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Abstract: Poly(epsilon-caprolactone) (PCL) is a hydrophobic

bioplastic under development for bone tissue engineering

applications. Limited information is available on the role of

internal geometry and cell-surface attachment on osseous inte-

gration potential. We tested the hypothesis that human bone

marrow mesenchymal stem cells (MSCs) deposit more mineral

inside porous 3D PCL scaffolds with fully interconnected 84 or

141 mm pores, when the surfaces are coated with chitosan via

Layer-by-Layer (LbL)-deposited polyelectrolytes. Freshly tryp-

sinized MSCs were seeded on PCL 3D cylinders using a novel

static cold seeding method in 2% serum to optimally populate

all depths of the scaffold discs, followed by 10 days of culture

in proliferation medium and 21 additional days in osteogenic

medium. MSCs were observed by SEM and histology to

spread faster and to proliferate more on chitosan-coated pore

surfaces. Most pores, with or without chitosan, became filled

by collagen networks sparsely populated with fibroblast-like

cells. After 21 days of culture in osteogenic medium, sporadic

matrix mineralization was detected histologically and by

micro-CT in highly cellular surface layers that enveloped all

scaffolds and in cell aggregates in 141 mm pores near the

edges. LbL-chitosan promoted punctate mineral deposition on

the surfaces of 84 mm pores (p<0.05 vs. PCL-only) but not the

141 mm pores. This study revealed that LbL-chitosan coatings

are sufficient to promote MSC attachment to PCL but only

enhance mineral formation in 84 mm pores, suggesting a

potential inhibitory role for MSC-derived fibroblasts in osteo-

blast terminal differentiation. VC 2014 Wiley Periodicals, Inc. J

Biomed Mater Res Part A: 103A: 2449–2459, 2015.
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INTRODUCTION

Chronic non-union bone voids, especially in the mandible,
represent an extremely debilitating condition in urgent
need of new bone repair strategies. Ideally, a bone substi-
tute could be developed; a 3D structure that facilitates vas-
cular bone in-growth, physically integrates with new bone
(osseus integration), and eventually becomes completely
replaced by living bone tissue without releasing toxic
breakdown products.1 Poly(e-caprolactone) (PCL) is a bio-
plastic that has been under development as a potential
bone substitute for over 15 years, due to its toughness,
ability to support early loads, biocompatibility, and slow
biodegradability.2,3 Much progress has been made in devel-

oping PCL meshes and mesh blends through electrospin-
ning to specific nanofiber diameter, spacing and
composition,4–7 but these scaffolds and membranes are
mechanically weak and intended for non-load-bearing
defects such as cranial voids. Alternatively, PCL scaffolds
with fully-interconnected pores have been generated by
melt-blending or robotic printing with a range of porosities
and mechanical properties.8–10 A refined melt-blending
approach was recently used to generate 3D PCL scaffolds
with 55% porosity and fully interconnected pores with dis-
crete pore sizes ranging from 40 mm to �220 mm.11 These
PCL scaffolds are promising bone substitute materials but
limited by the hydrophobic character of pure PCL that

Additional Supporting Information may be found in the online version of this article.
Correspondence to: C. D. Hoemann; e-mail: c.hoemann@polymtl.ca
Contract grant sponsor: Natural Sciences and Engineering Research Council of Canada (NSERC); Canadian Institutes of Health Research (CIHR);

Fonds de Recherche en Sant�e du Qu�ebec (FRQ-S, Bourse de Carriú̂re Nationale)
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leads to poor cell attachment and attenuated in vitro
biomineralization.5,10–13

A variety of approaches were previously developed to
improve cell attachment to PCL, including chemical grafting
of integrin-binding peptide14,15 and BMP-2,16,17 and layer-
by-Layer (LbL) polyelectrolyte deposition on the surfaces of
PCL fibers and films.18 Chitosan is a cost-effective naturally
derived glucosamine polymer, previously used to enhance
cell attachment to PCL by blending or applying as a coating
to the plasma-modified PCL surface.7,9,19–21 PCL-chitosan
scaffolds were shown to support alkaline phosphatase
(ALP) expression, a surrogate marker of early osteoblast dif-
ferentiation, and to allow mineral deposition by MG-63,
Saos-2 or MC3T3 osteosarcoma cells.3,10,20,22–24 However
experiments using osteosarcoma cell lines and rodent bone
marrow mesenchymal stem cells (MSCs) may overestimate
the osteogenic potential of PCL, because these cell sources
have a very strong spontaneous mineralization rate com-
pared to primary human MSCs.25 Furthermore, evidence of
cell-mediated calcification of PCL scaffolds was mainly dem-
onstrated on the external surfaces,10,21,26,27 or in only small,
representative histology images.3,4,20,22,26 Information is still
lacking on the capacity of human primary MSCs to biomi-
neralize the inner surfaces of 3D PCL scaffolds. Osteogenesis
at the pore surfaces is a necessary and critical step towards
obtaining a mechanically stable osseous integration.

