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Bone tissue engineering (BTE) uses principles from different fields, such as medicine, biochemistry
and engineering, in order to restore or improve damaged tissue. Topographic changes of Poly-�-
caprolactone scaffolds (PCL) have been previously induced by exposure of the polymer to various
concentrations of NaOH for different periods of time. However, lack of consistency between the
treatment conditions used by different research groups has led to inconsistent results, with no clear
conclusion arising regarding the benefits of these treatments. The aim of this study was to eval-
uate how different treatments (time-concentration) with NaOH could affect its biocompatibility for
bone marrow stromal cells (BMSC) and its cytotoxicity towards RAW 264.7 macrophages of a PCL
scaffold. We also analyzed the physicochemical and mechanical properties of the PCL films after
different treatment. We have shown that treatment with for 2 hours with NaOH produced changes
that affected the hydrophobicity and biocompatibility of the scaffold by increasing the proliferation
and ALP activity in cells grown on them. Beside, 24 hours of treatment with NaOH produced signif-
icant decreased in mechanical properties resulting in a scaffold highly fragile and low biocompati-
bility compared to PCL. Therefore, treatment for 2 hours with NaOH can be used to increase the
biocompatibility of PCL scaffolds.

Keywords: Cytotoxicity, Bone Tissue Engineering, Bone Marrow Stromal Cells, RAW 264.7
Macrophages, Poly-Epsilon-Caprolactone.

1. INTRODUCTION
Most available options to replace or restore extensively
damaged bone tissue are not effective. Metals have low
osteointegration, ceramics are brittle and bone grafts have
several disadvantages including low availability due to
insufficient donors, graft rejection and disease transmis-
sion. Furthermore, in view of overall population growth
and increasing life expectancy, the burden of bone lesions
will continue growing over the next years.1–4

Bone tissue engineering (BTE) uses concepts from dif-
ferent fields, such as medicine, biochemistry and engi-
neering, in order to restore or improve damaged tissue.5

Different polymer-based scaffolds have been developed for
use in BTE.6–10 These materials must meet many require-
ments for their application in BTE, such as biocompat-
ibility, low toxicity, adequate mechanical properties and

∗Author to whom correspondence should be addressed.

biodegradation rates.11 Although these requirements are
greatly dependent on the chemical structure of the mate-
rial, other properties may also be important. For example,
three-dimensional and topographic changes could alter the
behaviour of bone cells grown on a scaffold.
Many research groups12�13 including ours14�15 have

demonstrated through in vitro studies that topographic
changes of scaffolds can affect cellular activity. Poly-
�-caprolactone (PCL) is a polyester that has been
widely studied for scaffold design, and is currently
FDA-approved.
PCL-scaffolds have been previously induced by expo-

sure of the polymer to various concentrations of NaOH for
different periods of time topographic changes.16–19 How-
ever, lack of consistency between the treatment conditions
used by different research groups has led to inconsistent
results, with no clear conclusion arising regarding the ben-
efits of these treatments on the biocompatibility of the
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scaffolds. Tan and Teoh16 have postulated that the ester
groups of PCL could be hydrolyzed by NaOH (Scheme 1)
with generation of hydroxycaproic acid, thus modifying
the scaffold’s hydrophobicity.
The aim of this study was to evaluate how differ-

ent treatments of a PCL-based scaffold could affect its
biocompatibility for bone marrow stromal cells (BMSC)
and its cytotoxicity towards RAW 264.7 macrophages.
This cell line is highly sensitive to cytotoxic agents and
responds by sharply increasing pro-inflammatory cytokines
such as interleukin-1 (IL-1) and tumor necrosis factor-
alpha (TNF-�) as well as the production of nitric oxide
(NO). Due to these features, macrophages in culture con-
stitute an excellent model for cytotoxicity studies with var-
ious substances in biological systems.14�20–23 In addition,
changes in hydrophobicity and mechanical properties were
evaluated, and correlated with cellular studies.

