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Abstract: An evaluation of cell proliferation and adhe-
sion on biocompatible film supports was performed. A
series of films were compression molded from commer-
cially available poly (r-lactide), PLLA, and poly(e-capro-
lactone), PCL, and from their melt mixed blends (PLLA/
PCL blends). These were compared with compression
molded films of PLLA-b-PCL model diblock copolymers.
The samples were analyzed by differential scanning calo-
rimetry (DSC), contact angle measurements, and scan-
ning force microscopy (SFM). Cell adhesion and prolifer-
ation were performed with monkey derived fibroblasts
(VERO) and with osteoblastic cells obtained either enzy-
matically or from explants cultures of Sprague-Dawley
rat calvaria. Migration studies were performed with bone
explants of the same origin. The results obtained indicate

that although all materials tested were suitable for the
support of cellular growth, a PLLA-b-PCL diblock copoly-
mer sample with 93% PLLA was significantly more effi-
cient. This sample exhibited a unique surface morphol-
ogy with long range ordered domains (of the order of 2-
3 um) of edge-on PLLA lamellae that can promote “cell
contact guidance.” The influence of other factors such as
chemical composition, degree of crystallinity, and surface
roughness did not play a major role in determining cell
preference toward a specific surface for the materials
employed in this work. © 2008 Wiley Periodicals, Inc.
] Biomed Mater Res 87A: 405-417, 2008
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INTRODUCTION

The use of polymers in medicine has increased
drastically over the last decades, and extensive
research has illustrated their importance as implant
devices not only in bone repair, but as useful
scaffolds for organ and tissue regeneration.'™ Biode-
gradable polymers are ideal candidates for applica-
tion in regeneration systems.* In the first place,
they are readily accessible commercially and present
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remarkable mechanical ability to be shaped,
secondly polymeric matrices can be selectively modi-
fied to promote growth and compatibility with the
tissue of interest and finally their controlled degra-
dation makes removal of the polymeric implant
unnecessary."”

In the development of new biomaterials,®” the ini-
tial interaction of cells with material substrates is of
fundamental importance and contributes to the clini-
cal success of implants.® The functional activity of
cells in contact with the biomaterial is a consequence
of how cells are capable of sensing, interpret, and
integrate extra cellular signals. Therefore, the chemi-
cal and physical properties of the surface of a bioma-
terial, such as chemical structure, topography, elec-
tric charge, surface energy, and wettability are cru-
cial parameters to be considered in the interaction
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between the material and the biological environment
and therefore in the regulation of cell behavior.**!?
Topographic scale (at the micron or nano level) is an
important biomimic regulator of cell behavior. Cells
in vivo exist in topographic interfaces closer to the
nanometer scale than to the micrometer scale, for
example, the cross-striation pattern every 67 nm of
type I collagen, the 10-nm thick fibrils and 20 nm
pores of rat kidney membrane, and the 20-200-nm
felt-like topography of human cornea basement
membrane.

One such group of polymers that has gained con-
siderable attention in the field of orthopedic surgery,
as potential scaffolds for repairing bone defects, are
the biodegradable aliphatic polyesters such as
poly(t-lactic acid) (PLLA) and poly(e-caprolactone)
(PCL)."'*'® Both polymers have been reported to
induce minimal inflammatory response and favor-
able biocompatibility characteristics. In the last few
years, many researches have focused on improving
their performance as biomaterials by selectively
modifying them to promote hydrophilicity and cell
adhesion. This has been performed by introducing
functional groups onto the polymer surface or induc-
ing morphological or topographic modifications.'*

A combination of PCL and PLLA in a single mate-
rial could be employed to tailor materials properties
such as bio-absorption time or mechanical proper-
ties. If high molecular weight materials are
employed, PCL/PLLA blends are known to be im-
miscible and a dispersion of one material on the
other can be produced by for instance melt blend-
ing."” Another way of combining these two polymers
is by producing copolymers. If block copolymers are
produced, a better control on the composition and
morphology can be obtained besides avoiding
macro-phase segregation. The morphology and
structure of block copolymers has been the subject of
several recent reviews.'®"'®

In this article, a series of polymer films were pre-
pared with PLLA/PCL blends and with PLLA-b-
PCL diblock copolymers with the objective of pro-
ducing diverse surface morphologies which could
have affinity with different types of cells. In order to
evaluate cell adhesion and proliferation on these bio-
materials, a fibroblastic cell line (VERO cells) and a
primary culture of osteoblasts obtained from rat cal-
varia were employed.

MATERIALS AND METHODS

Materials

In this work, we have employed neat PLLA and PCL
homopolymers of two different molecular weights and
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blends and block copolymers that are described in the fol-
lowing paragraphs.

