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a b s t r a c t

In this study, the deposition of a homogeneous chitosan layer on the surface of a 3D interconnected porous
network of poly(ε-caprolactone) (PCL), prepared from a co-continuous polymer blend of PCL/PEO (poly(-
ethylene oxide)), was achieved. A Layer-by-Layer (LbL) self-assembly of polyelectrolytes (PDADMAC as
polycation and PSS as polyanion) followed by chitosan deposition was compared with a traditional dip-
coating strategy of chitosan on pure PCL surfaces. According to gravimetric measurements for the LBL
technique, few layer depositions lead to an interpenetration of polyelectrolyte molecule chains, however
upon increasing the number of layers, more well defined layers are formed. The oxygen/carbon, nitrogen/
carbon and sulfur/carbon ratios determined by X-ray photoelectron spectroscopy (XPS) on 2D solid discs
clearly showed that the PSSmolecule dominated the surface as the last deposited layer at higher number of
depositions (n¼8). The further additionof chitosan by LbLwasdemonstrated tobe superior as compared to
the dip-coating technique since uniform local deposition of chitosan on the LbL coating was observed in
both 2D solid discs and 3D porous cubes at various depths within the scaffolds. SEM imaging shows the
multilayer assembly ranges in thickness from 550 to 700 nm. These data demonstrate that the LbL tech-
nique of polyelectrolyte deposition followed by chitosan addition provides a route towards stable and
homogeneous surfacemodification and has the potential to transform a classic fully interconnected porous
synthetic polymer material to one with essentially complete chitosan-like surface characteristics.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

PCL is a biodegradable polyester that has been proposed for use
in drug release, cutaneous wound repair and also cartilage and
bone in-growth and regeneration [1e4]. Degradation of PCL occurs
due to the bulk and surface hydrolysis of ester linkages which result
in a slow biodegradation which can also be altered according to
specifications needed for each application [5]. In addition, PCL is
biocompatible, easily processable and does not elicit immune re-
sponses which add to its potential to be used in bone regeneration
applications. The application of PCL and its composites in bone
tissue engineering has been studied and a variety of porous PCL
products have been investigated including PCL-only scaffolds
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(generated by Fused Deposition Modeling (FDM) [6], electrospun
PCL [1], or solvent-extracted PCL [7]), loaded PCL scaffolds (scaf-
folds containing transforming growth factor beta-1 (TGF-b-1) [8] or
BMPs [9,10]) as well as PCL composites (PCL combined with PLLA
[11], tricalcium phosphate (TCP) [12,13], or collagen [14]). In vitro
studies with cell-seeded PCL have shown alkaline phosphatase
activity and mineral deposition. However, none of these scaffolds
has yet achieved clinical use for non-union bone fractures, poten-
tially due to lack of mechanical integrity and/or lack of structural
requirements due to the limitations in the fabrication techniques as
shown in a previous work [15].

Recently, the melt blending of polymers and copolymers based
on component compositions and material properties such as
interfacial tension and viscosity has been examined as a robust
approach for the production of tissue engineering scaffolds of 100%
pore interconnectivity [16e18]. In a recent study, this laboratory
prepared PCL scaffolds of highly controlled porous structure with a
fully interconnected internal network via melt blending of PCL and
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poly(ethylene oxide) (PEO) and it was shown that they have
structural features compatible with bone tissue engineering [19].
However, the same study reported that L929 mouse fibroblasts
tend to form spherical morphologies on the PCL scaffolds post-
seeding which was also in accordance with previous results for
the attachment of these cells on electrospun PCL scaffolds [20]. This
phenomenon could be best explained by the intrinsic hydropho-
bicity of PCL, which makes its surface relatively non-adherent to
cells and therefore is unfavorable for mesenchymal cell growth that
normally requires substrate anchorage [21]. It is clear that the
surface of PCL should be modified in order to enhance the cyto-
compatibility of PCL through hydrophilic interactions.

