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Abstract

Three-dimensional cell culture used for tissue 
engineering has its own rules and directions. There 
is a deficiency of proliferative markers suitable for 
tissue engineering research when cells are cross-
linked in network of fibers or suspended in hydrogel. 
It limits cell harvesting or impairs the flow to cell area 
conventional chemicals used as proliferative markers. 
According to current published data, the expression 
of replication-dependent histone H3 genes could 
be novel proliferative marker of cells. The intensive 
synthesis of H3 histones is tightly correlated with DNA 
synthesis and H3 mRNA is rapidly degraded when the 
S phase is completed or inhibited by cell cycle inhibi-
tors. Based on this relation, non-dividing cells contain 
no H3 mRNA. The aim of the study was to determine 
expression pattern of replication-dependent H3 subty-
pes and tissue-specific H3/t subtype in normal human 
connective tissue cells. Analyzed cellular model was 
chondrocytes cell line due to the phenomenon that 
articular cartilage doesn’t have natural ability to heal 
its injuries, consequently development of cartilage 
engineering is necessary. Evaluation of expression 
pattern was performed using Reverse Transcription 
PCR and reaction products were visualized on the gel 
electrophoresis. This study demonstrated that RT-PCR 
technique can be successfully used to study the ex-
pression of different histone H3 subtypes. Presented 
electrophoregram showed differential expression of 
the analyzed subtypes (no expression of H3/g and 
H3/t subtypes). Incubation with sodium butyrate and 
quantitative Real Time PCR enabled quantification 
of mRNA level of selected H3/d subtype. This part 
of study showed a significant reduction in the mRNA 
level of H3/d when the sodium butyrate was added. 
Obtained results indicated the possibility of using the 
expression of individual histone H3 subtype as a new 
proliferative marker.

Keywords: histone H3 subtypes, proliferative marker, 
chondrocytes, RT-PCR, sodium butyrate. 

[Engineering of Biomaterials 113 (2012) 2-5] 

Introduction

Tissue engineering allows researchers to form three-di-
mensional living constructs where cells proliferate, gradu-
ally settle the biomaterial and restore the desired tissue.  
It exploits three main components like cells, scaffolds (made 
of natural or synthetic polymers) and growth factors [1]. 
Cartilage engineering is useful in treatment of cartilage 
defects by ACI (autologous chondrocyte implantation), re-
construction of growth plate, facial reconstruction surgery, 
reconstruction of long segmental tracheal defects or treat-
ment of urinary incontinence and vesicoureteral reflux [2]. 
Conventional proliferative tests, like flow cytometry, sulf-
horodamine B test, MTT test, alamarBlue test, immuno-
histochemical staining, BrdU labelling, aren’t sufficient for 
these types of culture. In spatial cultures, when cells are 
suspended in hydrogel or cross-linked in a network of woven 
or non-woven fibers, there are some limitations in cell har-
vesting or flow of conventional proliferative markers to cell 
area. Immunostaining of proliferation-associated antigens 
e.g. Ki-67 or PCNA (proliferating cell nuclear antigen) also 
has some limitations. It was found that PCNA accumulates 
in cell nuclei, not only in the S phase of the cell cycle, but 
also during DNA repair. In turn, Ki-67 is characterized by 
a long half-life and the ability to accumulate throughout 
the cell cycle. Generally it can be concluded that there is 
a deficiency of methods for measuring proliferative activity 
for tissue engineering studies [3-5]. 

Because of the unique histone H3 gene expression 
and expression products turnover and due to deficiency of 
methods for measuring proliferative activity and cell viability 
suitable for tissue engineering studies, the expression of 
histone H3 subtypes may be a new marker for this field of 
biomedical science. H3 subtypes were chosen for two main 
reasons. Firstly, the intensive synthesis of DNA during S 
phase is tightly correlated with intensive synthesis of replica-
tion-dependent subtypes of H3 [6]. Secondly, phosphoryla-
tion of H3 (10Ser) is required in chromosome segregation 
and it’ll be probably a very good marker of cell division [7].

The human genome contains 11 replication-dependent 
histone H3 genes. Ten of these codes for H3.1 protein (H3/a, 
H3/b, H3/c, H3/d, H3/e, H3/f, H3/g, H3/h, H3/i, H3/j) and 
one code for H3.2 protein (H3/n). Histone H3.1, compared 
to H3.2, has a single amino acid variation (Ser96 instead 
of Cys96). The genes encoding histone 3.1 and 3.2 are 
localized in three clusters on chromosome 6 (6p21.3-22) 
and chromosome 1 (1q21) [8]. Other genes which encode 
histone H3 subtypes are replacement histone H3 genes 
– H3.3a, H3.3b and tissue-specific histone H3 gene – H3t. 
Histone H3/t probably occurs only in testis and is probably 
the rat TH3 homologue. The structure of that gene is similar 
to replication-dependent histone genes but its expression 
level has not been elucidated more precisely [9]. Genes 
which code replication-dependent subtypes are intronless 
and contain a stem-loop structure called ‘hairpin’ that forms 
3’-end of mRNA. This structure is involved into processing, 
transport and stability of nuclear histone mRNA during repli-
cation. Histone mRNA of these subtypes is rapidly degraded 
both when the S phase is completed and when the DNA 
synthesis is inhibited by e.g. hydoxyurea. In other words, 
non-dividing cells contain no H3 mRNA [10,11]. 

The aim of the study was to determine the expression pat-
tern of replication-dependent H3 subtypes and H3/t subtype 
in human connective tissue cells. Due to correlation between 
expression of these subtypes and DNA replication they may 
be new markers of proliferative activity in tissue cultures. 



�materials and methods

Cell culture
Chondrocytes were purchased from Lonza. Cells were 

obtained from articular cartilage and maintained at 37°C 
and 5% CO2 in CGM™ Chondrocyte Growth Medium. This 
growth medium contained supplements and growth factors 
like fetal bovine serum, R3-IGF-1, bFGF, transferrin, insulin 
and GA-1000 (aqueous solution of gentamicin sulfate and 
amphotericin-B) (Lonza). To study the expression of genes, 
chondrocytes were placed at the initial density of 2-5*103 
cells/cm2 in Nunclon™ culture dishes (Nunc). The RNA 
isolation was performed when cells reached the state of 
60% confluation.

For inhibition of DNA synthesis, 1mM, 3mM and 10mM 
sodium butyrate (Sigma-Aldrich) were administered to 
exponentially growing cells 48 hours before RNA isolation. 
Sodium butyrate selectively affects the activation of genes 
encoding proteins that block cell cycle such as, eg. p21WAF1 
protein, which  blocks kinase CDK2 and inhibits cell transi-
tion to the next stage of the cell cycle. The administration of 
this compound enabled a comparison of expression levels of 
selected H3 subtype in treated and untreated cells and visu-
alized the potential changes in proliferative activity of cells. 

RNA isolation
RNA preparation was carried out using NucleoSpin® kit 

(Macherey-Nagel). The RNA extracts were digested with 
DNase I to eliminate DNA contamination during the isolation 
procedure. RNA quantification was performed by ultrasensi-
tive fluorescent RNA stain using Quant-IT™ RiboGreen® 
RNA Reagent (Invitrogen). 

Reverse transcription PCR analysis and quantitative 
Real time PCR analysis

Evaluation of expression pattern was performed using 
RT-PCR (Reverse Transcription PCR). Gene-specific prim-
ers were designed using Primer Express™ 1.0 software 
(Abi Prism). To ensure efficient and accurate amplification 
of template, conditions for these reactions were optimized. 
The most important step in pre-standardization was the op-
timization of annealing temperature. The greatest specificity 
and efficiency of amplification for each pair of primers was at 
60°C and this temperature was used in both types of reac-
tions. The reaction mix at the final volume of 20 μl consisted 
of: 50 ng of RNA template, 500 nM of each primer, 2.5 units 
MasterAmp Tth DNA Polymerase, 2.5 mM MgCl2, 0.5 mM 
MnS04, 400 μM dNTP mix, 1x MasterAmp Tth PCR Buffer, 
1x MasterAmp PCR Enhancer (Epicentre) and sterile water. 
The RT-PCR reactions were performed by C-1000 Thermal 
Cycler (Bio-Rad). Cycling conditions were as follows: one 
step at 60°C for 30 min, one step at 94°C for 5 min, 35 cycles 
at 94°C for 30 s, 60°C for 30 s and 72°C for 1 min. RT-PCT 
products were detected using 2% agarose gel electrophore-
sis and ethidium bromide staining. Qualitative analysis of 
RT-PCR was carried out using LabWorks 4.0 software. 
    QRT- PCR (quantitative Real Time PCR) enabled detec-
tion and quantification of mRNA level of selected H3 sub-
type for each reaction cycle. The reaction mixture at final 
volume of 20 μl consisted of: 50 ng of RNA template, 200 
nM of each primer, 1x Power SYBR®Green RT-PCR Mix, 
1x RT Enzyme mix (Applied Biosystems) and sterile water. 
Reference gene was GAPDH (glyceraldehydes-3-phospate 
dehydrogenase). QRT-PCR reaction was performed by DNA 
Engine Opticon system (Bio-Rad). Thermal conditions were 
as follows: one step at 48°C for 30 min, one step at 95°C for 
10 min, 40 cycles at 95°C for 30 s, 60°C for 30 s and 72°C 
for 1 min. At the end of the QRT- PCR reaction, the melting 
curves were plotted.

Statistical analysis
The relative expression of selected H3 gene in untreated 

and treated cells, normalized by GAPDH expression, was 
evaluated by REST© 2009 software (Qiagen). 

Results

Each of 12 sequences (H3/a-H3/n, H3/t) for primer de-
signing was obtained from http://www.ncbi.nlm.nih.gov/sites/
entrez. The designed primers fulfilled the basic criteria for 
length, melting temperature, GC content, GC clamp, primer 
secondary structures or repeats. The length of primers was 
in the range from 18 bp to 28 bp, the GC content from 43% 
to 74%, and the melting temperature difference for each pair 
of primers was 2.6-2.7°C. The expected sizes of amplimers 
were 124-366 bp (TABLE 1). 

RNA was isolated from chondrocyte cell culture and 
measured using ultrasensitive fluorescent RNA stain. RNA 
concentrations isolates were between 139 and 195 μg/ml. 
After the pre-standarization, the proper RT-PCR reactions 
were carried out and products were visualized in 2% agarose 
gel electrophoresis. No expression of replication-dependent 
H3/g subtype and tissue-specific H3/t subtype was detected. 
All other subtypes were visualized in agarose gel with dif-
ferent efficiencies. The most strongly expressed subtypes 
were H3/d, H3/e and H3/h. The weakest expressed subtypes 
were H3/b and H3/n (FIG. 1A, B, TABLE 2).

In the assessment of cell cycle inhibition by sodium bu-
tyrate, H3/d subtype was used. It was chosen because of 
its detected expression in all types of connective tissue cell 
lines and its optimal length - 190 bp which reduces the risk 
of degradation by RNase. Results of this part of experiment 
were presented as levels of relative expression of H3/d. The 
higher decrease in expression was noticeable in the case 
of 3 mM sodium butyrate (FIG. 2). Melting curve analysis 
proved the specificity of the performed amplification reac-
tion (FIG. 3). The results of the QRT-PCR and statistical 
analysis (REST©2009 software) indicated that there was a 
significant reduction of H3/d mRNA level when the sodium 
butyrate was added. The difference in transcriptional activity 
of the H3/d between treated chondrocytes (and untreated 
chondrocytes (control) was statistically significant (p<0,05) 
(TABLE 3). 

TABLE 1. The accession numbers of sequences 
for primer designing and expected lengths of 
amplimers [bp]. 

H3 subtype Accession No Amplimer’s 
length [bp]

H3/a NM_003529.2 220
H3/b NM_003537.3 224
H3/c NM_003531.2 324
H3/d NM_003530.3 190
H3/e NM_003532.2 366
H3/f NM_021018.2 226
H3/g NM_003534.2 196
H3/h NM_003536.2 268
H3/i NM_003533.2 174
H3/j NM_003535.2 303
H3/n NM_001005464.2 124
H3/t NM_003493.2 309
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FIg 3. melting curve analysis. First peak is for gAPDH product and second 
is for H3/d product. 

FIg. 1. A) The expression pattern of histone H3 subtypes in chondrocy-
tes: lane 1, 8 – molecular weight marker - pBR322/BsuRI , lane 2-7, 9-14 
– histone H3 subtypes, lane 15 – gAPDH. 2% agarose gel stained with 
ethidium bromide; B) molecular weight marker pBR322/BsuRI(HaeIII) 
(Fermentas).

Lane Product
1 Molecular weight marker 

pBR322/BsuRI 
2 H3/a
3 H3/b
4 H3/c
5 H3/d
6 H3/e
7 H3/f
8 Molecular weight marker 

pBR322/BsuRI 
9 H3/g

10 H3/h
11 H3/i
12 H3/j
13 H3/n
14 H3/t
15 GAPDH 

TABLE 2.  RT-PCR products 
visualized in agarose gel elec-
trophoresis.

FIg. 2. The level of expression of 
H3/d  in: 1 – untreated cells (control), 
2 – cells treated by 3mm sodium 
butyrate. 

TABLE 3. The values of relative expression  
levels and standard deviations calculated using 
REST©2009 software. 

Sample Relative 
expression level

Standard 
deviations

Untreated cells 1,000 -

3 mM sodium 
butyrate 0,081 0,039-0,186

Discussion

Tissue engineering is rapidly growing field of biomedical 
science. The aim of this science is to enable an effective 
treatment of degenerative diseases, burns and traumatic 
lesion using eg. autogenic cells which eliminate the risk of 
graft rejection in the recipient body. To create these implants, 
cells, scaffolds and growth factors are used. The presence 
of scaffolds allows cells to restore interactions between them 
and ECM (extracellular matrix) and normal cell proliferation 
[12]. Valid and rapid cell proliferation is needed for gradual 
settlement of scaffold by cells. The conventional proliferative 
assays, like counting mitotic figures, counting in hemocy-
tometer or BrdU labeling, aren’t sufficient for these types 
of cultures. It’s necessary to create a rapid and effective 
proliferative test which enables an assessment of accurate 
proliferative of cells in these constructs. 

This new alternative proliferative marker may be ex-
pression of replication-dependent subtypes of histone H3.  
In previous studies, histone mRNA was initially used in 
the hybridization in situ technique (ISH). Results of experi-
ments using this method allow to evaluate the proliferative 
status at any given time, even in fixed archival samples.  

Non-dividing cells have no detectable mRNA levels of his-
tone H3 subtypes due to their rapid degradation after the 
cell division. The reason is that these subtypes don’t have 
polyA-tail [13,14]. Unfortunately, in the case of three-dimen-
sional scaffolds organic reagents affect the degradation of 
the scaffold during the preparation of material for analysis 
so ISH is not recommended. 



�In recent studies researchers have used quantitative Real 
time-PCR technique and RNA protection assay to analyze 
expression of histone H4/i and subtypes of histone H3. 
Evaluation of the expression of H4/i, using QRT-PCR, was 
performed by Ignatus et al [15]. Osteoblasts used in the 
experiment were seeded on collagen type I scaffolds. The 
results indicated that the increase in mechanical load caused 
an increase in expression of histone H4/i in these cells. This 
confirmed the assumption that mechanical forces increase 
the proliferation of osteoblasts compared to untreated 
control. Koessler et al [16] determined the expression of 
11 replication-dependent H3 subtypes in three fetal tissues 
(bladder, lung and liver), a diploid fibroblast line IMR-90 and 
seven tumor cell lines (HEK-293, Hela-S3, SAOS-2, HL-60, 
Hep-G2 and Capan-1) by RNase protection assay. The ex-
pression pattern of H3 subtypes in all fetal human tissues 
and IMR-90 line was similar. The most strongly expressed 
genes were H3/m and H3/n. On the other hand, the weakest 
expressed genes were H3/a, H3/d, H3/f, H3/h and H3/j. In 
the tumor cell lines – in the case of H3/m, H3/n and H3/k 
genes – the expression level was low or undetectable. Only 
in the case of Tera-2 tumor line expression of all histone H3 
subtypes occurred, which is likely due to the cell line being 
pluripotential.

The aim of our study was to determine expression pattern 
of replication-dependent H3 subtypes in human connective 
tissue cells. According to current published data the analysis 
of expression of all 11 replication-dependent H3 subtypes 
in valid adult human cell line hasn’t been performed yet. In 
this research, the expression pattern of histone H3 subtypes 
in human chondrocytes – showed no expression of histone 
H3/g and H3/t subtypes. No expression of histone H3/t 
subtype confirms probably the specificity of its occurrence 
in the male testis. However, no detectable level of H3/g 
expression may indicate either a low promoter activity, its 
structural changes and what’s interesting a high degree of 
differentiation of these cells. Structural changes within pro-
moter domains affect the regulation of expression. What is 
more, also alternations in the distance between two domains 
- CCAAT box and TATA box or CCAAT box and CCAAT 
box – resulted in significant loss of promoter activity [17]. 
Incubation with sodium butyrate depicted a decrease in the 
expression of H3/d gene in treated compared to untreated 
cells. It confirmed the statement that histone mRNA is rapidly 
degraded when the DNA synthesis is blocked. 

The obtained results of the experiment indicate the need 
for further studies, using cells growing on three-dimensional 
scaffolds, individual chosen subtype of H3 and QRT-PCR 
technique, to confirm the possibility of using changes in 
mRNA levels of histone H3 subtype as a reliable proliferative 
marker for tissue engineering research.

Conclusions

(1) The results of the study demonstrated that RT-PCR 
can be successfully used to analyze the expression of dif-
ferent histone H3 subtypes. It is possible to design sets of 
primers allowing the specific and efficient amplification of 
their transcripts. (2) No expression of histone H3/g and H3/t 
subtypes was detected in analyzed connective human cell 
line. (3) Incubation with sodium butyrate – cell cycle inhibi-
tor – led to a significant reduction in the expression level 
of H3/d gene. This conclusion indicates the possibility of 
using the expression of individual  histone H3 subtype as 
a proliferative marker. 
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Abstract

 A series of polylactide-poly(ethylene glycol) (PLA-
PEG) block copolymers were synthesized by ring-ope-
ning polymerization of L- or D-lactide in the presence 
of mono- or dihydroxyl PEG, using nontoxic zinc lac-
tate as catalyst. Micelles were then prepared by direct 
dissolution of the obtained copolymers in aqueous 
medium without heating or using any organic solvents. 
Aqueous gel permeation chromatography and dyna-
mic light scattering measurements were carried out to 
characterize the resulting micelles. Generally, mixed 
micelles containing both PLLA/PEG and PDLA/PEG 
copolymers appear lager and more compact compa-
red to single ones. However, the size of mixed micelles 
is smaller than that of single ones which exhibit an ani-
sotropic structure since stereocomplexation disfavors 
the formation of anisotropic micelles. The copolymer 
parameters such as structures, molar mass and PEG 
fraction strongly influence the formation of anisotro-
pic micelles, and thus lead to various micellar sizes. 