Synthesis and characterization of
diblock copolymers

The block copolymers were synthesized by controlled/
“living” sequential block copolymerization as initiated by
aluminum trialkoxides in toluene solutions as previously
described.” The diblock copolymer nomenclature used
denotes the PLLA block as L and the PCL block as C, sub-
scripts indicate the approximate composition in weight %
and superscripts the approximate number average molecu-
lar weight in kg/mol. Two homopolymers of comparable
molecular weights were prepared for comparison pur-
poses, that is, PCL* and PLLA** (with number average
molecular weights of 29 kg/mol and 24 kg/mol, respec-
tively). Compositions studied were Lo3®Cor?, Lgit’Crot,
and Lgo'?Cs’. Recent works have reported the morphol-
ogy, structure and crystallization behavior of the PLLA-b-
PCL diblock copolymer samples employed here.?**!

Preparation of blends

In the case of melt-mixed blends, two commercial mate-
rials were employed. A PCL manufactured by Union Car-
bide with an M, = 120 kg/mol and a PLLA supplied by
Purac Biochem with an M, = 86 kg/mol. They will be
denoted as: PCL'® and PLLA®. Blends were prepared by
extrusion in an ATLAS Laboratory Mixing Extruder at
compositions equivalent to those of the copolymers at
180°C and 30 rpm (PCL was extruded at 160°C). Blends
compositions of PLLA/PCL 93/07, 81/19, and 56/44 were
evaluated and compared with their respective homopoly-
mers. It is important to note that blends and block copoly-
mers differ in the molecular weight of the PCL and PLLA
components. This is why we have employed also neat
homopolymers of different molecular weights. Therefore,
comparisons will always be made with the corresponding
equivalent molecular weight homopolymers. In the case of
PLLA this is particularly important, since PLLA** can
readily crystallize upon cooling while PLLA®*® can not in
view of the differences in crystallization kinetics induced
by the differences in molecular weights.

Preparation of films

All the samples (blends and copolymers) were compres-
sion molded at 190°C for 3 min (the PCLs were molded at
120°C) employing mirror polished stainless steel mold
plates with an inner frame. Between the steel mold plates,
Kapton films were placed in order to avoid demolding
problems. The samples were cooled by placing them in the
lab bench at room temperature, that is, air convection.
Films of 0.1-mm thick were obtained and employed with-
out any further treatment.
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Contact angle assay

Films of 0.1 mm were analyzed by the sessile drop
method using a contact angle meter (OCA15+) with high-
performance image processing system from Data Physics
Instruments. The liquids used were H,O and CH,l, (both
HPLC grade) and were added by a motor driven syringe
at room temperature. Three samples of each material were
used and five measurements were carried out for each
sample. The presented results were calculated using the
final average values. The polarity of the surface as well as
the surface tension was calculated by the Owens-Wendt
equation.”

Thermal analysis

A Perkin-Elmer DSC-7 differential scanning calorimeter
was employed for calorimetric assays. Samples were
encapsulated in aluminum pans (mass was ~5 mg in all
cases). The calibration was performed with Indium and
Hexatriacontane and all tests were run employing ultra
pure nitrogen as purge gas. Standard DSC heating scans
were performed at 10°C/min, from 25 to 200°C.

Cell Culture Methodology

Fibroblasts cell line

Monkey derived Fibroblast Cell Line (VERO) were
grown in Dulbeco’s Modified Eagles Media (MEM), sup-
plemented with 10% fetal bovine serum (FBS) (GIBCO
Laboratories), 1% penicillin/streptomycin, and 1% fungy-
son (supplied by SIGMA). The cells were maintained in a
gas-jacket incubator at 37°C in a controlled humidified
atmosphere at 5% CO,/95% air. Confluent cell cultures
were sub-cultured every 4 days by dissociating cells with
0.05% trypsin (GIBCO Laboratories) in phosphate buffered
saline (PBS).

Isolation and culture of osteoblastic cells

Osteoblastic cells were obtained either enzymatically or
from explants cultures of Sprague Dawley rat calvaria.

Enzymatic isolation

Osteoblastic cells were isolated from newborn (2 days)
rat calvaria by the method of Pei and coworkers®™ with
minor modifications. The calvarias were removed of skin,
soft connective tissue and periosteum, digested sequen-
tially in a 0.125% trypsin, 0.1% collagenase, EDTA 0.5M
(ethylenediaminetetraacetic acid) (supplied by SIGMA) so-
lution in PBS at 37°C first for 10 min followed by four
digestions of 20 min. Rat calvaria cells, obtained from the
third digestion (20 min), were pooled and plated in a Petri
tissue culture dish (Costar, USA) with culture medium
(MEM) supplemented with 10% FBS 1% penicillin/strepto-

mycin 1% fungizon (supplied by SIGMA) and 50 pg ascor-
bic Acid (supplied by SIGMA) in a controlled atmosphere.

