Characterization of osteoblast-like behavior of cultured
bone marrow stromal cells on various polymer surfaces
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Abstract: The creation of novel bone substitutes requires a
detailed understanding of the interaction between cells and
materials. This study was designed to test certain polymers,
specifically poly(caprolactone) (PCL), poly(p,L-lactic-co-
glycolic acid) (PLGA), and combinations of these polymers
for their ability to support bone marrow stromal cell prolif-
eration and differentiation. Bone marrow stromal cells were
cultured from New Zealand White rabbits and were seeded
onto glass slides coated with a thin layer of PCL, PLGA, and
combinations of these two polymers in both a 40:60 and a
10:90 ratio. Growth curves were compared. At the end of 2
weeks, the cells were stained for both matrix mineralization
and alkaline phosphatase activity. There was no statistically
significant difference in growth rate of the cells on any poly-

mer or polymer combination. However, there was a striking
difference in Von Kossa staining and alkaline phosphatase
staining. Cells on PCL did not show Von Kossa staining or
alkaline phosphatase staining. However, in the 40:60 and
10:90 blends, there was both positive Von Kossa and alkaline
phosphatase staining. These data indicate that PCL alone
may not be a satisfactory material for the creation of a bone
substitute. However, it may be used in combination with
PLGA for the creation of a bone substitute material. © 2000
John Wiley & Sons, Inc. ] Biomed Mater Res, 52, 279-284,
2000.
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INTRODUCTION

Congenital disorders, oncologic surgery, and
trauma often leave patients with large bony defects
that require reconstruction. Development of an effec-
tive bone substitute for the repair of these defects has
been a difficult goal to achieve."? Current materials
and processes have not resulted in a bone substitute
capable of repairing large bony defects. The current
challenge is to create a readily available, implantable
bone substitute that will result in tissue that ultimately
functions as true bone tissue. To perform this task, the
material from which to fabricate the bone substitute
must be chosen carefully.® Resorbable polymer mate-
rials hold the most promise for this purpose and there-
fore were the subject of this study.** Our hypothesis
was that resorbable polymers could support cultured
bone marrow stromal cell growth and differentiation.®
These data could then be used to design three-
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dimensional scaffold materials for the creation of a
novel bone substitute material.”

The most successful bone grafting material to date is
autogenous cancellous bone. This substance has osteo-
genic, osteoconductive, and osteoinductive properties
by virtue of the surviving cells, bone collagen, bone
mineral, and bone matrix proteins.s'9 However, the
technique of autogenous bone grafting has many
shortcomings. The morbidity at the harvest site can be
tremendous with problems, such as pain, infection,
and blood loss requiring blood transfusion adding the
associated risks of transfusion reaction and blood-
borne infection. In addition, the procedure of harvest-
ing the bone graft adds time and cost to the procedure
for which the bone graft is required. Allograft bone is
a secondary material preferred by many surgeons but
it, too, is fraught with problems including inflamma-
tory response, transmission of infections, and resorp-
tion of the graft.'®'* Allograft is appropriate for some
applications, but it is not a panacea.

Many groups have examined the properties of hy-
droxyapatite-based materials,'*'° polymer matri-
ces,'®” and combinations of both of these types of
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materials.'"®*' This study was designed to evaluate
commercially available biopolymers and novel blends
of these polymers for their ability to support prolif-
eration of bone-forming cells, as well as their ability to
allow the cells to maintain their differentiated state as
measured by alkaline phosphatase activity and Von
Kossa staining. By evaluating the cells in a two-
dimensional system, certain decisions can be made
about the osteogenic potential of these materials that
will help to formulate three-dimensional constructs
for the creation of bone replacement materials.

MATERIALS AND METHODS
Polymers

Poly(caprolactone) (PCL) [Aldrich (M, 65 K)] and
poly(p,L-lactic acid-co-glycolic acid) (PLGA) [M,, 40-75 K
(65:35), Aldrich] were all used as received. Molecular
weights were determined by gel permeation chromatogra-
phy (GPC) for PLGA and PCL [PLGA: M,, = 4.4 x 10* g/mol,
PDI (polydispersity index) = 1.6; PCL: M,,, = 7.5 x 10* g/mol,
PDI = 1.5]. GPC was carried out using a Styrogel column
equipped with a Waters 510 programmable pump and a
Waters 410 differential refractometer. Molecular weights are
relative to monodisperse polystyrene standards (Waters).
The solvent used was THF. PCL, PLGA, and two combina-
tions of the aforementioned polymers in a 10:90 and 40:60
ratio were prepared and spin cast on glass microscope
slides. The layer of polymer on each slide was transparent
and measured to be approximately 100 A thick. The slides
were then dried and sterilized with an ultraviolet light for 90
min. Contact angles were determined using a Rame-Hart
goniometer (Model 100-00). The values reported are an av-
erage of six to eight measurements on three different
samples. Distilled water was used to measure advanced and
receding contact angles. Advancing contact angles are de-
termined by placing 5 pL of water on the surface, then add-
ing 2 pL. Receding contact angles are determined by remov-
ing 2 uL of water.