In this study, we tested the hypothesis that a chitosan
coating promotes human MSC cell attachment, extracellular
matrix deposition and biomineralization inside PCL scaffolds
with fully interconnected pores. Chitosan (98% degree of
deacetylation) was deposited through an LbL approach, which
gives chitosan a versatile PCL melt-blend skeletal design, as
well as more robust mechanical properties compared to a
pure chitosan scaffold. To overcome low seeding efficiencies
in the center of the porous 3D scaffolds,5,11,28,29 an innovative
cold seeding method was developed. Moreover, given the tight
control over pore size distribution in the co-continuous PCL
melt blend,11 we also analyzed the effect of pore size on
osteogenesis. Primary human MSCs were cold-seeded into 2-
mm thick, 3-mm diameter 3D PCL cylinders with 84 and 141
mm interconnecting pores, with and without LbL-chitosan
coating. Constructs were analyzed after 2 and 10 days of cul-
ture in proliferation medium and after another 21 days of cul-
ture in osteogenic medium, for evidence of human MSC
osteoblast differentiation in a three-dimensional environment.

MATERIALS AND METHODS

Materials
Commercial-grade poly(e-caprolactone) (PCL, CAPA 6800)
was supplied by Solvay (Brussels, Belgium). Poly(ethylene)
oxide (PEO) water-soluble polymers (POLYOXTM WSR-N10)
was purchased from Dow (Midland, MI). Poly(diallyldime-
thylammonium chloride) (PDADMAC), Mw 100,000–200,000,
and Poly(sodium 4-styrenesulfonate) (PSS), Mw 70,000 were
purchased from Sigma–Aldrich. Chitosan (DDA5 98% and
Mw 237,000, <500 EU, <0.2% protein and <5 ppm heavy
metals) free-base powder was supplied by BioSyntech
(Laval, QC, Canada, now Piramal Healthcare). Chitosan

molecular weight analysis by GPC-light scattering was per-
formed by the Biomaterials and Cartilage Laboratory at
�Ecole Polytechnique de Montr�eal.

Scaffold fabrication
PCL and PEO were melt-blended at the co-continuous com-
position of 45PCL/55PEO vol % in a Brabender internal
mixer at 100 �C for 7 min with the rotation speed of
50 rpm and under a constant flow of dry nitrogen, then the
blends were immediately quenched in liquid nitrogen to
freeze-in the morphology, as previously described.11,30 The
blends were then annealed at 160 �C in a compression
molding press under a constant flow of nitrogen for 1 and
2 h. Annealed samples were then quenched in liquid nitro-
gen and shaped into discs of 3 mm in diameter and 1.5–
2 mm in thickness, by using a mechanical punch and a fresh
razor blade. PEO was finally selectively extracted in 50 mL
deionized water for 7 days under agitation at ambient tem-
perature, leaving a microporous structure. One and two
hour annealing of the samples led to the production of scaf-
folds with 84 and 141 mm average pore diameter, respec-
tively as determined by mercury intrusion porosimetry.11

Surface modification of PCL via LbL self-assembly
Aqueous 10 mg mL21 solutions of PDADMAC (polycation)
and PSS (polyanion) were used as polyelectrolytes. PCL discs
were first incubated in PDADMAC solution in 1 M NaCl,
pH5 8 for an hour, rinsed in deionized water, then exposed
to alternating polyelectrolyte solutions of opposite charges
(1M NaCl), of pH5 2 for 1 h until the eighth layer is depos-
ited corresponding to the negatively charged PSS outermost
layer. After each polyelectrolyte deposition, an hour of water
rinsing was performed to remove the unbound polyelectrolyte
material. Metal wires were used to keep the discs submerged
in the solutions and water at all times. LbL samples with neg-
atively charged surface were then sterilized in 70% v/v etha-
nol, rinsed in water 3 times, dipped aseptically in 0.22 mm
filter-sterilized 0.2% w/v chitosan HCl solution with a positive
charge at pH54 for 4 h under slow shaking as the conclud-
ing layer followed by rinsing in sterile ddH2O for 1 h.