Explants culture

Calvarias were treated as described previously and cell
migration from bone explants was measured as described
previously.24 Briefly, extracted calvaria were cut into
pieces of approximately (2 X 2) mm? Bone pieces were
placed on the bottom of a 96 wells tissue culture dish in
which the different test substrates were previously placed.
The initial incubation was done in the absence of media in
order to facilitate the attachment of the bone pieces to the
different polymers. After 45-min incubation, culture media
was added. Cultures were incubated in a controlled atmos-
phere.

Adhesion assay

The different polymers films were cut into small disks
with the aid of a cork borer, sterilized by UV and placed
on the bottom of a 96 cell culture plate (Costar, USA). Con-
fluent cultures of fibroblasts or osteoblastic cells were tryp-
sinized and collected by centrifugation at 750 rpm for
3 min, suspended in cell culture medium (with 50 pg/mL
ascorbic acid in the case of osteoblastic cell cultures) to a
concentration of 5 X 10° cells per well, in a total volume of
2 mL. After seeding, the cultures were incubated for 6 h at
37°C in 5% CO,/95% air. At the end of this period, wells
were washed twice with PBS to remove non attached cells.
The number of viable cells attached on the different poly-
mers was evaluated by the MTT assay'® (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide assay). The
obtained results are reported as optical density (OD). In
this test, MTT-formazan production was used to evaluate
succinic dehydrogenase enzyme activity in the mitochon-
dria of cells, an indicative of the presence of viable cells.

Proliferation assay

Fibroblast and osteoblastic cell suspensions, containing
5 X 10° cell/well were seeded on the experimental sub-
strates as described previously for the cell adhesion assay
and incubated at 37°C in 5% CO,/95% air for 6 and 92 h.
At the end of the incubation period, non adherent cells
were removed by washing with PBS. The number of cells
attached was measured as described previously by the
MTT assay.

Outgrowth assay

Calvaria explants were located in contact of the different
polymers to be studied as described previously. Cell out-
growth from bone explants and morphology were assessed
by optical and scanning electron microscopy (SEM).

Journal of Biomedical Materials Research Part A
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Figure 1. First DSC heating scans at 10°C/min for PLLA-
b-PCL diblock copolymers compression molded films.

Morphology assays

Optical microscopy

Osteoblastic cells and bone explants seeded on the dif-
ferent films were washed twice with PBS and films were
stained with May Grunwald-Giemsa stain as previously
described.'**

Scanning electron microscopy

Bone explants were fixed in situ with a 2.5% solution of
gluteraldehyde for 45 min at 4°C and rinsed twice with PBS
for 15 min at 4°C. Post fixation was made in 1% OsQO, in
Sabatini buffer at pH 7.4 for 60 min at 4°C. After this period,
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the samples were washed twice with the same buffer for
5 min followed by dehydration in a graded series of methyl
ketone (30, 50, 70, 90, 95, and 100%) for 10 min in each solu-
tion at 4°C. Following the fixation and dehydration process,
the samples were introduced in a critical point drying for
30 min. Finally, the specimens were mounted and coated
with gold palladium and examined on an S-500 Hitachi
Electron Microscope operated at 5 kV.

Scanning force microscopy

Scanning force microscopy (SFM) images were taken with
a Veeco Multimode in the tapping mode. The surfaces of
the compression molded films were observed without any
further preparation. The images were taken on a “Digital
Instruments” MultiMode™ AFM with a NanoScope IV con-
troller. The equipment was used in tapping mode at ambi-
ent conditions. Commercial silicon TM AFM tips (model
MPP 12100) with a free resonance frequency of 100-200 kHz
and spring constant of 2.5-10 N/m were employed.

Statistical analysis

Multiple samples were collected in each measurement
(n = 3) and expressed as mean * standard deviations
(SD). Single factor analysis of variance (ANOVA) method
was used to assess the statistical significance of the result.
p values less than 0.01 were considered significant and
were denoted by *.

RESULTS AND DISCUSSION

Thermal characterization of blends and
diblock copolymers

DSC first heating scans of molded films of block
copolymers and homopolymers are shown in Figure 1
while Table I lists the observable transition enthalpies

TABLE I
Thermal Properties Obtained from DSC Scans Presented in Figures 1 and 2 for the Blends,
Copolymers, and Homopolymers

PLLA/PCL (blends) PLLA PCL
Or ICY
(Copolymers) T (°C) T. (°C) T (°C) AH.(J/g) AHn (/g X (%) Tm (°C) AHn(/g) X (%)
PLLAS® 59.7 114.4 159.4/164.7 36 38 2 - - -
93/07 -a 108.5 157.5/164.2 32 34 2 59.8 - -
81/19 -a 107.0 157.2/163.8 33 36 3 59.3 52 39
56/44 -a 106.9 156.7/163.5 35 44 10 60.2 59 43
PCL'® - - - - - - 56.4 61 45
PLLAZ 62.9 99.7/165.0  162.5/174.4 43 65 23 - - -
Los'°Cor” 53.8 77.7/154.9 173.4 21 65 47 - - -
L1 Ciot 46.0 73.7/101.0 1712 10 58 51 54.2 - -
131.3/154.3
Leo2Cao’ -2 68.4/153.7 169.5 15/7 72 53 58.9 67 49
PCL?* - - - - - - 64.2 88 65

*These values were not clearly detected because of an overlap with the melting endotherm corresponding to the PCL

phase.

