivotal to regeneration of connective tissues. The positive role of blood reparative cells (1,2) as
well as blood derivatives (3) in the healing process has
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previously been clearly proven. In addition, pluripotent
mesenchymal stem cells (MSC) are known to differentiate into connective tissue cells and have been found in
bone marrow and blood (4). Circulation-derived cells
also temporarily present in a wounded area in early
phases of the healing process of tendons (5). Moreover,
the principal phagocytic cells in healing wounds are also
of blood origin (6). These ﬁndings suggest that locally
injected blood derivatives could be useful as activators
of circulation-derived cells for initial enhancement of
healing.
Platelet-rich plasma (PRP) is a blood derivative of
platelets in a small volume of plasma. Its role in regeneration of bone (7–9), cartilage (10,11) and ligaments (12)
has been recently investigated. PRP is known to contain
several GFs including platelet-derived growth factor,
transforming growth factor b, ﬁbroblastic growth factor,
vascular endothelial growth factor, insulin-like growth
factor-1 and epidermal growth factor (13,14). Consequently, PRP applications in tissue engineering seem
highly promising to clinicians and researchers. Delocalization and volatility however, remain among the main
constraints to broader application of PRP. To keep concentrations at bioactive levels needed for healing, an appropriate system for their immobilization must be developed.
Naturally, this system should be biocompatible and preferably biodegradable.
Nanoﬁbres have recently been used in tissue engineering (7). Their greatest asset is that their size and shape
can match those of cells and extracellular components.
In addition, nanoﬁbres can be produced from materials
which are biocompatible and biodegradable, such as
polycaprolactone (PCL; 15), poly(lactic-co-glycolic acid)
(PLGA) (15) and chitosan (16). Moreover, high surface
area to volume ratio of nanoﬁbres allows for good adsorption and high immobilization of cells as well as blood
derivatives such as PRP (17).
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The objective of this study was to establish functionalized nanoﬁbres as a potential system for immobilization
of thrombocytes and release of growth factors. PCL nanoﬁbres were employed and the effect of immobilized
thrombocytes on proliferation of chondrocytes attached to
PCL nanoﬁbres, was evaluated in vitro.

Materials and methods

washed three times in PBS (pH 7.4). PCL nanoﬁbres
were immersed in a thrombocyte-rich solution
(380 · 106 thrombocytes ⁄ ml) for either 14 h (PCL14)
or 2 h (PCL2), to enable adhesion. After the incubation
time, such functionalized scaffolds were rinsed in PBS
(pH 7.4), twice. The composite scaffold was placed
into a new well and seeded with 9 · 104 chondrocytes ⁄ cm2.

Fabrication of PCL nanoﬁbres

Cryo-ﬁeld emission scanning microscopy

PCL nanoﬁbres were prepared using an electrospinning
method (18) from PCL with a molecular weight (MW)
of 40 000 (Wako Chemicals GmbH, Neuss, Germany).
Electrospinning was performed using 10% PCL dissolved in chloroform:ethanol (ratio 9:1). A high-voltage
source generated voltages of up to 50 kV and the polymer solution was connected to the high-voltage source.
Electrospun nanoﬁbres were deposited on the grounded
collecting electrode. Nanoﬁbres were stored in a desiccator until use.

Cryo-ﬁeld emission scanning microscopy (CryoSEM or
FESEM) was performed for visualization of thrombocytes, as described previously (20,21). Brieﬂy, samples
were rapidly frozen in liquid nitrogen ()210 C), then
transferred to the cryo-stage of a preparation chamber
(ALTO2500); there it was freeze-fractured at )140 C,
freeze-etched by raising sample temperature until sublimation of water began at )95 C for 10 min, and then
coated at )135 C for 60 s with gold. After this, samples
were placed on a cold-stage microscope and examined in
the frozen state at )135 C under suitably high voltage
(1 kV using GB-H mode and 3 kV using GB-L mode)
using a Jeol 7401-FE microscope.