Keywords: polylactide, poly(ethylene glycol), stereo-
complexation, self-assembly, anisotropy
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Introduction

In the past decades, nanoparticles, micelles and vesi-
cles prepared by self-assembly of amphiphilic copolymers 
have been widely investigated for applications in the field of 
sustained drug delivery [1]. Compared to conventional drug 
administration routes, these drug delivery systems (DDS) 
present numerous advantages such as constant blood 
drug concentration, reduced drug dosage, decreased drug 
administration frequency, reduced side effects, etc. Among 
all the polymers used for DDS, polylactide/poly(ethylene 
glycol) (PLA/PEG) copolymers appear the most promising 
due to their outstanding properties [2]. In fact, PLA exhibits 
good biocompatibility and degradability, while PEG is well 
soluble in water and in most organic solvents, non-toxic and 
can be eliminated through kidney filtration when the molar 
mass is below 30000.

Stereocomplexation between PLLA and PDLA was found to 
improve the properties of PLA/PEG micelles [3,4]. Kang et al. 
reported that the “stereocomplex-type” micelles derived from 
PLLA/PEG and PDLA/PEG copolymers exhibit higher aggre-
gation number, smaller volume, and more compact structure 
compared to single micelles [3].  However, our previous work 
showed that the average size of mixed micelles is smaller 
than single micelles for some copolymers [4]. On the other 
hand, aqueous gel permeation chromatography (GPC) allo-
wed to  identity both peaks of micelles and free copolymers, 
and to determine the aggregation number of micelles [5]. 

Therefore, it is of great interest to comparatively investigate 
the properties of single and mixed micelles.

In this work, a series of PLA/PEG block copolymers 
were synthesized and characterized. Self-assembling 
micelles by direct dissolution in water were investigated by 
aqueous GPC, dynamic light scattering and transmission 
electron microscopy (TEM), taking into account the effects 
of stereocomplexation between PLLA and PDLA blocks for 
different copolymers.

materials and methods
L-lactide and D-lactide were obtained from Purac and 

purified by crystallization from ethyl acetate. Monomethoxy 
poly(ethylene glycol) (mPEG) with molar masses of 2000 
and 5000 and dihydroxyl PEG with molar masses of 2000, 
4000 and 8000 were supplied by Fluka. Zinc lactate was 
purchased from Sigma. All organic solvents were of analytic 
grade and used without further purification.

PLA/PEG block copolymers were synthesized by ring-
opening polymerization as described previously. Briefly, 
predetermined amounts of PEG and L- or D-lactide were 
introduced in a polymerization ampoule, the initial molar 
ratio of ethylene oxide to lactyl repeat units (EO/LA) ranging 
from 2 to 6. Zinc lactate (0.1 wt%) was then added. After 
degassing, the ampoule was sealed under vacuum, and 
polymerization was allowed to proceed at 130oC for 3 days. 
After that, the product was recovered by dissolution in dichlo-
romethane and precipitation in diethyl ether. The product 
was finally dried under vacuum up to constant weight.

Predetermined amounts of PLLA/PEG, PDLA/PEG or 
their equal molar mixtures were dissolved in distilled water 
under stirring at room temperature for 2 hours, yielding ho-
mogeneous micellar solutions with different concentrations. 
   Proton nuclear magnetic resonance (1H NMR) spectra 
were recorded at room temperature with a Bruker spec-
trometer operating at 250 MHz by using CDCl3 as solvent.  
The relaxation delay used for 1H-NMR spectra was 800 
msec, and chemical shifts (δ) were given in ppm using 
tetramethylsilane as an internal reference.

Gel permeation chromatography (GPC) measurements in 
organic solvent were performed on a Waters 410 apparatus 
equipped with a RI detector. THF was used as the mobile 
phase at a flow rate of 1.0 ml/min. All the solutions were 
prepared at a concentration of 10 g/L and filtered through 
0.22 μm Millipore filters. 20 μl of solution were injected for 
each analysis. Calibration was accomplished with polysty-
rene standards (Polysciences, Warrington, PA). 

GPC measurements in aqueous medium were carried 
out with a series of 3 columns, PL aquagel-OH 30, 40 and 
50, Polymer Laboratories Corporation, connected with an 
RI detector. Water/methanol (80:20, v/v) was used as the 
eluent at a flow rate of 1.0 ml/min at room temperature. PEG 
was used as standards for the calibration. All the solutions 
were prepared at a concentration of 5 g/L and filtered through  
0.45 μm Millipore membrane filters before injection. 

Dynamic light scattering (DLS) was carried out on a 
Sympatec Nanophox equipment with vertically polarized 
incident light of wavelength λ = 632.8 nm supplied by  
a HeNe-Laser operating at 10 mW max. Measurements 
were made at 25oC and at an angle of 90o. All the solutions 
were filtered through 0.80 μm Millipore membrane filters. 
The autocorrelation functions from DLS were analyzed by 
using the photon cross correlation spectroscopy (PCCS) 
method to obtain the diameter distributions.

TEM was performed on a Hitachi H-600 electron micro-
scope, operating at an accelerating voltage of 75 kV. One drop 
of micelle solution was placed on a copper grid covered with 
nitrocellulose membrane and air dried before measurement. 
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Results and Discussions

Both diblock and triblock PLA/PEG copolymers were 
synthesized by ring-opening polymerization of L- or D-lactide 
in the presence of mono- or dihydroxyl PEG (SCHEME 1). 
The reaction was performed at 130oC for 3 days. Zinc lactate 
was used as catalyst instead of stannous octoate or other 
catalysts which are more or less cytotoxic. The yield of the 
reactions ranged from 80 to 90%. 

TABLE 1 presents the molecular characteristics of the 
resulting copolymers, including number average molar mass 
(Mn), molar mass distribution (D=Mw/Mn), and copolymer 
composition as determined by using 1H NMR and GPC.  
1H NMR measurements allowed to determine the composi-
tion of various PLA/PEG copolymers from the integrations 
of NMR resonances belonging to the methylene protons of 
ethylene oxide units of PEG at 3.6 ppm and to the methine 
proton of lactyl units of PLA at 5.2 ppm. For the sake of clar-

ity, the triblock copolymers are named as 
LxEOyLx or DxEOyDx, and the diblock 
copolymers as EOyLx or EOyDx. In these 
acronyms, L, D, and EO represent PLLA, 
PDLA, and PEG blocks, respectively, x 
and y representing the number-average 
degree of polymerization of correspond-
ing blocks. As reported in our previous 
work, the EO/LA ratio of the copolymers 
was found to be higher than the feed ratio 
because the conversion of lactide was 
not complete, and unreacted lactide was 
eliminated by the purification procedure 
[6].The polydispersity index is inferior to 
1.2 for all copolymers, in agreement with 
narrow molar mass distributions. 

Aqueous GPC was employed to evalu-
ate the average size of micelles (FIG. 1). 
Two peaks are observed on the GPC 
curves of both D1 and LD1 micelles: the 
peak at long elution time is assigned to 
free copolymer chains, while the one at 
short elution time belongs to the micelles. 
The peak at long elution time appears at 
26.5 min for both solutions because the 
two copolymers have the same molar 
mass (TABLE 1). In contrast, the two 
samples present different elution times 
for micelles: the peak of D1 is detected 
at 13.6 min, and that of LD1 at 14.4 min. 
This indicates that the size of D1 micelles 
is larger than that of LD1 ones although 
the absolute molar masses cannot be 
determined as the peaks are beyond the 
calibration range. In contrast, the situa-
tion seems different in the case of D2 and 
LD2 micelles as shown in FIG. 1b. In fact, 
the peak of D2 micelles is detected at 
14.4 min, and that of LD2 micelles at 13.9 
min, while the peaks of free copolymers 
appearing at the same elution time, i.e. 
25.3 min. Similar results were also found 
in D3/LD3 and D4/LD4 samples, which 
indicates that the size of mixed micelles 
is larger than that of single ones.

TABLE 1. molecular characteristics of PLA/PEg copolymers.

SCHEmE 1. Ring 
opening polymeri-
zation of L- or D-
lactide in the pres-
ence of mono- and 
dihydroxyl PEg.

Acronym Copolymer Mn PEG EO/LAa DPPEG
b DPPLA

c Mn d Mn e D f

L1 EO45L12 2000 3.85(3.0)g 45 12 2864 4860 1.18
D1 EO45D12 2000 3.80(3.0) 45 12 2864 4810 1.17
L2 EO113L32 5000 3.55(3.0) 113 32 7304 9110 1.11
D2 EO113D31 5000 3.63(3.0) 113 31 7232 9590 1.12
L3 L10EO45L10 2000 2.23(2.0) 45 20 3440 5510 1.13
D3 D11EO45D11 2000 2.12(2.0) 45 21 3512 5630 1.15
L4 L12EO91L12 4000 3.75(3.0) 91 24 5728 8460 1.10
D4 D11EO91D11 4000 4.10(3.0) 91 22 5584 8380 1.08

a Calculated from the integration of NMR bands belonging to PEG block at 
3.6 ppm and to PLA block at 5.2 ppm.
b DPPEG=MnPEG/44. 
c DPPLA=DPPEG/(EO/LA). 
d Mn=MnPEG+DPPLA•72.
e Determined by GPC.
f  Polydispersity index, determined by GPC.
g Date in parentheses represent the EO/LA ratio in feed.

FIg. 1. Aqueous gPC chromatograms of single and mixed micelles at  
5 g/l: a) D1 and LD1, b) D2 and LD2, c) D3 and LD3, d) D4 and LD4.
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The micellar size was determined by DLS measurements 
in comparison with aqueous GPC results. FIG. 2 shows that 
the size decreases from 270 nm for D1 to 110 nm for LD1 
micelles, but increases from 130 nm for D2 to 190 nm for 
LD2 micelles. Therefore, the same size variation tendency 
was found in both aqueous GPC and DLS measurements. 
The size of mixed micelles is larger than single ones for most 
compolymers, except in the case of D1/LD1 micelles.

TEM measurements were then carried out to examine 
the morphology of the micelles. According to previously 
reported literature data, all the copolymers in this work are 
supposed to form spherical micelles in aqueous solution 
due to high PEO fraction [7]. Interestingly, large anisotropic 
micelles ware found for D1 sample, while all other samples 
exhibit spherical structures (FIG. 3). The formation of aniso-
tropic micelles well explained the different size variations of 
micelles for all the copolymers. In fact, stereocomplexation 
leads to larger size and more compact structure in the case 
of spherical micelles, as Kang et al. reported previously [3]. 
On the other hand, stereocomplexation disfavors the forma-
tion of anisotropic micelles [8]. Therefore, for the copolymers 
able to form anisotropic micelles, mixed micelles appear 
smaller compared to single ones. The formation of aniso-
tropic micelles depends on the copolymer parameters such 
as PEG fraction, molar mass, stereocomplexation, etc, as 
reported in our previous work [8].

Conclusions

The variation of micellar size as a consequence of stere-
ocomlaxetion was investigated for a series of copolymers 
with different structures, molar masses and PEG fractions. 
Both aqueous GPC and DLS measurements show that the 
size of mixed micelles is larger than single ones for most 
copolymers. In the case of D1 and LD1 micelles, however, 
opposite behavior was observed, DL1 mixed micelles appe-
aring larger than D1 single ones. This difference is well 
explained by the formation of anisotropic micelles in the 
case of D1 copolymer as shown in TEM images. Therefore, 
stereocomplexation leads to a larger size and more compact 
structure of spherical micelles, as reported previously [3]. 
However, the size of mixed micelles is smaller than that 
of single ones which exhibit an anisotropic structure since 
stereocomplexation disfavors the formation of anisotropic 
micelles as reported in our previous work [8]. The copolymer 
parameters such as structures, molar mass and PEG frac-
tion strongly influence the formation of anisotropic micelles, 
and thus lead to various micellar sizes.

FIg. 2. DLS grafts 
of single and mixed 
micelles at 5 g/l: 
a) D1 and LD1, 
b) D2 and LD2.

FIg. 3. TEm micrographs of single and mixed  
micelles at 5 g/l: a) D1 micelles, b) LD1 micelles.
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Abstract
 
Ethyl etoxy zinc (II) has been prepared and emer-

ged as very effective initiators for ring-opening polyme-
rization of 1,3-trimethylene carbonate (TMC) and its 
copolymerization with ε-caprolactone (CL) to produce 
high molar mass polymers. The copolymerization of 
TMC and CL was performed in bulk at 120°C. The 
obtained copolymers were characterized by multiblock 
microstructure. The highest reactivity rate was demon-
strated by trimethylene carbonate in comparison with 
ε-caprolactone monomer. The thermal and mechanical 
properties of the copolymers were strongly dependent 
on the monomer composition. Preliminary tests of 
monomers copolymerization using reactive extrusion 
yielded positive result.

Keywords: copolymerization, caprolactone, trimethy-
lene carbonate, bioresorbable polymers 
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Introduction

The recent rapid progress of many medical disciplines 
creates the need numerous new bioresorbable materials 
with physical and biological properties tailored strictly to a 
particular purpose. In many cases, for manufacturing biore-
sorbable implants such as nerve guides, stents, or scaffolds 
for culturing fibroblasts, very flexible, biocompatible and bio-
degradable materials with good tensile strength are required. 
For such applications, aliphatic polyester copolymers or poly 
(ester-co-carbonates) containing flexible carbonate and 
caproyl units in chain composition seem to be very useful. 
Introduction of carbonate linkages into a rigid polymer chain 
not only improves the elasticity of final copolymers, but also 
influences the hydrolytic degradation profiles and decreases 
total acidity of the degradation products. Copolymers of  
ε-caprolactone (CL) and trimethylene carbonate (TMC) due 
to its high permeability to drugs, and very good mechanical 
properties and flexibility seem to be very interesting, espe-
cially for many applications as carriers in controlled drug 
release systems or as a material for forming different kinds 
of scaffolds and membranes used in tissue engineering.  
   Copolymers of CL and TMC were mostly prepared ac-
cording to ring opening polymerization (ROP) using different 
metal complexes as insertion-coordination initiators, as well 
as; stannous octoate [1,2], lanthanide or yttrium tripropoxide 
[3], lanthanide phenoxide complexes [4] or acetylacetonate 
zirconium (IV) [5]. The A-B-A triblock copolymers of TMC/CL 
were prepared with 2,2-dibutyl-2-stanna-1,3-dioxepane 
(DSDOP) [6]. 

In this publication we are presenting studies on the ROP 
of cyclic TMC with CL in the presence of simple, practi-
cally nontoxic etoxy ethyl zinc (II) complex as an initiator.  
This compound has proven to be very active and effective 
initiator of the copolymerization and allowed to obtain co-
polymers with yield of nearly 100% within several minutes. 
The high reaction rate, high efficiency and not specially 
demanding conditions for its conducting, led us to attempt 
the synthesis of TMC/CL copolymers directly with extruder, 
thus combining the synthesis of these copolymers with 
processing. 

materials and methods

monomers and initiators
The used cyclic 1,3-trimethylene carbonate (TMC) was 

obtained from Boehringer (Ingelheim, Germany) and puri-
fied by recrystallization from dried ethyl acetate. The second 
monomer; ε-caprolactone (ε-CL) (Fluka) was distilled in 
vacuum over freshly powdered calcium hydride before use. 
Ethyl ethoxy zinc (II) was synthesized in our laboratory.  
This compound was obtained after reaction of diethylzinc 
(1,1 M solution in toluene -Aldrich) with absolute ethyl alco-
hol 99.8% pure p.a. (POCH Gliwice) conducted in anhydrous 
tetrahydrofuran (THF) 99.9 % (Aldrich) solution at 60°C.

Synthesis of poly(trimethylenecarbonate) and 
trimethylene/ ε-caprolactone copolymers

TMC model polymerization reaction was carried out within 
one hour in THF solution and with the presence of ethyl etoxy 
zinc (II) as the initiator and initiator to monomer molar ratio 
(I/M) as 1: 10, at 90°C. The resulting oligomer TMC solution 
was hydrolyzed, to separate the zinc compounds by mixing 
with a small amount of hydrochloric acid solution in THF. 
The volume of evolved gas which was obtained during this 
reaction was measured using a burette filled with anhydrous 
ethanol, connected directly to the reaction vessel. 

The process of trimethylene carbonate with ε-carolactone 
copolymerization was conducted in bulk. The produced 
copolymers were purified from residual monomer by dissolv-
ing in chloroform and then precipitation in cold methanol.  
The final product was dried at 45oC in vacuum.

Preliminary tests of 1,3-trimethylene carbonate with  
ε-caprolactone copolymerization and processing by reactive 
extrusion were conducted with the use of Haake MiniLab 
IIs micro-extruder. The monomers with a proper amount of 
initiator (M/I rate as 1000/1) were placed in a dry, cooled 
glass ampoule (approximately at 7-10oC) in argon atmos-
phere. Then, the premixed whole content of this ampoule 
was introduced by specially designed dispenser to the 
extruder, previously heated to temperature of 120oC and 
mixing with bypass cycle was started. The conical screws’ 
rotation of the device was set up at the maximum - 300 rpm. 
During stirring of the mixture, temperature and torque was 
continuously monitored. After 4 minutes, we observed rapid 
growth of torque to a virtually constant value, which indi-
cated a strong increase of mixture viscosity due to its high 
conversion. At this moment, we switched the mode cycle 
of device and extruded samples in the form of a wire with 
diameter of 5 mm. 

measurements
The conversion of the reaction was determined with 1H 

NMR spectroscopy. The 1H NMR spectra were recorded 
at 600 MHz with Avance II Bruker TM at 25°C. Dried chlo-
roform-d6 was used as solvent and tetramethylsilane was 
applied as the internal standard. 



�0 The number-average and weight-average molar masses 
(Mn and Mw, respectively) as well as dispersity indexes  
(Mw/Mn) of the copolymers were determined by gel permea-
tion chromatography with a Viscotek RImax chromatograph. 
Chloroform was used as the eluent; the temperature and 
the flow rate were 35°C and 1 mL/min, respectively. Two 
PL Mixed E columns with a Viscotek model 3580 refractive 
index detector and injection volume equal to 100 µL were 
used. The molar masses of copolymers were calibrated with 
polystyrene standards but the correct Mn value for PTMC 
was determined by appropriate conversion, according to the 
method described by Kricheldorf et al. [7]. 

Thermal properties, such as glass transition temperatures 
and enthalpies of crystallization or melting, were studied 
by differential scanning calorimeter using a DSC Du Pont 
1090B apparatus calibrated with gallium and indium. 

Results and Discussions

Proposed mechanism of TmC polymerization initiated 
with ethyl etoxy zinc (II) 

To know the TMC polymerization mechanism, the model 
reaction with using ethyl etoxy zinc (II) as an initiator and 
with I/M ratio as 1:10 was carried out. Then, we hydrolyzed 
the products by reaction with solution of hydrochloric acid, 
in order to separate the metal in the form of zinc chloride (II) 
from the organic part. During this reaction strong emission 
of ethane was observed (SCHEME 1). 

The measured amount of evolved gas and maintained 
reaction stoichiometry indicates that polymer chain growth 
occurred only on the ethoxy groups of the initiator, as shown 
in diagram (FIG. 1). The obtained average molar mass of 
the final product proved the proposed mechanism too. The 
number average molar mass of the final TMC oligomer, 
calculated both on the basis of the number of formed 
oligomers end groups (1H NMR measurements) and with 
GPC measurements (after appropriate conversion due to 
the applied calibration styrene standards [7]) was close to 
the theoretical, calculated value, taking into account the 
possibility of chain propagation on only one ligand of started 
initiating complex. Analysis of the NMR spectra revealed 
that the coordination of TMC monomer to the central metal 
atom, and then ring opening of this cyclic monomer and its 
insertion between the central zinc and the ethoxy group 
(metal – oxygen bond) was the first initiation stage of ob-
served polymerization. The growth of polycarbonate chain 
on the ligand formed this way was the next main stage of 
this reaction according to the well-known coordination – in-
sertion mechanism. 