Layer-by-Layer (LbL) self-assembly of polyelectrolytes is a sim-
ple, straightforward yet powerful technique to physically modify
the charge on the surface of a substrate without the need to a
grafting reaction on the surface of the PCL scaffold. LbL surface
deposition is based on the electrostatic attraction of oppositely
charged polyelectrolytes while they adsorb on the surface [22].
Although poly(diallyldimethylammonium chloride) (PDADMAC)
and polyanion poly(sodium 4-styrenesulfonate) (PSS) are not
known as biodegradable polyelectrolytes, they have been used as
LbL components for tissue engineering in-vitro studies [23e25]. A
qualitative study has investigated the LbL surface deposition of
these polyelectrolytes on PCL nanofiber films [26]. Also, due to the
fact that the PCL film is only weakly charged at the surface, this
previous study lacks solid proof of the efficiency of the depositions.
Chitosan, an important family of cationic polysaccharides naturally
derived from the exoskeleton of crustaceans has been widely used
in various biomedical applications such as tissue engineering, drug
delivery systems and wound dressing [27e29]. Also, glycol-
chitosan/hyaluronic acids, chitosan/alginate and chitosan/DNA
polyelectrolyte multilayer films have been recently used as sub-
strate mediated gene-delivery system, green flame retardant
coatings and water pollutant removal agents respectively [30e32].
Recent findings demonstrated that chitosan promotes bone for-
mation through differentiation of human bone mesenchymal stem
cells (h-BMSCs) via the upregulation of genes associated with cal-
cium binding and mineralization [33]. With a high positive charge
density in acidic solutions, chitosan can therefore be used as an apt
polyelectrolyte osteogenic surface, provided it can be firmly
adsorbed to a surface of adequate negative charge. Moreover, due to
its degradation at low temperatures, chitosan is not melt process-
able and it is therefore deprived of the versatile structures provided
by melt blending techniques.

In this study the objective is to use the LbL approach to
manipulate the electric charge of the internal surface of a fully
interconnected, porous 3D PCL construct, in order to be able to
deposit chitosan as the bioactive macromolecule that provides
hydrophilicity to the PCL surface. The rigorous examination of the
LbL self-assembly process and the homogeneity of the chitosan
deposition will be examined and compared to a classic dip-coating
technique.

2. Experimental section

2.1. Materials

The commercial-grade poly(ε-caprolactone) (PCL, CAPA 6800,
Mw ¼ 80 kDa) was supplied by Solvay (Brussels, Belgium). Poly(-
ethylene) oxide (PEO) water-soluble polymers (POLYOX™ WSR-
N10, Mw ¼ 100 kDa) was purchased from Dow (Midland, MI,
USA). Polycation poly(diallyldimethylammonium chloride)
(PDADMAC), Mw 100,000e200,000, and polyanion poly(sodium 4-
styrenesulfonate) (PSS), Mw 70,000 were purchased from Sigma-
Aldrich. Autoclave-sterile solutions of 20 mg/mL chitosan
(DDA ¼ 98% and pre-autoclave weight-average molecular weight
Mw ¼ 237,000) and 0.9% mol/mol RITC/chitosan, (DDA ¼ 98% and
Mw ¼ 237,000) were supplied by the Biomaterials and Cartilage
Laboratory (BCL) at �Ecole Polytechnique de Montr�eal. Chitosan was
amine-derivatized with rhodamine isothiocyanate (RITC) as
described by Ma et al. [27].

2.2. Blend preparation

Blends of PCL and PEO were prepared at 45PCL/55PEO vol% in a
Brabender internal mixer under a constant flow of dry nitrogen in
order to prevent the thermo-oxidative degradation of components.
The mixing was carried out at 100 �C for 7 min with a rotation
speed of 50 rpm. The blends were quenched in liquid nitrogen right
after mixing in order to freeze-in the morphology. The amount of
material in every batch ofmixingwasmaintained at 80% of the total
capacity of the internal mixer. All the concentrations are reported
as volume percent.

2.3. Annealing

For the purpose of increasing the phase sizes, static annealing of
the blends was performed in a compression molding press. Small
pieces of the blends were cut, sandwiched in aluminum foil and
subsequently transferred into the cavity of a frame. The blends and
the frame were then put between the twometal plates of the press,
so that the above press just touched the top of the samples while
annealing took place. This arrangement imposed no external
pressure on the samples and hence deformation and flow of the
polymer blend were minimized. The annealing process was per-
formed under static conditions at 160 �C for 2 h under a constant
flow of nitrogen in order to reduce the risk of thermo-oxidative
degradation of the blend components.

2.4. Scaffold preparation and designation

After annealing, samples were cut into three distinct shapes: 1)
3D porous cubes of 5 � 5 � 5 mm3 dimension (razor cut); 2) 2D
solid discs of 3 mm in diameter and 2 mm in thickness were me-
chanically punched from larger PCL discs and trimmed on the side
with a fresh razor blade; and 3) large 3D porous substrates of 2 cm
(l) � 2 cm (w) � 1 cm (h). The 3D porous cubes and 2D solid discs
were used for surface characterization. The 2D solid discs allowed
for a more simplified and intermediate modeling step for the TOF
SIMS and XPS of dip coated and LbL depositions. The use of the
large 3D porous substrates was for the LbL gravimetric study in
order to build up sufficient quantities for measurement.