Preparation of thrombocyte-rich solution
PRP was obtained from the Hematology Service of the
General Teaching Hospital, Prague, Czech Republic.
PRP (volume 400 ml, thrombocyte concentration
225 · 109) was centrifuged (2250 g, 15 min), supernatant was discarded and resulting thrombocytes were
washed in washing buffer (pH 6.5, 113 mM NaCl,
4.3 mM K2HPO4, 4.3 mM Na2HPO4, 24.4 mM NaH2PO4
and 5.5 mM glucose) as described by Baenziger (19).
Thrombocyte washing was repeated three to four times.
Contaminating leukocytes and erythrocytes were removed by further centrifugation (120 g, 7 min). Thrombocytes were then resuspended in 40 ml of washing buffer
and centrifuged at 120 g for 7 min to recover thrombocytes that sedimented in the ﬁrst 120 g spin. Thrombocytes were pelleted by centrifugation (2000 g, 15 min)
and washed once and ﬁnally resuspended in buffer pH
7.5 (109 mM NaCl, 4.3 mM K2HPO4, 16 mM Na2HPO4,
8.3 mM NaH2PO4 and 5.5 mM glucose). Manipulation of
thrombocytes and thrombocyte-rich solution (TRS) was
carried out in a sterile tissue culture hood in a clean
room. TRS was stored in centrifuge tubes in a clean
room until use. Temperature in the clean room was set at
22 C.
Scaffold composite preparation
Before cell seeding, PCL nanoﬁbres were cut into
round patches of 6 mm diameter. Scaffolds were sterilized by immersing in 70% ethanol for 30 min and then