Silanization

Silanization creates a more hydrophobic surface that will
aid in maintaining polymer adhesion to the slides through-
out the duration of the experiment. All microscope slides
used in this study were cleaned by rinsing sequentially in
the following substances: (a) chromerge for 20 min, (b) dou-
bly distilled water three times, (c) phosphoric acid for 20
min, (d) doubly distilled water for 20 min, (e) 10 mM sodium
hydroxide for 10 min, and (f) doubly distilled water. The
cleaned slides were dried under N,, then placed in a desic-
cator with two drops of trimethylchlorosilane for 2 h. The
slides were rinsed with ethanol, dried under N,, and coated
with a 10% w/v polymer solution in chloroform using the
spin caster at 1000 rpm.
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Cell culture and isolation

Bone marrow stromal cells were harvested from 6-week-
old New Zealand White rabbits. The rabbits used in this
study were being killed for another Institutional Animal
Care and Use Committee-approved experiment and the
bone marrow cells were taken immediately following the
death of the animal. Bone marrow was obtained by harvest-
ing bilateral femora and tibia. The bones were then fractured
with a bone cutter under sterile conditions and bone marrow
plugs were obtained.*?

The bone marrow plugs were then mixed with 4 mL of
Dulbecco’s modified Eagle’s medium (Gibco Laboratories,
NY) and antibiotics (penicillin-streptomycin) in a 15-mL
centrifuge tube. The marrow was disaggregated by passing
it gently through a 21-gauge intravenous catheter and sy-
ringe to create a single cell suspension. The suspension was
then centrifuged (800 x g, 5 min). The supernatant was dis-
carded and the process repeated a second time. The cells
were then resuspended in tissue culture medium which in-
cluded DMEM, 15% fetal calf serum (Gibco), antibiotics
(penicillin-streptomycin), an antifungal agent (amphotericin
B), 10 mM Na B-glycerol phosphate (Sigma), 107'°M dexa-
methasone (Sigma), and 50 pg/mL ascorbic acid (Sigma).

Cultures were grown to near confluence in 75-mm? flasks
(Fisher Scientific, PA) with media changed every 3 or 4 days.
Prior to reaching confluence, the cells were resuspended by
exposing them to 2 mL trypsin (Gibco) for 10 s and then
adding 10 mL culture medium. Cells were centrifuged again
and resuspended in culture medium as described above.
Cells concentration was then controlled to 40,000 cells/mL
by Tryptan blue dye exclusion.

Proliferation assay

The polymer-coated slides were then placed into 60-mm?
culture dishes and 4 mL of culture medium was added. One
milliliter of the cell suspension was then pipetted into the
dish directly over the center of the glass slide, giving a con-
centration of 8000 cells/mL. Controls were also created with
silanized sterilized glass slides and 60-mm? tissue culture
dishes.

Cell proliferation rates were calculated by normalization
of all cell count data. Lag time counts were eliminated from
the counts and natural log counts were used to normalize
data amongst all cell counts. Using the equation of a line, the
slope represented the proliferation rate.

Measurement of proliferation

The proliferation of cells on different polymeric substrata
was measured by counting the number of cells in 10 ran-
domly chosen fields at intervals of 2, 24, 48, 72, 120, and 168
h after plating. Individual 750-um?® fields were examined
using phase-contrast optics at a magnification of x10 using
an IMT-2 inverted microscope. For each sample the sum of
the number of cells present in individual fields at t = 24, 48,
72,120, and 168 h after plating, N(t), was normalized to the
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sum of the number of cells present in individual fields 2 h
after plating, N, to determine a relative cell number,

N(t)
N,

o

as a function of time in culture. Mean and standard devia-
tion of the mean were calculated from triplicate platings per
type of substratum.

The temporal dependence of relative cell number was as-
sessed by applying a first-order model with a lag phase prior
to growth for the proliferation of cells:

N(t) = Noek(t - tlag)

where k is the rate of proliferation and ¢, is the time asso-
ciated with attachment, spreading, and adjustment of cells to
a substratum prior to growth. Means and standard devia-
tions for k and t#,, were determined for each type of sub-
stratum using a linear regression analysis applied to experi-
mental data for the natural logarithm of

N

N,

o

at 24, 48, and 72 h.*® Values for the probability of agreement
between experimental data and the theoretical model, Q, for
each type of substratum were determined based on values of
x> with degrees of freedom v = 1. Means and standard de-
viations for k and t,,, among different substrata were com-
pared using analysis of the variance with o = 0.05.

