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ABSTRACT: Biodegradable aliphatic polyesters have numerous biomedical applications and their capacity to degrade in biological

fluids provides the significant advantage of their removal. Three glycolide-containing aliphatic polyesters: a copolymer of glyco-

lide and L-lactide (PGLA), a terpolymer of glycolide, L-lactide and e-caprolactone (PGLCap) and a copolymer of glycolide, and

e-caprolactone (PGCap) were tested to evaluate their biocompatibility towards osteoblasts and fibroblasts. Each of the polymer

units was previously reported to have acceptable biological properties and good biodegradability, and PGLA is already used for

biomedical applications. Here we report that both PGLCap and PGCap affected cell adherence, and compromised cell viability

as estimated by flow cytometric analyses of apoptotic and necrotic cells. The two polymers enhanced also production of numer-

ous inflammation-related factors: nitric oxide, matrix metalloproteinases (MMP-2 and MMP-9), and cytokines, including pro-

inflammatory TNF-a, IL-1b, IL-6, and chemokines (IL-8 or MCP-1) attracting leukocytes. The effects of PGLCap and PGCap

were similar despite the fact that they possess different characteristics: amorphous/smooth surface and semicristalline/rough sur-

face, respectively. However, their common feature, distinctive from PGLA, is a presence of e-caprolactone units in their structure.

This compound is considered to be acceptably biocompatible but our data suggest that its copolymerization with glycolide and

L-lactide does not provide satisfactory biocompatibility towards osteoblasts and fibroblasts. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Age or injury-dependent tissue loss requires implant materials

to fill the gap. One of the most affected tissues, which func-

tioning must be regained in such situations for normal limb

performance is the bone. One possibility is an autogenous

bone grafting when a bone fragments are translocated within

the body of a patient.1,2 However, this is not always possible

and a degree of complication can reach up to 30%.3 Alterna-

tively, synthetic bone scaffolds can be used but their grafting

is not meant to permanently replace the bone, instead the

biomaterials are intended to provide temporary structural

three-dimensional (3D) support for tissues, and foremost to

stimulate natural bone growth.3 This demands certain charac-

teristics of the implants such as good mechanical properties

but the materials should also fulfill physico–biological

requirements: be porous to allow for bone tissue ingrowth,

biodegrade with time, and not be toxic for the body cells

(biocompatible).4

Among several types of polymeric biomaterials that were pro-

duced and tested till now polyesters are probably the most com-

mon and they also include biodegradable aliphatic (linear) poly-

esters.5–7 For example, the widely known aliphatic polyester,

namely poly-glycolide was used to develop the first synthetic

absorbable suture, which entered the medical market in 1962

under the trade name Dexon.5 In our studies, we synthesized

three glycolide-based materials i.e., a copolymer of glycolide and

L-lactide (PGLA) (15/85; PGLA), a terpolymer of glycolide,

L-lactide and e-caprolactone (10/70/20; PGLCap), and a copoly-

mer of glycolide and e-caprolactone (10/90; PGCap).8,9 Each of

their components was tested before and was shown to possess

VC 2012 Wiley Periodicals, Inc.
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acceptable biodegradability and biocompatibility.3,5 Poly(L-lac-

tide) is derived from the ring-opening polymerization of

L-lactide (cyclic di-ester of 2-hydroxypropionic acid) and is one

of the most commonly tested and used components of polymers

while glycolide is a thermoplastic polymer and the simplest of

aliphatic polyesters.5 Polymers issued from L-lactide and glyco-

lide are used worldwide as bioresorbable devices in surgery and

in pharmacology.10 The last component, e-caprolactone, is a

semicrystalline polymer having a very low glass transition

temperature.11

We synthesized PGLA, PGLCap, and PGCap and described pre-

viously in detail their physicochemical characteristics8,9,12 but

our current aim was to test their mechanical properties and bio-

compatibility towards cells, which would be in their closest

proximity upon in vivo implantation. These include the bone

cells–osteoblasts, and fibroblast, one of the most abounded cells

in the body. There are three major cell populations of the bone:

osteoblasts, osteocytes, and osteoclasts.13 Extracellular matrix

(ECM)-producing osteoblasts originate from mesenchymal stem

cells and subsequently differentiate into osteocytes, the cells

located within the bone matrix, composing majority of the

cells in the adult bone.13 To maintain bone homeostasis, a part

from the above bone forming cells, there are also bone resorb-

ing osteoclasts originating from a monocyte/macrophage

precursor.14

Fibroblasts are a class of cells sharing surface similarities with

regard to their morphologies and biosynthetic activities. There

are multiple subsets/phenotypic types of fibroblasts because of

connective tissue specialization and anatomical localization.15

Moreover, fibroblast-like cells of mesenchymal origin were iden-

tified among circulating mononuclear blood cells and termed

fibrocytes.16 The ECM molecules synthesized by fibroblasts

form stroma but the role of fibroblasts extends their structural

functions as they participate in the initiation of the body

response to injury or foreign body incursion. Additionally,

fibroblasts participate in this process by proliferating within

injured sites contributing to scar formation and the long-term

remodeling of damaged tissue.17

The aim of the current study was to evaluate effects of the three

polymers composed of a common pool of monomeric units

(glycolide, L-lactide, and e-caprolactone) in different configura-

tions on two different types of cells—the bone forming osteo-

blasts and the ECM forming fibroblasts. Building these mono-

meric units into larger macromolecular frameworks might

provide further control over polymer characteristics and launch

new applications. A PGLA was previously tested for its biocom-

patibility on different types of cells and in most cases it was

found to have satisfactory tolerability (e.g., as given in Ref. 18).

Thus, our main aim was to test if its modifications, PGLCap

and PGCap would have improved properties in comparison to

PGLA.