2. MATERIALS AND METHODS
2.1. Preparation of PCL Films
Poly-�-caprolactone (PCL) was purchased from Aldrich.
The manufacturer reports its weight average molecu-
lar weight (Mw) and polydispersity index (PI) to be
65000 g ·mol−1 and 1.4, respectively. Films were prepared
by the casting method. Briefly, PCL was dissolved in chlo-
roform and casted into a glass Petri dish. The solvent was
allowed to evaporate at room temperature and then the
resulting films were dried under vacuum until constant
weight.
PCL films were then cut and treated with different con-

centrations of NaOH for various periods of time. Some
membranes were submitted to 2N NaOH for either 1 or
2 hours (1H–2N and 2H–2N respectively). Other films
were treated with 4N NaOH for 1, 2 or 24 hours (1H–4N,
2H–4N and 24H–4N respectively).
After these treatments, the different films were washed

with water several times to ensure removal of all NaOH,
and sterilized by UV exposure for 2 h.15�20

2.2. Characterization of Scaffolds
2.2.1. Molecular Weight and Polydispersity Index
To check if the different treatments affect the Mw and
molecular weight distribution of the polymers, these were
determined by size exclusion chromatography (SEC),

Scheme 1. Hydrolysis reaction of PCL with NaOH producing
hydroxycaproic acid.

using an LKB-2249 instrument at 25 �C. A series of
�-Styragel columns, pore sizes 105, 104, 500 and 100 Å,
were used with chloroform as an eluent. The polymer
concentration was 4–5 mg/ml and the flow rate was
0.5 ml/min. The polymer was detected at 5.75 �m with
a Miran 1 A infrared spectrophotometer detector and cali-
bration was performed using poly(methyl methacrylate) as
a standard.

2.2.2. Topographic Changes
Possible changes in the topography of scaffolds as a conse-
quence of their treatment with NaOH were evaluated using
scanning electron microscopy (SEM; Phillips 505, The
Netherlands), with an accelerating voltage of 20 kV. The
images were analysed by Soft Imaging System ADDAII.

2.2.3. Water Contact Angle
Water contact angle measurements of the films were car-
ried out as described previously.7 All tests were performed
on the air-facing surface of samples. For each sample, six
measurements were performed on different points in order
to calculate the mean static contact angle.

2.2.4. Elastic Modulus
The elastic modulus of each sample was evaluated at room
temperature using a universal testing machine (Digimess
TC500) equipped with force load cells of 50N capacity
(“Interface” of Arizona, USA). The dog bone-shaped spec-
imens (50× 18 mm2� were tested at a rate of 5 mm/min
until breaking point.15 Elastic modulus was calculated
from tensile stress–strain curves.

2.3. Biocompatibility Studies with Bone Marrow
Stromal Cells (BMSC)

BMSC were obtained from rats as described previously.24

These cells are characterized by their ability to dif-
ferentiate into various phenotypes, such as osteoblasts,
adipocytes or chondrocytes, given the right stimuli.20�24

Briefly, young male Wistar rats were sacrificed under
anesthesia by rapid neck dislocation. BMSC were col-
lected by flushing the dissected femoral and tibial dia-
physis medullary canal with DMEM (Invitrogen, Buenos
Aires, Argentina) under sterile conditions. The result-
ing suspension was seeded in a 25 cm2 tissue culture
flask. Adhering cells were grown in DMEM supplemented
with 5% (v/v) FBS and antibiotics (100 U/ml penicillin
and 100 g/ml streptomycin) in a humidified atmosphere
of 95% air and 5% CO2. For the experiments, poly-
meric films were cut to size and placed inside wells of
a 24-well plate. BMSC were resuspended and replated
on each film slice at a density of 5× 104 cells/well,
and cultured in 10% FBS–DMEM at 37 �C. After cells
reached confluence, they were induced to differentiate
into osteoblasts using an osteogenic medium (DMEM–
10% FBS containing 25 mg/mL ascorbic acid and 5 mM
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sodium-glycerol-phosphate), which was changed twice a
week. Osteoblastic differentiation was evaluated by mea-
suring alkaline phosphatase activity (ALP). After 14 and
21 days of osteogenic differentiation, cell monolayers were
washed with phosphate-buffered saline (PBS) and the total
cell extract was obtained with 200 L 0.1% Triton-X100.
A 100 L aliquot of the extract was used to evaluate ALP
by hydrolysis of p-nitrophenylphosphate (p-NPP) into
p-nitrophenol (p-NP) at 37 �C for 1 hour. The absorbance
of p-NP was recorded at 405 nm.25 Aliquots of each cell
extract were used for protein determination by Bradford’s
technique.26