Journal of Biomedical Materials Research Part A
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and temperatures. The peak melting temperature of
PLLA blocks shows a small decrease upon increasing
PCL content within the block copolymers and with
respect to neat PLLA*!. Glass transitions of PLLA
blocks can also be seen in Figure 1, where they can
easily be recognized as an endothermic step with a
small enthalpic relaxation peak (which can, in some
cases, overlap with PCL melting endotherms), and
they decreased as the content of PCL increased, indi-
cating a degree of miscibility between the compo-
nents. According to previous works,**' PLLA-b-PCL
block copolymers are either mixed in the melt or
weakly segregated (i.e., they mostly crystallize from a
mixed melt except at compositions close to 50-50
when they can form well organized melt structures
which are later destroyed or modified by the crystalli-
zation of each block). Partial miscibility can induce a
diluent effect of the PCL block over the PLLA block,
depressing both T, and T, of the PLLA block.

Cold crystallizations of PLLA block can be seen
for all compositions in Figure 1. The degree of crys-
tallinity of the PLLA block in the molded films was
calculated by subtracting the heat of cold crystalliza-
tion from the heat of fusion. These values are shown
in Table I, and are calculated neglecting reorganiza-
tion phenomena that could not be registered by
DSC. Crystallization kinetics of PCL is also signifi-
cantly impaired due to the covalently bonded PLLA
block which crystallizes first during cooling. Because
of this, PCL blocks remain virtually amorphous in
the molded films when present in 7 and 19%.

Figure 2 presents DSC first heating scans for the
compression molded blend films. It is remarkable
how the blends exhibit two melting temperatures
that are very close to those obtained for the parent
homopolymers (a higher Ty, for PCL** was observed
as compared with the PCL' phase in the blends
due to differences in molding conditions as will be
explained later), a clear sign of immiscibility. It
should be noted that the T, of PLLA® is located
around 60°C. However, in the blends the T, is over-
lapped with the melting of the PCL' phase and
therefore it cannot be seen, so it is difficult to use
PLLA®® T, values as a miscibility criterion. The T of
the PCLH% is located at —65°C, outside the tempera-
ture range of the cooling device employed with our
DSC. However, the immiscibility of these compo-
nents with a high molecular weight has been
reported in the literature®'® and as stated above, the
invariance of Ty, with composition is also a clear
sign of immiscibility. The degree of crystallinity was
calculated and presented in Table I

Remarkable differences in thermal behavior can
be seen for the two PLLA homopolymers employed
here. PLLA® has lower T, and T, values (see
Table I) than PLLA** suggesting that the stereoregu-
larity in PLLA® is not as high as in PLLA** as far as
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Figure 2. First DSC heating scans at 10°C/min for
PLLA®/PCL'* blends compression molded films.

the content of the L stereoisomer is concerned (a
fraction of D isomer is probably present in the sam-
ple). This can also explain why PLLA® has a much
lower crystallization rate than PLLA?*. The crystalli-
zation kinetics of PLLA is also highly dependent on
its molecular weight and decreases sharply as the
molecular weight increases. Therefore, PLLA®
remains amorphous when it is cooled at the rate of
10°C/min or higher. The molded films of PLLA®
were cooled by air convection and crystallize only
2% during its preparation (see Table I).

In the case of the PCL'? phase within the PLLA/
PCL blends, the degree of crystallinity does not vary
significantly until the PCL content is reduced to 19%.
For such low PCL contents and lower, a fine droplet
dispersion of PCL'* within PLLA® is obtained and
fractionated crystallization may occur.””?* However,
an unexpected increment in the melting temperature
of PCL'™ in the blends with respect to PCL'*® homo-
polymer is also observed. Higher melting tempera-
tures are associated to thicker lamellar crystals. The
blends were molded at 190°C (see Experimental sec-
tion) and the PCL'® homopolymer was molded at
120°C. This difference in the molded temperature
causes different crystallization conditions. Higher
molded temperature implies slower crystallization rate
therefore thicker lamellae.