Isolation and culture of chondrocytes
Chondrocytes were isolated and cultured as described previously, with slight modiﬁcations (22). Brieﬂy, thin slices
of articular cartilage were aseptically removed from the left
femoral trochlea of mature pigs (Slaughter House; Cesky
Brod, Czech Republic) within 2 h of killing. The cartilage
was then cut into small pieces (1 · 1 mm), placed into
collagenase solution (0.9 mg ⁄ ml, collagenase NJB,
SERVA) and incubated in a humidiﬁed incubator (37 C,
5% CO2) for 14 h. Cells were then centrifuged at 300 g for
5 min and seeded in culture ﬂasks. The chondrocytes were
then cultured in Iscove’s modiﬁed Dulbecco’s medium
supplemented with 10% foetal bovine serum, penicillin ⁄ streptomycin (100 IU ⁄ ml and 100 lg ⁄ ml), 400 mM
L-glutamine, 100 nM dexamethasone, 40 lg ⁄ ml ascorbic acid-2-phosphate and ITS – X (10 lg ⁄ ml insulin,
5.5 mg ⁄ l transferrin, 6.7 lg ⁄ l sodium selenite, 2 mg ⁄ l
ethanolamine) at 37 C in a humidiﬁed atmosphere with
5% CO2.
Cell seeding
When cells became conﬂuent, they were suspended using
trypsin–EDTA; number of cells was determined using
light microscopy. Chondrocytes were seeded on the scaffolds and TCP (tissue culture plastic) at 9 · 104 ⁄ cm2 cell
density.
 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 183–191.
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Cell proliferation analysis by MTT testing
A 50 ll solution of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) (0.241 mmol) at
1 mg ⁄ ml concentration in phosphate-buffered saline
(PBS), pH 7.4, was added to 150 ll of sample medium,
and incubated for 4 h at 37 C. The MTT component was
reduced by mitochondrial dehydrogenase of metabolizing
cells, to purple formazan. Formazan crystals were solubilized with 100 ll of 50% N,N-dimethylformamide in 20%
sodium dodecyl sulphate at pH 4.7. Results were read at
570 nm wavelength (reference wavelength 690 nm),
using an ELISA reader.
Confocal microscopy
To visualize the thrombocytes, staining for actin and P-selectin were performed. They were incubated in 4% paraformaldehyde solution (pH 7.2) in TBS (50 mM Tris–HCl,
150 mM NaCl, pH 7.4) for 20 min at 4 C, then washed
twice in TBS (pH 7.4). To permeabilize and block nonspeciﬁc binding, the thrombocyte solution was incubated
with 5% BSA and 0.5% Triton X-100 for 1 h at room temperature and washed twice again in TBS (pH 7.4). Phalloidin (phalloidin–tetramethylrhodamine B isothiocyanate;
Sigma-Aldrich, Munich, Germany) and anti-P-selectin
(CD62P antibody (C2) (FITC); Abcam, Cambridge, MA,
USA) were added to the thrombocyte-rich solution and
incubated overnight at 4 C. Phalloidin–tetramethylrhodamine B isocyanate (1:50) and anti-P-selectin–FITC
(1:500) in 1% BSA and 0.05% Triton X-100 solution were
used to visualize the proteins. After washing twice in
TBS, thrombocytes were resuspended in TBS (pH 7.4)
solution (5 ml) before being observed using a Zeiss LSM
5 DUO confocal microscope (phalloidin–tetramethylrhodamine B isothiocyanate kexc = 540–545 nm and kem =
570–573 nm, anti-P-selectin-FITC kexc = 494 nm and
kem = 518 nm).
To detect cell viability, live ⁄ dead cell staining
(BCECF-AM ⁄ propidium iodide) was performed. Cells
were stained with propidium iodide ⁄ BCECF- AM [2¢,7¢bis (2carboxyethyl)-5(6)-carboxyﬂuorescein acetoxymethyl ester 1 mg ⁄ ml in dimethyl sulphoxide
(DMSO) ‡ 95% HPLC] for detection of viability, and
subsequently rinsed in PBS (pH 7.4). BCECF-AM
(diluted 1:100 in medium) was then added to the scaffolds
and incubated for 45 min at 37 C and 5% CO2; they were
then rinsed in PBS (pH 7.4). Propidium iodide (5 lg ⁄ ml
in PBS, pH 7.4) was added and allowed to stand for
10 min, rinsed in PBS (pH 7.4) again and visualized using
the confocal microscope (BCECF-AM kexc = 488 nm and
kem = 505–535 nm, propidium iodide kexc = 543 nm and
kem = 630–700 nm). BCECF-AM is an intracellular ﬂuo 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 183–191.
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rescent pH indicator, which is hydrolysed to BCECF by
cytosolic esterases. Thus, only live cells contribute to
staining results. Propidium iodide binds to doublestranded DNA, but it can only cross plasma membranes of
non-viable cells. For each scaffold, number of live ⁄ dead
cells was counted (software Ellipse) and averaged. Viability was calculated as percentage of live cells from total
cell count per unit area. As control, thrombocyte-coated
scaffold without chondrocyte seeding was scanned.
DiOC6 (3,3¢-diethyloxacarbocyanine iodide) was used
to detect adhesion of cells to scaffolds. Samples were
ﬁxed in frozen methyl alcohol ()20 C) for 10 min, rinsed
in PBS followed by DiOC6 (0.1–1 lg ⁄ ml in PBS; pH
7.4). After 45 min incubation at room temperature, samples were rinsed in PBS (pH 7.4), and propidium iodide
(5 lg ⁄ ml in PBS; pH 7.4) was added and allowed to stand
for 10 min, before being rinsed in PBS (pH 7.4) again and
visualized using the confocal microscope (kexc = 484 nm
and kem = 482–497 nm). Areas of adherent cells were
determined (software Ellipse).
Cell adhesion
To measure cell adhesion, samples were ﬁxed in methanol
()20 C) for 10 min, rinsed in PBS (pH 7.4) and incubated in DiOC6 for 45 min. Stained cells were visualized
using the Leica SP2 AOBS confocal microscope, and
areas of attached chondrocytes were determined using the
Ellipse software. For each scaffold, areas containing 100
cells were measured and averaged. Cell adhesion was also
measured using the MTT assay as described above.
Quantitative real-time PCR analysis
Total RNA was extracted using an RNAeasy Mini Kit
(Qiagen, Prague, Czech Republic) according to the manufacturer’s protocol and were then stored at )20 C. Synthesis of cDNA was performed by standard procedures as
described previously (23). cDNA from 1 lg of RNA was
used as template. Aggrecan mRNA expression levels were
quantiﬁed by means of a light cycler 480 (Roche Diagnostic, Mannheim, Germany) using double-stranded-speciﬁc
dye SYBR Green I (Roche Diagnostic) according to the
manufacturer’s instructions. Primers (Biogen, Prague,
Czech Republic) used were as follows: aggrecan, sense
5¢-ATGACAGAAAGCGACAAGGA-3¢, antisense 5¢-AAGCAGCAGTCACACCTGAG-3¢; and beta-actin, sense
5¢-ACAAAACCTAACTTGCGCAG-3¢ and antisense 5¢TCCTGTAACAACGCATCTCA-3¢. Samples were analysed in duplicate in a 96-well plate with ﬁnal volume of
20 ll. Expression level of aggrecan mRNAs was adjusted
using level of beta-actin mRNA as housekeeping level,
and expressed as ratio to beta-actin. Evaluation of mRNA
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expression of aggrecan was performed by quantitative
real-time PCR analysis (P < 0.05, two-sided t-test).
Statistics
Quantitative data are presented as mean ± SD. For in vitro
tests, average values were determined from four independently prepared samples. If not mentioned otherwise,
results were evaluated statistically using one-way analysis
of variance (ANOVA) and the Student–Newman–Keuls
Method.