Cell expansion and static cell seeding
Under institutional-approved protocols, human MSCs from
bone marrow aspirate from a single healthy consented
donor at passage 2 were purchased from Texas A&M Insti-
tute for Regenerative Medicine (Temple, TX). Primary cells
were cultured and expanded in tissue culture flasks at 37
�C in a humidified atmosphere of 5% CO2 in complete cul-
ture media (CCM): alpha minimum essential medium
(aMEM, Invitrogen, Life Sciences, Burlington, Ontario), 16%
fetal bovine serum (FBS, Atlanta Biologicals, Atlanta, GA),
2 mM L-glutamine (Sigma–Aldrich), and 100 U mL21 Penicil-
lin/100 lg mL21 Streptomycin (Sigma–Aldrich). The cells
were passaged twice before seeding in the scaffolds. PCL-
only scaffolds were sterilized in 70% ethanol for 1 h and
rinsed three times in sterile water, air-dried overnight and
fully sealed into sterile Petri dishes until further use. Sterile
LbL-chitosan-coated scaffolds were prepared as described
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above and subsequently immersed in culture medium for
cell culture without exposure to ethanol or drying.

A cell infiltration protocol was optimized with 141 mm
PCL-only scaffold discs, 3 mm diameter and 2-mm thick,
press-fit into 3 mm diameter holes generated with a biopsy
punch in sterile 2% agarose solidified in 24-well culture
plates, as previously described.11 Three different seeding pro-
tocols using 250,000 freshly trypsinized MSCs per scaffold
were investigated: (1) “classic” seeding of cells in 25 mL warm
CCM with 16% FBS then incubated for 2 h at 37 �C, (2) cold
seeding with cells in 25 mL in 2% FBS medium at 4 �C, incu-
bated at 4 �C for 1 h, then at 37 �C for 2 h; (3) a two-step
seeding protocol, where 12.5 mL with 125,000 cells was
applied twice with a 1-h interval at room temperature, fol-
lowed by 2 h at 37 �C. N5 3 scaffolds were tested for each
seeding protocol. Scaffolds were covered with medium at all
times. After seeding, scaffolds were transferred to 24-well cul-
ture plates, and % escaped cells in the seeding plate deter-
mined indirectly by AlamarBlueVR assay (Invitrogen). Seeded
scaffolds were cultured overnight, fixed in 4% paraformalde-
hyde in PBS for 20 min, stained with Hoechst 33342 (Invitro-
gen), and cut transversely in half. Epifluorescence microscopy
of the scaffold surface was used to document cell nuclei
retained at the scaffold surface (Zeiss AxioVert S100 micro-
scope, QImaging QICAM FAST 1394 digital camera and North-
ern Eclipse software, Empix, Mississauga, Ontario, Canada).
Confocal microscopy of the transverse cut plane (Olympus
FV1000-IX81 confocal microscope system) was used to docu-
ment cell infiltration throughout the pores. The cross-section
image of the scaffold was divided into top, center and bottom
levels, and the cell nuclei in each level counted by automated
counting using ImageJ software. The percentage of cells
observed at each level was calculated with respect to the total
number of counted cells at all the levels, considering that
33% of all cells should ideally populate each of the three dif-
ferent penetration depths. The deviation from the homogene-
ity (i.e., 33%) at each level is calculated similarly to the
calculation of the standard deviation according to the follow-
ing general equation:

aLevel %ð Þ ¼
PLevel2

100
L

� �2
N

" #1 2=

(1)

Where aLevel ð%Þ is the deviation from homogeneity PLevel is
the average percentage of cells observed at the specific level.
L is number of level sections in the scaffold thickness (L53)
and N is the total number of samples studied (N53).

Osteogenic culture in 2D and 3D
For control 2D monolayer control cultures, 30 mL filter-sterile chi-
tosan (0.33 mg mL21) was allowed to air-dry in a 96 well plate a
sterile laminar flow hood. About 150 mL of CCM containing 600
live trypsinized MSCs were seeded on 96-well chitosan-coated
and uncoated wells. For 3D cultures, 250,000 MSCs in 25 mL of
media were cold-seeded in each 84 and 141 mm scaffold press-fit
in sterile agarose wells, as described above, Cell expansion and
Static Cell Seeding. A total of 54 scaffolds were seeded with cells

and 30 scaffolds cultured without cells for three time points (Day
2, 10, 31) and different analyses. The scaffolds were transferred
to 96-well plates and 200 mL of CCM was added. The medium for
both 2D and 3D cultures was changed twice weekly for 10 days,
then the medium was replaced with an osteogenic medium con-
taining CCM supplemented with 5 mM disodium b-
glycerophosphate, 100 mM L-ascorbic acid 2-phosphate and 10
nM dexamethasone (all from Sigma–Aldrich), and changed twice
a week until day 31. Some samples were observed to flip during
medium replacement. The 2D cultures were stained at day 31 for
in situ alkaline phosphatase and alizarin red (AR). The 3D discs
were harvested at days 2, 10, and 31 for ESEM (N51 to 2 discs
per condition per time point), micro-CT (N51 disc per condition
per time point), and histological evaluations (N5 2 discs per con-
dition day 2, N5 4 discs per condition days 10 and 31). In addi-
tion, discs without cells were cultured in parallel for histology
controls. At harvesting, scaffolds with any monolayer attached
were carefully scraped from the well bottom with a small weigh
spatula then fixed in 4% paraformaldehyde in PBS (pH5 7.4) for
20 min and rinsed three times in PBS.