Transcription factor Runx-2 expression by western blot
analysis was studied. BMSC were grown onto scaffolds in
DMEM–10% FBS and then differentiated into osteoblasts
as described above. After 21 days in osteogenic medium,
cells were lysed in Laemmli’s buffer.15 These lysates were
heated to 100 �C for 3 min, and 30 �g protein subjected to
12% SDS–PAGE. The separated proteins were then trans-
ferred to PVDF membranes. After washing and blocking,
the membranes were incubated overnight at 4 �C with
an antibody directed against Cbfa-1/Runx-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for evaluation of
osteoblastogenesis.15�27 In order to normalize the results,
all blots were stripped and reprobed with an anti-�-actin
antibody (Sigma, St.Louis, MO, USA). Blots were devel-
oped by an enhanced chemiluminescence method. The
intensity of the specific bands was quantified by densit-
ometry after scanning of the photographic film. Images
were analysed using the gels plugin of MBF_Image J
(http://www.macbiophotonics.ca).

Alternatively, growth of BMSC on the scaffolds was
estimated using a colorimetric tetrazolium assay. This
assay measures the reduction of the tetrazolium salt
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) to formazan by intact mitochondria in liv-
ing cells. Thus, absorbance change is directly proportional
to the number of viable cells.20 For this assay, 3× 104

BMSC were plated in a 48-multiwell plate (with a polymer
film placed in each well) and cultured for 2, 24, 96 and
168 hours in 10% FBS–DMEM at 37 �C. The medium was
removed, cells were washed with PBS and fresh medium
containing the MTT reagent (Sigma, USA) at a final con-
centration of 1 mg/mL was added. After a 3-hour incuba-
tion each film was removed, placed in a new 48-multiwell
plate and washed again with PBS. Color was developed
by addition of 200 L dimethylsulfoxide (DMSO) (Merck,
Argentina) and mixing in a plate shaker for 20 minutes,
after which absorbance was measured at 540 nm.20

In order to evaluate the morphology and cellular interac-
tions of BMSC growing on different scaffolds, we carried
out immunofluorescent staining of the actin cytoskeleton
and the nucleus. Briefly, BMSC were grown on the poly-
meric films for 5 days, washed with PBS and fixed with
4% p-formaldehyde for 10 min. Cell membranes were

then permeabilized with cold ethanol. After blocking with
10%FBS for 2 hours, 1:100 Alexa fluor dye in PBS was
added for 2 hours (Molecular Probe, Invitrogen, USA) to
stain actin filaments. Films were then placed on slides, pro-
pidium iodide added in order to stain nuclei, and observed
with a fluorescence microscope.

2.4. Cytotoxicity Studies with RAW 264.7
Macrophages

Murine macrophage RAW 264.7 cells were grown in
DMEM supplemented with 5% (v/v) FBS and antibiotics
(100 U/ml penicillin and 100 g/ml streptomycin) in a
humidified atmosphere of 95% air and 5% CO2. For the
experiments, polymeric films were cut to size, inserted in
a 24-well plate and macrophages plated on them.
Nitric oxide (NO) production was assessed using Griess’

reaction20�27–29 (using sulfanilic acid as the diazotizing
agent and N -1-napthylethylene diamine as the coupling
agent). The stable end-product of NO and nitrite released
into the culture medium by RAW 264.7 cells was mea-
sured after 72, 96 and 168 hours of culture. Briefly,
400 �l samples of conditioned media or nitrite standards
(0–100 nM) were mixed with 400 �l of Griess’ reagent
(1% sulfanilamide and 0.1% naphthylethylene-diamine in
5% phosphoric acid) and absorbance was measured at
530 nm against a blank prepared with non-conditioned cul-
ture medium.
The pro-inflammatory cytokines tumor necrosis fac-

tor alpha (TNF-�) and interleukin-1 (IL-1) released into
the culture medium by RAW 264.7 cells were evaluated
at 72, 96 and 168 hours by ELISA kits (Mouse IL-1�
ELISA Set, BD Biosciences OptEIA™ and TNF-� kits
Mouse ELISA Set, BD Biosciences OptEIA™) follow-
ing the manufacturer’s instructions, as we have previ-
ously described14�20 using a calibration curve from 2 to
240 pg/ml.
For NO and pro-inflammatory cytokine production,