2.5. Solvent extraction

The PEO porogen phase was selectively extracted from the 3D
samples for 7 days in 50 mL of deionized water at ambient tem-
perature under constant shaking. Water was refreshed twice in this
period. After the extraction, the samples were dried for 24 h at
40 �C in a vacuum oven. The constructs produced according to the
melt blending approach elaborated in section 2.2, followed by a 2 h
static annealing at 160 �C and selective extraction in deionized
water have a porosity and pore size of 55% and 141 ± 7 mm,
respectively [19].

2.6. Surface modification via dip coating and LbL deposition of
polyelectrolytes

Dip-coating of pure PCL scaffold in chitosan was first tested as a
coating strategy. PCL scaffolds were dip-coated by submerging in



N. Ghavidel Mehr et al. / Polymer 64 (2015) 112e121114
300 mL of 2 mg/mL unlabeled (pH ¼ 4) or 50 mg/mL RITC-labeled
chitosan solution (pH ¼ 5.6) and incubated at 37 �C for 1 h, fol-
lowed by rinsing in cell culture media for 1 h and air drying over-
night. RITC-chitosan has been exclusively used for the fluorescent
microscopy experiments, for which a diluted solution (50 mg/mL)
has been used to ensure a clear visualization of the porous micro-
structure of the scaffolds. This avoids excessive signals of the
fluorophore.

PDADMAC polycation and PSS polyanion were used in aqueous
solution containing 10mg/mL of polyelectrolyte,1M NaCl, adjusted
to pH¼ 8 with NaOH, or pH¼ 2 with HCl. A pH of 8 was selected for
the precursor PDADMAC solution according to the work done by
Manso et al. [34]. In that study it was shown that at high pH values
the zeta potential of PCL film lies at its highest negative values
which is an indication of considerable negative surface charge. Also,
pilot studies showed that a pH of 8 leads to the highest mass in-
crease after the PDADMAC precursor layer deposition (Data not
shown). These polyelectrolytes were used to alter the surface
charge of the different PCL polymeric substrates. PCL samples (discs
and cubes) were exposed to PDADMAC and PSS polyelectrolyte
solutions with pH¼ 2 for 1 h. After each polyelectrolyte deposition,
a water rinsing step was performed for 1 h. In order to always keep
the substrates in contact with the solution and increase the contact
surface, metal wires were used to prevent the samples from
floating. LbL deposition was performed on substrates up to layer
n ¼ 4 and n ¼ 8 with PSS as the final deposited layer. Samples were
then dipped in unlabeled chitosan solution pH¼ 4 for 4 h at 37 �C as
the concluding layer followed by water rinsing for 1 h.

2.7. Gravimetric measurements

In order to have a quantitative evaluation of the layers deposited
on the surfaces of the large 3D porous PCL substrates, gravimetric
measurement was done on a dedicated set of scaffolds following
the deposition of each layer, deionized water (dd-H2O) rinsing and
vacuum drying for 3 h. The values are reported as the percentage of
mass increase as compared to the initial sample weight. The
experiment was repeated three times.

2.8. Fluorescent microscopy

3D porous cubes of pure PCL scaffold were dip-coated in RITC-
chitosan solution, after which they were then cut in half and the
transverse cross-section was imaged with an inverted Zeiss Axio-
vert fluorescence microscope (EC Plan-Neofluar 1.25�/0.3 NA
objective, Carl-Zeiss Canada, Toronto, Ontario, Canada), CCD Hitachi
camera (Tokyo, Japan), and Northern Eclipse software (Empix,
Mississauga, Ontario, Canada). For the sake of comparison, the
exposure settings on the Northern Eclipse software were kept
constant for both cases of before and after RITC-chitosan dip-
coating.

2.9. Time of flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS studies were performed on 2D solid discs dip-coated
in chitosan by a ToF-SIMS IV (IONTOF, GmbH, Münster, Germany).
Oxygen was leaked in the analyzing chamber to a pressure of
2 � 10�7 Torr during the measurements in order to limit surface
charging of the sample. Samples were bombarded with Bi1 primary
ions at an energy level of 15 keV in bunch mode with a pulse of
19.9 ns. The gun operated with a 2.3 pA pulsed ion current over a
frame area of 500 mm � 500 mm for a dosage below the threshold
level of 5� 1011 ions/cm2 for static SIMS. Measurements were taken
with an acquisition time of 100 s. The maximum mass resolution,
R¼m/Dm, was�9000 on 29Siþ, wherem is the target ion mass and
Dm is the resolved mass difference at the peak half-width. Effective
charge compensation was obtained using the electron flood gun.
Positive and negative ion spectra were calibrated using Hþ, H2

þ,
H3

þ, CxHy
þ and C�, CH�, C2

�, C2H�, C3
� and C3H� peaks, respec-

tively. Integration of the signals was performed using the Poisson
correction.