If during the initiation of the tested reaction, the insertion 
reaction was followed also by the opening of the ethyl lig-
and’s metal-carbon bond, we would observe propagation of 
two polymer chains on one initiation complex, which means 
that after the hydrolysis of the resulting polycarbonate the 
average molar mass of final products would be about twice 
lower than this calculated theoretically with our previous as-
sumption. If the investigated reaction proceeded according 
to this hypothetical mechanism with insertion on both ligands 
we would not observe the gas evolution during hydrolysis 
of polymerization product because of lack of metal-carbon 
bindings in this case too.

SCHEmE. 1. Proposed mechanism of TmC initiated 
with ethyl etoxy zinc (II).

FIg. 1. 1H NmR spectra (in CDCl3) of equimolar ε-caprolactone/TmC copolymer obtained with Zn(OC2H5)(C2H5) 
at different conversion after 2 minutes or 5 minutes of reaction.
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Synthesis and characterization of copolymers 
A series of TMC/CL copolymers with different composi-

tion, using ethyl etoxy zinc (II) as an initiator was obtained. 
The results are presented in TABLE 1 and FIG. 1. 

The conducted copolymerization yielded rather sur-
prising results. At a relatively short period, after several 
minutes (FIG. 2), regardless of the composition of the reac-
tion mixture, we obtained almost total conversion of both 
comonomers. The resulting copolymers were characterized 
with high molar masses, close to the expected values. 
The copolymer chain propagation proceeded only on one 
ethanolic ligand, similar to the previously investigated 
TMC homopolymerization. During 
the investigated copolymeriza-
tion, TMC comonomer presented 
higher reactivity than CL (FIG. 3), 
in contrast to the case of TMC/CL 
copolymerization conducted with 
the use of Zr(acac)4 [5] or Sn(oct)2 

[4]. The obtained copolymers pre-
sented multiblock chain structure, 
significantly different from those 
obtained using aforementioned 
initiators. The reason for this phe-
nomenon was mainly a low rate of 
intermolecular transesterification, 
significantly lower than during 
the copolymerization initiated by 
zirconium or tin compounds. 

Copolymerization of TmC with CL using reactive 
extrusion

During our investigations, we tried to carry out continuous 
production of TMC/CL bioresorbable products by reactive 
extrusion, according to the method presented above. For this 
purpose, copolymerization of TMC (about 85 mol.%) with CL 
and processing of obtaining TMC/CL copolymers in prop-
erly equipped laboratory extruder was conducted (FIG. 4). 
We obtained samples of high molar mass copolymers with 
good yield and composition practically this same as started 
reaction mixture, in form of extruded homogenous rods. The 
obtained results are presented in TABLE 2. 

No.          TMC0  [mol %]           TMCN  [mol %]            Time [min]            C [%]          Mn  [kDa]                 D             LCL                   LT                               
 1              15                         17                           18                        98                78.2                   1.7            6.6           1.6          
 2              30                         31                           15                    ~100                92.1                   2.1            3.7           1.6
 3              40                         40                           10                    ~100              110.2                   2.0            2.8           1.9           
 4              70                         70                           10                    ~100              140.2                   2.0            3.1           7.2
 5              85                         86                             8                        99              150.2                   2.1            2.0          11.5         
 6             100                      100                             5                    ~100              128.0                   2.1               -             -
Where: TMC0 - initial feed molar fraction of TMC, TMCN - feed molar fraction of TMC in the product, 
C - total conversion of copolymerization, Mn – number average molar mass, calibration with polystyrene standards, 
D – molar mass dispersion, LCL, LTMC -  average length of caproyl and carbonate microblock calculated with NMR. 
Copolymerization in bulk, at 1200C with M/I ratio as 800/1. 

FIg. 2. Total conversion of monomers in copolyme-
rization with m/I ratio as 800:1 of equimolar mixture 
of TmC with CL, initiated with Zn(OC2H5)(C2H5) and 
carried out in bulk at 120°C.

FIg. 3. Dependence of the CL and TmC conversion 
on the total conversion of the copolymerization. 
The starting CL/TmC molar ratio was of 1:1, initia-
ted with Zn(OC2H5)(C2H5), with m/I ratio as 800:1 
and carried out in bulk at 120°C.

FIg. 4. Scheme of the TmC/CL copolymerization with extruder use.

TABLE 1. Results of TmC with CL copolymerization.
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Thermal and mechanical characteristics of 
copolymers

In TABLE 3 we summarized the thermal and mechanical 
investigation results obtained for TMC/CL copolymer with 
selected composition. The results proved that the thermal 
and mechanical properties of synthesized copolymers 
were strongly dependent on the monomer composition.  
The semi-crystalline copolymer with the highest caproyl 
content presents the best parameters. With decreasing of CL 
microblocks average length, deterioration of the mechanical 
strength of copolymers was observed. 

Conclusions

Ethyl etoxy zinc (II) proved to be very active initiator for 
the homopolymerization of TMC and its copolymerization 
with ε-caprolactone. TMC/CL copolymers obtained this way, 
with caproyl units content of more than 70%, showed semi-
crystallinity. Other synthesized copolymers were amorphous 
because of the impossibility to create separate ordered 
crystalline phase when the average length of caproyl micro-
blocks was less than 5-6 units. This phenomenon resulted 
in Young module decrease of copolymers which proceeds 
with increase of TMC content in the started copolymerization 
mixture. Received copolymers, especially those containing 
caproyl units in amount more than 50% mol., are the most 
promising materials for the manufacturing of porous nerve 
guides or drug loading coating materials because of their 
good mechanical properties and demonstrated high flexibil-
ity. What seems to be important, these TMC/CL copolymers 
using the proposoed simple and non-toxic zinc initiator, due 
to their high rate of reaction, are possible to synthesize and 
simultaneously to process using conventional extruder for 
plastics. 
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No.          TMC:CL copolymer                                    Time                            C                                  Mn                             D             
                         [mol %]                               [min]                           [%]                              [kDa]
 1                     87 : 13                                   5                               98                               201.1                         2.2                           
 2                     88 : 12                                   4                               92                               195.5                         2.2                   
Where: C – total conversion of monomers, Time – time of reaction and extrusion cycle,  Mn – average number molar mass 
of obtained copolymer, D – molar mass dispersity

No.       TMC:CL kopolimer             Tg            ΔHm              Tm                E                   бmax                       ɛmax               бbreak                   
                [mol %]                         [°C]          [J/ g]             [°C]            [MPa]             [MPa]            [%]              [MPa]       
1             19:81                        -46.6          36.5            56.3            112.7              12.6              1500            12.6                        

2             50:50                       -37.5              -                 -                 12.9                1.5              1500             1.46                            

3             82:18                       -14.7              -                 -                  3.2                 0.8               105              0.43                           
Where: Tg – glass transition temperature,  ΔHm – head of melting, Tm -  melting temperature, E- Young’s modulus;  
бmax,break – maximal stress, stress at break; ɛmax, – maximal elongation, 

TABLE 3. Thermal and mechanical properties of TmC/CL copolymers.

TABLE 2.  Results of TmC/CL copolymers obtained with extruder.
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Abstract

In the frame of a project aiming to the improvement 
of the properties of biodegradable polyester-based 
devices, designed for bone regeneration, we have 
prepared and characterized novel composites based 
on poly(ε-caprolactone) (PCL). In particular, we report 
in this paper the functional changes made through 
radical grafting on PCL to obtain the less hydrophobic 
derivatives, PCL-MA-GMA [maleic anhydride (MA)-
glycidylmethacrylate (GMA)] and PCL-DMAEA [N-(di-
methyl-amino)ethylacrylate]. In addition, we studied in 
vitro the biocompatibility and the osteogenic capacity 
of these novel polyesters on human bone marrow (BM) 
mesenchymal stem cells (MSC).

Keywords: functionalization of poly(ε-caprolactone), 
bone marrow mesenchymal stem cells.
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Introduction

Bone is a complex and highly specialized connective 
tissue and is also a very dynamic tissue, having a unique 
capability of self-remodeling throughout the life. However, 
many circumstances call for bone grafting owing to bone 
defects either from traumatic or pathological destruction. 

Although autografting and allografting are clinically 
considered as good therapies, they have several limita-
tions. Consequently, there is a great need for the use of 
synthetic bone grafts. Nowadays, numerous synthetic bone 
graft materials are available which are capable of alleviat-
ing some of the practical complications associated with 
the autogenous or allogeneic bone. Among the different 
materials proposed for bone substitution application (ceram-
ics, metals and polymers), biodegradable polyesters have 
acquired a particular niche of interest, since they contain 
unstable bonds that are hydrolytically cleaved and release 
degradation products that are normal intermediates of 
metabolic pathways.

In the frame of a project aiming to the improvement of 
the properties of biodegradable polyester-based devices, we 
have prepared and characterized novel composites based 
on polycaprolactone (PCL). PCL is highly biocompatible 
and degrades slowly thus providing, in the long time of the 
degradation, adequate support until bone regeneration is 
completed. Two major limitations of the PCL are the strong 
hydrophobic character and the poor mechanical properties 
when compared with those of the bone. With respect to the 
first aspect, the functionalization is a particularly relevant 
approach in order to lower hydrophobicity. In this paper we 
report the functional changes made through radical grafting 
on PCL to obtain the less hydrophobic derivatives PCL-
DMAE and PCL-MAGMA. 

In a second part of our experimentation, we studied in 
vitro the biocompatibility and the capability of these novel 
polyesters to induce osteogenic phenotype of human bone 
marrow (BM) mesenchymal stem cells (MSC). The rationale 
for this cellular model choice resides in the fact that these 
cells are multipotent and can differentiate into a variety of 
cell phenotypes including osteoblasts, adipocytes, chondro-
cytes. The response of MSC was assessed in terms of cell 
adhesion, proliferation, and differentiation.

materials and methods

Polycaprolactone (PCL, CAPA 6503, molar mass 50-80 
kDa) was purchased from Solvay (Belgium). Maleic an-
hydride (MA) and benzoyl peroxide (BPO) were obtained 
from Fluka and used as received. Glycidyl methacrylate 
(GMA) and N-(dimethylamino)ethylacrylate (DMAEA)  
were supplied by Aldrich Chemicals. All other chemicals 
were obtained from Sigma (USA) and were of the highest 
grade available commercially. Tissue culture biochemicals 
were from Gibco-Invitrogen (USA) and plasticware was 
obtained from BD Falcon (USA).

Synthesis of copolymers of PCL
PCL modified by insertion of anhydride groups was 

obtained by radical grafting, performed in a Brabender 
mixer, of maleic anhydride (MA) and glycidyl-methacrylate 
(GMA) molecules (PCL-g-MAGMA) Details of the synthesis 
and characterization have been published previously [1,2]. 
Briefly, a powder mixture of 45 g of PCL, 2.5 g (0.025 mol) 
of MA, and 0.5 g (2.1 mmol) of benzoyl peroxide (BPO) was 
first fed into the mixer at 100°C, and then 2.5 g (0.018 mol) 
of GMA was added  drop wise. The reaction was carried out 
at 100°C for 20 min at a rate of 32 rpm. The product was 
dissolved in 500 ml of chloroform (CHCl3) and re-precipitated 
in a large excess of n-hexane. The purification procedure 
was repeated twice. The % grafted anhydride of the final 
sample, as determined by infrared spectroscopy on chloro-
form solution [13a–c], was 9.5 (±0.9)% (IR diagnostic bands 
(KBr): 1777 and 1850 cm-1 (s, O=C-O-C=O)). 

PCL modified by insertion of N-(dimethylamino)ethyl- 
acrylate (DMAEA) of tertiary amines groups (PCL-g-DMAEA) 
was obtained as follows: 45 g of PCL, 5 g of DMAEA, 0.5 g 
of BPO were fed into a static mixer (Rheocord Haake 
9000, USA) at 100°C. The reaction was carried out at this 
temperature for 20 min at a rate of 32 rpm. PCL-g-DMAEA 
was first dissolved in 500 ml of chloroform (CHCl3) and then 
re-precipitated in a large excess of n-hexane, in order to re-
move all the ungrafted components (residual monomer and 
oligomers). The obtained product was dried under nitrogen 
stream at room temperature overnight until constant weight 
(average yield: 80%). 



�� Films preparation 
The various films were prepared by solution casting. 

Typically, 1.50 g of each material was dissolved in 10 ml of 
anhydrous CHCl3 under stirring in a bath at 60°C for 24 h. 
After this time the cool solution was poured in a petri dish. 
The solvent was let to evaporate slowly at atmospheric 
pressure and room temperature for 24 h. Before use each 
film was placed in a hydraulic press at 50°C for 3 min under 
a 5 ton load.

The material films were cut to get discs with diameter of 
22 mm that were attached with biologic silicone in 12-well 
plates and sterilized with 2 ml phosphate buffer containing 
1% of fungizone and a graded series of penicillin-strepto-
mycin solution from 10% v/v to final concentration of 1%. 
Finally the complete cell culture medium was added and 
plates were incubated for 24 hours to control the steriliza-
tion efficiency.

Preparation and characterization of mSC
The preparation of MSC was performed employing 

heparinized human BM from six healthy volunteers; informed 
consent and research protocol were institutionally approved. 
The preparation of MSC, performed as previously reported 
[3,4], was based on adhesion dependence of mesenchymal 
component of bone marrow. Briefly, BM sample was diluted 
1:5 with Opti-MEM containing 10% foetal calf serum (FCS), 
penicillin 100 units/ml, streptomycin 100 μg/ml and sodium 
ascorbate 50 μg/ml (growth medium), placed in 100 mm 
polystyrene dishes and incubated at 37°C in a 5% CO2 
humidified atmosphere. 

After 48 h the medium was collected and centrifuged at 
800xg. The pellet, containing all non-adherent cellular ele-
ments, was discarded while the corresponding supernatant 
was added again to the dish. In three-four days, several 
foci of adherent spindle-like cells appeared and grew until 
subconfluence in the following two weeks. During this period, 
medium was refreshed every three days, each time leaving 
half of the old medium. Afterwards, cells were trypsinized 
and analyzed by flow cytometry using a wide panel of 
monoclonal antibodies. The cells expressed specific surface 
markers, such as CD13, CD29, CD44, CD105, CD166, and 
were negative for hematopoietic cell markers CD14, CD34 
and CD45. Cultures between the second and fourth passage 
were used in our experiments. 

Cell adhesion and proliferation tests
Cell adhesion to material surface and proliferation can be 

assessed by MTT vitality assay. The key component of this 
assay is 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT). Mitochondrial dehydrogenases of living 
cells reduce the tetrazolium ring, yielding a blue formazan 
product, which can be measured spectrophotometrically. 
The amount of formazan produced is proportional to the 
number of viable cells present. MTT (5 mg/ml in DMEM 
without phenol red) was added to the wells in an amount 
equivalent to 10% of the culture medium. After an incubation 
of 4 h at 37°C, the liquid was aspirated and the insoluble 
formazan produced was dissolved in isopropanol. The 
optical densities were measured at 570 nm, subtracting 
background absorbance determined at 690 nm.

Scanning Electron microscopy (SEm)
Cell layers were rinsed three times with PBS and fixed 

for 1 h with glutaraldehyde 2.5%. The fixed layers were 
washed again with PBS and then dehydrated by graded 
ethanol solutions from 30% to 100%. Samples were mounted 
on stubs, coated with Au/Pd alloy and examined by SEM 
(FEI Europe Company, the Netherlands). 

Alkaline phosphatase assay
The effects on osteogenic differentiation were evaluated 

analyzing the activity of the early osteoblastic marker, name-
ly alkaline phosphatase (AP). Once removed the medium, 
the wells were rinsed with 20 mM Tris/HCl-0.5 M NaCl, pH 
7.4 (TBS) and the cells lysed with a specific buffer (20 mM 
Tris/HCl, pH 7.4, 0.5 mM NaCl, 0.25%Triton X-100). After 
30 min in ice, the cell lysates were centrifuged at 13,000xg 
for 5 min, and the supernatants assayed for AP activity. 
Protein concentration was determined according to the 
method of Bradford. AP activity was determined by meas-
uring the release of para-nitrophenol (PNP) from disodium 
para-nitrophenyl phosphate (PNPP). The reaction mixture 
contained 10 mM PNPP, 0.5 mM MgCl2, diethanolamine 
phosphate buffer pH 10.5, and 10-30 μg of cell lysate in a 
final volume of 0.5 ml. After 30 min at 37°C, the reaction was 
stopped by adding 0.5 ml of 0.5 M NaOH. PNP levels were 
measured spectrophotometrically at 405 nm. The AP activ-
ity was normalised to the protein content and expressed as 
units/mg protein, where one unit was defined as the amount 
of enzyme that hydrolyzes 1 nmol of PNPP/min under the 
specified conditions.

Results and Discussion

All the samples and the polystyrene bottoms used as 
controls were subjected to the same treatment outlined in 
the Materials and Methods sections, and then seeded with 
104 cells/cm2. After 4 days of incubation, cell proliferation was 
monitored by MTT test. As evident in FIG. 1, cell adhesion 
and vitality was similar for PCL and for PCL-DMAEA, while 
the worst performance was exhibited from PCL-MAGMA. 
Correspondingly, in order to directly analyze the cell mor-
phology and colonization on the composites, scanning elec-
tron microscopy was carried out. The SEM images confirmed 
the previous results and evidenced that MSC attached and 
colonized PCL and PCL-DMAEA with ruffles and filapodia 
tightly anchoring them to the biomaterials, while cells on 
PCL-MAGMA were in lower number and showed a “spongy” 
morphology with few contacts to material (FIG. 2).

After 7 days from the plating, we analyzed the expression 
of the early biochemical marker of osteoblastic phenotype, 
namely alkaline phosphatase. The results confirmed for 
PCL and for PCL-DMAEA a similar extent of osteogenic 
capacity, while cells present on PCL-MAGMA expressed 
very low enzymatic activity levels (FIG. 3).

FIg. 1. mTT test on mSC cultured for 4 days onto 
the different materials. Control refers to cells 
grown on polystyrene bottom.



��

Conclusions

Altogether these results showed that PCL modified by 
insertion of anhydride groups, obtained by radical grafting 
of maleic anhydride and glycidylmethacrylate, i.e. PCL-
MAGMA, exhibited scarce biocompatibility and osteogenic 
capacity, while the PCL modified by insertion of N-(dimethyl
amino)ethylacrylate (PCL-DMAEA) appeared to be biocom-
patible and endowed with a good osteogenic capacity. 

FIg. 3. Alkaline phosphatase specific activity of 
mSC cultured for 7 days on the various surfaces. 
Control refers to mSC grown onto the polystyrene 
bottom.