Scaffold characterization by micro-computed
tomography (m-CT)
Scaffolds cultured or not with cells were freeze-dried,
stacked vertically with thin separators in tubes made from
yellow pipette tips and scanned (Skyscan-1172, version 1.5,
Belgium) at 33 kV, 198 lA, 5 lm pixel size; no filter
applied; 0.42� rotation step and 3s frame averaging. Each
scan lasted �30 min. The 3D sample reconstruction was
carried out using NRecon software (version 1.6.2.0; Sky-
scan), and data analyses performed by CTAnalyser software
(version 1.10.1.1; Skyscan).

Microscopic evaluations using environmental scanning
electron microscopy (ESEM)
The 2% glutaraldehyde-fixed 84 and 141 mm scaffold sam-
ples from culture days 2, 10, and 31, and unseeded scaffolds
cultured in parallel, were cut in half using a fresh razor,
rinsed in water, air-dried and gold coated using plasma dep-
osition and imaged (ESEM, Quanta 200 FEG, FEI Company,
Czech Republic) under high vacuum pressure mode and at a
voltage of 20 kV. EDX measures of atomic composition were
performed on fixed samples without gold coating.

Histology and quantitative histomorphometry
Scaffolds were cryoprotected in graded sucrose solutions,
embedded in Tissue-Tek OCT (4583S, Cederlane, Hornby,
Ontario, Canada). Cryosections 10-mm thick were then col-
lected using the CryoJane tape transfer system. Sections were
stained with hematoxylin and eosin (H&E), Von Kossa-
Toluidine blue and alizarin red. Sections were either dried
overnight and mounted directly in permountVR to retain PCL
or carried through toluene which cleared the PCL. Images
were obtained with a Zeiss Axiolab microscope equipped with
a digital Hitachi HV-F22F camera.

The % H&E and a % AR stained tissue areas were deter-
mined with quantitative histomorphometry, by three blinded
observers (NGM, GC, CDH) on stained sections from N5 4
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distinct day 31 scaffold samples per condition, with day 2
and cell-free scaffolds as negative controls. A 103 magnifi-
cation image was taken systematically from the corner of
each PCL cross-section with the highest cell density, then
two regions of interest (ROI) were cropped: an “edge” ROI
containing the 300-mm thick scaffold border excluding any
monolayer growing on the surface, and a “center” rectangu-
lar ROI, spanning 300 to 600 mm deep in the scaffold center.
An ImageJ plug-in was used to adjust the Hue-Saturation-
Value HSV thresholds to quantify positively stained pixels
distinct from background stain. The same thresholds were
imposed on all ROIs to obtain unbiased values of % stained
area. It was assumed that the regions stained pink or purple
with H&E constitute tissue and those stained dark red with
AR were calcium deposits. The % in vitro tissue area (H&E
stain, matrix %) and mineralized matrix (AR stain, mineral
%) was determined by dividing the stained pixels by the
total pixels in the image by an in-house MATLAB (Math-
works) routine (R2011a).31

Statistical analyses
The mean and standard deviation were calculated for each
dataset. One way Analysis of the Variance of the Mean
(ANOVA) with pore size and chitosan as dependent varia-
bles was used to analyze differences between two experi-
mental groups. p< 0.05 was taken as statistically significant.

RESULTS

Scaffold structural characterization with and without
LbL-chitosan
A relatively uniform 3D structure of interconnecting pores
with 84 and 141 mm average pore diameter was observed
in m-CT scans of the unmodified PCL scaffolds [Fig. 1(A,B)].

After 2 days of incubation in serum-containing medium,
PCL-only pore surfaces were smooth [Fig. 1(C–F)], while
LbL-chitosan-coated PCL pores had a rough microstructure
throughout the scaffold [white arrows, Fig. 1(G,H)]. The
irregular structure of the LbL-chitosan coating may be
partly due to aldehyde fixation required for ESEM scan-
ning, which leads to chitosan aggregates via inter- and
intra-chain cross-links of free amine groups.32 These
results provide evidence that the LbL-chitosan coating was
effectively deposited throughout the PCL scaffold at both
pore sizes.