2.10. X-ray photoelectron spectroscopy (XPS)

The chemical composition of the coatings on 2D solid discs dip-
coated with chitosan, and 3D porous cubes with LbL-only or LbL-
chitosan coatings, were examined by X-ray photoelectron spec-
troscopy (XPS). An ESCALAB MKII apparatus (VA Scientific Limited,
U.K.) was used to analyze the relative concentration of C, O, N and S
according to their respective peaks. An Mg Ka X-ray source
(hy ¼ 1253.6) with an analyzer pass energy of 100 eV was operated
at 12mA and 18 kV. For all themeasurements, an ultrahigh-vacuum
(UHV) chamber with a base pressure of less than 10�8 Torr was
utilized. For the whole experiment, the binding energy of the C 1s
core levels (285 eV) was used as an internal standard to determine
the charge shift. Various elemental analyses were performed on
cube and disc shaped PCL substrates with and without poly-
electrolyte/chitosan coatings. Relative atomic concentration (%) is
calculated with respect to the total number of present atoms
(except H and He). For 2D solid discs and 3D porous cubes, mea-
surements were done on right, center and left positions of each
sample. Considering an arbitrary diameter for 2D solid discs, and an
arbitrary non-diagonal line of symmetry for 3D porous cubes, right
or left (interchangeable due to symmetry) and center positions are
respectively selected as positions with 1 mm distance to the edges
and the middle position. The detection areas were identical in size
and morphology and did not include surface defects at the inves-
tigated positions. As for the 3D porous cubes, regional relative
atomic concentrationwere also measured in 1/4 thickness from the
top and in themiddle (1/2 from the top) level of the cubes as well as
the top surface, in order to evaluate the existence of a homoge-
neous chitosan layer in the depth of a porous structure.

2.11. Scanning electron microscopy

2D solid discs and 3D porous cubes coated by LbL were treated
with a goldepalladium alloy by plasma deposition and observed by
a FEG-SEM scanning electron microscope, type JEOL(JSM-7600TFE),
operated at a voltage of 2 keVe5 keV. SigmaScan Pro software was
used for image analysis to determine the thickness of the layers
deposited on the substrate.

For the sake of simplicity, all the experimental steps elaborated
above have been summarized in the form of a schematic in Fig. 1.

3. Results and discussion

3.1. Dip coating pure PCL in slightly acidic chitosan solutions leads
to an inhomogeneous surface coating

3.1.1. Fluorescent microscopy
Fig. 2 demonstrates the fluorescent imaging of 3D porous cubes

before and after dip-coating in RITC-chitosan. It is evident that
there is an attractive driving force between the PCL surface and the
RITC-chain molecules. The red (in the web version) signal in this
figure is RITC-chitosan, which clearly shows that even by using a
very dilute solution of RITC-chitosan, and after rinsing and drying
in the dip-coating procedure, there is an RITC-chitosan layer
retained on the PCL scaffold surface. Since it is well known that
chitosan contains positively charged amine groups at low pH [35]
and PCL as a polyester contains partially negatively charged



Fig. 1. Schematic representation of the experimental approach.
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oxygen atoms in its carboxylic groups, the potential exists for
electrostatic attraction. Manso et al. reported negative values of
zeta potential for PCL films, which are in close relationship with
their surface charge [34]. While this figure provides clear evidence
that chitosan can bind to the PCL surface with a simple dip coating
technique, it does not give any information on the quantity or
surface homogeneity of the coating formed.

3.1.2. XPS and ToF-SIMS analysis
For PCL substrate surfaces coated with chitosan, the only source

for nitrogen atoms is from the chitosan itself because PCL is devoid
of nitrogen. Therefore, such nitrogen specificity can be used as a
probe for the detection of chitosan at the surface by surface char-
acterization techniques such as XPS or ToF-SIMS. Relative nitrogen
concentrations (%) on two distinct 2D solid discs (PCL1 and PCL2)
are shown in Fig. 3b according to the positions 1, 2 and 3 depicted in
Fig. 3a. PCL1 and PCL2 were subjected to exactly the same prepa-
ration process and dip-coating conditions nevertheless they clearly
shownon-uniform andmore importantly zero chitosan depositions
at different positions on the samples, i.e. for PCL1 there is no
deposition detected at the center of the disc, whereas for PCL2, an
Fig. 2. Fluorescent imaging of 3D porous cubes (a) before and (b) after submersion in 50 mg/
a direct comparison.
absence of chitosan is recorded near the edge. These results
demonstrate that the coating is deposited in a random non-
homogeneous fashion with some areas rich, some poor and some
even devoid of chitosan coating.