Contact angle measurements

The surface hydrophilicity of various PLLA/PCL
blends and diblock copolymers was determined by

Journal of Biomedical Materials Research Part A
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TABLE II
Water Contact Angle measurements and Surface Energy
for Homopolymers, PLLA/PCL blends, and
Diblock Copolymers

Surface 0,0 (°) Ocm,1, () v (mN/m?)
PCL? 825+ 6.6 480 + 85 33.4
PLLA% 809 + 23 446+ 79 36.8
PLLA/PCL 56/44 859 =61  36.0 =53 38.7
Lgo'2Cyo’ 865+ 34 365 67 39.5
PLLA/PCL 93/07 811 *19 449 + 14 37.1
Los'°Cor? 835+ 20 35240 41.0

contact angle measurements and the data are pre-
sented in Table II. Both PLLA** and PCL* are
hydrophobic polymers as shown by their large con-
tact angles in water. For all samples tested, no signif-
icant differences were observed in the measured
contact angles when water was used for evaluating
the interaction with the biomaterial surface suggest-
ing similar hydrophobic behavior as was expected
due to the closer values of 6 of the homopolymers.
Similar results were also observed with methylene
iodide. Roughness surface can also affect contact
angle measurements, that is textured surface has
generally lower values than flat films."" The total
surface energy (y) was calculated by the Owens—
Wendt equation.” The results obtained indicate that
blends and copolymers present slightly higher sur-
face energy values than those obtained for the homo-
polymers. More specifically, the Loz'°Co;* copolymer
exhibits the highest value in surface energy
(although the difference with the other samples is
not very large). This enhanced surface energy can
stem from the surface characteristics of the film and
may induce a slightly larger bio-interaction and bio-
compatibility”” on this particular sample as com-
pared with the others.

Determination of polymer surface
topography with SFM

Figure 3 shows representative surface morpholo-
gies visualized by SFM height and phase images of
selected samples at two magnifications. The height
image reflects the sample topography, since the sam-
ples were compression molded, the images yield in-
formation regarding the smoothness of the film and
the surface morphology.® The roughness of the sam-
ple and its height variation limit the amount of in-
formation contained in the topography images pre-
sented in Figure 3.

The phase image of SFM is generated based on
the viscoelastic differences among the phases or
materials present on the surface, and can be used to

Journal of Biomedical Materials Research Part A
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qualitatively differentiate phases on the surfaces of
heterogeneous samples.”*’ Although artifacts some-
times are present in this kind of technique because
of its high sensitive to scanning parameters, the
results presented below were reproducible.

In the representation shown here, the material
with the highest modulus will be depicted in a
lighter color than the material with the lowest color.
In samples with crystalline and amorphous phases,
crystallites or crystalline lamellae appear brighter (or
whiter) while the amorphous soft phases appear
darker.

The PLLA** in Figure 3 shows a typical lamellar
morphology that corresponds to a portion of a
spherulite. Spherulites were previously observed by
polarized light optical microscopy of the same sam-
ples.?*?! The granular substructure of the lamellae
that can be observed in the images is also a common
feature of polymer crystallization and has recently
been connected with new theories of polymer nucle-
ation and growth.>'

In the case of Lo3'°Cyy” [Fig. 3(c—d), phase images]
a similar morphology to that of PLLA* can be seen.
However, in this case, the sample can crystallize up
to almost twice as much as PLLA?** (see Table I), and
only the PLLA block undergoes crystallization.
Therefore, we have a surface with a higher crystal-
line content and with crystalline lamellae that are
substantially longer and appeared to have some lon-
ger range orientation than those within PLLA*.
Having large portions of edge-on lamellae oriented
on the surface in a scale of 2-3 pm makes this mate-
rial unique with respect to all the others examined
here that always contained much shorter lamellae.
The reason why Lo3'®Cy,* exhibits such long range
orientation on the surface of the prepared films, as
compared to the rest of the materials employed here,
is not clear.

One major difference between the blends and the
block copolymers compared here is that the
PLLA®® used for the blends has a substantially
higher molecular weight (and different stereoregu-
larity, that is, a lower L isomer content) as com-
pared to PLLA?**. As mentioned previously, this is
the reason why, PLLA®*® could only crystallize 2%
when the samples were prepared and the same
amount when it was blended with PCL in a 93/07
ratio. Therefore, it is not surprising that the mor-
phology of the surface of the 93/07 blend shown in
Figure 3(e—f) (phase images) was mainly feature-
less, indicating a very low viscoelastic contrast due
to the low crystalline content. The image shown in
Figure 3(f) (phase image) pictures what appears to
be some lamellar bundles that were only visible
once the surface was subjected to hard tapping
force. This indicates that the lamellae are covered
with a superficial amorphous layer. A general fea-
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0 3um0  3um'0 1 um'0 1 um

Figure 3. SFM height (left) and phase (right) images of selected PLLA-b-PCL copolymers. (a) 3 pm images and (b) 1 pm
images of PLLA* homopolymer, (c) 3 pm images and (d) 1 pm images of Los"®Co7* block copolymer, (e) 3 pm images and
(f) 1 pm images of 93/07 PLLA/PCL blend. Z,,x = 50 nm in all images, except in (d), where Z,,,x = 40 nm. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ture of the blend samples was to have lower sur-
face degrees of crystallinity as compared with the
block copolymer samples employed here.