Cold seeding improves cell distribution in porous PCL
scaffolds
It was previously observed that static seeding at 37 �C, a
“classic” method, leads to MSC aggregation at the porous
PCL scaffold surface and poor cell infiltration.11 Therefore,
to improve cell penetration, two new static seeding methods
were tested: cold-seeding at 4 �C in 2% serum, and two-
step seeding at 37 �C in 10% serum. Differences in cell infil-
tration were assessed by histomorphometry of % cells colo-
nizing the pores at three penetration depths, and number of
escaped cells that have penetrated through the entire scaf-
fold. In Figure 2(A–C), the white contours represent “clean”
areas on the scaffold surface where the cells have freely left
the top and settled in the pores. Classic seeding at 37 �C led
to 70% of cells being retained in the top third of the scaf-
fold, mainly on the surface and in the edge pores [Figs.
2(A,D) and 3(A)]. Cold-seeded cells penetrated to all three
pore depths [Fig. 2(B,E)], showing the lowest 13.6% devia-
tion from the target 33% cell distribution in the three pene-
tration zones [Fig. 3(A)], and had the highest cell escape
through the scaffold [Fig. 3(B)]. The two-step 37 �C seeding

FIGURE 1. Representative m-CT (A, B) and ESEM images (C–H) of the porous PCL scaffold structure at a narrow average pore size of 84 mm (A, C,

E, G, top panels) and 141 mm (B, D, F, H, bottom panels). ESEM micrographs show the surface topography inside pores of pure PCL (E, F) and

chitosan-modified PCL (G, H). Pure PCL pores have a smooth surface while LbL-chitosan-coated pores have a rough microstructures. White

arrows indicate chitosan layer aggregates. Scale bars (C–H) are 5 to 100 mm, as indicated.

2452 GHAVIDEL MEHR ET AL. BIOMINERALIZATION IN CHITOSAN-COATED 3D PCL



procedure led to even more aggregation at the top of the
scaffold [Fig. 2(C,F)], the highest deviation from the ideal
33% cell distribution [Fig. 3(A)], and the lowest number of
cells escaping to the bottom of the culture well [p<0.05,
Fig. 3(B)]. These data showed that static cold-seeding gener-
ated the most uniform initial cell distribution in the porous
scaffold. The cold seeding method was therefore used for all
subsequent cultures.

ESEM analysis of MSC attachment and growth on pore
surfaces and pore spaces
MSC-scaffold interactions were observed after 2 days of cul-
ture in proliferation medium. Individual MSCs were rounded
and anchored by filopodia to the PCL-only pore surfaces
[Fig. 4(A)], and had a more spread morphology on chitosan-
coated pores [Fig. 4(B)]. Cells were more clustered in the
pores near the seeding area, and sparse in deeper pores
[see the dashed white rectangle LbL-chitosan-84 mm, Fig.
5(E)]. In some highly colonized 140 mm PCL-only pores,
MSCs had a more spread morphology [thick white arrows,
Fig. 5(I,J)]. MSCs were already depositing extracellular
matrix (ECM) fibers and ECM sheets that spanned the pores
[thin white arrows, Fig. 5(A,B,I,J)], with more abundant ECM
deposits in chitosan-coated pores [Fig. 5(E,F,M,N)]. At day 2,
some MSCs were already occluded in a fibrous network
anchored to the pore surface [Fig. 5(F,J,N)].

After 10 days of culture in proliferation medium in PCL-
only scaffolds, MSCs deposited more fibers and sheets of
ECM in the pore spaces, and migrated onto the ECM filling
the pores [thick white arrow, PCL-only, Fig. 5(C,K)]. On the
chitosan-coated PCL surfaces, MSCs adopted a more fully
elongated and packed morphology in flattened sheets [Fig.
5(G,O)]. To summarize, MSCs adhered, deposited ECM,
migrated onto ECM in most pores, and proliferated in cell
clusters enveloped in ECM on pore surfaces, prior to adding
osteogenic medium.

At day 31, after 21 days culture in osteogenic medium,
MSCs were detected in PCL-only pores along ECM fibers and
sheets [Fig. 5(D,L), respectively]. ECM filled and lined the
chitosan-coated pores [Fig. 5(H,P)]. Rubbled matrix character-
istic of mineral deposits was also observed. EDX characteriza-
tion of ECM in chitosan-coated PCL constructs at day 31
showed evidence of hydroxyapatite formation, via the pres-
ence of calcium phosphate, albeit with higher calcium than
inorganic phosphate (Pi) ratios [Ca:Pi ratio in two distinct
areas: 2.35, 4.62, Supporting Information Fig. S1(A–C)].

Histological and histomorphometric analyses of matrix
deposition and biomineralization
All scaffolds became enveloped with an external fibrous cap-
sule of variable thickness (Fig. 6). At day 10, more ECM
filled the edge pores than the central pores [Fig. 6(A–D)].