FIg. 2. SEm microphotographs of mSC cultured onto PCL and its two functionalized derivatives.
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Abstract
 

The degradation process of multilayer radiosensiti-
zer releasing systems was conducted and examined 
via the nuclear magnetic resonance spectroscopy. 
Copolymers of glycolide and lactide with different 
chain microstructure were used as biocompatible drug 
carriers. Metronidazole was used as radiosensitizer. 
The changes of copolymers chain microstructure were 
monitored during 16 weeks of hydrolytic degradation 
of material in artificial Cerebro-spinal Fluid Solution. 
This study shows distinct differences in the rate of 
copolymer degradation and changes of the degree 
of randomness, directly connected with the type of 
comonomers and the comonomeric molar ratio. During 
16 weeks of hydrolytic degradation, copolymers with 
L-lactidyl units remain resistant to hydrolysis while 
materials with D,L-lactidyl units are completely degra-
ded. Examined materials can be used as carriers of 
agents for different types of short-, mid- and long-term 
therapies based on control release systems.

Keywords: biodegradable polyesters, NMR spec-
troscopy, hydrolytic degradation, polymeric chain 
microstructure
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Introduction

Among great variety of biomedical materials compatible 
with human tissues, aliphatic polyesters especially the 
poly(lactide-co-glycolide) copolymers are considered one 
of the most valuable and commonly used. Undergoing both 
hydrolytic and enzymatic degradation to glycolic acid and 
lactic acid they can be easily metabolized and eliminated 
by most human cells. It has been proved that PLGA chain 
microstructure determines the rate of polymer degradation 
and can be modified or even defined by proper condi-
tions of material synthesis.  Such factors as temperature, 
time, the type of polymerization (bulk, solution), type and 
amount of initiator used significantly influence the proper-
ties of synthesized material and its degradation time [1-3].  
The high biocompatibility of PLGA combined with design-
able material properties make this copolymer suitable as 
carrier for creating drug control release systems. In our 
previous study the radiosensitizer metronidazole release 
system was tested in the in vitro conditions and the drug re-
lease profiles from different type of carriers were compared.  

The purpose of this system is to be placed directly onto the 
brain tumor tissue to bypass the blood-brain barrier and 
obtain stable radiosensitizer release after proper amount 
of time without causing any toxic interactions within the 
brain tissue [4]. In this study, further hydrolytic degradation 
analysis of three different PLGA copolymers was carried 
out in order to detect and describe changes in copolymer 
chain for selecting the optimal material for brain glioma 
radiotherapy. 

materials and methods

Polymeric materials poly(glycolide-co-D,L-lactide) and 
poly(glycolide-co-L-lactide) were synthesized in Centre of 
Polymer and Carbon Materials PAScs, Zabrze by the ring-
opening copolymerization held in bulk, using Zr(acac)4 as 
nontoxic initiator. Molar ratio of comonomers/initiator was 
1000:1. Obtained copolymers were dissolved in chloroform, 
precipitated in methyl alcohol and next dried at 25oC under 
reduced pressure to constant weight.

Artificial Cerebro-spinal Fluid Solution (aCFS) was pre-
pared according to producer’s (Alzet) instructions by stirring 
proper amounts of NaCl, KCl, CaCl2, MgCl2 x 6H2O, Na2HPO4 

x 7H2O and NaH2PO4 x H2O with distilled water.
The initial copolymers and degradation products compo-

sition was confirmed by the 1H-NMR analysis and the chain 
microstructure was examined by the 13C-NMR measurement 
(600 MHz on AVANCE II Ultra Shield Plus, Bruker) using 
DMSO as a solvent. 

The copolymers molecular masses Mn and Mw were 
investigated by gel permeation chromatography (GPC, 
Physics SP 8800 chromatograph) with the use of chloroform 
as a solvent.

The copolymers glass-transition temperature Tg was 
determined by differential scanning calorymetry (TA DSC 
2010 apparatus, TA Instruments, New Castle, DE).

Mono and triple layered radiosensitizer release systems 
containing metronidazole were obtained as previously de-
scribed [4] and put into glass ampoules filled with amount 
of aCFS  proportional to their weight (1 ml of aCFS per  
15 mg of polymer). Material samples were gathered every 
two weeks and the whole amount of buffer was changed 
every single week to maintain the dynamic system similar 
to in vivo conditions. Incubation with constant ampoules 
shaking was held at 37oC (Memmert Precision Incubator 
INE 400) for 16 weeks.

Results and Discussion

Three different samples referring to three PLGA copoly-
meric materials were examined: A1 (PLA:GA, comonomeric 
ratio 84:16), B1 (PDLA:GA, comonomeric ratio 84:16), C1 
(PDLA:GA, comonomeric ratio 47:53). The material prop-
erties are shown in TABLE 1. All materials were obtained 
in presence of Zr(acac)4 as initiator and show semibloc 
chain microstructure (FIG. 1), with the degree of random-
ness (R) varied from 0,37 for A1 to 0,61 for B2 (TABLE 1).  

Sample A1 B1 B2
material PLA:GA PDLA:GA PDLA:GA

molar ratio 84:16 84:16 47:53
Tg [oC] 60.6 57.1 51
Mn [Da] 75 300 63 500 46 400
Mw [Da] 254 700 142 800 99 200
Mw/Mn 3.38 2.25 2.14

R 0.37 0.47 0.61

TABLE 1. Characterization of obtained materials.
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The highest R value in the B2 sample (PDLA:GA, 47:53) 
results directly from the comonomeric ratio of this copolymer. 
With almost even amounts of comonomers, B2 possess 
the highest chance of random distribution of glycolidyl and 
lactidyl units in the copolymer chain during the synthesis. 
Similar results were described before [5] for the Zr(acac)4 
initiator. Sample A1 containing L-lactidyl units possess the 
lowest degree of randomness and also has the highest 
molar masses and polymeric dyspersion (Mw/Mn) coefficient. 
During the 16 weeks of hydrolytic degradation, the slowest 
degradation rate for A1 sample was observed. Sample 
A1 also maintain the disc shape for the whole examined 
period. The changes in lactidyl and glycolidyl units content 
NLL and NGG (TABLE 2) indicate faster but stable degrada-
tion of glycolidyl units in comparison to L-lactidyl units in 
A1 copolymer. It is confirmed by slowly decrease of aver-
age glycolidyl blocks length (LGG) (FIG. 3) and insignificant 
changes in average length of lactidyl blocks (LLL) (FIG. 4). 
The LGG value decreases steadily for the whole experimental 
period and confirms stable degradation of glycolidyl units in 
the A1 sample. On the contrary, the LLL values increase dur-
ing 8th week of degradation experiment and then decrease 
to the initial value in 16th week. Probably, in the first period 
of degradation only the short, alternating blocks of GLG 
type (formed by transestryfication reaction during copolym-
erization) are degrade and in consequence both LLL and NLL 
values increase. After 8 weeks, the hydrolization of longer 
lactidyl blocks begins but still glycolidyl blocks degrade faster 
so the LLL value decrease and NLL increase to 89% [6-9]. 

Both copolymeric materials containing D,L-lactidyl units 
B1 and B2 degrade faster than A1 sample containing 
only L-lactidyl units which is proved by the split of initial 
disc-shape matrices into smaller various-shape pieces.  

FIg. 1. NmR spectra of A1 PLA/gA,84/16 after 0 (A), 4 (B), 8 (C) and 16 (D) weeks of degradation. methylene 
proton range of lactidyl units 5.1-5.3 ppm, methylene proton range of glycolidyl units 4.75-4.9 ppm. Sequences: 
1- gLggg or gggLg, 2- LggLg or gLggL, 3- ggggg, 4- LLggL + LggLL, 5- ggggL + Lgggg, 6- LLggg + 
gggLL, 7- LLgLL + gLgLL + LLgLg + gLgLg, 8- gggLg or gLggg, 9- LgggL + gLggL or LggLg.

Sample
Degradation 

time  
[weeks]

Lactidyl 
units LL
[mole %]

Glycolidyl 
units GG 
[mole %]

A1
0 84 16
4 86 14
8 88 12

16 89 11

B1
0 84 16
4 87 13
8 94 6

12 85 15

B2
0 47 53
2 54 46
4 69 31
8 45 55

TABLE 2. Lactidyl and glycolidyl units content 
changes during degradation.

FIg. 2. Changes of degree of randomness during 
PLgA degradation.
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The degradation of glycolidyl units for B1 and B2 is faster 
than in A1 (TABLE 2, FIG. 3) but only in the first period of 
experiment - during 8 weeks. After 8 weeks, the D,L-lactidyl 
units degrade much faster for B1 and B2 than the L-lactidyl 
units in A1 (TABLE 2, FIG. 4). The NGG decreases rapidly 
from 16% to 6% for B1 and from 53% to 31% for B2 in the 
first period of degradation (TABLE 2) which is probably con-
nected with easier water penetration to glycolidyl domains 
than lactidyl chains. However, after 4 (B2) or 8 (B1) weeks 
of degradation, the NLL starts to decrease and the comono-
meric molar ratio become similar to the initial value. It is 
probable that longer lactidyl chains start to split and thus the 
LLL value decreases (FIG. 4, B1). The increase of NGG value 
for B1 and B2 after 8 weeks can be explained by possible 
inhibition of further glycolic units degradation. This could be 
probably caused by presence of high crystalline domains 
within glycolidyl chains resistant to buffer influence, which 
is well noticeable for sample B1 (FIG. 3). The other expla-
nation is the difference between the lactidyl and glycolidyl 
units degradation rates, also leading to the increase of NGG 
though both copolymers degrade [6-11].

It’s worth noting that further examination of samples 
B1 and B2 to the complete 16-weeks period couldn’t be 
proceeded due to their fast degradation rate and insuffi-
cient amount of remaining material for the purpose of NMR 
analysis. However, it is expected that sample B2 would 
reveal the decrease of LLL and grow of LGG after 8 weeks 
of degradation, similar to sample B1 and confirmed by the 
NGG and NLL values (TABLE 2).

Conclusions

The nuclear magnetic resonance analysis reveals sig-
nificant changes in the polymer chain microstructure for 
all examined materials. The poly(L-lactide-co-glycolide) 
(84:16) shows the longer degradation time, caused by the 
presence of long L-lactidyl chains resistant to hydrolytic 
degradation. During the 16 weeks of degradation poly(L-
lactide-co-glycolide) with comonomeric ratio 84/16 (A1) 
remain unhydrolized in comparison to PDLA:GA, 84:16 
(B1) and PDLA:GA, 47:53 (B2). It may be of good usage for 
stable release systems applied to harder tissues, where no 
mechanical damage can be done by the remaining polymer 
matrice. The poly(D,L-lactide-co-glycolide) copolymers B1 
and B2 do not maintain the initial shape and after 16 weeks 
of degradation are almost completely disintegrated. They 
might be of great value as short- and mid-term release 
systems applied to soft tissues. The degree of randomness 
changed insignificantly for all examined copolymers which 
posses the semi-block chain microstructure.
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Abstract
 

The present contribution illustrates the versatility 
of poly(3-hydroxyalkanoate)s (PHAs) in the design of 
a wide variety of biodegradable and/or biocompatible 
macromolecular architectures with controlled degra-
dability. Firstly, functionalized PHAs were prepared 
from unsaturated PHAs. Pendant double bonds have 
been turned into carboxyl, hydroxyl, alkyne or epoxy 
groups. These reactive functions were used for further 
grafting hydrolyzable polylactide (PLA) or poly(ε-ca-
prolactone) (PCL) as well as hydrophilic poly(ethylene 
glycol) (PEG). Additionally, block copolymers with a 
PLA, PCL or PEG segment have been prepared by 
ring-opening polymerization or “click” chemistry from 
a PHA oligomeric macroinitiator. Functional PHAs re-
present biodegradable aliphatic polyesters with many 
possibilities to tune physico-chemical characteristics, 
such as hydrophilicity and degradation rate, thus ma-
king the resulting materials suitable as devices for drug 
delivery or as scaffolds for tissue engineering. Herein, 
we address the recent trends in the synthesis of these 
polymeric materials and their applications in controlled 
drug delivery and tissue engineering.

Keywords: poly(3-hydroxyalkanoate)s, block and 
graft copolymers, drug delivery, tissue engineering
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Introduction

Poly(3-hydroxyalkanoate)s (PHAs) represent a class of 
natural aliphatic polyesters accumulated by many bacteria 
as intracellular energy and carbon storage materials when 
they are subjected to stress conditions [1,2]. They consti-
tute an enlarged family of bacterial polyesters that can be 
considered as promising biopolymers for biomedical appli-
cations, due to their biodegradability and biocompatibility. 
Using various substrates, a wide variety of 
PHAs can be synthesized, differing notably 
by the length of their side chains [3]. Two 
main types are distinguished, i.e one type 
with short-chain length (scl-PHA) that pos-
sesses alkyl side chains up to two carbon 
atoms, and a second type with medium-
chain length (mcl-PHAs) that displays 
between three and eight carbon atoms on 
its side chains (FIG. 1). The length of side 
chains strongly affects the physical proper-
ties of PHAs.

In this contribution, the versatility of PHAs in the design 
of a wide variety of biodegradable and/or biocompatible 
macromolecular architectures will be illustrated. First, un-
saturated PHAs were chemically modified via the transfor-
mation of pendant double bonds into epoxy, carboxyl, hy-
droxyl or alkyne groups. Moreover, these reactive functions 
could further be used for grafting hydrolyzable polylactide 
(PLA) or poly(ε-caprolactone) (PCL) as well as hydrophilic 
poly(ethylene glycol) (PEG) through two distinct mecha-
nisms, namely either a “grafting from” method or a “grafting 
onto” approach (direct esterification or “click” chemistry). 
PHA-b-PEG block copolymers were also synthesized by 
“click” chemistry, while totally degradable block copoly-
esters were generated by ring-opening polymerization of 
D,L-lactide or ε-caprolactone applying either conventional 
thermal heating or microwave dielectric activation. Finally, 
mucoadhesive degradable nanoparticles having a great 
potential for drug delivery applications were prepared from 
block copolymers. Such copolymers were also tested as 
biomaterials for tissue engineering, e.g. as degradable 
coatings in drug eluting stents.

materials and methods

PHB (Mw=330 000 g·mol-1), PHBHV (14 mol.% HV, 
Mw=240 000 g·mol-1), PHBHHx (9 mol.% HHx, Mw = 330 000 
g·mol-1) were respectively purchased from Biomer, Goodfel-
low, and Procter & Gamble. PHOU samples were obtained 
from EMPA, Swiss Fed Labs Mat Testing & Res, Lab Biomat, 
CH-9014 St Gallen, Switzerland.

Synthesis of PHA oligomers
PHA oligomers with a terminal carboxyl group (PHB, 

PHBHHx, PHOHHx) were prepared by thermal degradation 
at 190°C for a determined time. Oligomers were purified 
by precipitation in ethanol. PHA oligomers with a terminal 
hydroxyl group were prepared by methanolysis as previ-
ously described [4].

Functionalization of PHAs and oligomers
Native PHOU samples were oxidized with KMnO4 to intro-

duce terminal carboxylic acid functions in side chains (PHOD-
COOH), following a previously reported procedure [5]. 
     The COOH groups in side chains or at the terminal posi-
tion were also esterified with propargyl alcohol in the pres-
ence of EDC hydrochloride as a coupling agent [6,7].

Synthesis of graft copolymers
Different strategies were used to build PHA-g-PCL, 

PHA-g-PLA, and PHA-g-PEG graft copolymers. PHA-g-PCL 
were synthesized according to a “grafting from” method 
described in a previous paper by ROP of ε-caprolactone 
[8]. PHA-g-PLA were synthesized by direct esterification 
as previously reported [5,9]. PHA-g-PEG were prepared by 
“click” chemistry using the copper (I)-catalyzed azide-alkyne 
cycloaddition (CuAAC) [6].

FIg. 1. Chemical structures of PHAs under investigation.
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Synthesis of block copolymers
PHA-b-PEG diblock copolymers with controlled size and 

easy purification were prepared using the copper (I)-cata-
lyzed azide-alkyne cycloaddition (CuAAC) [7]. PHA-b-PLA 
and PHA-b-PCL copolymers were prepared by ROP of 
D,L-lactide or ε-caprolactone, respectively [4].

The chemical structures and the physico-chemical fea-
tures of the copolymers were investigated by NMR, SEC, 
DSC, and TGA analyses.

Cell adhesion
1mL of human bladder carcinoma RT112 cells suspen-

sion containing 300000 cells and RPMI culture medium sup-
plemented with 10% fetal calf serum, 0.05% streptomycin, 
and 0.05% penicillin was put on each well. Then the plates 
were placed at 37oC. The medium was changed every day. 
At different times, adhesive RT112 cells were counted by a 
colorimetric MTT. Briefly, a solution of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazoliumbromide (MTT) 1mg·mL−1 was 
added in each well containing cells fixed on polymer after 
removing medium of culture with non-attached cells. Plates 
were placed at 37oC for 1 h. The intensity of the suspension 
was proportional to the quantity of living cells. By adding 
isopropanol, cells burst and released the colored solution 
whose absorption was measured by UV spectrophotom-
etry. Cell adhesion was observed at 4 h and cell growth for  
3 days. Experiments were repeated three times.

Nanoparticle preparation
Sub-micrometer particles were prepared by a solvent 

displacement/evaporation method. A copolymer (75 mg) 
was dissolved in 15 mL of acetone at 50°C under stirring. 
The solution was cooled down to room temperature. In the 
case of doxorubicin-loaded particles, 1.2 mL of a solution 
of doxorubicin (1 mg/6 mL ethanol) was added. The mix-
ture was added dropwise in 45 mL of an aqueous solution 
of Pluronic F-68 (1% w/v) under stirring. The solution was 
stirred at room temperature in a flux of air during 4 h to 
completely remove the acetone.

Stent coating
A chloroform solution containing 0.5 wt.% of polymer and 

sirolimus (purity 99.9%, Biocon), in proportion 80/20 wt.% 
respectively, was sprayed on a stent. Drug Eluting Stents 
(DES) were dried at room temperature for 12 h. In the case 
of bilayered coatings, a solution of PHBHV 0.5 wt% in chlo-
roform was sprayed in a second step, and the solvent was 
evaporated. The total weight of coating was about 600 µg 
for monolayered coatings and 900 µg for bilayered coatings, 
with a content of 120 µg ± 10 µg sirolimus per stent.

Results and Discussions
Block and graft copolymers

Compared to other degradable polyesters, poly(3-hy-
droxyoctanoate-co-3-hydroxyundecenoate) (PHOU) has 
the major advantage to be alkene-functionalized on its side 
chains, allowing for post-modifications. By taking advantage 
of the reactivity of pendant double bonds, novel functional-
ized PHAs were successfully prepared via the chemical 
transformation of (C=C) terminal unsaturations into carboxyl 
[5], alkyne [6], hydroxyl [8] or epoxy [10] groups (FIG. 2).

Moreover, these functional side groups can be used to 
further conjugate bioactive or targeting molecules, as well 
as reactive oligomers. Therefore, biocompatible oligomers 
based on hydrolyzable PLA or PCL as well as hydrophilic 
PEG were grafted to PHO through two distinct mechanisms, 
namely either a “grafting from” method [8] (PCL grafts) or 
a “grafting onto” approach via direct esterification [5,9]  
or “click” chemistry (PLA or PEG grafts). The latter mecha-
nism turned out to be more efficient in the synthesis of 
PHO-g-PEG graft copolymers. Such amphiphilic architec-
tures could yield stable nanoparticles in aqueous media. 
Furthermore, totally biodegradable PHA-based block copoly-
mers were synthesized by ring-opening polymerization of 
D,L-lactide or ε-caprolactone initiated by hydroxy-terminated 
PHA oligomeric macroinitiators [4]. The latter macroinitia-
tors were previously prepared by methanolysis of native 
PHAs. Alternatively, “click” chemistry was implemented to 
generate well-defined amphiphilic block copolymers based 
on PHA and PEG [7].