RAW 264.7 cells were also plated on standard culture
tissue dishes with or without lipopolysaccharide (LPS,
0.1 g/ml) as positive and negative controls, respectively.

2.5. Statistical Analysis
Student’s t-test was used for comparisons between con-
trol and experimental groups. All results are expressed as
mean±S.E.M. and represent at least three different exper-
iments performed in triplicate.

3. RESULTS AND DISCUSSION
To obtain conclusive results, in the present study we pre-
pared films of PCL and treated them with different con-
centrations of NaOH (2 and 4N) for either 1 or 2 hours.
In addition, we treated PCL films with 4N NaOH for a
longer period (24 hours). Figures 1(A)–(F) shows SEM
images of the surface of PCL scaffolds before and after
treatments with NaOH. 2-hour (D), (E) and 24-hour (F)
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Fig. 1. SEM surface images (1000×) of PCL scaffolds (A) after treatment with 1H–2N (B), 1H–4N (C), 2H–2N (D), 2H–4N (E) and 24H–4N (F).

treatments induced a significant increase in surface cracks
when compared with control PCL (A). Long-term treat-
ment with NaOH (F) increased the surface roughness
of PCL. Thus, controlled alkaline treatment can mod-
ify scaffold topography, which might in theory affect its
biocompatibility.
We also evaluated whether the different treatments could

change the molecular weight and polydispersity of PCL,
and only found significant differences for long-term treat-
ments (24H–4N: lower Mw and higher PI versus untreated
PCL) (Table I).
Although it is still not understood how the hydropho-

bicity or hydrophilicity of materials can regulate cellular
activity and tissue regeneration, this is an important param-
eter to be considered when designing a scaffold since the
initial interactions between cells and scaffolds are partly
dependent on weak bonds such as dipole–dipole.20 Table I
shows that the hydrophobicity of PCL decreases with

the duration and intensity of NaOH treatment. Untreated
PCL exhibited the highest WCA (73.4�). Although there
was no difference between 1H–2N (64.9�) and 1H–4N
(64�), the WCA of PCL submitted to 2-hour treatments
were lower than for 1-hour treatments. In addition, there
was a significant difference between 2H–2N (60.5�) and

Table I. SEC, WCA and mechanical properties of PCL scaffolds after
different alkaline treatments (n/d: not detectable).

Scaffold Mw (g mol−1� PI WCA (�) Elastic modulus (MPa)

PCL 65000 1.40 73.4±0.5 152.28±10
1H–2N 64967 1.41 64.9±0.4∗ 143.42±12
1H–4N 65121 1.41 64.0±0.2∗ 146.59±16
2H–2N 65051 1.38 60.5±0.3∗# 153.73±13
2H–4N 64912 1.39 56.1±0.7∗#& 151.76±12
24H–4N 51400 3.90 n/d n/d

Notes: ∗: p < 0�001 versus PCL. #: p < 0�05 versus 1H group. &: p < 0�01 versus
2H–2N.

4 J. Biomater. Tissue Eng. 5, 1–7, 2015
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2H–4N (56.1�). Thus, the order of hydrophilicity was: PCL
(control) < 1H–2N = 1H–4N < 2H–2N < 2H–4N; show-
ing that the increase in hydrophilicity is directly dependent
on the extent of corrosive treatment. However, after a 24-
hour treatment of PCL with 4N NaOH, WCA was impos-
sible to determine due to the instability of the water drop
on the film. In agreement with our present results, Chen
et al. found that a 3-hour treatment of PCL scaffolds with
5N NaOH (using 2-roll-heated-mill and biaxial stretching
methods) significantly decreased the WCA of films.17