FIGURE 2. Fluorescent images of the Hoechst stained MSCs on the seeding area, where white contours represent the top view porous areas

where the cells have freely penetrated through and completely left the top surface (A–C) or infiltrated the depth of the scaffold cross-section (D–

F), as shown by confocal images of the Hoechst-stained nuclei in the rectangular cross section of PCL2 scaffolds. The panels represent classical

seeding at 37 �C (A, D), cold seeding at 4 �C with 2% FBS (B, E) and two-step seeding at 37 �C (C, F). Cold seeding exhibits the most uniform

cell distribution across the PCL scaffold. Scale bar 5 1 mm.
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Sparse stromal cells were detected in fibrous matrix filling
the inter-pore spaces, with or without chitosan coating
[white arrowheads, Fig. 6(A–D)]. More MSCs were detected
attached to chitosan-coated PCL surfaces than PCL-only
pore surfaces [black arrowheads, Fig. 6(C,D vs. A,B)].

At day 31 after 21 days of osteogenic culture, more tis-
sue filled the scaffold pores [Fig. 6(E–H)]. In PCL-only scaf-
folds, MSCs deposited more tissue in the edge versus the
center pores of the scaffold [p<0.005, 7% to 12% edge vs.
�3% center, Fig. 7(A)]. More average tissue accumulated in
the edge pores of the 141 mm PCL-only than the chitosan-
coated pores [12% vs. 7% area, p< 0.05, N54, Fig. 7(A)].
Slightly more average tissue formed deeper in the chitosan-

coated pores compared to PCL-only, but due to variability
among N5 4 samples, the difference was not significant
[Fig. 7(A)]. Thus one effect of LbL-chitosan was to shift the
distribution of cells from ECM filling the pore cavity to the
pore surface [white vs. black arrowheads, respectively Fig.
6(A–D)], without altering net tissue formation in the pores
[Fig. 7(A)], although many cells at day 31 were found in the
ECM filling the pores and not on the pore surfaces.

No calcification was detected in scaffolds cultured with-
out cells (data not shown) or cellular scaffolds at day 10,
although a pale brown alizarin red stain was visible [Fig.
8(A–D)]. At culture day 31, PCL-only scaffolds developed
sporadic calcification as shown by intense alizarin red stain,
in highly cellular external monolayers, and in pockets of
cells in selected pores mainly at the edges [�0.3% edge vs.
0.01% central area, % AR stain, Figs. 7(B) and 8(E,F)].
Chitosan-coated 84 micron pores contained significantly
more punctate calcium deposits throughout [�1.5% edge
vs. �0.5% central area, p< 0.05 vs. PCL-only, Figs. 7(B) and
8(G,J)]. Calcium deposits were detected on chitosan-coated
pore surfaces, and partly overlapped with von Kossa for
phosphate mineral in adjacent sections, whereas calcium
deposits in PCL-only were often present in cell clusters
detached from the pore surface (Supporting Information
Fig. S2).

Chitosan-coated 141 mm pores were surprisingly devoid
of mineral [Fig. 8(H)]. One out of 4 of the chitosan-coated
141 mm scaffolds developed punctate mineral deposits over
roughly half of the scaffold area, but this scaffold area had
narrower pores potentially due to partial compression dur-
ing creation of the cylinder (Supporting Information Fig.
S3). Mineral deposits were detected by m-CT mainly at the
scaffold edges [thick white arrows, Fig. 8(I,K)], suggesting
the more punctate mineral deposited in the center of
the chitosan-coated scaffolds were less radio-opaque
[Fig. 8(J,L)].

In control 2D monolayer cultures of MSCs carried out in
parallel, chitosan-coated surfaces showed enhanced MSC
monolayer alkaline phosphatase activity compared to tissue
culture plastic [Fig. 9(A,C)], but failed to mineralize at day
21 [Fig. 9(B,D)]. These data show that the MSCs used in the
study were competent to mineralize and that the chitosan
coating on a flat surface promoted osteoblast differentiation
but delayed mineralization.

DISCUSSION

Few studies have carefully characterized or quantified the
spatial distribution of biominerals generated by human
MSCs in a 3D environment. This study presents the novel
finding that LbL-chitosan coatings promote cell attachment
to 3D PCL inner pore surfaces, but only consistently
improve mineralization of narrower 84 mm pores. Failure of
most PCL-only pores to become lined with mineralized
matrix is consistent with data from Chastain et al. suggest-
ing that MSCs adhere to PCL mainly through adsorbed vitro-
nectin, a serum protein, which perturbs integrin-driven
osteogenic differentiation.13 The lack of mineralization in

FIGURE 3. Cell penetration into the pores is improved by cold-

seeding versus classical and two-step seeding, as shown by histo-

morphometry of % cells at three target depths (A) and AlamarBlueVR

metabolic assay of cells escaped through the scaffold to the bottom

of the well (B), reflecting better cell penetration. In panel a, “a” repre-

sents the deviation from an ideal 33% homogeneous cell distribution

in three penetration depths. The cold seeding protocol with 2% FBS

displays the lowest deviation from homogeneity, and the highest cell

escape (B). Data are shown as the average 6 standard deviation

(N 5 3).
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FIGURE 4. ESEM micrographs of MSCs after 2 days of culture in serum-containing media in PCL-only (A) and chitosan-coated PCL (B) pores. Iso-

lated MSCs (thick arrow) showed rounded morphologies with filopodia (thin arrows) on the unmodified PCL surface, and a more spread mor-

phology on the LbL-chitosan coated pores.