Biomedical applications
Tissue Engineering

Attachment and growth of human bladder carcinoma 
RT112 cells were investigated in vitro on biopolyesters films 
in a view to use them as scaffolds in tissue engineering [11]. 
The effect of the chemical structure of different bacterial 
polyesters on cell adhesion and proliferation was studied. 
Measurements of cell adhesion were carried out in the pres-
ence of collagen IV or fetal calf serum. The best results for 
cell attachment were obtained with PHOD-COOH, whatever 
be the experimental conditions (FIG. 3). The hydrophobic 
surface of PHO films also induced a good adhesion density 
of RT 112 cells. PHOD-g-PEG had a contrasted behavior, 
due to the presence of PEG grafts. Proliferation of human 
bladder carcinoma RT112 cells was observed on the same 
polymers. PHOD-COOH did not improve the cell proliferation 
and did not seem to be a favorable support. This preliminary 
study showed that PHO has a good potential to induce 
regeneration of a functional bladder wall.

FIg. 2. well-defined 
m a c r o m o l e c u l a r  
architectures based  
on PHAs.



��

Drug delivery systems
Particles based on PHO, PHOD-COOH, PHO-b-PCL 

and PHODCOOH-b-PCL were prepared using a solvent 
displacement/evaporation method (FIG. 4). The encapsula-
tion efficiency of doxorubicin was larger than 50% due to 
the hydrophobicity of both doxorubicin and polyesters. The 
in vitro release behavior of doxorubicin-loaded particles 
at pH=6 (bladder pH) was investigated [12]. A typical two-
phase release profile was observed (case of matricial type 
particles). These results were consistent with the method of 
particle preparation: doxorubicin was co-precipitated with the 
polymer. The burst effect was inferior to 10%. Interestingly, 
these nanoparticles were also mucodhesive (FIG. 5).

The association of a hydrophilic segment in conjunction 
with a hydrophobic block is a classical way to increase the 
stability of colloidal particles. In this investigation, PEG 
was used as a model molecule for the hydrophilic part in 
amphiphilic copolymers. PHBHV-PEG copolymers were 
unstable colloidal suspensions, whereas PHO-based 
copolymers resulted in very stable colloidal suspensions. 
They form stable micelles in aqueous media, with low criti-
cal micelle concentrations (FIG. 6). They can be envisioned 
for biomedical applications as drug delivery systems able 
to transport bioactive hydrophobic molecules.

Drug eluting stents are of great interest in the field of in-
terventional cardiology by promising a long-term prevention 
of restenosis. An adequate drug release control, mechanical 
response to stent expansion, and degradability of the coating 
are of major importance. The present approach described 
the potential use of PHAs as biodegradable and compatible 
coatings. Rates of drug release from different monolayers 
of PHAs were very fast, and the maximum period of drug 
release observed was clearly too short to be of practical 
use (burst effect). The development of a new PHBHV-b-
PLA copolymer as a coating enhanced the drug release 
profile by limiting the release of sirolimus. The extension 
of the drug release period is very promising by resorting to 
the bilayared system composed of PBHV-b-PLA containing 
the drug and PHBHV without drug (FIG. 7). Moreover, this 
bilayered coating had good mechanical properties in terms 
of flexibility and adherence to the metallic stent. Further 
studies are necessary to confirm their performances under 
in vivo conditions.

FIg. 4. Sub-micrometer particles of PHO-b-PCL 
(x 20 000).

FIg. 3. Cell adhesion on PHA-based films after  
4 h of incubation at 37°C.

FIg. 5. SEm image showing mucoadhesivity of 
PHO-b-PCL particles containing 24% of PHO  
(x 6000).

FIg. 6. Cryo-TEm of micelles formed in water by 
PEg-b-PHO copolymers (scale bar is 10 nm).
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Conclusion

The potential of functional PHAs and relative copolymers 
in the drug release area and tissue engineering has been 
illustrated through the investigation of cell adhesion on 
functionalized PHA films, doxorubicin release from stable 
nanoparticles, performance of drug eluting stents, and 
micelle formation. These studies have shown the potentiali-
ties of introducing functional groups or segments either on 
side positions or on a terminal position of PHAs to fine-tune 
their physico-chemical properties, so as to reach specific 
applications.

The PHA-based frameworks can be adapted to other 
biomedical applications through tailor-making topology, com-
position, and functionality of macromolecular architectures 
to fit prerequisites corresponding to a specific device. The 
versatility of PHAs and their derivatives is a major motiva-
tion for developing new polyester-based frameworks and 
scaffolds.
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Abstract

Biomedical application of biodegradable shape me-
mory terpolymers obtained from L-lactide, glycolide, 
trimethylene carbonate (TMC) have been intensively 
investigated in recent years. All applicable biomedi-
cal materials must be biocompatible, which means 
that they cannot cause toxic, cytotoxic, allergic, or 
carcinogenic reactions. The first study evaluating the 
biocompatibility of the material is determination of its 
cytotoxicity.

The purpose of this study was to assess the bio-
compatibility of poly(L-lactide-co-glycolide-co-trimethy-
lene-carbonate) 75:13:12, synthesized using Zr(Acac)4 
as an initiator of polymerization. The terpolymer was 
degraded for 30, 60 and 90 days at 37şC in water. 
The effect of degradation products on the growth of 
human articular chondrocytes was determined using 
the sulforhodamine B assay. The examined terpolymer 
was characterized by means of NMR spectroscopy, 
GPC and DSC. The results showed that the studied 
terpolymer was biocompatible with tested cells.

Keywords: Shape-memory polymers (SMP), biode-
gradable polymers, cytotoxicity, degradation products, 
in vitro, biocompatibility of terpolymer
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Introduction

Shape memory effect is an ability of material to return 
from a temporary shape, which is obtained as a result of 
mechanical deformation, to the permanent (primary) shape, 
as a result of stimulation by various factors - physical (such 
as temperature, light (UV), IR radiation, magnetic or electri-
cal field); or chemical (such as changes of pH, ionic strength 
etc.) [1,2].

The first materials used in medicine due to shape memory 
effect were metal alloys (SMA - shape memory alloys). The 
most commonly and most widely used is Nitinol - alloy of 
nickel and titanium. However, the SMA have a lot of disad-
vantages and because of this, researchers are still seeking 
for new innovative materials with shape memory effect. 
Nowadays, the most commonly used and studied materi-
als are SMP - shape memory polymers. This is a group of 
polymers demonstrating the ability of shape memory effect.  

The SMP when compared to SMA have many advantages 
e.g. lower manufacturing cost, the ability to recover the 
primary shape in expected return temperature (wide tem-
perature range), and also SMP are much easier to process 
(easier production of various shapes and forms) [1,2].

Biodegradable materials derived from L-lactide, gly-
colide and trimethylene carbonate (TMC) are the subject 
of many studies in recent years. This is related with their 
biocompatibility and degradation to the nontoxic products 
of metabolism. They were already used in medicine as 
surgical sutures, scaffolds for tissue engineering or con-
trolled drug delivery systems. Terpolymers derived from 
these monomers may have shape memory effect, which 
further increases their potential biomedical application as, 
for example, self-locking surgical staples, self-expanding 
stents etc. [3-5].

Regardless of the specific biomedical application, each 
new material must meet several basic features, including the 
most important – biocompatibility. This is the total compat-
ibility of the material with the human body which is lack of 
toxic reactions, cytotoxic agents, allergic reaction or carcino-
genic effects. First study, allowing for an initial evaluation of 
biocompatibility of the material, is a cytotoxicity test [6].

Cytotoxicity of the polymeric material may be affected by 
many factors – monomeric composition, molecular weight 
of the polymer, the weight of the final product, its structure 
and shape (the presence of sharp edges) and also the rate 
of degradation of the material [6,7]. Crucial importance may 
also have the residues from synthesis of polymer, released 
from the material as a result of its degradation - the initiator, 
solvent or trace amounts of other contaminants [8,9]. Mono-
meric composition determines the generated degradation 
products. The final products of degradation of polyesters as 
PLA, PGA, PCL or their copolymers are lactic acid, glycolic 
acid and 6-hydroxyhexanoic acid [10,11]. Release of these 
substances in large quantities and in short time can lead 
to a reduction in local pH (at the site of implantation of the 
material) and may induce inflammatory reaction [8]. This 
problem may be solved by using polymeric materials which 
degrade to inert products - good examples are the polymers 
derived from trimethylene carbonate which primary product 
of the degradation is 1,3-propanediol [12].

The terpolymer used in this paper was synthesized with 
zirconium acetylacetonate Zr(Acac)4 as an initiator. Stan-
nous octoate (II) (Sn(Oct)2) is commonly used as an initiator 
of the polymerization reaction [8], but because of its toxicity, 
researches are looking for other, non-toxic initiators (such as 
calcium, iron or zirconium) [13]. Studies have shown that the 
use of Zr(Acac)4 as the initiator have positive effect on the 
viability and activity of cells grown on a polymer (compared 
to polymers containing trace amounts of tin) [8].

The aim of this study was to evaluate the cytotoxicity of 
degradation products derived from poly(L-lactide-co-gly-
colide-co-trimethylene-carbonate) 75:13:12, on cultured 
human chondrocytes. 

materials and methods

The polymeric matrices were obtained from poly(L-lac-
tide-co-glycolide-co-trimethylene carbonate) (P(L-LA-GA-
TMC)) 75:13:12. The terpolymer was synthesized at the 
Centre of Polymer and Carbon Materials of Polish Academy 
of Sciences in Zabrze. Terpolymerization reaction was con-
ducted in bulk at 120oC for 72 h, with the use of non-toxic 
Zr(Acac)4 as an initiator. 

Composition of terpolymer was examined with the use 
of 1-H NMR high resolution spectroscopy (AVANCE II  
Ultra Shield Plus, Bruker 600 MHz) with CDCl3 as a solvent. 
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Thermal properties were tested by differential scanning 
calorimetry (DSC) (TA DSC 2010; TA Instruments, New 
Castle, DE). Terpolymer was also characterized by number 
average molecular weight (Mn) and molecular weight dis-
persity (D) that were analyzed by means of gel permeation 
chromatography (Viscotek RImax; Viscotek 3580 columns), 
with chloroform as eluent and 1mL/min flow rate, based on 
polystyrene standards. 

Matrices used in this study, were obtained by the 
compression method. The steel frame (area of 40.2 cm2) 
was placed under a hydraulic press and it was filled with 
appropriate amount of polymer (4.2 g). The compression 
occurred in elastic state of terpolymer (above Tg) between 
heated stainless steel blocks with pressure of 2.3 tons for 4 
minutes. The film was cut in order to prepare 1cm diameter 
matrices. The matrices were sterilized with high-energy 
electron beam radiation in dose of 25 kGy .

In this study matrices of terpolymer in the form of discs 
were placed in sterile nonpyrogenic water (Hyclone, Thermo-
Scientific) in test tubes with corks. The volume of degrada-
tion medium was dependent on the mass of the polymer 
disc and calculated by the following formula:

Water volume = 25 x matrix mass (g).
Then, the matrices were placed in an incubator at 37oC. 

The matrices degraded in water during 30, 60 and 90 days 
(ISO 10993-13 standard), then they were removed and aque-
ous solutions of degradation products were tested using the 
cytotoxicity test. Pure water was used as a negative control. 
    The first step of the testing of aqueous solutions was 
to prepare appropriate medium for the test. The culture 
medium was prepared using the basic medium: MEM 
concentrated x10 (Minimum Essential Medium Eagle’s, 
Sigma). The concentrated medium was diluted with sterile, 
ultrapure deionized water, added in suitable proportions to 
obtain dilution x1. For the enrichment of the basic medium, 
following supplements were added:

● 10% fetal bovine serum (FBS) (PAA)
● penicillin 100 U/ml, streptomycin 100 g/ml (Sigma)
● AAMS supplement containing amino acids (Sigma)
● Glutamine to final concentration of 2 M (Sigma)
● NaHCO3 a final concentration of 2 /l (Sigma)
● ITS supplement (insulin, transferrin, selenium,  

        Invitrogen)
● HEPES at a final concentration of 10 M (Sigma)
Cytotoxicity test was performed on normal human articular 

chondrocytes (Lonza). The cells were cultured in Chondro-
cyte Growth Medium (CGM BulletKit, Lonza) under standard 
conditions (at 37oC, in the atmosphere of 5% CO2 / 95% air). 

For the assessment of the cell proliferation, chondrocytes 
were seeded into 96-well plates (103 cells/well in 0.2 ml of 
CGM). After 24 hours of incubation, CGM medium was re-
moved from wells, and prepared aqueous solutions (in two 
dilutions: 1:4 and 1:20 with medium as described above) 
were added. The cells were incubated with solutions for 3 
days.

Cell proliferation was quantified with the use of In Vitro 
Toxicology Assay Kit, Sulforhodamine B Based (Sigma-
Aldrich) according to the manufacturer’s protocol. Briefly, 
cells were fixed with TCA (trichloroacetic acid) and then 
stained with sulforhodamine B, which is a dye staining cel-
lular proteins. The unbound dye was removed with 1% acetic 
acid and the incorporated dye was liberated from cells with 
Tris solution. Absorbance was measured at λ = 570 nm and 
λ = 690 nm (reference wavelength).

The last part of this study was statistical analysis of the 
results. Analysis was performed using Statistica 8, with 
quantity tests: normality tests, Leven’s and Brown-Forsythe’s 
variance tests, variance analysis (ANOVA) and RIR Turkey’s 
test (p<0,05).

Results and Discussion

The aim of present study was to assess the biocompat-
ibility of degradation products of biodegradable polymer with 
the shape memory property. Terpolymeric matrices were 
obtained from poly(L-lactide-co-glycolide-co-trimethylene 
carbonate) (P(L-LA-GA-TMC)) 75:13:12, which was synthe-
sized with Zr(Acac)4 as an initiator of terpolymerization and 
processed by pressing. The characteristic of the material 
used in this work is shown in TABLE 1.

The analyzed P(L-LA-GA-TMC) 75:13:12 is a material 
with a high number average molecular weight (Mn) and low 
molecular-weight dispersity (D). The glass transition tem-
perature of the polymer (Tg), determined by DSC was 52oC 
and Tm = 120oC, however the melting enthalpy was very low. 
The changes of polymer composition, molecular weight and 
thermal properties after 30, 60 and 90 days of degradation 
were shown in TABLE 2. Significant decrease of Mn was 
noted between 30 and 60 days of degradation, however 
the weight loss was not significant. Faster degradation of 
lactidyl and glicolidyl units was determined after 30 days of 
degradation. Between 30 and 90 days of degradation the 
terpolymer composition did not changed, so all the units 
degraded evenly. 

FT FLL FGG Mn [Da] D Tg [oC] Tm [oC] ΔHm [J/g]

P(LA-GA-TMC) 12 75 13 39400 2.2 52 120 8

TABLE 1. Characteristic of P(L-LA-gA-TmC), (FT, FLL, Fgg - the percentage content of carbonate, lactidyl and 
glycolidyl units, respectively; mn – number average molecular weight, D – molecular-weight dispersity mw/mn), 
Tg – glass transition temperature, Tm – melting temperature, ΔHm – melting enthalpy).

FT FLL FGG Mn [kDa] D Weight loss [%]

0 days 12 75 13 39.4 2.2 -

30 days 14 74 12 11.9 3.4 4.5

60 days 14 74 12 2.6 6.4 6.1

90 days 14 74 12 2.1 5.2 7.4

TABLE 2. Characteristic of P (L-LA-gA-TmC) matrices after 30, 60 and 90 days of degradation.
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aqueous solutions of degradations products 
are shown in FIG. 1.

Aqueous solutions of the degradation 
products of P(L-LA-GA-TMC) at a dilution of 
1:4 showed statistically significant inhibition 
of growth of chondrocytes only in samples 
obtained after 60 days degradation. The lack 
of cytotoxicity of the samples obtained after 90 
days of degradation (despite the cytotoxicity of 
samples which degraded only 60 days) may 
show that the factor which was toxic to the 
cells, after an additional 30 days of degrada-
tion also degraded.

Aqueous solutions of the degradation 
products of P(L-LA-GA-TMC) at a dilution of 
1:20 did not cause any statistically significant 
inhibition of growth of the studied cells – this 
may be caused by higher dilution of cytotoxic 
agent. 

The cytotoxicity of these materials may be provoked by 
many factors. According to the literature [8], degradation 
products can provoke cytotoxicity if they have low molecu-
lar weight. There are also studies that show inflammatory 
reaction in correlation to the decrease of Mn of 10 – 0.5 kDa 
and undoubtedly inflammation has negative effect on tissue 
and cells [8]. Secondly, other factor that may be responsible 
for cytotoxicity is local pH decrease that may be provoked 
by acidic degradation products released from the material. 
According to Cordewener et al. [8] there is a strict cor-
relation between pH decrease and toxicity effect. Finally, 
processing method may also be a factor affecting cytotoxic-
ity. In this study, the terpolymeric matrices were obtained 
by compression method. The study of Chłopek et al. [14] 
shows that poly (L-lactide-co-DL-lactide) 70:30 changes its 
properties observed in biological environment depending on 
the processing method. Compression method may affect 
polymeric material and cause faster degradation, which 
may more significantly decrease pH of degradation medium.  
In this study, the effect of pH decrease was eliminated dur-
ing preparations of the samples by adding of appropriate 
amounts of NaOH. 

It should be noted that even lack of cytotoxicity is not 
sufficient to conclude that the material is completely bio-
compatible. However, such a result is required for further 
research in this aspect [6]. The results of this study suggest 
that the studied terpolymer (P(L-LA-GA-TMC) 75:13:12) is 
biocompatible, which should be further examined. It is not 
cytotoxic during first 30 days of degradation. After this time 
the degradation products obtained from P(L-LA-GA-TMC) 
show cytotoxic effect on human chondrocytes. Further 
studies of P(L-LA-GA-TMC) are needed to determine the 
cytotoxic factor; compare biocompatibility of polymer with 
the same composition but with higher molecular weight, or 
obtained by modified processing method.

Conclusion

Based on the results of this study, there was inhibition of 
growth of chondrocytes incubated with degradation prod-
ucts obtained from matrices of P(L-LA-GA-TMC) 75:13:12. 
However, terpolymer does not show cytotoxic effect to 
chondrocytes during the first 30 days of degradation. 
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Abstract

This paper presents results of degradation process 
investigations of resorbable poly(lactide-trimethylene 
carbonate). Materials used in this work were synthesi-
zed by the ring opening polymerization. Polymerization 
was carried out in bulk using Zr(acac)4 as initiator. The 
resulting copolymers were characterized by high reso-
lution NMR spectroscopy. Then the copolymers were 
allowed to degrade in H2O for 53 weeks. These con-
ditions allowed to analyze the degradation products of 
poly(lactide-trimethylene carbonate) and to determine 
the structure of oligomers using multi-stage mass 
spectrometry technique (ESI-MSn). ESI-MS analysis 
revealed the presence of two kinds of oligomers.