With the purpose of quantifying the morphology
of the surface of the films employed for cell adhe-

sion and proliferation, the determination of the
mean lamellar size and surface roughness was per-
formed employing the Nanoscope 6 software. In Fig-
ure 4 (left), a blue rectangle denotes one section of
the picture initially employed for quantitative analy-

Figure 4. Left SFM phase image of Lo3'°Cy;”> block copolymer. The blue rectangle denotes the section of the picture
employed for quantitative analysis. Right: Image corresponding to the fast Fourier transform (FFT) of the SFM picture in
the blue rectangle in the left side. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

Journal of Biomedical Materials Research Part A
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sis corresponding to the phase image of Lo3'°Coy”.
Figure 4 (right) shows an image corresponding to
the Fast Fourier Transform (FFT) of the SFM phase
image (blue rectangle in Fig. 4). If this image is inte-
grated linearly from the center to the top, that is,
through the reflection of highest intensity, Figure 5
is obtained and the maximum of the radial integra-
tion should correspond to the average reciprocal
repeating long period. The long period is the aver-
age repeating distance from the center of one lamella
to the center of the next one and it is proportional to
the mean lamellar thickness of the portion of the
sample examined (as long as the interlamellar amor-
phous region has a constant packing density).

Figure 5 shows two main maxima which have
been noted with arrows and correspond to 36 and
48 um~'. They are equivalent to mean long periods
of 27.8 or 20.8 nm, respectively.

A second procedure to quantify the long periods
and check for the validity of the FFT analysis is
shown in Figure 6 and corresponds to the analysis
of a slice of the height images presented in Figure 3.
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Figure 6. Vertical slices of the 3 um SFM height images in Figure 3. (a) PLLA** homopolymer, (b) Los'°Co,* block copoly-

mer, and (c) 93/07 PLLA /PCL blend.
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TABLE III
Surface Roughness Parameters and Lamellar Thickness
Calculated from the SFM Height and Phase Images for
the Blends, Copolymers, and Homopolymers

Roughness Section Cut  FIT Integration
Ry R, I I
Surface (nm) (nm) (nm) (nm)
PLLA/PCL
93/07 463  3.66 2 *4
PLLA/PCL
56/44 043  0.34
PLLA% 457  3.63 20 * 3
Loz °Co7? 2.75 23 27 + 7 27.8 and 20.8
Leo2Cao’ 6.23 475 21 + 4 38.5 and 29.4

The observed profile is therefore based on the differ-
ences in height in between the crystalline and amor-
phous portions of the surface. In the case of the sam-
ple Lo3'®Cy,?, the mean distance between peaks
(from 20 measurements) represents the long period
and yields a value of 27 = 7 nm. This value repre-
sents a good match with those obtained by FFT anal-
ysis. This procedure was repeated for several sam-
ples including Leo'?Cso’ and the same result was
observed for PLLA** and for the block copolymers,
the lamellar long period was always in between 20
and 30 nm (see Table III). This is probably caused by
the constant cooling conditions employed to mould
the films. We can therefore rule out the lamellar
thickness as a variable in determining any preference
for cells to adhere or proliferate on a particular block
copolymer sample or on PLLA*.

Two types of roughness measurements were per-
formed. First the arithmetic average of the absolute
values of the surface height deviations measured
from the mean plane (R,) was calculated as:

1 N
Ra:N;W (1)

Then the root mean square average of height devia-
tions taken from the mean image data plane (R,)
was calculated as:

2
Ry= =2 (2)

and the values obtained were R, = 2.3 nm and Ry =
2.75 nm for the sample Lo3'°Co;? (see Table III).

The same type of quantitative analysis was per-
formed to the images shown in Fi§ure 7 correspond-
ing to the surface of sample Lgo'?Cao’. In this case,
this block copolymer also shows a series of edge-on
lamellae at the surface, although much shorter in
length than those observed in the surface of
Lo3'°Cpy? [compare with Fig. 3(c,d)]. The values of

roughness obtained for Leo'?Cao’ were higher (i.e.,
R, = 6.23 nm and Ry = 4.75 nm, see Table III).

As Table III shows, the surface roughness was
similar for almost all samples (i.e., it fluctuated in
between 3 and 6 nm) except for the blend 56/44
whose surface was particularly smooth.