For this we evaluated the cell adhesion/proliferation to material

surface, activation of free radical nitric oxide synthesis, produc-

tion of pro-inflammatory mediators: cytokines (pro-inflamma-

tory TNF-a, IL-1b, IFN-c, IL-6, IL-12p70, and anti-inflamma-

tory IL-10), chemokines (IL-8 or MCP-1), and matrix

metalloproteinases (MMP-2 and MMP-9) degrading ECM. Our

results revealed that the least cytotoxic and significantly biocom-

patible turned out to be a PGLA while PGLCap (a terpolymer

of glycolide, L-lactide, and e-caprolactone) and PGCap (a copol-

ymer of glycolide and e-caprolactone) activated both fibroblasts

and osteoblasts in a proinflammatory manner and significantly

up-regulated a rate of their apoptotic death.

EXPERIMENTAL

Synthesis, Processing, and Characterization of Polymers

A PGLA (15 : 85), a terpolymer of glycolide, L-lactide, and e-cap-
rolactone (PGLCap 10 : 70 : 20), and a copolymer of glycolide,

and e-caprolactone (PGCap, 10 : 90) were synthesized with a

low-toxic zirconium (IV) acetylacetonate (Zr(acac)4) as an initia-

tor. Chemical structure of the polymers is presented in Figure 1.

Synthesis of the polymers was previously described in detail.8,12

Briefly, it was performed in bulk by ring opening polymerization

of corresponding cyclic monomers, e.g., L-lactide (Purasorb L,

Purac, The Netherlands), glycolide (Purasorb G, Purac, The

Netherlands), or e-caprolactone (Fluka, Germany) in the presence

of the Zr(acac)4 initiator (Sigma-Aldrich, Germany)—at a molar

ratio of 1.25 � 10�3 at 100�C by a conventional method using a

vacuum line for degassing and sealing of the ampoules.

The foils were cast from 10% (w/v) polymer solution in methyl-

ene chloride (POCh, Gliwice, Poland) on glass petri dishes, fol-

lowed by air drying for 24 h and vacuum drying for the next

72 h. Then, the foils were rinsed with ultra high purity water

(UHQ-water of the resistivity of 18.2 MXcm, produced by

Purelab UHQ, Elga, UK) for 12 h. UHQ-water was exchanged

for six times. Afterwards, the foils were air and vacuum dried

for 24 and 72 h, respectively. The resulting foils had a thickness

of 0.18 mm. For all experiments the bottom surface of the foils,

e.g., contacting glass during preparation process was used.

Tensile testing of the polymeric foils was conducted with uni-

versal testing machine (Zwick 1435, Germany). The test speed

Figure 1. Chemical structure of (A) poly(glycolide-co-L-lactide) (PGLA),

(B) poly(glycolide-co-L-lactide-co-e-caprolactone) (PGLCap), and (C) pol-

y(glycolide-co-e-caprolactone) (PGCap).
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was 100 mm/min with 0.1N preload, specimen length of 40

mm, and specimen width of 5 mm. Six samples originating

from each type of the polymeric foils were tested.

The detailed characteristics of the materials were published pre-

viously and can be found in Ref. 8. They included: composition

of copolymers, molecular weights, thermal properties [glass-

transition temperature (Tg), and melting temperature (Tm)],

surface chemical composition, contact angles, surface free ener-

gies (SFEs), as well as topography, and average roughness (Ra)

evaluations by atomic force microscopy.

Cell Cultures

The murine fibroblast L-929 and human osteoblast MG-63 cell

lines were used in the studies. The cells were cultured in 75 mL

plastic bottles (Nunc, Denmark) in DMEM culture medium

enriched with glucose, L-Glutamine (PAA, Austria), 10% fetal

bovine serum (PAA, Austria) and 5% antibiotic solution con-

taining penicillin 10 UI/mL and streptomycin 10 gg/mL (PAA,

Austria). The cells were cultured in the incubator (Nuaire, MN)

at 37�C and 5% of CO2. Every 2–3 days, when the cells were

forming high confluence monolayers, the cell cultures were pas-

saged by trypsinization (0.25% solution of trypsin; Sigma-

Aldrich, Germany).

In Vitro Cell-Biomaterial Studies

For cell culture studies the polymeric foils were washed in 70%

ethanol, sterilized with UV irradiation (45 min for each side)

and placed at the bottom of 24-well dishes (Nunc, Denmark).

The cells that were harvested after 7–10 passages were counted

in Bürker’s hemocytometer, diluted to 3 � 104 cell/mL, and

placed in the wells of 24-well culture dishes (Nunc, Denmark)

containing discs of the tested biomaterials. A PGLA was used as

a control material (CTR). However, in some studies we also

used TCPS (tissue culture polystyrene) as a control for PGLA

biocompatibility (Figure 3). In such conditions the cells were

cultured for 3 or 5 days. Subsequently, morphology of cells

adhering to the polymeric foils was observed under an inverted

microscope (Jenamed, Germany) and it was further verified by

the crystal violet (CV) staining test. Alternatively, the ratio of

apoptotic and/or necrotic, cells was estimated. The supernatants

were collected and frozen at �20�C prior to further analyze the

inflammatory mediator content.

Cell Adherence and Proliferation

The ability of the cells to adhere to polymeric surfaces was

tested using the CV test. The cells adhering to the foils or CTR

were fixed with 2% paraformaldehyde for 1 h, and then stained

with CV (CV 0.5% in 20% methanol for 5 min). After that

time wells were washed with water and their content was trans-

ferred to a new 24-well culture plate. After drying, the absorbed

dye was extracted by addition of 1 mL of 100% methanol

(POCh, Gliwice, Poland). The optical density (OD) was meas-

ured at 570 nm with the Expert Plus spectrophotometer (Asys

Hitach, Austria). Since, the polymers absorb some CV, addi-

tional controls containing polymeric foils, and cell-free medium

were run. The OD results from these controls were subtracted

from the experimental data.

Cell Apoptosis and Necrosis

Apoptotic cells were identified quantitatively by Annexin V-PE

Apotosis Detection Kit I (BD Pharmingen, CA) that enables cell

staining with Annexin V and 7-Amino-actinomycin (7-AAD).