Results
Adhesion of PRP on PCL nanoﬁbres
PCL nanoﬁbres prepared by the electrospinning method
with ﬁnal surface mass of 0.18 g ⁄ m2, were functionalized
by adhering thrombocytes to them. Each small piece
(0.33 cm2) of PCL nanoﬁbre mesh had been placed at the
bottom of a 96-well plate and incubated with thrombocyterich solution (Fig. 1) at concentration of 380 · 106 thrombocytes ⁄ ml. To achieve thrombocyte immobilization,
nanoﬁbre scaffolds were pre-incubated with TRS for 2 h
(PCL2 sample) and 14 h (PCL14 sample).
To demonstrate interaction between thrombocytes and
PCL nanoﬁbre mesh, cryo-ﬁeld emission scanning microscopy (FESEM) was used and interactions were directly
visualized; thrombocytes were found well adhered to PCL
scaffolds (Fig. 2). Adhesion of thrombocytes to nanoﬁbres
was signiﬁcant after as little as 2 h incubation and did not
increase signiﬁcantly in samples incubated for 14 h. Thus,
2 h pre-incubation of scaffolds with thrombocytes resulted
in their effective immobilization on the nanoﬁbre scaffold
surface. We assume that increased adhesion is a result of
directed cell migration towards thrombocytes and ⁄ or
increased cell accommodation.

(a)

(b)