Alkaline phosphatase assay

Alkaline phosphatase activity was obtained using a stan-
dardized kit (Sigma). The staining was performed after 10
days of subculture on the polymer-coated glass slides. Con-
trol cells were also stained. In addition, polymers not seeded
with cells were stained as negative controls. Activity was
evaluated as either positive or negative. Positive activity was
assigned a subjective score of positivity on a scale of 0-5.
Two independent parties performed all of the observations
and were blinded to the nature of the polymer.

Von Kossa stain

Matrix mineralization was evaluated by the use of Von
Kossa stain. After we washed the cells multiple times with
deionized water, we added 5 mL 2% silver nitrate solution to
the specimens. Treated specimens were placed in the dark
for 15 min and then exposed to a bright light for 15 min.
Polymer slides without cells were also treated as negative
controls. Staining was evaluated as either positive or nega-
tive by two independent observers.

Statistical analysis

A microcomputer (Model 410CDT; Toshiba Satellite Pro)
was used to perform statistical analysis using Microsoft Ex-

cel standard software. To detect difference among groups
and intragroup variation, we used analysis of the variance to
compare the proliferation rates with o set at 0.05. Differences
in alkaline phosphatase staining were compared using a
two-tailed paired ¢ test. Statistical significance is represented
by p < .05.

RESULTS
Polymer surface characterization

Contact angle measurements were taken on thin
films spun cast onto glass slides. A Rame-Hart goni-
ometer Model 100-00) was used. The values reported
are an average of six to eight measurements on at least
three different samples. Table I indicates the contact
angle values for the homopolymers and polymer
blends. Although the hydrophobicity of the polymer
blends was similar, pure PCL appeared to be the most
hydrophilic and demonstrated a significant difference
in advancing contact angle (p < .05). (Table I)

Cell proliferation assay

Cell proliferation rates were fairly similar among all
samples and repetitions of this experiment. There was
no statistically significant difference among any of the
surfaces. Figure 1 shows all of the proliferation rates
compared to one another, with error bars representing
standard error of the mean. Analysis of the variance
was performed and revealed that there was no statis-
tically significant difference in the proliferation rate of
the bone marrow stromal cells on any of the polymers
or polymer combinations (Fig. 1).

Alkaline phosphatase staining

The control cells grown on glass slides stained heav-
ily for alkaline phosphatase activity in all cases with
an observer score of 4.8 + 0.4. This score was statisti-

TABLE I
Contact Angles of Polymer Surfaces
Advancing Receding
Contact Contact
Polymer Angle (+SD) Angle (+SD)

PCL 73 (2.5)* 53 (4.0)
PLGA 77 (5.1) 51 (2.1)
PCL:PLGA (10:90) 79 (1.5) 54 (5.0)
PCL:PLGA (40:60) 81 (4.1) 53 (3.0)

*Statistically significant.
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Figure 1. Comparison of proliferation rates of bone mar-

row stromal cells on surfaces. In all cases there was no sta-
tistically significant difference between proliferation rates
for any of the various polymer surfaces compared with each
other and with controls.

cally higher than all other scores, showing that the
cells grew best on the control (glass) surface. In all
cases, p < .001. The cells grown on PCL demonstrated
no alkaline phosphatase activity, with a 0 rating by the
observers on all slides. This was statistically lower
than all other surface, with p < .001 in all cases. The
PLGA, PCL/PGLA in a 10:90 percent ratio, and the
PCL/PGLA in a 40:60 percent combination stained
with similar intensity with no statistical difference in
their scores (p > .10 in all cases). However, the 10:90
blend was the highest scoring surface in this study
compared to the other polymer surfaces, although no
statistical difference was appreciated (Table II).