Annexin V binds to phosphatidylserine exposed on the outer

leaflet of the plasma membrane of apoptotically dying cells,

while 7-AAD is a vital dye that enters any dead cells. The cells

detached by trypsinization from polymers were stained with the

kit according to the established protocol.8,19 Briefly, the cells

were washed twice with cold PBS and resuspended in binding

buffer (0.1M HEPES/NaOH (pH 7.4), 1.4M NaCl, 25 mM

CaCl2). Then 2.5 lL of Annexin V-PE and 2.5 lL of 7-AAD

was added to the cells (105 cells/100 lL binding buffer) and

incubated for 15 min at room temperature in the dark. Meas-

urements were performed by a flow cytometer using CellQuest

software (FACS Caliber; Becton Dickinson). The Annexin V-PE

signal was measured in FL-2 and the 7-AAD in FL-3 channels.

Dying cells were distinguished on the basis of the FL-2/FL-3 sig-

nals: early apoptotic Annexin Vþ/7-AAD�; late apoptotic

Annexin Vþ/7-AADþ; necrotic cells Annexin V�/7-AADþ; alive
cells Annexin V�/7-AAD�.

Inflammatory Mediator Synthesis/Release

Determination of Nitrite/Nitrate. The total amount of NO

(NO2
� and NO3

�) was measured as described previously.20

Briefly, nitrate was reduced to nitrite by addition of nitrate re-

ductase, FAD, and NADPH (all from Sigma-Aldrich, Germany)

and then NADPH was oxidized by lactate dehydrogenase in

presence of sodium pyruvate (both are from Sigma-Aldrich,

Germany). Finally, nitrite concentration in the samples was

measured by the Griess reaction, by adding Griess reagents

(0.1% naphthalethylenediamine dihydrochloride in H2O and

1% sulphanilamide in 5% concentrated H3PO4; 1 : 1 vol/vol) in

a ratio 1 : 1 to samples and standards. Sodium nitrite solution

was used as an internal control for the Griess assay and NaNO3

(both from Sigma-Aldrich, Germany) as controls for reduction

step. The NO levels were measured at 540 nm with a Expert

Plus spectrophotometer (Asys Hitech, Eugendorf, Austria).

Determination of Protein Concentration. Protein concentra-

tion in the supernatants collected from cell cultures was meas-

ured by the colorimetric BCA method. A mixture of copper (II)

sulfate solution (CS, Sigma-Aldrich, Germany) and bicincho-

ninic acid solution (BCA; Sigma, Germany) in ratio 1 : 50 was

firstly prepared. Subsequently, 10 lL of each tested sample was

transferred to wells of a 96-well plate and then 200 lL of the

CS/BCA mixture was added. The plates were incubated for 30

min in the dark. The OD was measured at 570 nm with Expert

Plus spectrophotometer (Asys Hitach, Austria).

MMP-9 and MMP-2 Gelatinolytic Activity: Gelatin

Zymography. Zymography was performed as described earlier.21

Briefly, samples of supernatant were normalized for protein

concentration. Then the exudates were electrophoresed in 10%

SDS-polyacrylamide gels, containing 1% porcine gelatin,

(Sigma-Aldrich, Germany) with nonreducing conditions. The

gels were washed twice in 2.5% Triton X-100 (15 min each) and

developed overnight at 37�C in incubation buffer (50 mM Tris-

HCl, pH 8.0, 5 mM CaCl2, 0.02% NaN3, 1 lM ZnCl2). The gels
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were fixed and stained with 0.5% Coomassie brilliant blue

(Sigma-Aldrich, Germany) in acetic acid/isopropanol/distilled

water 1 : 3 : 6, and then washed in equilibrating solution with

40% methanol, 10% acetic acid, and 3% glycerol (all from

Sigma-Aldrich, Germany). Protein bands with gelatinolytic ac-

tivity appeared as clear lysis zones within the blue background

of the gelatin gel. The degradation of gelatin was visualized

under long wave UV light. A prestained broad range molecular

weight standard (Bio-Rad, CA) was used. Densitometric analysis

of protein bands was performed through use of the UVISoft-

UVIMap program (UVItec, UK).

Determination of Cytokines/Chemokines by Cytometric Bead

Array (CBA). Cytometric Bead Array sets (Mouse Inflamma-

tion Kit and Human Inflammatory Cytokines Kit, CBA; BD

Biosciences, CA) were used to study cytokines and chemokines

in supernatants as described earlier.20 A mouse inflammation

kit simultaneously detects mouse IL-6, IL-10, MCP-1, IFN-c,
TNF-a, and IL-12p70 and the human kit IL-8, IL-1b, IL-6, IL-
10, TNF-a, IL-12p70. Both kits were used according to the

manufacturer’s instructions. Briefly, a mixture of six capture

bead populations (50 lL) with distinct fluorescence intensities

(detected in FL3) coated with antibodies specific for the above

cytokines/chemokines was mixed with each sample/standard (50

lL). Additionally, PE-conjugated detection antibodies (detected

in FL-2; 50 lL) were added to form sandwich complexes. After

3 h incubation (Human Inflammatory Cytokines Kit, CBA; BD

Biosciences ) or 2 h incubation (Mouse Inflammation Kit CBA;

BD Biosciences) in dark the samples were washed once (200 g,

5 min) and resuspended in 300 lL of wash buffer before acqui-

sition on a FACScan cytometer (FACSCalibur flow cytometer,

Becton Dickinson, NJ). Following acquisition of data by two-

color cytometric analysis, the sample results were analyzed using

CBA software (BD Biosciences). Standard curves were generated

for each cytokine using the mixed cytokine/chemokine standard

provided by the kit. The concentration for each cytokine in cell

supernatants was determined by interpolation from the corre-

sponding standard curve.