Fig. 3c and d illustrates high resolution ToF-SIMS images of the
surface distribution of C6H11O3

� and CNO� ions that are specific to
PCL and chitosan molecules, respectively. While characteristic ions
of PCL are distributed evenly across a 500 mm � 500 mm surface
area, there is a large regional variation of concentration intensity of
chitosan specific ions, i.e. the chitosan concentration appears to be
higher on the bottom left corner of the coated surface (yellow (in
theweb version) areas, potentially chitosan aggregates), as opposed
to the top right corner where a low amount of chitosan is detected.
Also, in the center, zero CNO� ions are detected, whereas in the
same area, the presence of C6H11O3

� ions is evident, which shows
that chitosan deposition failed in this specific position. Previously,
negative zeta potentials for PCL nanofiber scaffolds have been
measured which clearly demonstrates that the negative carbonyl
oxygen is present at the surface [36,37]. Clearly, the dip coating
strategy carried out in this work fails to deposit a controlled ho-
mogeneous chitosan coating on both 2D solid discs of pure PCL. The
principal explanation for the failure in achieving homogeneous
layer deposition via the simple dip-coating technique is that the
PCL surface is only slightly negatively charged [38] and the inter-
action with the positive charge on the chitosan chain is not strong
enough. Evidently, the PCL surfacewill need to bemodified in order
to generate strong interactions with the positively charged chito-
san. Ideally, such powerful bonds should exist throughout the
scaffold area at various depths of the structure, i.e. the cells for
future seeding experiments should all be in contact with such
uniform chitosan coating layer all through the scaffold thickness. In
the next sectionwe examine the potential of LbL surface deposition
of polyelectrolytes in order to prepare a more uniform chitosan
surface coating.
3.2. LbL surface deposition of polyelectrolytes

3.2.1. Gravimetric measurements
Fig. 4 illustrates the mass increase percentage after the depo-

sition of each layer on the PCL surface followed by rinsing and
freeze drying. In this figure, odd and even layer numbers are
associated with the addition of the PDADMAC polycation and PSS
polyanion, respectively. This graph determines the efficacy of LbL
depositions and also how effective the polyelectrolytes are in
building up layers on the surface of the PCL porous polymer. Ac-
cording to Fig. 4, three characteristic regions can be distinguished:
Region I, comprised of layers 1e3 includes a window of deposited
layers with a % mass increase slope value of as low as 0.2% per
mL RITC-chitosan, rinsing and drying. The exposure was maintained constant to permit



Fig. 3. Evaluation of coating homogeneity using the dip-coating strategy on 2D solid discs of pure PCL: (a) Schematic of the 2D solid discs with X-ray emission at positions 1, 2 and 3,
(b) XPS measurements of the relative nitrogen concentration (%) on two identical random discs (PCL1 and PCL2) at positions 1, 2 and 3, ToF-SIMS Analysis of (c) C6H11O3

� as the
characteristic ion for PCL and (d) CNO� as the characteristic ion for chitosan on the coated samples.

Fig. 4. Weight increase (%) of large 3D substrates as a function of the number of
deposited polyelectrolyte layers with the LbL approach. Odd and even layer numbers
represent PDADMAC and PSS depositions respectively. Three main regions are detected
according to point to point slopes: Region I or the surface preparation region where
interpenetration of layers is dominant. Region II as an onset for layer buildup phe-
nomenon, and Region III where more well-defined layers are established.
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added layer. It appears that indistinct interpenetrating layers are
formed in this region likely resulting from a balanced, as opposed to
a distinct and alternating charge deposition. Therefore, this win-
dow of initial disordered layers is named “Surface Preparation”
region. The existence of a region of precursor layers with equal
slopes for % mass increase was also witnessed in previous work by
Roy et al. which could be due to the interdiffusion of PDADMAC and
PSS layers [39]. After the addition of the fourth PSS layer, there is an
approximately 2-fold rise in the % mass increase of the samples,
which leads to the formation of a transition Region II, comprised of
layers 3e5. This region could potentially be attributed to the onset
of the layer buildup phenomenon, where layer deposition starts to
achieve a certain uniformity. It is clear that in Region III, comprised
of layers 5e8, a significant and much more uniform buildup of
layers is observed. In this latter window of layer depositions,
therefore, it is believed that the polyelectrolytes transit from an
interdiffusion of adjacent layers at low deposition number to
apparently more well-defined layers at higher layer deposition
numbers. Further analysis was carried out to confirm this hypoth-
esis. The slopes of % mass increase highly depend on the internal
surface, material density and surface charge, and therefore are
different from polymer to polymer even when using the same
polyelectrolytes. For instance, the three regions observed in Fig. 4
for PCL were not observed in a previous work in this laboratory
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when depositing the same LbL coating on PLLA and HDPE sub-
strates [40]. However, the slopes for the addition of PDADMAC and
PSS layers on the PLLA substrate in that study are in accordance
with the slopes obtained in Fig. 4 where the addition of PSS leads to
a higher mass increase than that of PDADMAC.
3.2.2. XPS analysis of the layers
In order to verify the results obtained by gravimetry, a more