TRS visualization was achieved by confocal microscopy (Fig. 1). Thrombocytes were stained for actin and
P-selectin expression as described in the Materials and
methods section. P-selectin is expressed in alpha-granules
of platelets and granules of endothelial cells and this platelet marker has been previously used for thrombocyte visualization (24). As a major dynamic protein, actin is highly
abundant in platelets. Staining of these two markers provides evidence for presence of thrombocytes (Fig. 1).
Loss of activity of thrombocyte-rich solution
To employ immobilized thrombocytes as a potential
nanoscale delivery system of native proliferation and differentiation factors, establishment of time-dependent degradation behaviour of thrombocytes in a physiological
solution was necessary. Thus, effects of thrombocyte
aging on chondrocyte proliferation were determined.
Concentrated thrombocytes from PRP were either directly
immobilized on scaffolds, which were subsequently
seeded with chondrocytes, or thrombocyte-rich solution
was stored at 22 C. Aged TRS was applied after 3, 6, 8
and 16 days of storage, on the PCL nanoﬁbre mesh.
Subsequently, scaffolds were seeded with freshly prepared
chondrocytes – similar to the case of newly prepared
thrombocytes. Degradation of thrombocytes and loss of
growth factor activity in solution, were assessed by absorbance values of MTT assay 7 days after cell seeding (day
7). Ability of aged thrombocytes to enhance chondrocyte
proliferation gradually decreased (Fig. 3). Nevertheless,
this loss of activity of thrombocyte releasate was relatively slow. TRS stored at 22 C for a period shorter than
6 days still maintained ability to enhance chondrocyte
proliferation. However, in cases of longer storage, degradation products of thrombocytes showed inhibitory effects
and resulted in decrease of chondrocyte proliferation
(Fig. 3).

(c)

Figure 1. Thrombocyte visualization. Confocal microscopy of thrombocytes detected by anti-P-selectin immunostaining, with FITC, green (a) and
anti-CD62 antibody, with tetramethylrhodamine B isocyanate (b), red. Part (c) represents superposition of (a) and (b), which resulted in orange (less
intensive red) tint due to high actin ⁄ P-selectin signal ratio.
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Figure 2. Thrombocyte visualization on nanoﬁbres. CryoSEM visualization of thrombocytes on PCL nanoﬁbres. Items seen in this ﬁgure have
similar size and shape as thrombocytes, oval to round with diameters of
2–3 lm. Thickness of golden sputter coat used for visualization slightly
increased their observed dimensions.

Figure 3. Degradation of thrombocyte-rich solution based on absorbance values of MTT assay. Nanoﬁbre scaffolds pre-incubated for 2 h
with aged TRS (stored at 22 C for respective number of days – 0, 3, 6,
8, 16 as seen in graph visualizations) and subsequently seeded with
freshly prepared chondrocytes. MTT assay was performed on day 7. TRS
aging decreased proliferation with degradation half-life of approximately
3 days. Chondrocytes seeded on PCL scaffolds without thrombocytes
were set as reference (refers to PCL sample in graph). Error bars refer to
SD. Results compile measuring of four independent cell cultures per
sample.

Adhesion of chondrocytes on PCL nanoﬁbres with
immobilized thrombocytes
Our experiment using freshly prepared TRS clearly
showed its ability to enhance chondrocyte proliferation.
However, chondrocyte population growth may be inhib 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 183–191.

187

ited when incubated with aged TRS. This reﬂects complex
related effects thrombocytes have on cell adhesion and
proliferation, most likely due to high concentration of
different growth factors they contain. In addition, while
suitable thrombocyte concentration for cell proliferation
in solution is easily controlled, administration of them to
nanoﬁbre scaffolds is difﬁcult. Naturally, any nanoﬁbre
mesh is a quasi-2D system with unknown parameters signiﬁcantly differing from natural 3D systems. Consequently, an empirical approach was necessary during this
phase of our study.
To better understand effects of thrombocytes and the
releasate, chondrocyte adhesion on the functionalized
scaffolds (PCL nanoﬁbres pre-incubated with TRS) was
investigated. Such cell adhesion was compared to adhesion to the PCL scaffolds without addition of thrombocytes when cell seeded. In the latter case, scaffolds were
not pre-incubated with TRS, but TRS was added to
media after cell seeding. Cell visualization was achieved
by confocal microscopy on day 1 (Fig. 4). Chondrocytes
were stained with ﬂuorescent dye (DiOC6) and propidium iodide as described in the Materials and methods
section. DiOC6 is a lipophilic ﬂuorescent stain for labelling membranes and other hydrophobic structures. Once
applied to cells, the dye diffuses laterally within the
plasma membranes, resulting in even staining of entire
cell surfaces. Propidium iodide binds to double-stranded
DNA of non-viable cells. It allows for accurate visualization of single cells.
Areas of attached chondrocytes (100 cells) were
determined and cell adhesion was estimated. Increased
chondrocyte adhesion on PCL nanoﬁbres coated with
thrombocytes was documented (Fig. 5). Cells seeded on
functionalized nanoﬁbres were signiﬁcantly more spread
out than those on nanoﬁbres without thrombocytes. Interestingly, chondrocyte adhesion was greater on PCL14
samples than on PCL2 samples.
In addition, MTT assays were also performed on the
ﬁrst day after seeding, assuming that cell proliferation on
day 1 was dependent on number of cells adherent to the
nanoﬁbres. To eliminate any contribution of non-adherent
cells, each nanoﬁbre sample was transferred to a new well
on the plate for MTT assay. MTT test on day 1 showed an
increased cell adhesion on nanoﬁbres with thrombocytes
compared to those on PCL alone (Fig. 6).
Proliferation of chondrocytes on PCL nanoﬁbres with
immobilized thrombocytes
More important than effects of thrombocytes on chondrocyte adhesion was their inﬂuence on cell proliferation.
Chondrocyte proliferation on functionalized scaffolds was
compared to proliferation on PCL scaffolds. Chondrocytes
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(a)