Fig. 2. (A) Alkaline Phosphatase activity of BMSC. ALP activity of BMSC extracts grown in an osteogenic medium for 14 and 21 days on different
scaffolds. (B) RUNX-2 expression. Cells were plated on different scaffolds and cultured in an osteogenic medium for 3 weeks. The expression of
Runx-2 and actin was evaluated by Western immunoblot. (C) BMSC proliferation using MTT assay. Values are expressed as % versus PCL after 2
hours of proliferation. $: p < 0�05 versus PCL; +: p< 0�01 versus PCL; ∗: p< 0�001 versus PCL; #: p< 0�05 versus 1 hour of treatment; @: p < 0�001
versus 1 hour of treatment; �: p < 0�05 versus 1 hour of treatment; &: p < 0�01 versus 2H–2N. C: p < 0�05 versus 2H–2N (D) cell morphology.
Immunofluorescence for actin (green) and nucleus (red). (A) After treatment with 1H–2N (B), 1H–4N (C), 2H–2N (D), 2H–4N (E) scale bar: 10 �m.

It is important to ensure that after being implanted the
scaffold does not collapse, provides mechanical support
and guides the repair of bone tissue. Table I shows the
elastic moduli of PCL scaffolds before and after different
treatments. The elastic modulus of our untreated PCL scaf-
folds was 152.28 MPa±10 Mpa, which is similar to that
of mouse femur.30 1- and 2-hour treatments with NaOH
did not induce significant changes in the elastic modulus
of PCL (around 150 MPa). However, 24 hours of expo-
sure to 4N NaOH increased the fragility and breakability

J. Biomater. Tissue Eng. 5, 1–7, 2015 5
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of PCL so much, that we could not determine these
parameters.
Figure 2(A) shows the Alkaline Phosphatase activity

(ALP) of BMSC grown on the treated and untreated
scaffolds, after culturing in osteogenic medium for 2 or
3 weeks. The same patterns were seen for 14 and 21 days:
ALP was similar to control (untreated PCL) in scaffolds
treated with 2N NaOH for 1 or 2 hours, increased sig-
nificantly with 1H–4N and 2H–4N PCL films, but greatly
decreased with 24H–4N scaffolds. Due to the high fragility
of the 24H–4N scaffolds, their reduced Mw and increased
IP, to the impossibility of measuring WCA and their
decreased biocompatibility for BMSC, they were studied
no further.
We next evaluated by Western immunoblot whether the

treated or untreated matrices differentially affected the
expression of Cbfa1/Runx2, one of the major transcription
factors for osteoblastogenesis. BMSC growing on differ-
ent scaffolds were cultured in an osteogenic medium for 3
weeks. Figure 2(B) shows, in agreement with our results
for ALP, that the expression of Runx2 was similar for
BMSC grown on untreated PCL or on scaffolds modified
by 2N NaOH for 1 or 2 hours; increased significantly for
cells grown on matrices treated for 1 hour with 4N NaOH;
and increased even more for 2H–4N films.
We also studied the attachment and proliferation of

BMSC to the different matrices, using the MTT assay.
As shown in Figure 2(C), after culturing for 2 hs BMSC
adhered similarly to all scaffolds, and after 24 hs showed
similar proliferation. However after 96 hs, 2H–2N and 2H–
4N treatments increased BMSC proliferation versus control
PCL ($: p<0.05 2H–2N vs. PCL and ∗: p < 0�001 2H–4N
vs. PCL). In addition, BMSC proliferation increased both
with the duration of alkaline treatment (#: p < 0�05 for
2H vs. 1H–2N and 1H–4N) and with the concentration of
NaOH used (&: p < 0�01 for 2H–4N vs. 2H–2N). A simi-
lar pattern was observed after culturing BMSC on the same
scaffolds for 168 hs: a 2-hour alkaline treatment of the
matrix (but not a 1-hour treatment) increased BMSC prolif-
eration compared to control PCL. Gümüşderelioğlu et al.18