[Engineering of Biomaterials 113 (2012) 26-28] 

Introduction

Poly(trimethylene carbonate) (PTMC) is an amorphous 
elastomer which exhibits good mechanical properties: high 
flexibility and high tensile strength [1]. Such elastic biode-
gradable material is required in the production of medical 
implants and porous scaffolds [2]. It was observed that in 
phosphate buffer saline at pH=7 and at a temperature of 
37°C, PTMC degrades very slowly. However, in vivo deg-
radation occurs rapidly by surface erosion [1]. 

High molecular weight statistical copolymers of TMC 
and DLLA were synthesized using Sn(oct)2 as an initia-
tor, characterized and compared with the corresponding 
homopolymers PTMC and PDLLA [3]. The obtained results 
showed that the thermal and mechanical properties of the 
polymers strongly depend on the composition. All materials 
were hydrophobic. The properties of the TMC and DLLA 
copolymers suggested their suitability as materials for re-
sorbable biomedical devices. The highly elastic PTMC and 
copolymers with high TMC content seemed more suitable 
for application as coatings or drug delivery systems [3]. 

PTMC and TMC-based copolymers were also success-
fully synthesized by ring opening polymerization with the use 
of low toxic metals: iron, zinc, zirconium [1-2]. Degradation of 
LLA/TMC copolymers prepared with Zr(acac)4 initiator was 
examined by Hua et al. [1]. By varying the chemical composi-
tion, chain microstructure and morphology various degrada-
tion behaviors and degradation rates were obtained.

Low-molecular weight poly(ε-caprolactone-co-1,3-tri-
methylene carbonate) and poly(1,3-trimethylene carbon-
ate) were examined as potential vehicles for the delivery 
of water-soluble agents such as vitamin B12. The rate of 
release was the fastest for the amorphous oligomers and 
dependent on their viscosity [4]. 

materials and methods
Copolymers of lactide and trimethylene carbonate were 

obtained by ring opening polymerization using Zr(acac)4 
as initiators. Temperatures of reaction were 110oC and 
180oC. The molar ratio of comonomers/initiator was 1000:1.  
Polymerization was carried out in bulk. The copolymers were 
compression moulded. Square specimens with approxi-
mately 0.5 mm thick were then cut from the material. The 
resulting form of copolymers was submitted to degradation 
in water at 37°C for 53 weeks. The resulting copolymers 
were characterized by 1H NMR. NMR spectra were recorded 
with a Bruker Avance II spectrometer operating at 600 MHz, 
using CDCl3 as a solvent. Chemical shifts (δ) were given in 
ppm using tetramethylsilane (TMS) as an internal reference. 
The spectra were obtained with 32 scans, 11 μs pulse width 
and 3.74 s acquisition time for 1H NMR.

The structure of degradation products was determined 
with aid of multistage mass spectrometry technique  
(ESI-MSn). Degradation medium was withdrawn at estab-
lished periods of time, then samples were freeze-dried and 
dissolved in methanol/chloroform (1/1 v/v) solution and such 
solutions were introduced to the ESI source by continuous 
infusion by means of the instrument syringe pump at a rate 
of 3 mL/min. The ESI source was operated at 4.5 kV, with the 
capillary heater at 200°C, and sheath gas pressure 40 psi.  
For ESI-MSn experiments mass-selected monoisotopic mo-
lecular parent ions were isolated in the trap and collisionally 
activated with 40% ejection RF-amplitude at standard He pres-
sure. The experiments were performed in both positive- and 
negative-ion mode. 

Results and Discussion
Copolymers samples PLATMC (50/50) with various 

chain microstructure were obtained changing the tem-
perature of polymerization: 110°C (PLATMC110) and 180°C 
(PLATMC180).

The co-monomeric units content were estimated using 
high resolution NMR spectroscopy [1].

The structure of the degradation products of PLATMC 
was determined by multistage mass spectrometry technique 
(ESI-MSn). It was possible to detect distinguishable signals 
since 41st week of degradation (FIG. 1).

Signals detected in ESI-MS spectra were associated 
with appropriate structure of oligomers. ESI-MS analysis 
revealed two kinds of oligomers (FIG. 2). Structures I and II 
possess carbonate unit: -O-(CH2)3-O-C(O)- and lactidyl unit: 
–O-CH(CH3)-C(O)-. Structure I corresponds to oligomers 
with carboxyl-end of the chain as well as hydroxyl-end of 
the chain and is abbreviated as TL. Structure II corresponds 
to oligomers (in majority) with two carboxyl-ends of the 
chain and is abbreviated as T’L’. Second mode spectra of 
selected signals confirm these conclusions. One of them is 
presented in FIG. 3.

It is possible to identify a series of oligomers detected in 
ESI-MS spectra of PLATMC (FIG. 4). 

In the case of PLATMC110, the observed series of oli-
gomers are identified as following: 
T’L’2÷T’3L’2, T’L’3÷T’3L’3 (41st week of degradation)
T’L’2÷T’5L’2, T’L’3÷T’5L’3, T2L÷T4L (53rd week of degradation) 
    In the case of PLATMC180, the observed series of oligo-
mers are identified as following: 
T’L’2÷T’3L’2, TL2÷T3L2, T’L’3÷T’3L’3, TL3÷T5L3, T2L÷T3L 
(41st week of degradation)
T’L’2÷T’6L’2, T2L÷T3L (53rd week of degradation)

It is clearly seen that oligomers detected in 41st week of 
degradation are short and consist of several units. Longer 
oligomers are detected in 53rd week of degradation.
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Conclusions

Copolymers of lactide and trimethylene carbonate were 
allowed to degrade in H2O for 53 weeks. These condi-
tions allowed to analyze the degradation products and 
to determine the structure of oligomers using multistage 
mass spectrometry technique (ESI-MSn). ESI-MS analysis 
revealed two kinds of oligomers:
- oligomers with carbonyl-end of the chain as well as hy-
droxyl-end of the chain and 
- oligomers (in majority) with two carbonyl-ends of the 
chain. 

It is possible to identify a series of oligomers detected in 
ESI-MS spectra of PLATMC. It is clearly seen that oligomers 
observed in 41st week of degradation are short and consist 
of several units. Longer oligomers are observed in 53rd week 
of degradation.
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FIg. 1. ESI-mS spectrum of PLATmC180.

FIg. 2. Structures of oligomers detected in ESI-
mS spectra.
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FIg. 4. ESI-mS spectrum of PLATmC180 (in spectral expansion in the mass range m/z 
50–500). Assignment of the signals to appriopriate oligomer structure. 

FIg. 3. Fragmentation of selected signal from ESI-mSn spectrum of PLATmC180.
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Abstract

The purpose of this study was to investigate the 
bioactivity of porous calcium phosphate coatings on  
titanium prepared using a two-step procedure (chemi-
cal etching or anodic oxidation of Ti followed by soa-
king in simulated body fluid or direct electrodeposition 
from Hanks’ solution). In order to evaluate the potential 
use of the coatings for biomedical applications, the 
adsorption of serum albumin, the most abundant 
protein in the blood, and the attachment of living cells 
(osteoblasts, U2OS) were studied.

Keywords: biomaterials, biomimetic, surface analysis, 
protein adsorption, U2OS cells
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Introduction
 
The main requirements for metallic biomaterials, including 

titanium, are: (a) biocompatibility, (b) resistance to biological 
corrosion and (c) antisepticity. Those requirements may be 
met by developing perspective titanium biomaterials with 
surface layers of strictly-defined microstructure, chemical 
and phase composition. Recently, various surface modi-
fications have been applied to form a bioactive layer on a 
Ti surface, which is known to accelerate osseointegration 
[1]. Chemical processes for modifying surfaces of Ti and 
its alloys are widely employed to increase the biocompat-
ibility of those materials [2]. Methods, such as Ti etching in 
alkaline solutions (e.g. NaOH [2,3]), acidic solutions (H2SO4 
[3,4]) or hydrogen peroxide (H2O2 [5]) at high temperatures, 
combined with subsequent prolonged soaking of samples in 
artificial physiological solutions (SBF- Simulated Body Fluid, 
Hanks’ solution) of pH~7, allow to obtain porous oxide layers 
with built-in calcium and phosphorous ions [6-8]. Electro-
chemical processes are also commonly applied for modify-
ing surfaces of Ti in order to increase its biocompatibility 
[9,10]. The chemical composition of the resulting coatings 
is close to that of hydroxyapatite, which is known to support 
bone osseointegration and ingrowth when used in orthopae-
dic or dental applications [1,7]. The anodic polarization at 
constant voltage of Ti and its alloys in acidic or neutral solu-
tions containing fluorides is a typical electrochemical method 
for obtaining oxidized layers of uniform chemical composi-
tion, different thickness and refined nanoporosity [11-13]. 

The addition of a suitable fluoride concentration to an 
electrolyte ensures that a porous morphology is obtained, 
in the form of titanium dioxide nanotubes [11-13]. Such 
structures can provide very promising substrates which 
increase biological tolerance, since it is possible to precisely 
control the thickness of the layers (by the end voltage of the 
anodic polarization) and their surface morphology (porosity). 
Further chemical treatment aimed at introducing additional 
factors increasing biocompatibility, such as ions of calcium 
and phosphorus, can be carried out by immersing the oxide 
layers in artificial physiological solutions [14,15]. To evalu-
ate a potential use of the Ca-P coatings, thus obtained, 
for biomedical implants protein adsorption and living cells 
attachment were examined. Serum albumin, the most 
abundant protein in blood, and U2OS cells were used in 
this study [8,16,17].

materials and methods

a) Material substrate: Ti foil 0.25 mm-thick (99.5% purity, 
Alfa Aesar, USA).

b) Chemical pretreatment: the samples were soaked in 
a 3 M NaOH aqueous solution at 70oC for 24 h, or in an 
H3PO4 + H2O2 solution (with a volume ratio of 1:1) at room 
temperature for 24 h.

c) Electrochemical pretreatment: titanium oxide na-
notube layers were fabricated by anodic oxidation of Ti 
in an optimized mixture of NH4F (0.86 wt.%) + DI water  
(47.14 wt.%) + glycerol (52 wt.%) electrolyte at room tem-
perature, applied voltage Vmax = 20 V, 2 h.  After anodization, 
the samples were annealed in air at 600oC for 2 h. 

d) Deposition of calcium phosphate coatings: soaking in 
Hanks’ solution (7 days, at 37oC) or electrodeposition from 
Hanks’ electrolyte (E = - 1.5 V vs. OCP, for 2h 15 min).  
The Hanks’ solution was prepared by dissolving reagent-
grade (g/L): NaCl 8.00, KCl 0.40, Na2HPO4·2H2O 0.06, 
KH2PO4 0.06, MgSO4·7H2O 0.20, NaHCO3 0.35, CaCl2 0.14 
into distilled water and buffering at pH = 7.4. 

e) Surface characterization: SEM (Hitachi S-5500), XPS 
(Microlab 350, Thermo Electron), FTIR (Nicolet iN10-MX, 
Nicolet 6700, Thermo Electron Scientific).

f) Biological tests: bovine serum albumin (BSA) (Sigma, 
purity of 99.8%) was dissolved in phosphate buffered 
saline - PBS, pH=7.4 and used as a model protein. Hu-
man osteosarcoma U2OS cells were used to evaluate 
the biocompatibility of the Ca-P coatings under study. 
Dulbecco’s modified eagle’s medium (DMEM, Invitrogen) 
supplemented with 10% fetal bovine serum (Invitrogen) 
and 1% of a penicillin/streptomycin mixture was used as 
a cell culture medium. Cells were seeded on the sample 
surfaces at 1.0 × 104 cells/cm2 and cultured at 37oC in a 
humidified atmosphere containing 5% CO2 for 120 h. Cells 
were transiently transfected with memb-mCherry 24 h before 
observation allowing the expression of fluorescent mCherry 
protein localized in the cell membranes. FuGENE HD  
(Roche Diagnostics, Switzerland) was used as a transfection 
reagent according to the manufacturer’s recommendations. 
Cell nuclei were then stained 1 h before observation with 
Hoechst 33342 (Life Technologies, USA) according to the 
manufacturers’ instructions. Cell morphology was examined 
using an optical microscope (Eclipse 80i, Nikon Instruments, 
Tempe, AZ). 

g) All samples were sterilized by autoclaving at 121oC for 
20 min prior to the cell culture experiments [18]. 
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Results and Discussions

SEM images of Ti before and after chemical/electro-
chemical pretreatment are shown in FIGs. 1a, b, c, d. The 
reference sample is smooth (pure Ti, FIG. 1a), with no 
particular morphological features. In contrast, immersion 
in 3 M NaOH at 70oC for 24 h results in the formation of a 
‘coral-like’ topography (FIG. 1b). The surface layer exhibits 
a developed, rough morphology characterized by a network 
of sharp-edged pores. After pre-treatment in H2O2 + H3PO4 
at room temperature, the morphology is quite different, and 
seems to be less developed (with shallower ‘valleys’) than 
that obtained after NaOH pre-treatment. Ti treated in H2O2 
+ H3PO4 exhibits sponge-like porosity, as FIG. 1c suggests. 
A distinct texture with round nano-sized pores is clearly 
seen. The nanopores are uniformly distributed across the 
surface. The optimized anodization conditions resulted in 
the formation of TiO2 nanotubes (hollow cylinders) arranged 
perpendicularly to the substrate and separated from each 
other, as shown in FIG. 1d. SEM examinations revealed 
that the nanotubes were open at the top. It is generally 
accepted that rough and porous surfaces can stimulate 
nucleation and the growth of calcium phosphates. SEM 
images of a typical morphology of calcium phosphate coat-
ings obtained on pretreated Ti by chemical/electrochemical 
methods are shown in FIGs. 1e, f, g, h. After immersion for 
7 days in Hanks’ solution, the Ca-P surface layer formed 
is composed of many spheroidal particles tightly packed 
together (FIGs. 1f, g, h). The Ca-P coating formed on TiO2 
nanotubes is denser, and seems to be better crystallized 
than on Ti chemically pretreated in alkali and acidic solutions. 

As the SEM investigations show, an electrodeposited 
calcium phosphate coating exhibits a completely different 
morphology characterized by a network of longitudinal pores 
of different shapes (FIG. 1e). All the obtained morphologies 
are similar to that reported in the literature [5,6,9,10,15,19], 
and seem to be promising for biomedical applications. 

XPS measurements were then performed to evaluate 
the chemical state of the calcium and phosphorous in the 
coatings deposited on chemically/electrochemically treated 
titanium. 

TABLE 1 shows the binding energies of the O 1s, Ca 2p3/2, 
and P 2p3/2 signals, and the suggested chemical composi-
tion of the coatings. Position of the main peak of P 2p3/2 may 
change within a range of 132.6-133.4 eV for all coatings. 
The spectral data for Ca suggest as well the presence of 
calcium phosphate compounds (Ca 2p3/2: 347.5 - 347.9 
eV). The main component of the O 1s peak at BE = 531.1 
- 531.6 eV is attributed to PO4

3− groups. X-ray photoelectron 
spectroscopy analysis revealed that the surface is enriched 
in calcium and phosphorous, where the Ca/P molar ratio is 
1.08 (NaOH solution), 1.09 (H2O2 + H3PO4), 1.10 (electrode-
posited layer) and 1.37 (TiO2 nanotubes). This is less than 
the stoichiometric hydoxyapatite ratio of 1.67. However, our 
EDS results show that the atomic concentration ratio of Ca/P 
for the all samples may vary from place to place, oscillating 
around the average value indicated above. However, higher 
Ca/P ratios (up to 1.62, 1.64 and 1.75, respectively) were 
also measured locally.

FIg. 1. SEm images of un-treated Ti (a); chemically treated in NaOH solution, 24 h at 70oC (b); H3PO4 + H2O2 
solution: 24 h, room temperature (c); electrochemically treated in 0.86 wt.% NH4F+glycerol+water DI electrolyte: 
20 v, 2h (d); electrodeposited in Hanks’ solution: - 1.5 v, 8000 s (e) and after subsequent immersion in Hanks’ 
solution: 7 days, temp. 37oC, pH = 7.4 (f, g, h) – top view.

Ti surface modification Ca2p3/2 / eV P2p3/2 / eV O1s / eV Ca/P at.% ratio, 
average volume

NaOH pretreatment and soaking 
in Hanks’ solution for 7 days

347.5 – 347.9 
/ Ca2+

132.6 – 133.4 
/ PO4

3-
531.1 – 531.6 

/ O2
-

1.08

H3PO4 + H2O2 pretreatment and soaking 
in Hanks’ solution for 7 days 1.09

after electrodeposition in Hanks’ solution 
(- 1.5 V vs. OCP) 1.10

anodic oxidation pretreatment (20 V) of Ti and 
soaking in Hanks’ solution for 7 days 1.37

TABLE 1. Ca2p3/2, P2p3/2 and O1s binding energies as determined from corrected XPS spectra after chemical/
electrochemical treatment in Hanks’ solution, and estimated Ca/P atomic ratio.
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TABLE 2 presents the average value of the Ca/P molar 
ratio – 1.38 for electrodeposited Ca-P coating on Ti, 1.29 for 
Ti(NaOH), 1.33 for Ti(H2O2 + H3PO4) and 1.34 for Ti(TiO2 NT). 
It is worth to mention that, the XPS measurements provide 
surface information from the few uppermost nanometers 
of the samples. This may suggest that a nucleation of CaP 
phases with lower Ca/P ratio is limited to the outermost 
surface only. This observation does not concern calcium 
phosphate layers obtained on TiO2 NT. The differences in 
the thickness and crystallinity of the titanium oxide layers 
fabricated by chemical etching and anodic polarization may 
play a role here [20].

The differences in the molar Ca/P ratio may result from 
different formation stages within the bulk comparing to those 
in the outermost layer of the coating. Local supersaturation 
and pH fluctuation during precipitation of the hydroxyapatite 
generally cause the formation of metastable transient phas-
es, where Ca/P ratio may change from 1.2 to 2.2, which then 
transform into HAp in the process of hydrolysis [21,22]. The 
estimated molar Ca/P ratio by EDS measurements suggest 
formation of octacalcium phosphate (OCP, Ca/P = 1.33), and 
probably various intermediate Ca–P phases [23]. The OCP 
compound is thought to be a precursor for the crystallization 
of bone-like apatite/hydroxyapatite [21]. 

To evaluate the potential use of our materials for biomedi-
cal applications, we examined protein adsorption on the sur-
faces studied. Serum albumin (SA) was used in this study, 
as it is the most abundant protein in blood. FTIR spectra of 
SA adsorbed on titanium before and after chemical/electro-
chemical modification are presented in FIG. 2.

Plasma protein was found to interact with the surfaces 
studied. The bands at ~1650 cm-1 and ~1540 cm-1 are 
assigned to amides I and II, respectively [24]. However, 
changes in the shape and frequency of the amide II band 
for the electrodeposited Ca-P layer are noticeable. This may 
be a result of some changes in the protein tertiary structure 
(3D) due to the interactions with the investigated surfaces. 

The electrodeposited Ca-P coating seems to have a differ-
ent effect on adsorbed SA conformation than does the Ca-P 
layer obtained by chemical methods, but the implication of 
this finding is not clear at present. The chemistry and mor-
phology of the substrates may play a role here.

FIG. 3 shows the cell morphology on an un-treated 
Ti surface and on Ti after chemical/electrochemical pre-
treatment (with a calcium phosphate coating). Fluores-
cence microscopy observations revealed that the cells 
are well-extended, and exhibit an elongated morphology, 
similar to those on pure Ti (reference sample). Nuclei 
are clearly defined (dark gray color), although cell mem-
branes form a dendritic like-structure (light gray color).  