(d)

(b)

(c)

Figure 4. Adhesion of chondrocytes on PCL nanoﬁbres; confocal microscopy. (a) PCL2; (b) PCL14; (c) PCL; (d) Control sample. Prior to chondrocyte seeding, PCL nanoﬁbre scaffolds were pre-incubated with TRS for 2 h (PCL2) or 14 h (PCL14). PCL only represents non-treated scaffold (PCL).
Non-seeded thrombocyte-coated scaffold served as control sample. Cell adhesion day 1 with (a) and (b) and without (c) immobilized thrombocytes.
Most cells adhered on the PCL14 scaffold as seen (b). These cells spread out most over the same time frame. This image supports the hypothesis of ability of thrombocytes to stimulate cell migration and consequently cell adhesion to scaffolds.

Figure 5. Chondrocyte adhesion on PCL nanoﬁbres. Chondrocytes
on functionalized matrix were stained with DiOC6 ﬂuorescent dye to
visualize living cells, as seen in Fig. 4. Cell areas were measured by confocal microscopy using Ellipsa software. Areas containing 100 cells were
measured and averaged for each scaffold. PCL2 and PCL14 are samples
with matrix coated by thrombocytes for the respective time. To PCLprp
sample, thrombocytes were added to culture media after cell seeding.
PCL sample represents control non-treated with thrombocytes. Error bars
refer to SD. Signiﬁcantly different values identiﬁed by asterisks
(*P < 0.01; **P < 0.05) .

on functionalized nanoﬁbres showed a signiﬁcant increase
in proliferation on day 14 compared to those on PCL
nanoﬁbres only (Fig. 7). Interestingly, there was no significant difference in proliferation between cells on functionalized nanoﬁbres and those on non-treated PCL scaffolds
on day 7. This observation could be associated with a
positive effect of PCL nanoﬁbre scaffolds on chondrocyte
proliferation. In combination with the fact that cell exposure to relatively high concentrations of proliferation and
differentiation factors inﬂuenced biochemical pathways, a
lag phase of cell proliferation resulted.

Figure 6. Adhesion of chondrocytes on PCL nanoﬁbres; MTT assay.
MTT assay performed on day 1. Each sample was transferred to a new
well on the plate for MTT assay, thus, only adherent cells were involved.
PCL2 and PCL14 – samples with matrix coated by thrombocytes. To
PCLprp sample, thrombocytes were added to culture media after cell
seeding. PCL sample represents control non-treated with thrombocytes.
Error bars refer to SD. Signiﬁcantly different values identiﬁed by asterisks (* P < 0.01; **P < 0.05).