have shown that treatment of PCL with NaOH (5H–3N)
decreases the proliferation of L929 and MDBK cells after
3, 5 and 7 days of culture. However, using the same alkaline
treatment Chen et al.17 found that NaOH did not affect the
proliferation of 3T3 cells after 3, 5 or 7 days of culture. In
addition, Vance et al.19 demonstrated that NaOH treatment
(1min-1N and 10 min-1N) of PCL decreased fibroblast pro-
liferation versus control PCL after 5 days of culture.
In further experiments, we stained membrane-associated

actin filaments (and nuclei) with specific fluorescent
probes, in order to assess cellular interactions and mor-
phology. Figure 2(D) shows that BMSC grown for 5 days
on either control or NaOH-treated PCL, adhere in a similar
manner and present an extended morphology. This would
indicate that the cells interact adequately with the different

matrices, confirming that the membranes offer good sup-
port for cell growth.
As has been pointed out above, a very important

requirement for biomaterials is that they must not be
toxic since they have been designed for incorporation
into a living organism. Previously, our group14�20 and

(a)

(b)

(c)

Fig. 3. Cytotoxicity studies. Levels of NO (A), IL-1 (B) and TNF-� (C)
produced by RAW 264.7 macrophages cultured on standard plastic tissue
culture dishes (control), control+ LPS, PCL, 1H–2N, 1H–4N, 2H–2N
and 2H–4N. Except for LPS (positive control) and TNF-� secretion by
RAW264.7 after 7 days culture on PCL, no significant differences were
observed for the release of NO or secretion of cytokines in any other
condition. As expected, LPS induced a significant increase in all pro-
inflammatory markers. �: p < 0�001 versus control and scaffolds. $: p <

0�05 versus PCL. 	: p < 0�05 versus control.

6 J. Biomater. Tissue Eng. 5, 1–7, 2015
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other researchers21–23 have shown that macrophages are a
very sensitive culture model to evaluate possible in vitro
inflammatory responses to a material with potential appli-
cations in tissue engineering. Therefore, the materials
developed in our laboratory were evaluated to determine
their potential cytotoxicity, assessing the release of NO
and the pro-inflammatory cytokines TNF-� and IL-123 by
macrophages cultured on the different materials for 3, 4
and 7 days. Figure 3(A) shows that release of NO from
cells grown on all evaluated polymers was similar to con-
trol (standard plastic tissue culture dish). When 0.1 g ·ml−1

LPS was added to the culture medium as a positive con-
trol of cytotoxicity, a statistically significant (�: p< 0�001)
increase in NO released to the culture media was detected.
In addition, Figure 3(B) shows that there was no signifi-
cant difference in the levels of IL-1 secreted into the culture
medium between cells grown on the different polymeric
scaffolds, or standard plastic tissue culture dishes. Again,
in the presence of LPS cells responded by increasing the
production of this cytokine after 3, 4 and 7 days of culture.
A similar behaviour was observed for secretion of TNF-�
(Fig. 3(C)), namely no significant differences between stan-
dard plastic tissue culture dishes and NaOH-treated PCL
matrices. Surprisingly, secretion of TNF-� increased sig-
nificantly after culturing RAW 264.7 macrophages for 7
days on untreated PCL scaffolds. However, this increase
was much lower than the levels of TNF-� induced by addi-
tion of LPS to the culture medium. We have previously
evaluated20 the cytotoxicity for RAW 264.7 macrophages
of PCL (and of a compatibilized blend of PCL with poly-
fumarate), with and without hydroxiapatite. Although in
those studies we found that PCL did not increase TNF-�
secretion after 3 days of culture, longer-term (7-day) cul-
tures were not evaluated.

4. CONCLUSION
We have evaluated the effect of different NaOH treatments
on physicochemical and biological properties of PCL films
obtained by casting methods. Controlled alkaline treatment
of PCL induced:
(1) a more hydrophilic material with increased surface
roughness;
(2) greater biocompatibility for bone marrow stromal
cells; and
(3) lack of cytotoxicity for macrophages in culture.
In addition, we found that a 2-hour treatment with NaOH
was more effective than a 1-hour treatment in improving
biocompatibility for bone-derived cells. Therefore, treat-
ment for 2 hours with NaOH can be used to increase the
biocompatibility of PCL scaffolds.
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