FIg. 2. FTIR spectra of amide I and amide II bands 
of SA adsorbed on pure Ti and on chemically/elec-
trochemically-treated Ti.

TABLE 2. Results of local EDS analysis (Ca/P atomic ratio) of calcium phosphate coatings deposited on pure 
Ti or pretreated Ti from Hanks’ solution by chemical/electrochemical methods.

EDS results Ca/P at.%
local ratio 

Ca/P at.% ratio, 
average volume

Ti/Ca-P
-1.5 V vs. OCP 1.17 – 1.64 1.38

Ti(NaOH) + Ca-P 
chemical treatment in NaOH solution + immersion in Hanks’ medium 1.14 – 1.62 1.29

Ti(H3PO4+H2O2) + Ca-P 
chemical treatment in H3PO4+H2O2 solution + immersion in Hanks’ medium 1.15 – 1.75 1.33

Ti(TiO2 NT) + Ca-P
electrochemical treatment in NH4F+glycerol+water electrolyte + 

immersion in Hanks’ solution 
1.13 – 1.75 1.34

FIg. 3. Fluorescence microscopy images of U2OS cells cultivated for 120 h on pure Ti (a), an electrodeposited 
Ca-P coating on Ti (b), and a Ca-P layer covered with TiO2 nanotubes (c). Cells express fluorescent mCherry pro-
tein localized in the cell membranes (light gray) and cell nuclei (dark gray) are stained with Hoechst 33342.



�� After 120h of incubation the cells on presented coatings 
exhibited cytoplasmic links, as shown in FIG. 3. Ca-P coat-
ings induce cell membrane extension, as shown in FIG. 
3, meaning that the cells adhered well to the Ca-P coated 
surfaces [17,25]. Preliminary results of the response of hu-
man osteosarcoma U2OS cells to the surfaces investigated 
are in qualitative agreement with the protein adsorption 
experiments.

Conclusions

The present investigations show that biomimetic calcium 
phosphate coatings of porous apatite-like structure can be 
grown following a specific morphology by chemical/electro-
chemical methods from Hanks’ solution on a titanium sur-
face. FTIR investigations showed that serum albumin (SA) 
adsorbed readily on calcium phosphate coatings. Such a 
Ca-P layer enhances osteoblast-like cell attachment as well. 
Thus, one may anticipate that chemically/electrochemically 
Ca–P coatings on Ti may promote early bone apposition and 
implant fixation by enhancing the adhesion between new 
bone and the surface of an implant.
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Abstract

In this project the anterior cruciate ligament (ACL) 
replacement in a rabbit model was performed for 
the preclinical phase of investigations of a new form 
of biomaterial i.e. polymer beads (granules). This 
material, based on resorbable aliphatic polyester 
(polylactide - PLA) was used as a filler of the bone 
tunnels to enhance tendon-to-bone healing. The high 
specific surface area and well known biocompatibility 
of this material designated it as an osteoconductive 
agent in reconstructive ligament surgery. Additionally, 
a new surgical concept was proposed which retains 
the natural elasticity of the harvested tendon. This 
method ensures fixation of the grafted tendon within 
the bone tunnels in their entire length.

Keywords: ACL reconstruction, tendon implant, 
resorbable material
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Introduction

ACL is the most frequently injured ligament 
in the knee. The treatment options for ligament 
ruptures include conservative management 
but the most broadly accepted procedure is 
reconstruction with intra-articular grafts [1-2]. 
The outcome of reconstructive ligament surgery 
is dependent on the quality of healing of the 
transplanted grafts in the bone tunnels. Different 
techniques ensure only a partial graft fixation in 
some areas of the bone tunnel [2-4]. A major part 
of the transplant anchored inside the bone is 
suspected to integrate with the bone by biological 
processes occurring naturally within the tunnels. 
Improper graft fixation may cause inadequate 
joint stability. In this study we tested a new form 
of material dedicated to filling the tunnels cover-
ing the transplanted grafts. The role of the poly-
mer granules was to create a three-dimensional 
scaffold for osteoblasts to adhere to, enabling 
them to proliferate faster than they otherwise 
would in the blood of the bone tunnel (FIG. 1). 

    The aim of this experiment was to verify the effect of the 
bioresorbable material on the healing process between the 
outer surface of the tendon and the inner part of the bone 
wall to obtain entire intratunnel fixation. 

materials and methods

Polymer granules were produced using commercial 
copolymer; poly L/DL lactide (L/DL; 80:20; PURAC) which 
was approved by FDA. Porous granules were obtained 
using leaching technique described elsewhere [5]. Specific 
surface area of the granules was about 20 m2/g. 

An in vivo experiment concerned 12 rabbits (Ethic Com-
mittee approval 668/09) which were divided into 4 groups 
of 3 animals each: Group 1 (control), no PLA, implantation 
time 6 weeks; Group 2, PLA, implantation time 6 weeks; 
Group 3 (control), no PLA, implantation time 12 weeks; 
Group 4, PLA, implantation time 12 weeks. Under general 
anesthesia the long digital extensor tendon of the right hind 
limb at the lateral femoral condyle was exposed and through 
its insertion (attachment) site, threads were applied without 
cutting the tendon off (FIG. 2a). The tunnels were arranged 
in proximal tibia methaphysis medially and in distal femur 
methaphysis laterally. The natural ACL insertions served 
as the footprints to drill the tibial and femoral bone tunnels. 
Bone tunnel diameters were 2.6-3.5 mm and were about 1 
mm wider than their grafts. According to other authors, in the 
surgical set-up the long digital extensor tendon is exposed 
and immediately detached. Our innovative algorithm offers 
the alteration of the surgery to maintain the biological and 
physical properties of the tendon. The tendon was detached 
as late as possible to avoid its contraction, which might 
change its physical parameters and then implanted in the 
bone tunnel applying appropriate tension.

The grafted tendon was pulled through the tunnels and 
covered with the polymer granules. PLA material was evenly 
distributed around the graft, starting from its tibial distal 
entrance next to femoral proximal one. (FIG. 2c). Because 
of the electrostatic properties of the polymer granules, the 
majority of the porous beads were mixed with autogenous 
peripheral bone blood. This composition in a paste form 
filled the bone tunnels. The graft ends were sutured to 
the tibial and femoral periosteum with the non-absorbable 
threads (Prolene 2.0). The patella was reduced and the joint 
was closed and sutured in layers. 24 hours after surgery all 
rabbits returned to their normal activity. The animals were 
euthanized 6 or 12 weeks after surgery.

FIg. 1. model of graft implantation using PLDLA granules.
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Results

The polymer granules applied in the experiment show 
a tendency to interact electrostatically, which makes the 
operation difficult. The polymer powder tightly covers the 
syringe needle and surface of the tools which hinder its 
introduction inside the bone loss. Moreover, introduction 
of the powder has only a local character and the powder 
is not homogenously distributed inside the bone tunnel. It 
may significantly influence the course of osteointegration 
process, which could be faster in areas reach in the polymer 
granules, and slower in areas where the granules are absent 
e.g. in a middle part of the tunnel. The granules with specific 
surface area of 20 m2/g and size 1-10 μm are a sufficient 
carrier of active substances of blood e.g. pallet rich plasma. 
During the operation blood drawn from the patient’s wound 
is mixed with the polymer granules. According to the litera-
ture [6] the main criterion of proportion between a natural 
(i.e. binder) and a synthetic component is consistence of 
the material which should be paste-like. In the case of the 
described treatment the rate between the polymer powder 
and patient’s circulating blood was 3:1. Such paste in quan-
tity about 3.5-4 ml was easily introduced into a syringe and 
then injected to the bone tunnel. It seems that, the applied 
method should provide a homogenous distribution of the 
paste within the defect area. An adaptable, pliable paste 
consisting of mesoporous PLA beads and blood marrow 
cells was used to fill vacant areas between the tendon and 
bone in the bone tunnels, which facilitated and enhanced 
tendon - to - bone healing. This protocol displays the alter, 
total grafted tendon fixation through the entire length of bone 
tunnels. Final confirmation of homogenous distribution of the 
paste and its influence on the ossification process rate will 
be possible after histopathological analysis.

Conclusions

Total graft fixation in contrast to the commonly used 
partial one guarantees optimal joint stability after ligament 
reconstruction. Further study is required to attain better 
handling procedures in order to ensure uniform distribution 
of PLA paste within the bone tunnels. The healing effect can 
be intensified by mixing PLA beads with autogenous marrow 
blood cells or platelet - rich plasma and/or growth factors. 
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Streszczenie
 

Biodegradowalne nanowłókniste membrany podda-
no badaniom in vitro, pozwalającym na ocenę stopnia 
różnicowania się i mineralizacji komórek kostnych w 
obecności potencjalnych podłoży tkankowych. Przed-
stawione badania oceniają wpływ mikrostruktury i skła-
du chemicznego wytworzonych podłoży na przyczep-
ność, proliferację i morfologię osteoblastów (NHOst). 
Badania procesu mineralizacji i aktywności ALP po-
zwoliły na ocenę procesu różnicowania się komórek. 

Słowa kluczowe: podłoża dla inżynierii tkankowej, 
elektroprzędzone membrany, mineralizacja, różnico-
wanie komórek

[Inżynieria Biomateriałów 113 (2012) 35-39] 

wprowadzenie

Od materiałów stosowanych na podłoża dla inżynierii 
tkankowej kości wymaga się, aby były bioaktywne, biode-
gradowalne, porowate, i aby stymulowały komórki kostne. 
Ponieważ komórki łatwo reagują na bodźce otaczającego 
je środowiska, a tym samym na właściwości wytworzonego 
podłoża, równie istotna dla inżynierii tkankowej jest analiza 
oddziaływań komórka-materiał [1]. 

Elektroprzędzenie jest techniką często wykorzystywaną 
do wytwarzania nanowłóknistych podłoży naśladujących 
naturalną matrycę zewnątrzkomórkową (ECM), jednakże 
średnia średnica porów w podłożach wytwarzanych tą 
metodą, dla potrzeb inżynierii tkankowej kości, jest nie-
wystarczająca [2]. Nasze wcześniejsze badania wykazały,  
że połączenie metody elektroprzędzenia z techniką wy-
płukiwania porotwórczych dodatków pozwala wytwarzać 
podłoża o pożądanym rozkładzie porów i odpowiedniej 
mikrostrukturze [3]. Polikaprolakton (PCL) jest polimerem 
często wykorzystywanym do produkcji podłoży dla inżynierii 
tkankowej ze względu na dłuższy czas jego resorpcji [4]. 
PCL po implantacji charakteryzuje się lepszymi własnościa-
mi mechanicznymi niż inne bioresorbowalne polimery a czas 
jego degradacji jest dopasowany do czasu regeneracji tkanki 
kostnej [5]. Jednakże słaba hydrofilowość podłoży z PCL 
wpływa na gorszą adhezje, proliferację i różnicowanie się 
komórek. Ponadto podłoża z PCL nie wykazują właściwości 
bioaktywnych, dlatego często modyfikowane są bioaktyw-
nymi dodatkami m.in. hydroksyapatytem. Elektroprzędze-
nie kompozytowych podłoży PCL/HAp może wpłynąć na 
polepszenie przyczepności i proliferacji oraz na szybsze 
różnicowania się komórek.
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Abstract

A biodegradable nanofibrous nonwoven memb-
ranes were analyzed in vitro as potential scaffolds 
for differentiation and mineralization of bone cells.  
In this study we investigate the effects of electrospun 
membranes microstructure and chemical composi-
tion on attachment, proliferation, and morphology of 
human NHOst osteoblasts. Mineralization process 
and ALP activity were studied to estimate the cells 
differentiation.

Keywords: scaffolds for tissue engineering, electro-
spun membranes, mineralization, cell differentiation 

[Engineering of Biomaterials 113 (2012) 35-39] 

Introduction

Scaffolds for bone tissue engineering are required to 
be bioactive, biodegradable, porous and to stimulate bone 
cells. Optimizing cell-material interactions is critical in tissue 
engineering because cells are known to sense and respond 
to the physical properties of their environment and those 
of tissue scaffolds [1]. Electrospinning technique has been 
widely used to fabricate nanofibrous scaffold that mimic 
native extracellular matrix (ECM), however the average  
pore size in scaffold obtained using electrospinning is insuffi-
cient [2]. It was found in our previous study that the combined 
use of two techniques namely electrospinning and porogen-
leaching, could be beneficial to fabricate desired pore size 
and final structure of scaffolds by varying the salt particle 
size [3]. The advantage in using poly(ɛ-caprolactone)  (PCL) 
scaffolds in bone tissue engineering deals with its desirable 
biostability [4]. PCL exhibits more prolonged mechanical 
strength than other bioresorbable polymeric materials and 
degrades at a rate compatible with the bone regeneration [5]. 
However poor hydrophilicity of PCL caused a reduction in 
the ability of cell adhesion, proliferation and differentiation.  
PCL does not show any intrinsic bioactivity, therefore hy-
droxyapatite is often incorporated into material substrates. 
Electrospinning of PCL along with nanoparticles of hydroxya-
patite can improve the cell attachment kinetics.

The aim of this work was to investigate the effects of 
electrospun membranes microstructure and chemical 
composition on attachment, proliferation, and morphology 
of bone cells. Mineralization process and ALP activity were 
studied to estimate the cells differentiation.



�� Praca miała na celu zbadanie wpływu mikrostruktury 
i składu chemicznego elektroprzędzonych podłoży na 
przyczepność, proliferację i morfologię komórek kostnych. 
Badania procesu mineralizacji i aktywności ALP pozwoliły 
na ocenę procesu różnicowania komórek. 

materiały i metody

Membrany z polikaprolaktonu (PCL) oraz polikaprolaktonu 
modyfikowanego hydroksyapatytem (PCL/HAp) wytworzono 
metodą elektroprzędzenia. 2,5 g PCL rozpuszczono w 40 ml 
mieszaniny chloroform/methanol 1:1 w temperaturze 50°C. 
Kompozytowe membrany PCL/HAp wytwarzano dodając 
do roztworu 20% wag. hydroksyapatytu, roztwór mieszano 
przy użyciu homogenizatora ultradźwiękowego. Następnie 
roztwór umieszczano w strzykawce (10 ml) zakończonej igłą 
ze stali nierdzewnej o średnicy 0,7 mm, prędkość dozowania 
roztworu wynosiła 1,5 ml/h. Doprowadzone do igły napięcie 
wynosiło 30 kV. Kolektor (owinięty papierem do pieczenia) 
znajdował się w odległości 15 cm od kapilary. Cząsteczki soli 
dozowano na kolektor w trakcie elektroprzędzenia. Następ-
nie wytworzoną membranę płukano w wodzie destylowanej 
w celu usunięcia soli i wygenerowania porów o większej 
średnicy. PCL wykorzystany w badaniach zakupiono  
w Sigma-Aldrich (Mn= 70 000-90 000 g/mol). Chloroform i 
metanol zakupiony został w firmie POCH (Polska). Hydrok-
syapatyt wytworzono w AGH-UST (Kraków, Polska). Średnia 
wielkość cząsteczek HAp wynosiła 23 nm. Jako środek 
porotwórczy wykorzystano chlorek sodu (POCH, Polska; 
wielkość cząstek: 2,5-4,5 µm). W rezultacie otrzymano 
cztery rodzaje nanowłóknistych materiałów:
1. PCL (polikaprolakton 100%);
2. PCL/HAp (polikaprolakton modyfikowany hydroksyapa-
tytem);
3. PCL/P (polikaprolakton o zwiększonej porowatości, 
próbka wytworzona metodą elektroprzędzenia połączoną 
z tradycyjną techniką wypłukiwania dodatków);
4. PCL/HAp/P (polikaprolakton modyfikowany hydroksy-
apatytem o zwiększonej porowatości, próbka wytworzona 
metodą elektroprzędzenia połączoną z tradycyjną techniką 
wypłukiwania dodatków);

Fizyko-chemiczne właściwości wytworzonych materiałów 
(takie jak: mikrostruktura, porowatość oraz właściwości me-
chaniczne) przedstawione zostały w poprzedniej pracy [3]. 

Badania in vitro
Interakcje biomateriał/komórka porównano w hodowli 

pierwotnej ludzkich osteoblastów NHOst (Lonza, Szwajcaria). 
Komórki hodowano w plastikowych butelkach (Nunclon, Dania) 
o pojemności 75 ml w pożywce hodowlanej OGM BulletKit 
(Lonza, USA), składającej się z medium hodowlanego OGM, 
10% surowicy cielęcej FBS oraz 5% roztworu antybiotyków: 
gentamycyny i amfoterycyny-B, w atmosferze 5% CO2 i tem-
peraturze 37°C. Do badań użyto komórki z pasaży od 5-6. 
Zawiesinę komórek uzyskano przez dodanie 5% trypsyny z 
EDTA (Lonza, USA). Po przepłukaniu i odwirowaniu komórki 
doprowadzano do stężenia 2x104 komórek/ml w medium 
różnicującym z dodatkiem czynników różnicujących OGM 
Differentiation SingleQuot Kit (Lonza, USA), po czym 1 ml 
zawiesiny komórek umieszczano w studzienkach 24-dołkowej 
płytki hodowlanej (Nunclon, Dania), zawierających sterylne 
krążki badanych materiałów. Kontrolę pozytywną stanowił 
polistyren dna pustych dołków płytki hodowlanej (TCPS). 
Inkubację komórek NHOst w obecności krążków włókniny o 
modyfikowanym składzie prowadzono przez 3 i 7 dni oraz 7, 14 
i 21 dni (test mineralizacji) w inkubatorze HeraCell (Heraeus, 
Thermo Scientific, Niemcy), w atmosferze 5% CO2 i temperatu-
rze 37°C. Po upływie wyznaczonego czasu komórki rosnące na 
powierzchni próbek poddano testowi przylegania i żywotności. 

materials and methods

Polycaprolactone (PCL) and polycaprolactone/hydroxya-
patite (PCL/HAp) membranes used in the work were formed 
using electrospinning. The manufacturing began with dis-
solving 2.5 g of PCL in 40 ml of 1:1 chloroform/methanol 
solvent mixture at 50°C. In order to obtain PCL/HAp mem-
branes, PCL solution was mixed with 20 wt% of HAp using 
sonicator. The solutions were fed into 10 ml plastic syringe 
fitted with a stainless-steel blunt needle of 0.7 mm in di-
ameter and an injection rate of 1.5 mL/h using an infusion 
pump. A high voltage of 30 kV was applied. The fibres were 
collected on a flat collector wrapped with a piece of baking 
paper sheet which was kept at a distance of 15 cm from the 
needle tip. In order to improve the pore size of electrospun 
nanofibrous scaffold, salt particles were incorporated within 
the poly(ɛ-caprolactone) nanofibrous matrix and then were 
leached out to generate some macropores. PCL used in 
the study was purchased from Sigma-Aldrich (Mn= 70 000-
90 000 g/mol). Chloroform and methanol (POCH, Poland) 
were used as solvents. Hydroxyapatite was produced at the 
AGH-UST (Krakow, Poland). An average size of the HAp 
particles was 23 nm. Fine sodium chloride (POCH, Poland; 
particle size: 2.5-4.5 µm) was used as porogen. As a result 
four types of materials were obtained: 
1. PCL (polycaprolactone 100%);
2. PCL/HAp (hydroxyapatite-modified polycaprolactone);
3. PCL/P (polycaprolactone with increased porosity; the 
sample was produced by electrospinning combined with 
the traditional technique of leaching additives);
4. PCL/HAp/P (hydroxyapatite-modified polycaprolactone; 
the sample was produced by electrospinning combined with 
the traditional technique of leaching additives);

Physico-chemical properties of obtained materials (such 
as microstructure, porosity and mechanical properties) were 
previously described [3].