detailed surface characterization study by XPS was performed on
the layers deposited by the LbL technique. Samples with four and
eight deposited polyelectrolyte layers were considered in this
experiment. Elemental relative compositions of carbon, oxygen,
nitrogen and sulfur atomswere quantified according to C 1s, O 1s, N
1s and S 1s spectra given by XPS. It should be noted that after four
or eight layers, PSS is the final layer deposited on the structure. In
this study, the fourth and eighth layers fall into Region II and Region
III of Fig. 4, respectively. Fig. 5a illustrates the chemical structure
and molecular formula of PDADMAC and PSS. Fig. 5b summarizes
the O 1s:C 1s, N 1s:C 1s and S 1s:C 1s ratios after n ¼ 4 and n ¼ 8
layers are deposited. The XPS apparatus typically provides infor-
mation about the elemental composition up to a maximum of
10 nm from the top surface. Bragaru et al. report on the average
thickness of individual PSS or PDADMAC layers, on silica as being
between 4.5 and 6.5 nm [41]. Roy et al. report a total thickness of
100 nm for 1 layer of PSS, 5 layers of PDADMAC and 4 layers of
bovine serum albumin. When PSS and PDADMAC films are depos-
ited in the presence of salt, as is the case in this study and all the
studies reported above, the thickness of the layers has been re-
ported to be as high as 15 nm per layer [42]. The thickness of in-
dividual PSS or PDADMAC layers established on silicon wafers
according to the conditions used in this study (polyelectrolyte and
salt concentrations) was approximately 5.6 nm [42]. Hence,
Fig. 5. (a) Chemical structures of PDADMAC and PSS polyelectrolytes and (b) Effect of
the number of deposited layers on the atomic composition of the outermost layers on
the 2D solid disc substrate. n ¼ 4 and n ¼ 8 both represent PSS as the outermost layer.
Data shown as mean ± standard deviation on three samples.
although some XPS signal could potentially also be detected from
the layer underneath the final layer [43], the principal peaks should
be from the outer layer.

This XPS study on 2D solid discs comparing layers 4 and 8 is used
to confirm the observation that layers 5e8 are more distinct as
presented in Fig. 4. Fig. 5b clearly shows that this is the case with a
decrease in the N 1s:C 1s ratio (specific to PDADMAC); and an in-
crease in the O 1s:C 1s and S 1s:C 1s ratios (specific to PSS). The O
1s:C 1s ratio increases from 0.25 after the deposition of 4 layers to
0.34 after that of 8 layers. This recorded ratio is very close to the
actual value for the PSS repeating unit molecule which is 0.37.
Moreover, knowing that the only source for the nitrogen atom in the
polyelectrolyte assemblies is the PDADMAC polymer chain, low
values for the N 1s:C 1s ratio necessarily concludes that the PDAD-
MAC layer is well masked below the final PSS layer. A 60% reduction
in the N 1s:C 1s ratio after 8 layers as compared to 4 layers indicates
that the level of interdiffusion of PDADMAC polymer chains within
those of the PSS has been dramatically reduced. Furthermore, the
sulfur atom is only specific to the PSS repeating unit and, as a result,
the higher the value of S 1s:C 1s and the closer it gets to 0.125which
is the value of thementioned ratio in PSSmolecule, themoredistinct
thefinal PSS layer becomes and themorehomogeneous thenegative
surface charge is distributed. Fig. 5b shows that the S 1s:C 1s ratio
doubles when going from layer 4 to layer 8 again confirming the
formation of more distinct PSS chains on the PCL surface. Data in
Fig. 5 therefore support the concept presented in Fig. 4 of poorly
defined polyelectrolyte layers 1 to 4 that becomemorewell-defined
as the number of layers is increased. However, Fig. 5 demonstrates
that even at 8 layers a significant level of interpenetration of layers is
still occurring. In a recent work, Gilbert et al. also used the XPS
approach for the analysis of interlayer diffusion in polyelectrolyte
multilayers (PEMs) [43]. It has been reported that for the case of
classic layer-by-layer depositionwhere strong polyelectrolytes such
as PDADMAC and PSS are used, discrete polyelectrolyte layers are
formed [44]. Our surface analysis studies demonstrate that the
formation of more distinct layers in LbL occurs at higher numbers of
layer depositions,whereas interdiffusion of layers always exists. The
rest of the LbL experiments in this study has been performed by
using n ¼ 8 layers of polyelectrolytes.