FIGURE 5. ESEM images showing time-dependent changes is MSC colonization of the inner pores of PCL-only (A–D, I–L) and LbL-chitosan-

coated (E–H, M–P) scaffolds, at 84 mm (A–G) and 141 mm (I-P) pore size. Culture days 2, 10, and 31 are indicated above the respective panels.

White dashed rectangle in panel E represents fully colonized pores near the seeding area, where white arrow-heads indicate pores with dense

ECM fibers. Thin white arrows represent collagen fibers and ECM sheets, and thick white arrows indicate cells. Scale bar in panels (C, D), (B, F,

G, J, K, N, O), (H, L, P), (A, I), and (E, M) 5 5, 10, 20, 50, and 200 mm, respectively.
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chitosan-coated 141 micron pores and 2D cultures however
is an unexpected and complicated observation, which
suggests that cell adhesion to the chitosan can only lead to
terminal osteoblast differentiation in specific microenviron-
ments. It was previously suggested that concave geometries
may better promote early osteoblast differentiation than
smooth or convex surfaces,33 and 84 micron pores have a
more concave aspect than 141 mm pores, although Oliveira
et al. showed that rat MSCs can deposit mineral along some
convex surfaces of cable-shaped PCL-starch scaffolds.34 In
this latter study, fibrous tissue was notably absent in the
�600 mm spaces between the PCL-starch cables. In our
study, the interconnecting pores became rapidly filled with
a fibrous tissue populated with fibroblast-like cells, with a
tissue volume proportional to the pore size. Altogether,
these collective data lead us to hypothesize that fibroblast-
like cells in the inter-pore matrix release factors that inhibit
osteoblast differentiation (i.e., inflammatory cytokines35), or
that impair collagen assembly (i.e., active MMP2 and
MMP936), which is needed for biomineral deposits to form.
Alternatively, cells may tend to migrate from the chitosan
coating into the more adhesive inter-pore ECM and fail to
mineralize (Fig. 10). These data reveal a new and unsus-
pected inhibitory role for fibrotic tissue on in vitro 3D
osteogenesis.

Our culture model has several limitations that merit dis-
cussion. Cultures were carried out under static conditions,
which are nonetheless frequently used for osteogenesis
assays in 3D PCL scaffolds.4,9,20,24,27,34,37,38 However in
static cultures, media can stagnate in cell-laden pores which
may negatively influence osteogenesis. Previous studies
showed a steady loss of cell viability in static 3D PCL scaf-
fold cultures, although toxicity in these studies could be

FIGURE 6. H&E histology showing time-dependent tissue formation at day 10 (A–D) and day 31 (E–H) in scaffolds with 84 mm pores (A, C, E, G,

top panels) and 141 mm pores (B, D, F, H, bottom panels), without and with LbL-chitosan coating (as indicated at the top of the panels). Panels

A–D: white arrowheads show cells in the inter-pore ECM and black arrow-heads show cells attached to the pore surface. The black rectangle rep-

resents the center area of the scaffold. At day 10, more MSCs are detected on chitosan-coated pore surfaces than PCL-only pores. At day 31,

chitosan-coated scaffolds exhibit a more uniform matrix deposition across the scaffold. Panels A–D were dry-mounted in permountVR to retain

the PCL scaffold (S), while panels E–H were dehydrated in toluene which extracts the PCL scaffold (ES). Scale bar 5 100 mm. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 7. Quantitative histomorphometry of % area occupied at

the scaffold edge and scaffold center by H&E-stained tissue (A)

and alizarin red-stained calcifications (B). More tissue formed

inside the 3D scaffold at the edges compared to the center in most

scaffolds. Chitosan coating had no effect on tissue accumulation in

the 84 mm pore scaffold, but induced significantly more mineral

versus PCL-only. Significant differences are indicated (#, $, @,

p< 0.05) and (*, §, p< 0.005). Data shown as average 6 standard

deviation (N 5 4).
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explained by the much thicker scaffolds (5-mm thick)9 and
potentially toxic levels of BMP-2.4,9 Cells in our static 3D
cultures were metabolically active, as clearly demonstrated
by tissue accumulation in the pores over time. Another limi-
tation of our study was the use of only one human donor
that may have different mineralization potential than other
primary human MSC donors.25 In the 84 mm micron
chitosan-coated PCL constructs, tissue developed in 7% of
the scaffold edge area, but only 1.5% of the area was bio-
mineralized. These data represent an important advance in
our understanding of how to stimulate mineralization in
PCL porous scaffolds, but show that further research is
needed to understand how to guide human MSCs inside of
a porous scaffold to generate a matrix that is uniformly
competent to mineralize.