Statistical Analysis

Results are expressed as mean 6 SE. Statistical significance was

determined by one way analysis of variance (ANOVA) followed

by a post hoc T-Tukey test and the differences were regarded as

significant at P < 0.05. At the beginning of each experiment the

cell numbers were the same (3 � 104/mL) in each well. How-

ever, upon incubation of cells with some of the tested polymers

their numbers significantly changed in time and this is reflected

by changes in numbers of adhering/proliferating cells [Figure

4(A,B)] as fibroblasts and osteoblasts must adhere in order to

survive.22 Therefore, the levels of released inflammatory media-

tors might be a direct consequence of changes in the cell num-

bers, thus all data were recalculated to cell adherence results

(parameter/cell adherence). On the figures the letter-code is

used to show statistically significant differences according to

ANOVA. The letters (a, b, c etc.) present the symbolic way to

express statistical significance and are randomly chosen. The let-

ter-code should be understood as follow: the values that are sig-

nificantly different according to ANOVA are marked with differ-

ent letters (e.g., ‘‘a’’ and ‘‘b’’) while the values sharing the same

letter (e.g., ‘‘a’’ and ‘‘ab’’, ‘‘a’’ and ‘‘a’’) are similar i.e., not statisti-

cally different. Differences between day 3 and 5 were estimated

by the student t-test were P < 0.05.

RESULTS AND DISCUSSION

Significant advantages have been made in the development,

characteristics, and testing of biodegradable polymers in the

past three decades. As the result, the polymers were designated

as preferred biomaterials for developing devices for temporary

implants, 3D porous structures (scaffolds) for tissue engineering

but also drug delivery vehicles.23 The biodegradable polymers

were shown not only to provide 3D frame for cell growth and

ECM formation but also offer a wide range of physical proper-

ties and degradation rates that make them suitable as biocom-

patible and noncytotoxic biomaterials.24

Physico-Chemical and Mechanical Characteristics of the

Tested Polymers

The polymers used in our studies are composed of either two

or three homopolymer units of L-lactide, glycolide, and e-capro-
lactone. Poly-L-lactide is a naturally occurring crystalline (�37%

of crystallinity) isomer of the lactic acid with a glass transition

temperature of 60–65�C and a melting temperature of �175�C,
and with a good tensile strength, low extension, and a high

modulus (4.8 GPa).25 Moreover, poly(L-lactide) is a slowly

degrading polymer (2–6.5 years in vivo), which degradation

occurs through the bulk erosion into lactic acid, a natural

metabolite, via the Krebs cycle.25,26

Poly-glycolide is a highly crystalline polymer (44–55% of crys-

tallinity) thus with a high tensile modulus leading to excellent

fiber forming ability but very low solubility in organic sol-

vents.23 Its glass transition temperature ranges from 35 to 40�C
and a melting temperature is greater than 200�C. The high crys-

tallinity assures its good initial mechanical qualities, e.g., it is

stiffer than any other degradable biomedical polymer and has a

modulus of �12.5 GPa.27 Similarly to poly(L-lactide), poly-gly-

colide is a bulk degrading polymer but its degradation (to gly-

colic acid removed via the Krebs cycle) is much quicker: the

polymer losses its strength in 1–2 months and its mass within

6–12 months.23 Therefore, together with its poor solubility the

above features somehow limit its biomedical application. How-

ever, copolymers of glycolide and L-lactide might overcome the

problems. In fact, PGLA has already been tested in multiple sys-

tems and it was shown that in the composition rate of 85/15

(the same as used in our studies) the polymer’s rate of degrada-

tion is 5–6 months.25

In contrast to the above polymers, poly-e-caprolactone is a

semicrystalline polyester, soluble in a wide range of organic sol-

vents, with a low melting point (55–60�C) and a glass-transition

temperature (�60�C).23 Poly-e-caprolactone has a low tensile

strength (�23 MPa) but an extremely high elongation at break-

age (�700%).28 Its degradation is rather slow and takes about

2–3 years and for this is rather used as a drug delivery vehicle.

Each of the homopolymers possesses unique valuable character-

istics as well as disadvantages. This led us to synthesize their co-

and terpolymers, which detailed physical, chemical, and surface

properties are described elsewhere.8,9 Briefly, although the
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polymers have different chemical structure (Figure 1) they have

similar number-average molecular weight (PGLA: 105 kDa,

PGCap: 78 kDa, and PGLCap: 91 kDa) and polydispersion index

(1.9–2.1). PGLA and PGLCap turned out to be amorphous with

glass transition temperatures (Tg) at 57.7�C and 29.0�C, respec-
tively. On the other hand, PGCap is semicrystalline with Tg ¼ -

60�C and Tm ¼ 54.0�C. Analysis of surface composition revealed

that the highest molar ratio of oxygen to carbon was detected on

PGLA (0.72) and PGLCap (0.61), while the lowest on PGCap

(0.37). It corresponds with the values of surface free-energy and

water contact angle: PGCap has the lowest polar part of surface

free energy (1.8 mJ/m2) and the highest water contact angle

(81.5�) among all polymers used in this experiment. The atomic

force microscopy evaluations revealed that the apparently amor-

phous polymers (PGLA and PGLCap) are quite smooth with the

average roughness Ra �10 nm, while semicrystalline PGCap is

more rough (Ra �100 nm) and more textured.8,9

In this study, mechanical properties of the polymeric foils in

tensile test were evaluated. The results show that PGLA foil has

the best mechanical properties, the highest strength, and

Young’s modulus, but the lowest elongation at break (Table I).

Strength–strain curve shows that PLGA is an elastic-brittle ma-

terial (Figure 2). PGLCap, because of its lower Tg, has visco-

elastic properties and its elongation at break is very high (up to

300%); it has also much lower tensile strength and Young’s

modulus as compared to PGLA (Figure 2, Table I). PGCap has

the lowest strength and Young’s modulus and intermediate elon-

gation at break, which result from presence in its structure of

both amorphous and crystalline regions.