Having determined n¼ 8 layers as the optimal conditions for the
LbL self-assembly of polyelectrolytes on the co-continuous PCL
structure, the quality of the chitosan coating on the final negative
layer has to be evaluated. To do so, three different cases were
considered: 2D solid discs (2D-nonporous) as the positive control;
top section of 3D porous cubes (Top-3D); and the middle section of
the same samples (Inside-3D). The amount of chitosan coating on
the top section of the scaffold is of importance, as it is the first part
of the scaffold with which the cells establishes initial contact post-
seeding. Obtaining a homogeneous chitosan coating in the middle
section of the scaffolds is of equal significance as the cells migrate
toward deeper levels and therefore has to be taken into consider-
ation in this study.

Fig. 6a demonstrates XPS spectra for a 2D solid discs coatedwith
chitosan by the LbL technique (LbL-chitosan), where the N 1s peak
is evident at 401 eV as compared to 2D solid discs of PCL with LbL
coating but without the addition of chitosan (LbL-only) where the
nitrogen peak is present due to the existence of nitrogen containing
PDADMAC underneath the final PSS layer but it appears to be very
weak. The addition of chitosan on the LbL modified PCL amplifies
the nitrogen on the surface which clearly points to a successful
surface deposition. Local chitosan deposition by the LbL strategy on
four distinct 2D solid discs is demonstrated in Fig. 6b according to
the same positions (1, 2 and 3) depicted in Fig. 3a. The XPS results
for the N 1s concentration after chitosan surface modification by
LbL at the different positions in the disks show that none of the



Fig. 6. Efficiency evaluation of the chitosan layer deposition via the LbL approach after
8 layers of polyelectrolyte deposition on 2D solid discs: (a) XPS spectra of LbL and LbL-
chitosan coated PCL. The nitrogen peak is observed at 401 eV for the coated sample. (b)
XPS measurements of the relative nitrogen concentration (%) on four distinct LbL-
modified 2D solid discs at positions 1, 2 and 3 mentioned in Fig. 3a.

Fig. 7. a) Effectiveness of chitosan coating by using the LbL approach after 8 layers of
polyelectrolyte deposition in 3D porous cubes: Relative nitrogen concentration (%) on
2D solid discs (2D-solid) as the positive control; top section of 3D porous cubes (Top-
3D cube); and the middle section of the same samples (Inside-3D cube). Data shown as
mean ± standard deviation on 3 samples. Bars with the same symbols (*, #) show
significant differences with p < 0.05. Schematic representation of (b) flat and (c) in-
clined surfaces comprising three layers subjected to an X-ray beam of a given pene-
tration depth.
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areas sampled have zero depositions with the LbL technique and
indicate a homogeneous local distribution, as opposed to the dip-
coating strategy (Fig. 3b).

Fig. 7a summarizes the XPS readings of the relative nitrogen
concentration % on the examined surfaces of 2D-solid, Top-3D
porous cube and Inside 3D porous cube samples after chitosan
surface modification by LbL. According to Fig. 7a, a high level of
chitosan is detected on the surface of the 2D-solid, Top-3D cube and
Inside 3D cube samples. This indicates a successful penetration of
the LbL chitosan right into themiddle of the 3D construct. It can also
be seen that the nitrogen concentration decreases by 60% in going
from2D-solid to inside 3D cube. This decrease is expected due to the
porous natureof the 3D construct. The2D solid disc has nopores and
possesses an even horizontal surface available for chitosan
deposition and subsequent analysis. In the Top 3D cube sample
the surface is porous, i.e. some of the top surface is horizontal/flat
and the rest of the signal comes from pore depressions along the
horizontal surface. Lastly the Inside 3D cube sample only provides
the porous surface for chitosan deposition and the signal comes
from the surface of pores that are oblique to the horizontal
surface. Fig. 7b and c shows a schematic representation of three
identical layers subjected to an X-ray beam of a given penetration
depth for flat and inclined surfaces respectively. For simplicity,
polyelectrolyte chain inter-diffusion has been neglected. Due to the
limited penetration depth, it should be noted that XPS on inclined
surfaces would be expected to provide less information about the
inferior layers. In this study, 2D solid discs and the non-porous flat
section of the Top-3D samples follow the schematic in Fig. 7b,
whereas the curvature present in the porous section of the Top-3D
and Inside-3D follow the schematic in Fig. 7c and lead to more ac-
curate readings of the outermost layers.