Uniform in vitro calcification of a porous 3-D construct
requires good cell penetration into the pores. The cold seed-
ing low-serum protocol developed in our study temporarily
reduces cell metabolism to allow infiltration as non-
aggregated cells, and reduces serum protein adsorption dur-
ing cell infiltration. Flow seeding was previously shown to

enhance cell infiltration into biphasic PCL scaffolds, but this
approach requires a specialized instrumental set-up, and
leads to high cell escape for larger pores.5 The cold static
seeding protocol is a simple innovation that could be used
to incorporate adherent cells into a variety of 3D tissue
engineering scaffolds. Although, along with improved cell
infiltration, some cells escaped and not all pores contained
cells. More cells escape from larger 200 mm pores.11 Scaf-
folds with >500 mm pore sizes can be seeded using collagen
hydrogels or fibrin glue carrier to deliver and retain
cells.4,9,26 However hydrogel carriers impede cell-scaffold
interactions needed for mechanically stable osseous integra-
tion.39 Additional innovations would be needed to seed cells
in a way that allows efficient cell retention and cell-pore
surface adhesion in PCL pores larger than 200 mm.

The scaffold pore sizes analyzed in this study are close
to normal trabecular spacing in rabbit31 but significantly
smaller than the average spacing of human bone which is
closer to 600 mm.40 Pores closer to 600 mm may be
required for in vivo applications to favor vascular
ingrowth.41 Therefore, although the chitosan coating is a

FIGURE 8. Alizarin red calcium stained histology showing no mineral at day 10 (A–D) and punctate mineral at day 31 (E–H) in scaffolds with 84

mm pores (A, C, E, G, top panels) and 141 mm pores (B, D, F, H, bottom panels), without and with LbL-chitosan coating (as indicated at the top of

the panels). Panels E, F, G: white dashed rectangles represent scaffold areas with calcification. Thick white arrows show calcium deposits. Panels

I to L show m-CT images (I, K) and high-magnification histology of mineral deposits in chitosan-coated 84 and 141 mm scaffolds (as indicated). In

panels I, K, thin arrows show mineralization of external monolayers and thick arrows show mineral deposits on the scaffold and in the external

pores. Scale bar for panels (A–H, J, L) 5 100 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cost-effective method for improving cell adhesion compared
to recombinant proteins and synthetic peptides, given the
loss of mineralization in the 141 mm pore size in this study,

a chitosan-based approach may require additional modifica-
tion of the chitosan polymer or another final surface coating
to improve the rate of biomineralization on the surface of
larger pores. Our data are consistent with previous findings
that chitosan coated 3D scaffolds promote MC3T3 ALP activ-
ity,21 and that chitosan microparticles can depress osteocal-
cin secretion and biomineralization in 2D cultures.37

Further work is needed to determine whether mineraliza-
tion is delayed by MSCs partly ingesting the LbL-chitosan
layer. In other studies, MSCs showed successful osteogenesis
in chitosan-tricalcium phosphate (TCP) sponges,42 but the
TCP component may have helped mediate end-stage calcifi-
cation. Hydroxyapatite-PCL blends show improved mechani-
cal properties,43 and present an interesting possible
improvement for co-continuous PCL scaffolds intended for
use as bone substitutes. Factors that favor MSC growth on
the pore surface and diminish fibrotic matrix production
could generate a higher-quality engineered bone tissue with
stronger osseous integration potential.

CONCLUSIONS

A static cold seeding protocol was developed that allowed
MSCs to more homogeneously infiltrate 3D PCL scaffolds
with fully interconnecting pores. Coating PCL with LbL chi-
tosan allowed to test the hypothesis that increased cell
adhesion is sufficient to induce more mineralization in the
pores. Data revealed that all scaffolds became filled with a
hypocellular fibrous tissue, and that chitosan coatings spe-
cifically shifted cells to the pore surfaces. Higher mineraliza-
tion was seen for chitosan-coated 84 mm but not 141 mm
pores. These data show the potential for LbL chitosan to
improve in vitro osseous integration in PCL porous scaffolds
with a narrow pore size and suggest a potential inhibitory
role of fibrous tissue in 3-D osteogenic cultures.
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