Biological Impact of the Tested Polymers

Among the three polymers tested by us, PGLA biocompatibility

was examined previously in numerous studies. In general PGLA

is considered as a noncytotoxic and low-immunogenic polymer

(for details see Refs. 18, 29, and 30). However, we wanted to

confirm the biocompatibility of PGLA in our system and for

this we performed analyses comparing all tested parameters

between PGLA and TCPS (tissue culture polystyrene) that is a

standard and most commonly used in vitro cell culture surface

(representative results are shown in Figure 3). The data clearly

show that all the parameters, but one, were either unaltered

(e.g., TNF-a and MMP-9 levels on day 3) or even improved

(e.g., better adhesion/increased proliferation, and chemokine

release by either cell population) in the presence of PGLA (Fig-

ure 3). The only parameter that was affected by this polymer

was a ratio of apoptosis as more osteoblasts and fibroblasts

were entering the apoptotic pathway (early apoptosis) (Figure

3); however, at the same time the numbers of necrotic cells

were not increased (not shown). This suggests that PGLA does

not significantly activate the cells since production/release of

proinflammatory mediators is not enhanced. And thus, the

main aim of the current study was to test if PGLA modifica-

tions, PGLCap, and PGCap would have improved biological

properties as compared to PGLA.

The first tested parameter was cell adhesion/proliferation

because it is an important aspect of cell interaction with a poly-

meric material and the implant must integrate into the adjacent

tissue(s).22 Moreover, the adhesion of anchorage-dependent cells

such as osteoblasts and fibroblasts, is a prerequisite for the sub-

sequent successful proliferation of cells. There are two major

phases of cell adhesion to the biomaterial surface (i) the attach-

ment phase that is short-term and involves physico–chemical

bonds (e.g., ionic and van der Walls forces), and (ii) the adhe-

sion phase, longer, that requires biological molecules: ECM ele-

ments, and adhesion and cytoskeleton molecules etc.22 In our

studies, we observed that the presence of PGLCap and PGCap

very strongly limited cell (osteoblasts and fibroblasts) adher-

ence/proliferation in comparison to PGLA on either day of

incubation [Figure 4(A,B)]. Evaluation of the cause of the inad-

equate cell adherence to any biomaterial is challenging as it is

difficult to assess empirically, which comes first, the inappropri-

ate cell attachment that leads to cell mortality or the lack of

attachment results from cell death. However, in the case of

PGCap we also detected higher ratio of osteoblast apoptosis on

day 5 of culture [Figure 4(C)]. In contrast, PGLCap had only

minor effect of fibroblast apoptosis [more ‘‘late’’ than ‘‘early’’ ap-

optotic cells were detected on day 5; Figure 4(D)], though the

polymer increased numbers of necrotic cells on day 3 [Figure

4(H)]. Therefore, both PGCap and PGLCap, showed some

degree of cytotoxicity. The apoptotic, genetically controlled, cell

death is an important component of tissue morphogenesis and

a cell life-span regulator, and e.g., in vivo 50–70% of osteoblasts

undergo apoptosis.31 However, if the ratio of apoptotic cells

Table I. Mechanical Properties of Poly(glycolide-co-L-lactide) (PGLA),

poly(glycolide-co-L-lactide-co-e-caprolactone) (PGLCap), and

poly(glycolide-co-e-caprolactone) (PGCap)

Polymer r (MPa) E (MPa) e (%)

PGLA 74.5 6 2.7 2910 6 100 3.2 6 0.1

PGLCap 22.8 6 1.4 560 6 40 275 6 21

PGCap 10.7 6 0.2 285 6 7 14.5 6 1.1

r: tensile strength; E: Young’s modulus; e: total elongation at break; n ¼
6, means 6 SE; statistically significant differences in r, E, and e were
found for all polymers at P < 0.05.

Figure 2. Representative tensile test curves of (A) poly(glycolide-co-L-lac-

tide) (PGLA), (B) poly(glycolide-co-L-lactide-co-e-caprolactone)
(PGLCap), and (C) poly(glycolide-co-e-caprolactone) (PGCap). [Color fig-
ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.].
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increases this might imply that the homeostasis of the cell/tissue

is unbalanced e.g., by the lack/abundance of survival-promoting

factors such as growth factors.32

The CV test applied in the studies detects adhering cells (at the

given time unit) and when two or more time units are com-

pared an information on the cell proliferation might be

obtained. Accordingly, the data from the CV test might also be

interpreted as decreased proliferation of osteoblasts and fibro-

blasts in the presence of PGLCap and PGCap in time [Figure

4(A,B)]. This would be confirmed by the morphological evalua-

tion (representative pictures from day 3 are presented in Figure

Figure 3. Effects of TCPS (tissue culture polystyrene) and PGLA poly(glycolide-co-L-lactide) (PGLA) on cytological/immunological parameters (cell pro-

liferation/adherence, cell viability, MMPs, pro- and anti-inflammatory cytokines, and chemokines) of osteoblasts MG-63 and fibroblasts L-929 cells.
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Figure 4. Effects of polymers on survival and proliferation of osteoblasts MG-63 and fibroblasts L-929. (A) Cell proliferation/adherence of MG-63 and

(B) L-929 in the presence of tested polymers. Percentage of dead cells was assessed by flow cytometry, (C) apoptotic MG-63 cells, (D) apoptotic L-929

cells, (G) necrotic MG-63 cells, and (H) necrotic L-929. The cells were cultured on polymers: poly(glycolide-co-L-lactide) (PGLA), poly(glycolide-co-L-lac-

tide-co-e-caprolactone) (PGLCap), and poly(glycolide-co-e-caprolactone) (PGCap) for either 3 or 5 days. Representative dot blots from cytometric analy-

ses of viability of MG-63 osteoblasts (E) and L-929 fibroblasts (F) for day 5 are presented: early apoptotic Annexin Vþ/7-AAD�; late apoptotic Annexin

Vþ/7-AADþ; necrotic cells Annexin V�/7-AADþ; alive cells Annexin V�/7-AAD�. The results are presented as means 6 SE (data from three independent

experiments). Different letters (e.g., A vs. B or a vs. b) indicate statistically significant differences between the groups according to ANOVA. Asterisks

indicate statistical differences between day 3 and 5: *P < 0.05; **P < 0.01.
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Figure 5. Morphology of MG-63 osteoblasts and L-929 fibroblasts cultured on PGLA, PGLCap, and PGCap for 3 days. The pictures were taken under

the inverted microscope with 10� objective after staining with crystal violet. Bar 200 lm. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.].