On day 14 however, proliferation of chondrocytes on
PCL nanoﬁbres alone decreased (Fig. 7), while chondrocyte proliferation on functionalized scaffolds was signiﬁcantly higher. Notably, highest cell proliferation was
observed on PCL2 samples.
A similar pattern was observed for cell viability. Cells
were stained with propidium iodide ⁄ BCECF-AM and
visualized by confocal microscopy. For each scaffold,
number of live ⁄ dead cells was counted (software Ellipse)
and averaged. Cell viability signiﬁcantly increased on
functionalized scaffolds on day 14 compared to noncoated scaffold. Highest viability was observed in samples
that were pre-incubated for only 2 h with TRS (Table 1).
However, no signiﬁcant differences were observed on day
 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 183–191.
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Figure 7. Chondrocyte proliferation on functionalized nanoﬁbre
scaffold. The MTT assay was performed on Day 7 (black bars) and Day
14 (hatched bars). Signiﬁcantly different values with respect to the control PCL sample on the respective day are identiﬁed by asterisks
(*P < 0.01; **P < 0.05). Error bars refer to SD.

Table 1. Chondrocyte viability on functionalized nanoﬁbres

Day 7
Day 14

% of cell viability
on PCL14 samples

% of cell viability
on PCL2 samples

% of cell viability
on PCL samples

87.4 ± 9.4
76.6 ± 1.3

75.8 ± 1.4
84.4 ± 1.1

77.1 ± 3.5
54.8 ± 8.1

Percentage of chondrocyte viability on Day 7 and Day 14 based on propidium iodide ⁄ BCECF-AM staining and confocal microscopy. For each
scaffold, the number of live ⁄ dead cells was counted (software Ellipse)
and averaged. Table compiles results from four independent samples for
each scaffold. Deviation in table represents SD.

7. Control samples, non-thrombocyte-coated scaffolds,
were scanned; no contribution to background staining was
observed.
Chondrocyte differentiation and real-time PCR results
Despite good chondrocyte proliferation on thrombocytecoated scaffolds, whether or not cells were still able to
maintain chondrocyte phenotype after culture in thrombocyte solution, remained unknown. To show chondrogenic
phenotype of cells resulting from proliferation, relative
expression level of aggrecan as a typical extracellular protein of cartilage, was determined using real-time PCR.
Maintenance of chondrocyte phenotype was conﬁrmed for all tested samples 2 weeks after seeding. In
accordance with our proliferation experiments, levels of
aggregan mRNA on day 1 were signiﬁcantly higher in
samples not treated with thrombocytes (Fig. 8) compared
to functionalized scaffolds. This most likely reﬂected the
complex blend of differentiation and proliferation factors
of thrombocytes. A completely different pattern, however,
 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 183–191.
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Figure 8. Aggrecan as a marker of chondrogenic expression. Aggrecan – chondrogenic marker expression, day 1 (black bars) and day 14
(striped bars), beta-actin used as housekeeping control. Y-axis, because of
very different values, is a logarithmic scale. Evaluation of mRNA expression of aggrecan was performed by quantitative real-time PCR analysis
(P < 0.05, two-sided t-test). Signiﬁcantly different values with respect to
control TCP sample is PCL2 on day 14. Error bars refer to SD. Graphic
visualization of samples compiles results of four independent cell
cultures.

was observed on day 14. Functionalized scaffolds preincubated in TRS for 2 h were found to best preserve
chondrogenic phenotype of cells 2 weeks after seeding.