The X-ray emission at different positions and different depths
for 3D porous cubes are illustrated in Fig. 8. Relative nitrogen
concentrations are demonstrated in Fig. 8b according to the posi-
tions 1, 2 and 3 and depths A, B and C as illustrated in Fig. 8a. Levels
D and E were not considered because due to symmetry they are
redundant with A and B. Our results show a relatively uniform local
distribution of chitosan with at least 1% relative nitrogen concen-
tration (chitosan) detection at all the scanned points within the
cubic construct. Also, the drop in the level of chitosan deposition is
evident at levels B and C, in comparison to level A (Top-3D). There is
no significant difference between the amounts of chitosan detected
by the XPS at levels B and C. Our results show that chitosan can be
uniformly deposited on a co-continuous porous structure even at
deep levels of 3D porous cubes with the LbL self-assembly of
polyelectrolytes.
3.2.3. Scanning electron microscopy
The morphology of porous PCL scaffolds has been demonstrated

in Fig. 9a and b. These figures demonstrate the homogeneity of the
microstructure together with the co-continuous structure. Fig. 9c
shows the morphology of the pore surface after LbL depositions of
PDADMAC and PSS polyelectrolytes yet prior to the addition of the
final chitosan layer. SEM image on Fig. 9d provides the morphology
of the assembly of 8 polyelectrolyte layers with the final addition of



Fig. 8. (a) Schematic of the 3D porous cubes with X-ray emission at different positions and different depths. (b) Local distribution of the LbL coated chitosan after 8 layers of
polyelectrolyte deposition by XPS measurements performed at positions 1,2 and 3 and at levels A, B and C. At least 1% of chitosan was detected at all the scanned points.
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chitosan on 2D solid discs. According to this figure, the assembly of
layers form a microscopically rough surface morphology. The par-
tial detachment of the layers for microscopic observation can be
attributed to sample cutting by razor. Image analysis on high res-
olution FEG-SEM images demonstrated that the thickness of the
multilayer assembly ranges from 550 up to 700 nm. Considering
that the average layer thickness for PSS or PDADMAC is between 4.5
and 6.5 nm per layer [41,42], the measured thickness in this study
Fig. 9. (a) Low and (b) high magnification FEG-SEM images of 3D porous cubes before layer
deposition but without chitosan coating; and (d) Microscopic roughness of the final layer
thickness value of 610 nm was estimated using image analysis. The scale bar in the top an
could mostly be attributed to chitosan. Furthermore, SEM imaging
of PCL with the LbL coating (Fig. 9c) clearly demonstrates that the
addition of chitosan creates the observed surface roughness. Ac-
cording to Deligianni et al., cell adhesion and proliferation of hu-
man bone marrow cells increased with the level of roughness on
hydroxyapatite surfaces [45]. Thus, the surface roughness observed
in this surface preparation approach may have advantageous ef-
fects for the adhesion and proliferation of cells.
depositions; (c) Pore surface of a 3D porous cube after after 8 layers of polyelectrolyte
assembly after chitosan coating on an 8 layer LbL-coated 2D solid disc. An average

d bottom panels represents 100 and 1 micron, respectively.
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4. Conclusion

To our knowledge, a thorough investigation of chitosan coating
on porous PCL constructs using LbL self-assembly of poly-
electrolytes has never been done. PCL structures of highly
controlled morphologies using co-continuous polymer blends have
been tested via dip-coating and LbL in both 2D and 3D for the
evaluation of the efficacy of chitosan coating. Gravimetric mea-
surements, fluorescence microscopy, ToF-SIMS analysis, x-ray
photoelectron spectroscopy and scanning electron microscopy
were used to examine these deposition strategies. The classic dip
coating technique succeeded in the deposition of chitosan on PCL
scaffolds due to the intrinsic attraction between the positively
charged chitosan and slightly negatively charged PCL, but failed to
produce homogeneous deposits, and hence areas devoid of chito-
san were detected. In the layer-by-layer deposition approach,
gravimetric measurements revealed the existence of three main
regions according to the number of assembled layers: a surface
preparation region comprised of indistinct layers; an onset region
for layer buildup; and a more well-defined layer region. The exis-
tence of these regions was strongly suggested by higher Sulfur/
Carbon and lower Nitrogen/Carbon ratios for 8 layers of poly-
electrolytes, as compared to 4 layers, reflecting a more uniform PSS
final layer. The LbL strategy was found to be superior to the dip-
coating technique since a uniform local deposition of chitosan
was observed in both 2D solid discs and 3D porous cubes at various
depths within the scaffolds. SEM imaging revealed that there is a
microscopically rough coating ranging in total thickness from 550
to 700 nm. This layer thickness appears to be principally related to
the chitosan part of the coating. This study proposes an adaptation
of the LbL technique as a solution to the existing issues related to
chitosan coating, such as heterogeneous local distribution in 3D
constructs, and provides characterization and analysis techniques
to support the methodologies used. This work shows that the LbL
technique of polyelectrolyte deposition followed by chitosan
addition provides a route towards stable and homogeneous surface
modification and has the potential to transform a classic fully
interconnected porous synthetic PCL polymer material to one with
essentially complete chitosan-like surface characteristics. In a
future work, the produced scaffolds with hydrophilic chitosan
coating will be put into practice in order to evaluate their potential
to support human mesenchymal stem cell osteoblastic differenti-
ation and biomineralization.
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