Figure 6. Production/release of proteins and nitric oxide by MG-63 osteoblasts and L-929 fibroblasts in the presence of the tested polymers. The cells were

incubated with the polymers: poly(glycolide-co-L-lactide) (PGLA), poly(glycolide-co-L-lactide-co-e-caprolactone) (PGLCap), and poly(glycolide-co-e-caprolac-
tone) (PGCap) either 3 days or 5 days. (A) Total protein content in supernatants from MG-63 and (B) L-929 cells. (C) Levels of nitric oxide in supernatants

from MG-63, and (D) L-929. The results are presented as means 6 SE (data from three independent experiments). Different letters (e.g., a vs. b) indicate statis-

tically significant differences between the groups according to ANOVA. Asterisk indicates statistical differences between day 3 and 5: *P < 0.05; **P < 0.01.



5). Namely, on day 3 both MG-63 osteoblasts and L-929 fibro-

blasts were more numerous on PGLA than on PGLCap and

PGCap (Figure 5), and this pattern did not change during the

next 2 days (data not shown). Nevertheless, morphology of

osteoblasts was not changed in the presence of PGLCap and

PGCap but the cells, especially the ones grown on PGCap, were

forming clusters instead of spread monolyers [Figure 5(A)]. On

the other hand, the morphology of L-929 cultured on PGCap,

Figure 7. Release of MMP-9 and MMP-2 by osteoblasts MG-63 and fibroblasts L-929 in the presence of the tested polymers. Relative expression of

MMPs was assed by densitometric analysis of zymographic gels. Levels of (A, B) pro-MMP-9, (C, D) MMP-9, (E) pro-MMP-2, and (F) MMP-2. Levels

of MMPs were estimated in supernatants from cells cultured on polymers poly(glycolide-co-L-lactide) (PGLA), poly(glycolide-co-L-lactide-co-e-caprolac-
tone) (PGLCap), and poly(glycolide-co-e-caprolactone) (PGCap) for 3 or 5 days. Representative zymographic gels are presented (G). The results are pre-

sented as means 6 SE (data from three independent experiments). Different letters (e.g. a vs. b or A vs. B) indicate statistically significant differences

between the groups according to ANOVA.
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but not PGLCap, was altered [Figure 5(B)]. Specifically, most of

the cells incubated on PGCap did not exhibit a fibroblast-like

characteristic elongated shape but instead were rounded giving

impression as if their numbers were even fewer [Figure 5(B)].

However, they did not form aggregates as in the case of osteo-

blasts, and remained evenly distributed on the material surface

[Figure 5(A) vs. (B) for PGCap].

One possible explanation of impaired cell adherence/proliferation

to the implant surface (putatively leading to cell death) is its

smoothness since it was shown that rough surfaces support cell

adherence.33 However, our results on the cell adherence/prolifera-

tion and death cannot be simply attributed to the surface proper-

ties of PGCap and PGLCap as the surface topography of the

former is rough and that of PGLCap is quite smooth, similarly as

that of PGLA.8 Moreover, surface chemistry and surface free

energy seem to be not critical factors either, because both PGLCap

and PLGA are more polar than PGCap.8 The most probable rea-

son of weaker adhesion/proliferation of osteoblasts and fibroblasts

on PGCap and PGLCap are mechanical properties of the sub-

strate, i.e., higher flexibility and deformability and lower Young’s

modulus (Table I). It was reported in the literature that soft and

deformable substrates cannot resist tractional forces generated by

cells at the initial stage of contact with the material, and as a result

cell adhesion, spreading, and survival are impaired.34,35

All foreign material implanted into living tissues initiates a host

response that is the first step of tissue repair.36 A degree of this

inflammatory response is critical as the strong and prolonged

activation might lead to chronic inflammation and thus loss of

Figure 8. Synthesis of pro-inflammatory cytokines by MG-63 osteoblasts and L-929 fibroblasts in the presence of the tested polymers. The levels pro-

inflammatory cytokines produced by osteoblasts (A) TNF-a, (B) IL-1b, (C) IL-6, and fibroblasts (D) TNF-a, (E) IFN-c, and (F) IL-6 were measured in

supernatants collected from the cell cultures 3 or 5 days in the presence of poly(glycolide-co-L-lactide) (PGLA), poly(glycolide-co-L-lactide-co-e-caprolac-
tone) (PGLCap), and poly(glycolide-co-e-caprolactone) (PGCap). The results are presented as means 6 SE. Different letters (e.g. A vs. B or a vs. b) indi-

cate statistically significant differences between the groups according to ANOVA. Asterisk indicates statistical differences between day 3 and 5: *P < 0.05;

**P < 0.01.
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the intended implant function.37 For this we had evaluated

induction of some inflammatory mediators/parameters and we

have observed that PGCap and PGLCap, in comparison to

PGLA, increased release of proteins [Figure 6(A,B)] and cyto-

toxic nitric oxide [Figure 6(C,D)] on either day and by either

cell population. To evaluate which protein release was enhanced

we analyzed synthesis of several proinflammatory factors includ-

ing matrix metalloproteinases (MMPs) and cytokines. MMPs,

and among them especially MMP-9, are endoproteases known

for their capacity to degrade ECM molecules and facilitate leu-

kocyte influx to the site of inflammation.38 In fibroblast cultures

with the polymers, the release of pro-MMP-9 and its activation

into MMP-9 were enhanced by PGCap [Figure 7(B,D)] while in

osteoblasts cultures also PGLCap increased the two parameters

[Figure 7(A,C)]. This effect implies that the two polymers might

initiate the proinflammatory events. However, fibroblasts did

not continue production of MMP-9 during the longer incuba-

tion [Figure 7(B,D)]. In the case of osteoblast we also evaluated

levels of another MMP, namely MMP-2, which cooperates with

MMP-9 in guarding physiological bone remodeling.39 It turned

out that PGCap and PGLCap increased generation of pro-

MMP-2 on both investigated days [Figure 7(E)]; however, the

formation of active MMP-2 was at first (day 3) up-regulated

while later (day 5) it was decreased [Figure 7(F)]. Thus overall

these results suggest that both polymers might potentially

impair the proper bone remodeling. Impairment of this process

might be fatal for osteoblast–osteoclast communication and

therefore proper bone formation and mineralization.40

Figure 9. Synthesis of pro- and anti-inflammatory cytokines and chemokines by MG-63 osteoblasts and L-929 fibroblasts in the presence of the tested