Von Kossa staining

There was positive Von Kossa staining of cells after
ten days on all samples except for the PCL specimens.
The typical appearance of colonies of cells stained
positively with the Von Kossa stain was seen on all
samples at all time points with the exception of all
polycaprolactone specimens. The amount of Von

TABLE II
Histologic Staining of Tissue Culture Samples
Alkaline Von Kossa

Phosphatase Staining
Control 48+04 Positive
Poly(caprolactone) 0* Negative
Poly(p,L-lactic-co-glycolic acid) 3+0.6 Positive
PCL:PGLA (40:60 ratio) 23+09 Positive
PCL:PGLA (10:90 ratio) 32+09 Positive

*Statistically significant.
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Kossa staining was not quantified further. (Table II
and Figure 2)

DISCUSSION

This study was performed to determine which poly-
mers and polymer blends could be used to create a
novel biomaterial for bone tissue engineering. The ma-
terials chosen are commercially available, U.S. Food
and Drug Administration approved, and relatively in-
expensive. An attempt was made to quantify the cell
reaction to the polymers by examining the prolifera-
tion rates of bone marrow stromal cells on the mate-
rials compared to controls. Osteoblast-like activity
was assessed using the alkaline phosphatase staining
as per other previous investigators.** In addition, ma-
trix deposition and mineralization of the polymers
and blends were analyzed by Von Kossa staining.

The rate of proliferation was not significantly dif-
ferent for any of the polymers or their combinations.
Therefore, this result does not limit our choice of poly-
mers for our new scaffold material because no single
polymer distinguished itself as an inhibitor of prolif-
eration. Thus, all polymers are candidates for a novel
bone tissue-engineering scaffold from the standpoint
of cell proliferation.

In contrast, the osteoblast phenotype was affected
by the biomaterials. PCL was the material least ca-
pable of retaining the osteoblastic phenotype, as evi-
denced by the low level of alkaline phosphatase activ-
ity in those samples. Interestingly, the 10:90 combina-
tion of the PCL and the PLGA best approximated the
control cells. PLGA has been shown to be osteocon-
ductive,”?° and although we have shown PCL not to
be phenotypically osteogeneic, we can obtain an os-
teoconductive material by combining the two poly-
mers. Some of the possible factors that contribute to
this observed phenomenon include the following:
compatibility of the blends, hydrophobicity of the
polymers, and acidity of the degradation products of
the polymers. The polymer blends are anticipated to
be compatible with 10% PCL* and incompatible with
40% PCL. Blend incompatibility can lead to phase
separation of the polymers and crystallization of the
PCL. The crystallinity and amorphous natures of the
polymers may lead to different cell behaviors. Al-
though the hydrophobicity of the polymer blends is
similar, pure PCL appears to be the most hydrophilic.
The osteoblast-like cells appear to prefer more hydro-
phobic surfaces. Finally, the acidity of the PLGA deg-
radation products is higher than that of pure PCL.
This may affect the behavior of the cells as well.

The ability of the polymers to support matrix depo-
sition and mineralization is somewhat difficult to as-
sess in such a short study. Because of the hydropho-
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Figure 2.
are on the left.

bicity of the polymers, the films would remain ad-
hered to the glass slides for only 14 days maximum.
Therefore, Von Kossa staining was performed at 10
days and the results are difficult to interpret. The de-
gree of staining could not adequately be quantitatively
assessed, and so a designation of positive or negative
was made. The fact that PCL was the sole polymer
surface demonstrating no Von Kossa staining may
show that this polymer alone would not be useful for
the creation of an osteogenic scaffold material. How-
ever, the staining took place early in the process of
matrix deposition and mineralization. Yet, cells on
other polymers did show positive staining at this time,
and this cannot be overlooked because this character-
istic is desirable for the creation of a bone substitute
material.

From these data it appears that the optimal polymer
for further investigation is the PLGA /PCL blend in a
10:90 ratio. Further study is currently being conducted
to examine the properties of these blends when three-
dimensional constructs are manufactured. Additional
data will also need to be collected regarding the cel-
lular response to the three-dimensional forms of these
polymers and polymer blends, as there may be dras-
tically different results in osteoblastic activity and the
ability to cause the synthetic matrices to become bone.
This thinking may also be extrapolated to the expected
in vivo properties of these materials. This paradigm for
examination of novel biomaterials as potential bone
substitutes allows for a systematic evaluation of a ma-
terial with the opportunity for intervention at all levels
of investigation.

CONCLUSIONS

Investigation of thin films of polymers on silanized
glass slides and characterization of the films using

Bone marrow stromal cells with Von Kossa stain. The PLGA:PCL 10:90 blend is shown on the right; control cells

contact angle goniometry were performed. The poly-
mer blends appear to have superior osteoconductive
properties compared to the homopolymers. The ho-
mopolymers and the blends are hydrophobic. Cul-
tured bone marrow stromal cells were seeded onto the
films and proliferation rates were not statistically dif-
ferent between polymer species. Mineralization was
determined using Von Kossa and alkaline phospha-
tase staining. Blends of PCL and PLGA seem to be the
most osteogenic. We are using these two-dimensional
data to prepare three-dimensional scaffolds for use in
bone tissue engineering.

The authors thank Mark P. Mooney, Ph.D., for assistance
with the bone marrow cell harvest.
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