We can conclude from the AFM results that the
copolymer Lo3'°Cy,” stands out amongst all samples
examined here because it has long range order
domains of edge-on surface lamellar regions. The
roughness of the surface of this sample is compara-
ble with others, therefore what makes it unique is its
long range order on a 2-3 pm scale.

Cellular response

The in vitro cellular response to the different poly-
meric films was assessed in terms of initial adhesion,
proliferation, morphology, and cell migration. Two
types of cells were considered for this study: a mon-
key (VERO) immortalized cell line and primary rat
calvaria osteoblasts.

Cell adhesion and proliferation

To study adhesion and proliferation on different
films, cultured fibroblasts and osteoblasts were
seeded on the different materials to be tested and
cell adhesion was measured after a 6 h incubation
period (see Experimental section). As can be
observed in Figure 8 (light yellow bars) no significant
differences were observed in the initial adhesion of
both cell types seeded on the different polymeric sub-
strates when compared with the value of OD obtained
for the control tissue culture polystyrene (TCPS). The
only exception to this was observed for the Los'°Cor”
diblock copolymer sample where a significant increase
in initial adhesion (p < 0.01) was observed not only
when compared with TCPS but with all the other
films tested. The increased number of cells on the dif-
ferent polymer films at the end of a 96-h cultivation
period demonstrated that proliferation occurred on all
tested substrates (dark grey bars). However, for both
cell types studied, a significant increase (p < 0.01) was
again observed for the Lo3'°Cy,* copolymer, not only
in relation to the values obtained for TCPS but also in
relation to the homopolymers, and all other block co-
polymer and blend samples. It is interesting to note
the slower proliferation observed on the PLLA/PCL
60/40 blend films in both cell types studied, despite
an initial adhesion to the substrate. This blend exhib-
ited macro-phase separation which was clearly
observed during sample preparation by compression
molding.
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0 1 um'0 1 um

Figure 7. SFM height (left) and phase (right) images of
Leo 2Cyo” diblock copolymer sample. (a) 3 pm images, Zmax
= 60 nm, (b) 1 pm images, Znax = 40 nm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Osteoblast cell morphology

When evaluating cellular behavior on a biomate-
rial, cell morphology is a helpful indicator of bio-
compatibility. Rat calvaria osteoblasts were grown
on the different films and stained with Giemsa-May-
grunwald at 7 days of subculture. Figure 9 is repre-
sentative of the typical cell morphology observed in
all polymeric films by optical microscopy. Cells were
largely polygonal, with extended fillopodia and
exhibited an organized monolayer of interacting
cells. This cellular morphology observed is consistent
with the results reported previously for osteoblasts
grown on TCPS surfaces.**>*

Cell outgrowth from bone explants

To study the outgrowth of cells from explants on to
the film surfaces, we used bone explants as described
previously. As can be observed in Figure 10, SEM
showed that after 1-2 weeks of incubation, cells
started to migrate and proliferate from the borders of
the explant. However, significant differences were
observed for the different polymeric substrates stud-
ied. Very few cells were observed proliferating and
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migrating from explants seeded on PCL* [Fig. 10(a)]
when compared with PLLA** [Fig. 10(b)]. In the for-
mer, it was possible to observe a great amount of
fibrillar material, but fewer cells [Fig. 10(a)].

The more significant differences were observed in
the case of cells growing from the perimeter of bone
explants seeded on the Los'Cp;? copolymer, the cells
had a very flattened appearance (results not shown)
and migrated and proliferated aligned to the edge-on
lamellae on the polymer surface [Fig. 3(c,d)] with a
pattern quite similar to the “contact guidance” caused
by “groove-ridge.”*>** Contrary to these results, cells
growing from the perimeter of bone explants seeded
on PLLA** appeared to be less aligned and with a
more rounded morphology. These results may
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Figure 8. Adhesion and proliferation of fibroblastic
VERO cells and osteoblasts grown on PLLA/PCL blends
and diblock copolymers. Values given in the Figure repre-
sent the media of six different experiments and the error
bars, the standard deviations. Light bars: adhesion meas-
ured at 6 h. Dark bars: proliferation at 96 h. (* denotes p <
0.01). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 9. Morghology evaluation of rat calvaria osteo-
blasts on PLLA** films by optical microscopy: Cells were
seeded on films and after 7 days of subculture cells were
stained with Maygrunwald-Gimsa, magnification (X100).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

explain the increase of cell attachment efficiency
observed for Los'°Cy,” copolymer. The results suggest
that although all substrates tested were suitable for
the support of cellular growth, Loz °Cor” copolymer
was significantly more efficient.