polymers. The levels of pro-inflammatory cytokines produced by osteoblasts (A) IL-12, (B) IL-8, (C) IL-10, and fibroblasts (D) IL-12p70, (E) MCP-1,

and (F) IL-10 were measured in supernatants collected from the cell cultures after 3 or 5 days. The cells were cultured in the presence of poly(glycolide-

co-L-lactide) (PGLA) or on poly(glycolide-co-L-lactide-co-e-caprolactone) (PGLCap), or poly(glycolide-co-e-caprolactone) (PGCap). The results are pre-

sented as means 6 SE. Different letters (e.g., A vs. B or a vs. b) indicate statistically significant differences between the groups according to ANOVA. As-

terisk indicates statistical differences between day 3 and 5: *P < 0.05; **P < 0.01.
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The analyses of cytokine data revealed that PGCap and PGLCap

stimulated their synthesis. Osteoblasts were activated to release

increased amounts of potent pro-inflammatory TNF-a, IL-1b,
and IL-8 [Figures 8(A,B) and 9(B), respectively] by both poly-

mers and additionally PGLCap enhanced synthesis of IL-6 [Fig-

ure 8(C)]. And PGCap increased production of antiinflamma-

tory IL-10 [Figure 9(C)], which also indirectly signals that the

inflammatory response took place.41 The above effects were par-

ticularly apparent during the long-term 5-day incubation with

the cells. Similarly, fibroblasts were stimulated to release higher

amounts of TNF-a [Figure 8(D)] and IL-12p70 [Figure 9(D)]

in the presence of PGCap and PGLCap on both investigated

days. And moreover, PGCap enhanced synthesis of IFN-c, IL-6,
and IL-10 [Figures 8(E,F), and 9(F), respectively] on either day

of incubation. The levels of chemotactic MCP-1 were increased

only by PGLCap [day 5; Figure 9(E)]. In our previous studies

we investigated impact of PGLA, PGLCap, and PGCap on acti-

vation of macrophages,8 the leukocytes that along with fibro-

blasts participate in the immune response, and the biomaterial–

host interaction is believed to be primarily mediated by the

macrophage.42 Also in this case PGLCap and PGCap signifi-

cantly up-regulated multiple pro-inflammatory parameters of

those cells.8 Therefore, all these data suggest that PGCap and

PGLCap stimulated the bone-related osteoblasts, stroma-related

fibroblasts, and macrophages of the immune system to react

strongly on them within just first 5 days of incubation. Consid-

ering that the nature of the early cell-material interactions can

strongly influence the long-time behavior of cells within the

implant the results suggest rather unsolicited outcome.

The common characteristic of PGLCap and PGCap is present in

their structure of e-caprolactone and glycolide units. However,

glycolide is also present in the structure of PGLA, which was

shown to be biocompatible by others18,29,30 and our group,8,9 as

well as this notion is sustained by the current data. Therefore,

we postulate that this is a presence of poly-e-caprolactone units

that—due to impairing mechanical properties—decides about

the reduced cell adherence and low biocompatibility of PGLCap

and PGCap described in the current article. Poly-e-caprolactone
is considered to be generally biocompatible and due to its re-

markable slow (years) degradation rate suggested for long-term

implants.43 Moreover, compared to other biodegradable poly-

mers poly-e-caprolactone has advantageous properties such as

high permeability to small drug molecules and maintenance of

neutral pH upon degradation.23,44,45 On the other hand, how-

ever, its rather high crystallinity lowers its degradability and

makes it less compatible with soft tissues. The latter problem,

although foreseen, was believed to be solvable by e-caprolactone
polymerization with other monomers.44,45

CONCLUSIONS

The obtained data show that the presence of PGCap and

PGLCap compromises cell adhesion/proliferation, viability and

leads to release of pro-inflammatory factors by fibroblasts and

osteoblasts. Specifically, we demonstrate that e-caprolactone
copolymerization with either glycolide (as in PGCap) or glyco-

lide and L-lactide (as in PGLCap) does not provide materials

that fulfill the expectation of satisfactory biocompatibility for

bone tissue applications. In the more general aspect, our study

postulates a caution, the fact that single monomeric units result

in polymers of confirmed biocompatibility does not prejudice

biocompatibility of the new co- and terpolymers which, in prin-

ciple, require their full testing.

ACKNOWLEDGMENTS

This research was supported by K/ZDS/001716 (UJ) and

NN507280736 (MNiSzW). The authors thank Prof. Piotr Dobr-

zynski for the synthesis of polymers and Aleksandra Tlalka for her

technical assistance with the zymography.

REFERENCES

1. Morrison, A.; Brady, J. Curr. Opin. Otolaryngol. Head Neck

Surg. 2011, 18, 227.

2. Misch, C. M. Dent. Clin. North Am. 2011, 55, 697.

3. Lichte, P.; Pape, H. C.; Pufe, T.; Kobbe, P.; Fischer, H. Injury

2011, 42, 569.

4. Hammouche, S.; Hammouche, D.; McNicholas, M. Curr.

Stem Cell Res. Ther. 2012, 7, 134.

5. Cameron, D. J.; Shaver, M. P. Chem. Soc. Rev. 2011, 40,

1761.