Discussion
Activity of thrombocyte-rich solutions
Cells of blood origin contribute to scar formation, accelerate skin wound repair and participate in healing processes
(25,26). PRP as an essential derivative from blood platelets contains numerous growth factors, which can enhance
cell proliferation (27). The regenerative potential of
thrombocytes is based on release of growth factors that
occurs when thrombocytes rupture. When autologous,
their nature gives them a signiﬁcant advantage and is pivotal for curing processes. Application of thrombocytes can
also signiﬁcantly affect and improve tissue engineering
applications such as MSC proliferation and chondrogenic
differentiation in vitro (28). Time-dependent decrease in
number of circulation derivatives in a wounded area, similar to aging, destroys healing ability in vivo as well as cell
proliferation in vitro.
We have shown in the framework of this study that
thrombocyte aging inﬂuences its blend of natural growth
factors. Ability of aged TRS to enhance chondrocyte proliferation slowly decreased when thrombocyte samples
were stored at 22 C. This slow decrease with half-life of
approximately 2–3 days should be beneﬁcial in possible
clinical applications. Notably, in cases of longer storage,
products of thrombocyte degradation showed inhibitory
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effects and resulted in decrease of chondrocyte proliferation (Fig. 2). Lifespan of thrombocytes of approximately
7 days (29) has already been reported and correlates with
our results.
Functionalized nanoﬁbres as a nanoscale growth factor
delivery system
Use of native autologous growth factors such as from
thrombocytes, opens up new possibilities for tissue engineering to clinicians and researchers. To keep concentrations at bioactive levels for tissue repair or healing, a
system for their immobilization must be developed.
The aim of this study was to overcome the major
obstacle of thrombocyte delocalization and rapid removal.
We have managed to immobilize thrombocytes on nanoﬁbres and prepared functionalized nanoﬁbre scaffolds with
localized growth factors. These biocompatible and biodegradable PCL nanoﬁbres efﬁciently immobilized thrombocytes after only 2 h pre-incubation in thrombocyte
solution. Thrombocytes were not removed by rinsing in
buffer. Locally higher concentration of natural growth factors appropriate for cells can create promising functionalized scaffolds in a useful drug delivery system.
Thrombocyte-functionalized PCL nanoﬁbres enhanced
chondrocyte proliferation
We found a proliferative effect of thrombocytes on chondrocytes and MSCs. This observation was in accordance
with previous reports (30). However, our immobilized
thrombocytes on nanoﬁbres also worked successfully as a
nanoscale delivery system of native proliferation and differentiation factors, improving both adhesion and proliferation of chondrocytes in our experiments in vitro.
Interestingly, there was no signiﬁcant difference in
chondrocyte proliferation between nanoﬁbres coated with
thrombocytes and non-coated PCL scaffolds 7 days after
seeding, also indicated by aggrecan expression of PCL
nanoﬁbres. This was a typical consequence of growth factor depletion and higher concentrations of end-products
(31). Such an observation can be associated with cell
exposure to relatively high concentration of proliferation
and differentiation factors inﬂuencing biochemical pathways, which results in a lag phase in cell proliferation. A
completely different pattern on day 14 clearly proved a
positive inﬂuence of thrombocyte-functionalized scaffolds
on chondrocyte proliferation.
Time of coating with thromboyctes can also inﬂuence
cell phenotype. This was reﬂected by elevated concentrations of aggrecan in samples PCL2 compared to PCL 14
and control samples (PCL, TPC), 2 weeks after seeding
(Fig. 8).

Clearly, cultured cells are highly sensitive to medium
composition. Two-hour pre-incubation of PCL nanoﬁbres
with TRS was found to be optimal for chondrocyte proliferation. We can hypothesize that longer pre-incubation
times resulted in less favourable composition of growth
factors for chondrocyte proliferation. Longer pre-incubation with thrombocytes, however, could be more favourable for proliferation of other cell types.
Seemingly, the role of PRP, thrombocytes and TRS in
tissue engineering is quickly growing (32). Serum-free
medium without addition of growth factors cannot cause
cell numbers to expand in vitro. Thus, current research
interests are focused on testing of different types of
serum (foetal calf serum, autologous or allogeneic human
serum) and PRP. Optimization of cell culture conditions,
particularly for MSCs, to avoid interference with their
self-renewal and differentiation processes and to assure
durable engraftment and long-term therapeutic effects,
evidently is crucial. Functionalized nanoﬁbres with immobilized thrombocytes can undoubtedly contribute to this
optimization.
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