Cell culture 
Biomaterial/cell interactions were compared in primary 

cultures of human NHOst osteoblasts (Lonza, Switzerland). 
Cells were cultured in plastic bottles (Nunclon, Denmark) in 
the culture medium OGM BulletKit (Lonza, USA), consist-
ing of OGM culture medium, 10% calf serum FBS and 5% 
solution of antibiotics: gentamicin and amphotericin-B, in an 
atmosphere of 5% CO2 and temperature 37°C. The tests 
were conducted on cells from passages 5-6. The cell sus-
pension was obtained by addition of 5% trypsin with EDTA 
(Lonza, USA). After flushing and centrifugation, the cells 
were concentrated to 2 x 104 cells/ml in OGM medium with 
addition of differentiating factors: OGM Differentiation Sin-
gleQuot Kit (Lonza, USA). Next, 1 ml of the cell suspension 
was placed in the wells of a 24-well culture plate (Nunclon,  
Denmark), containing sterile discs of tested materials.  
The polystyrene bottom of empty culture plate wells (TCPS) 
constituted positive control. Incubation of NHOst cells in the 
presence of nonwovens discs lasted for 3 and 7 days and 7, 
14 and 21 days (mineralization test) in a HeraCell incubator 
(Heraeus, Thermo Scientific, Germany), in an atmosphere 
of 5% CO2 at 37°C. 

After the specified time, cells growing on the surface of the 
samples were tested for adhesion and viability. Cell viability 
was determined using ViaLight Assay. Cell enzymic activity 
and mineralization were assessed by alkaline phosphatase 
(ALP) activity assay and by OsteoImage mineralization test 
(Lonza, USA), respectively. Cell morphology was evaluated 
in the optical fluorescence microscope (Olympus, Japan).



��Żywotność komórek oznaczono testem ViaLight® (Lonza, 
USA). Enzymatyczną aktywność komórek oraz postęp mi-
neralizacji oznaczono odpowiednio określając aktywność 
fosfatazy alkalicznej (ALP) oraz mierząc stężenie hydrok-
syapatytów testem OsteoImage (Lonza). Morfologię komó-
rek oceniano w optycznym mikroskopie fluorescencyjnym 
(Olympus, Japonia).

wyniki i dyskusja

Przyleganie komórek do powierzchni jest istotne dla licz-
nych zjawisk, takich jak odpowiedź immunologiczna, gojenie 
i integracja tkanek z biomateriałami. Przylgnięcie, adhezja 
i rozpostarcie komórek należą do pierwszej fazy interakcji, 
jakie zachodzą na styku komórka/biomateriał. Prawidłowy 
przebieg tych procesów wpływa na proliferację i różnicowa-
nie się komórek na powierzchni biomateriałów. Obserwacja 
komórek pod mikroskopem (RYS. 1-2) wykazuje znaczną 
różnicę w morfologii komórek w porównaniu do kontroli. 
Niezależnie od rodzaju włókniny komórki przybierają kształt 
bardziej wydłużony, wrzecionowaty, mają dłuższe i cieńsze 
wypustki, tworzące sieć połączeń. Taki kształt komórek wy-
muszony jest przede wszystkim własnościami powierzchni 
włóknistego podłoża. Stosunkowo niska jakość zdjęć spo-
wodowana jest wchłanianiem fluorescencyjnego barwnika 
przez włókniny i brakiem kontrastu między podłożem a 
komórkami. Na podkreślenie zasługuje fakt, że ze względu 
na porowatość powierzchni sieć połączonych wypustkami 
komórek ma strukturę trójwymiarową. Morfologia komórek 
rosnących na włókninach wskazuje na ich różnicowanie się. 
Za różnicowaniem komórek przemawiają również wartości 
testu OsteoImage, za pomocą którego oceniono postęp 
procesu mineralizacji w hodowli. Dla wszystkich materiałów 
modyfikowanych fosforanami wapnia obserwuje się istotny 
statystycznie przyrost wartości w porównaniu do kontroli, 
mimo mniejszej liczby komórek (RYS. 3). Zastanawiający 
jest spadek stężenia hydroksyapatytu w serii 14 dniowej w 
stosunku do 7-dniowej. Spowodowany jest on prawdopo-
dobnie rozpuszczaniem wyjściowych hydroksyapatytów, 
będących składnikiem niektórych włóknin. O stopniu zróż-
nicowania komórek osteoblastycznych świadczy również, 
aktywność alkalicznej fosfatazy - enzymu będącego mar-
kerem wczesnego różnicowania się osteoblastów (RYS. 4). 
Struktura włóknin istotnie wpływa na żywotność komórek, 
zarówno w 3, jak i w 7 dniu hodowli (RYS. 5). Żywotność 
komórek na biomateriałach jest znacząco niższa w porów-
naniu do kontroli. Należy jednak podkreślić, że powierzchnia 
TCPS jest powierzchnią wyjątkowo sprzyjającą przyleganiu 
i intensywnej proliferacji komórek, natomiast nie wpływa 
ona na ich różnicowanie. Niższa proliferacja komórek na 
badanych włókninach niż na materiale kontrolnym, związana 
jest prawdopodobnie z szybszym róż-
nicowaniem się komórek w obecności 
nanowłóknistych podłoży. Powszech-
nie wiadomo, że proliferacja komórek 
ulega zmniejszeniu kiedy rozpoczyna 
się proces ich różnicowania [6]. Wy-
niki badań in vitro wykazały dobrą 
przyczepność komórek do elektro-
przędzonych materiałów, przy czym 
najlepszą przeżywalność komórek 
zaobserwowano w przypadku nano-
włóknistych podłoży modyfikowanych 
hydroksyapatytem. Biologiczna ocena 
materiałów in vitro wykazała, że ma-
teriały modyfikowane hydroksyapa-
tytem zapewniają wyższą aktywność 
ALP i lepszą mineralizację.

Results and Discussions

Cell adhesion to the surface is important for many phe-
nomena, such as immune response, healing and tissue 
integration with biomaterials. Adherence, adhesion and 
spreading of cells belong to the first phase of the interac-
tions that occur at the cell/biomaterial interface. These 
processes affect the proliferation and differentiation of cells 
on the surface of biomaterials. The microscopic observa-
tion of cells (FIG. 1-2), shows a significant difference in cell 
morphology compared to the control. Regardless of the type 
of nonwoven fabric, the cells assume a more elongated, 
spindle-like shape, have long and slender extensions. 
Such cell shape is primarily forced by surface properties 
of the fibrous scaffold. The relatively low quality of images 
obtained by fluorescent microscopy is caused by the ab-
sorption of the fluorescent dye by the nonwoven fabric and 
the lack of contrast between the scaffold and the cells. It is 
worth emphasising that, due to the porosity of the surface, 
the network of cells connected by cytoplasmic extensions 
has a three-dimensional structure. The shape of the cells 
growing on nonwoven fabric indicates probably the differ-
entiation of the cells. Cell differentiation is also shown in 
the OsteoImage test values, through which the progress 
of mineralization is assessed. For all materials modified 
with calcium phosphates, statistically significant increase 
in values is observed as compared to the control, despite 
a smaller number of cells (FIG. 3). Striking is the decrease 
in the concentration of hydroxyapatite in the 14-day series 
compared to the 7-day series. It is probably due to dissolu-
tion of the initial hydroxyapatite, which is a component of 
some fabrics. The degree of cell differentiation is also shown 
by the activity of alkaline phosphatase - marker enzyme of 
osteoblast early differentiation (FIG. 4). Nonwoven fabric 
structure significantly affects cell viability, both on the 3rd 
and on the 7th day of the culture (FIG. 5). Results of viability 
tests of cells growing on biomaterials are significantly lower 
compared to the control. It should be noted, however, that 
the TCPS surface is a surface extremely favorable to adhe-
sion and intense proliferation of cells, but it does not affect 
their differentiation. Electrospun samples evoked faster cell 
differentiation, therefore the cell proliferation on the control 
material was much higher than on investigated samples.  
It is known that cell proliferation decreases when cells reach 
confluence and initiate their differentiation process [6].  
The results of in vitro studies showed that cells attached 
well to electrospun samples, and the highest cells viability 
was observed in the case of HAp modified nonwoven fab-
rics. In vitro biological evaluation showed that the presence 
of HAp particles offered higher activity of ALP and better 
mineralization.

RYS. 1. morfologia komórek NHOst hodowanych przez 7 dni na powierzchni 
kontrolnej TCPS (a) pow. obiektywu 10x, (b) pow. obiektywu 20x.
FIg. 1. morphology of NHOst cell cultured for 7 days on the surface of on the 
TCPS control surface (a) org. magnification 10x, (b) org. magnification 20x. 
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RYS. 2. morfologia komórek NHOst hodowanych przez 7 dni na powierzchni elektroprzę-
dzonych materiałów (pow. obiektywu 10x): (a) PCL, (b) PCL/HAp, (c) PCL/P, (d) PCL/HAp/P. 
FIg. 2. morphology of NHOst cell cultured for 7 days on the surface of electrospun materi-
als (magnified 10x): (a) PCL, (b) PCL/HAp, (c) PCL/P, (d) PCL/HAp/P.

RYS. 3. Postęp mineralizacji mierzony stężeniem 
hydroksyapatytów w 7, 14 i 21 dniu hodowli ko-
mórek NHOst na powierzchni kontrolnej TCPS 
(k) oraz na powierzchni krążków włókniny. FRUs 
– względne jednostki fluorescencji. Różnice 
istotne statystycznie w stosunku do kontroli (wg 
testu T-Tukeya dla p<0.05) wykazują materiały 
PCL/HAp oraz PCL/HAp/P.
FIg. 3. mineralization progress measured by the 
concentration of hydroxyapatites on the 7th, 14th 
and 21st day of NHOst cell culture on the TCPS 
control surface (k) and on the surface of the 
nonwoven discs. RFUs – relative fluorescence 
units. Statistically significant differences com-
pared to the control (according to the Tukey’s 
t-test for p<0.05) are exhibited by materials 
PCL/HAp and PCL/HAp/P.

RYS. 4. Aktywność fosfatazy alkalicznej w 7 i 14 
dniu hodowli komórek NHOst na powierzchni 
kontrolnej TCPS (k) oraz na powierzchni krąż-
ków włókniny. 
FIg. 4. Alkaline phosphatase activity on the 7th 
and 14th day of NHOst cell culture on the TCPS 
control surface (k) and on the surface of the 
nonwoven discs. 
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wnioski

Naprawa ubytków kostnych wymaga biokompatybil-
nego podłoża umożliwiającego przyleganie, proliferację 
i różnicowanie się komórek tkanki kostnej. W badaniach 
biologicznych modyfikowanych włóknin z polikaprolaktonu 
udowodniono, że stanowią one podłoże o własnościach  
korzystnych dla rekonstrukcji tkanki kostnej. Dzięki prze-
strzennej strukturze włóknin, umożliwiającej dyfuzję skład-
ników odżywczych i gazów w głąb podłoża, hodowla osteo-
blastów tworzy trójwymiarową sieć połączonych wypustkami 
komórek. W porównaniu z dwuwymiarowym podłożem 
kontrolnym tempo proliferacji komórek jest słabsze, co jed-
nak jest spowodowane głównie korzystnym efektem różni-
cowania się komórek. O różnicowaniu się komórek świadczy 
ich morfologia, aktywność enzymu - fosfatazy alkalicznej  
i wytwarzanie hydroksyapatytów, będących istotnym skład-
nikiem substancji międzykomórkowej kości.
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Conclusions

Repair of bone loss requires a biocompatible surface al-
lowing the adhesion, proliferation and differentiation of bone 
cells. In biological studies of modified PCL nonwoven fabrics 
it was proven that they are a substrate with advantageous 
properties for the reconstruction of bone tissue. Due to the 
spatial structure of fabrics, allowing diffusion of nutrients 
and gases into the substrate, osteoblast cultures create a 
three-dimensional network of cells. In comparison with the 
two-dimensional control substrate, the cell proliferation rate 
is lower, but this is mainly due to favourable effect of cell 
differentiation. The differentiation of cells is demonstrated 
in their morphology, activity of the enzyme - alkaline phos-
phatase, and the production of hydroxyapatites, which are an 
essential component of intercellular bone material matrix.
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RYS. 5. Żywotność komórek NHOst oznaczo-
na testem vialight w 3 i 7 dniu hodowli na 
powierzchni kontrolnej TCPS (k) oraz na po-
wierzchniach krążków włókniny. Różnice istotne 
statystycznie między kontrolą a wszystkimi 
badanymi materiałami wg testu T-Tukeya dla 
p<0.05. Rysunek przedstawia żywotność komó-
rek w wartościach względnych luminescencji 
RLUs (Relative Luminescence Units).
FIg. 5. NHOst cell viability indicated using the 
vialight test on the 3rd and 7th day of the culture 
on the TCPS control surface (k) and the surfac-
es of nonwoven fabric discs. Statistically signifi-
cant differences between the control group and 
all the materials examined according to Tukey’s 
t-test for p<0.05. The figure shows cell viability 
in relative luminescence units (RLUs).

Piśmiennictwo
[1] Chatterjee K., Lin-Gibson S., Wallace W.E., Parekh S.H., 
Lee Y.J. Cicerone M.T., Young M.F., Simon C.G.: The effect of 
3D hydrogel scaffold modulus on osteoblast differentiation and 
mineralization revealed by combinatorial screening. Biomaterials 
31 (2010) 5051-5062.
[2] Rnjak-Kovacina J., Wise S.G., Li Z., Maitz P.H.M., Young C.J., 
Wang Y., Weiss A.S.: Tailoring the porosity and pore size of 
electrospun synthetic human elastin scaffolds for dermal tissue 
engineering. Biomaterials 32(28) (2011) 6729-6736. 
[3] Rajzer I.: Evaluation of PCL and PCL/HAp scaffolds processed 
by electrospinning and porogen leaching techniques. Engineeing 
of Biomaterials 103 (2011) 4-7.

                         References
[4] Sravanthi R.: Preparation and characterization of poly (ε-capro-
lactone) PCL scaffolds for tissue engineering applications. National 
Institute of Technology Rourkela (ORISSA). Thesis (2009).
[5] Fabbri P., Bondioli F., Messori M., Bartoli C., Dinucci D., Chiellini F.: 
Porous scaffolds of polycaprolactone reinforced with in situ genera-
ted hydroxyapatite for bone tissue engineering. Journal of Materials 
Science: Materials in Medicine 21 (2010) 343-351.
[6] Owen T.A., Aronow M., Shalhoub V., Barone L.M., Wilming L., 
Tassinari M.S.: Progressive development of the rat osteoblast 
phenotype in vitro: reciprocal relationships in expression of genes 
associated with osteoblast proliferation and differentiation during 
formation of the bone extracellular matrix. Journal of Cell Physiology 
143 (1990) 420-30.



STUDIA PODYPLOmOwE 
Biomateriały – materiały dla medycyny

2012/2013 

Organizator: 
Akademia Górniczo-Hutnicza
im. Stanisława Staszica w Krakowie
Wydział Inżynierii Materiałowej i Ceramiki 
Katedra Biomateriałów

kierownik: 
Dr hab. inż. Elżbieta Pamuła, prof. AGH

Adres:
30-059 Kraków, Al. Mickiewicza 30
Pawilon A3, p. 108 lub 107
tel. 12 617 44 48, 12 617 34 41; fax. 12 617 33 71
email: epamula@agh.edu.pl; stodolak@agh.edu.pl; 
krok@agh.edu.pl  
http://www.agh.edu.pl/pl/studia/studia-podyplomowe/
biomaterialy-materialy-dla-medycyny.html  

Charakterystyka: 
Tematyka prezentowana w trakcie zajęć obejmuje przegląd wszystkich grup materiałów dla zastosowań 
medycznych: metalicznych, ceramicznych, polimerowych, węglowych i kompozytowych. Studenci zapoznają 
się z metodami projektowania i wytwarzania biomateriałów, a następnie możliwościami analizy ich właściwo-
ści mechanicznych, właściwości fizykochemicznych (laboratoria z metod badań: elektronowa mikroskopia 
skaningowa, mikroskopia sił atomowych, spektroskopia w podczerwieni, badania energii powierzchniowej i 
zwilżalności) i właściwości biologicznych (badania: in vitro i in vivo). Omawiane są regulacje prawne i aspek-
ty etyczne związane z badaniami na zwierzętach i badaniami klinicznymi (norma EU ISO 10993). Studenci 
zapoznają się z najnowszymi osiągnięciami medycyny regeneracyjnej i inżynierii tkankowej.

Sylwetka absolwenta:
Studia adresowane są do absolwentów uczelni technicznych (inżynieria materiałowa, technologia chemicz-
na), przyrodniczych (chemia, biologia, biotechnologia), a także medycznych, stomatologicznych, farmaceu-
tycznych i weterynaryjnych, pragnących zdobyć, poszerzyć i ugruntować wiedzę z zakresu inżynierii bioma-
teriałów i nowoczesnych materiałów dla medycyny. 
Słuchacze zdobywają i/lub pogłębiają wiedzę z zakresu inżynierii biomateriałów. Po zakończeniu studiów wy-
kazują się znajomością budowy, właściwości i sposobu otrzymywania materiałów przeznaczonych dla medy-
cyny. Potrafią analizować wyniki badań i przekładać je na zachowanie się biomateriału w warunkach żywego 
organizmu. Ponadto słuchacze wprowadzani są w zagadnienia dotyczące wymagań normowych, etycznych 
i prawnych niezbędnych do wprowadzenia nowego materiału na rynek. Ukończenie studiów pozwala na na-
bycie umiejętności przygotowywania wniosków do Komisji Etycznych i doboru metod badawczych w zakresie 
analizy biozgodności materiałów.

Zasady naboru:
Termin zgłoszeń: od 20.09.2012 do 20.10.2012 (liczba miejsc ograniczona - decyduje kolejność zgłoszeń)
Wymagane dokumenty: dyplom ukończenia szkoły wyższej
Miejsce zgłoszeń: Kraków, Al. Mickiewicza 30, Pawilon A3, p. 108, 107 lub 501
Osoby przyjmujące zgłoszenia: 
Dr hab. inż. Elżbieta Pamuła, prof. AGH (tel. 12 617 44 48, e-mail: epamula@agh.edu.pl)
Dr inż. Ewa Stodolak (tel. 12 617 34 41, e-mail: stodolak@agh.edu.pl)
Mgr inż. Małgorzata Krok (tel. 12 617 44 48, e-mail: krok@agh.edu.pl)  

Czas trwania: 
2 semestry (od XI 2012 r. do VI 2013 r.)

Opłaty: 
2 600  zł

Informacje dodatkowe:
Zajęcia: 8 zjazdów (soboty-niedziele) 1 raz w miesiącu. 
Przewidywana liczba godzin: 160. 