As widely reported, cells respond to different cues
given by the biomaterial surface. Features such as
wettability, chemistry, electric charge, surface
energy, roughness, and rigidity are all known to act
as extracellular stimulators and influence cell behav-
ior.'9712%3% Degpite this knowledge, we are still far
away from understanding the molecular basis and
the relative importance of these features.

In our results, cell proliferation did not correlate
with the measurements of wettability. Both PLLA
and PCL are rather hydrophobic polymers and no
significant differences were observed in contact
angle measurements of the different copolymers or
blends (Table III). The adhesion efficiency of the
films tested and specifically of the Los!Cy” copoly-
mer further corroborates the results reported by pre-
vious studies that indicate that wettability alone is
not the only factor involved in cell behavior when
addressing biomaterial efficiency.''**

The differences in degree of crystallinity and
chemical composition are also expected to influence
cell response to the material surface. However, as
the results of cell proliferation and adhesion demon-
strate for the samples employed here, the cells do
not show significantly different behavior towards
neat PLLA or PCL regardless of their different mo-
lecular weights and structures. Also, even though
there are important differences in crystallinity in
between blends and copolymers, apparently for
some compositions still the cells do not seem to rec-
ognize such differences. There seems to be a particu-

lar combination of chemical composition, surface to-
pography and crystallinity in which cells preferen-
tially adhere and proliferate.

Another factor that has important effects on the
behavior of cells is surface morphology. Numerous
reports have focused on how the morphology of a
substrate surface influences the behavior of cells
growing on such substrate in vitro.>?**3> In the
last few years, the increasing use of micro and nano-
fabrication techniques has allowed the introduction
of patterned surfaces such as grooves, ridges, pits,
and islands on the polymer in order to study the
effects of micro and nanometric topography on cellu-
lar behavior.?>?%

Similarly to this work, Tang et al.*” reported pref-
erential cells adhesion in particular compositions of
solution cast films of PLGA doped PCL with respec-
tive to homopolymers and other composition. This
behavior was attributed to an specifically surface to-
pography and hydrofilicity given by an hysteresis in
contact angle measurements.

The introduction of a specific topography on bio-
material surfaces is of importance if we consider that
cells in vivo live in an environment in which there
are many nanostructures such as components of the

Explant

Polymer surface
(extracellular matrix)

Explant

Figure 10. SEM micrographs of bone explants of rat cal-
varia on different polymer surfaces. Explants were seeded
on films and observed by SEM at Day 14. Cell culture had
a very flattened appearance and migrated and proliferated
aligned to the surfaces: (a) PCL*; (b) PLLA*.
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extracellular matrix, for example, the striation pat-
tern of collagen, as well as the surface of other cells
in cell to cell contact.>**° Studies on the response of
several cell types such as fibroblasts, osteoblasts, and
epithelial cells have demonstrated that cells probably
recognize surface features and respond to them by
the formation of focal contacts,***' reorganization of
adhesion molecules such as integrins located within
focal contacts*'** and of the cytoskeleton involved in
signaling pathways important to control cell prolifer-
ation, migration, and differentiation.**™* Cells usu-
ally elongate in the direction of the groove and
travel guided by the grooves in a phenomena known
as “contact guidance” and the determinants of the
alignment response are mainly the depth and width
of the grooves.*®

The SFM results performed in this study show a
unique morphology in the case of Lo3'°Cy,?, where
samples presented a surface with a higher crystal-
line content and the crystalline lamellae were sub-
stantially longer and appeared to have some long
range orientation. Having large portions of edge-on
lamellae oriented on the surface in a scale of 2-3
pum makes Lo3'®Cor” unique with respect to all the
rest of the materials examined here, since they con-
tained much shorter lamellae. These different char-
acteristics can lead to the phenomena previously
described as “cell contact guidance” and be respon-
sible for the better performance of this polymer.
Structural results of SEM, described previously, are
in accordance with this conclusion (Fig. 10). It is
also important to observe that SFM images of
Los'®Co” (Fig. 3) showed a slightly rougher surface
than other samples studied where amorphous
layers lay on the surface. Surface roughness is
another topographical feature to be implicated in
cell adhesion and proliferation.’***** However, in
the present case, it seems that the most important
feature is the long range lamellar orientation on
the film surface exhibited by the Lo3'®Cor” diblock
copolymer sample.

CONCLUSIONS

We can conclude from our results, first, that one
sample stands out amongst the rest with respect to
cell behavior. This is caused by its long range or-
dered domains of edge-on surface lamellar regions
that permits a better alignment and better attach-
ment efficiency to the polymer surface. This sample
is the diblock copolymer Los3'®Cy7%. Second, this work
illustrates the potential to fabricate unique surface
morphologies with topographic features that signifi-
cantly improve cell adhesion, migration, and prolif-
eration by copolymerizing two hydrophobic biocom-
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patible and biodegradable polymers such as PLLA
and PCL.
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