6. Lendlein, A.; Neffe, A. T.; Pierce, B. F.; Vienken, J. Int. J.

Artif. Organs 2011, 34, 71.

7. Shastri, V. P. Adv. Mater. 2009, 21, 3246.

8. Scislowska-Czarnecka, A.; Pamula, E.; Tlalka, A.; Kolacz-

kowska, E. J. Biomater. Sci. Polym. Ed. 2012, 23, 715.

9. Pamula, E.; Dobrzynski, P.; Szot, B.; Kretek, M.; Krawciow,

J.; Plytycz, B.; Chadzinska, M. J. Biomed. Mater. Res. A

2008, 87, 524.

10. Vert, M.; Schwach, G.; Engel, R.; Coudane, J. J. Controlled

Release 1998, 53, 85.

11. Sinha, V. R.; Bansal, K.; Kaushik, R.; Kumria, R.; Trehan, A.

Int. J. Pharm. 2004, 278, 1.

12. Dobrzynski, P.; Kasperczyk, J.; Jelonek, K.; Ryba, M.; Walski,

M.; Bero, M. J. Biomed. Mater. Res. A 2006, 79, 865.

13. Bonewald, L. F. J. Bone Miner. Res. 2011, 26, 229.

14. Edwards, J. R.; Mundy, G. R. Nat. Rev. Rheumatol. 2011, 7,

235.

15. Young, D. A.; Evans, C. H.; Smith, T. J. Proc. Natl. Acad.

Sci. U S A 1998, 95, 8904.

16. Bucala, R.; Spiegel, L. A.; Chesney, J.; Hogan, M.; Cerami,

A. Mol. Med. 1994, 1, 71.

17. Smith, T. J. Clin. Exp. Immunol. 2011, 162, 24.

18. Ignatius, A. A.; Claes, L. E. Biomaterials 1996, 17, 831.

19. Kolaczkowska, E.; Koziol, A.; Plytycz, B.; Arnold, B.; Opde-

nakker, G. Immunol. Lett. 2009, 126, 73.

20. Kolaczkowska, E.; Barteczko, M.; Plytycz, B.; Arnold, B.

Inflamm. Res. 2008, 57, 272.

21. Kolaczkowska, E.; Chadzinska, M.; Scislowska-Czarnecka,

A.; Plytycz, B.; Opdenakker, G.; Arnold, B. Immunobiology

2006, 211, 137.

ARTICLE

12 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37762 WILEYONLINELIBRARY.COM/APP



22. Anselme, K. Biomaterials 2000, 21, 667.

23. Nair, L. S.; Laurencin, C. T. Adv. Biochem. Eng. Biotechnol.

2006, 102, 47.

24. Park, A.; Cima, L. G. J. Biomed. Mater. Res. 1996, 31, 117.

25. Middleton, J. C.; Tipton, A. J. Biomaterials 2000, 21, 2335.

26. Bergsma, J. E.; Rozema, F. R.; Bos, R. R.; Boering, G.; de

Bruijn, W. C.; Pennings, A. J. Biomaterials 1995, 16, 267.

27. Tormala, P. Clin. Mater. 1992, 10, 29.

28. Gunatillake, P.; Mayadunne, R.; Adhikari, R. Biotechnol.

Annu. Rev. 2006, 12, 301.

29. El-Amin, S. F.; Lu, H. H.; Khan, Y.; Burems, J.; Mitchell, J.;

Tuan, R. S.; Laurencin, C. T. Biomaterials 2003, 24, 1213.

30. Liu, X.; Won, Y.; Ma, P. X. J. Biomed. Mater. Res. A 2005,

74, 84.

31. Bran, G. M.; Stern-Straeter, J.; Hormann, K.; Riedel, F.;

Goessler, U. R. Arch. Med. Res. 2008, 39, 467.

32. Pereira, W. O.; Amarante-Mendes, G. P. Scand. J. Immunol.

2011, 73, 401.

33. Chou, L.; Firth, J. D.; Uitto, V. J.; Brunette, D. M. J. Cell

Sci. 1995, 108, 1563.

34. Bacakova, L.; Filova, E.; Parizek, M.; Ruml, T.; Svorcik, V.

Biotechnol. Adv. 2011, 29, 739.

35. Assoian, R. K.; Klein, E. A. Trends Cell Biol. 2008, 18, 347.

36. Franz, S.; Rammelt, S.; Scharnweber, D.; Simon, J. C. Bio-

materials 2011, 32, 6692.

37. Williams, D. F. Biomaterials 2008, 29, 2941.

38. Opdenakker, G.; Van den Steen, P. E.; Dubois, B.; Nelissen,

I.; Van Coillie, E.; Masure, S.; Proost, P.; Van Damme, J. J.

Leukoc. Biol. 2001, 69, 851.

39. Inoue, K.; Mikuni-Takagaki, Y.; Oikawa, K.; Itoh, T.; Inada,

M.; Noguchi, T.; Park, J. S.; Onodera, T.; Krane, S. M.;

Noda, M.; Itohara, S. J. Biol. Chem. 2006, 281, 33814.

40. Matsuo, K.; Irie, N. Arch. Biochem. Biophys. 2008, 473, 201.

41. Hedrich, C. M.; Bream, J. H. Immunol. Res. 2011, 47, 185.

42. Majno, G.; Joris, I.Cells, Tissues, and Disease: Principles of

General Pathology;Blackwell:Oxford, 2004; p 28.

43. Puppi, D.; Detta, N.; Piras, A. M.; Chiellini, F.; Clarke, D.

A.; Reilly, G. C.; Chiellini, E. Macromol. Biosci. 2011, 10,

887.

44. Ghoroghchian, P. P.; Li, G.; Levine, D. H.; Davis, K. P.;

Bates, F. S.; Hammer, D. A.; Therien, M. J. Macromolecules

2006, 39, 1673.

45. Zhou, S.; Deng, X.; Yang, H. Biomaterials 2003, 24, 3563.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37762 13

ARTICLE


