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Abstract

Human mesenchymal stem cells (hMSCs) have an 
enormous potential for tissue engineering and cell-based 
therapies. With a potential of differentiation into multiple 
lineages and immune-suppression, these cells play a key 
role in tissue remodelling and regeneration.
 Here a method of hMSC recruitment is described, 
based on the incorporation of a chemokine in Chitosan (Ch)/
Poly(γ-glutamic acid) (γ-PGA) complexes. Ch is a non-
toxic, cationic polysaccharide widely investigated. γ-PGA 
is a hydrophilic, non-toxic, biodegradable and negatively 
charged poly-amino acid. Ch and γ-PGA, being oppositely 
charged, can be combined through electrostatic interactions. 
These biocompatible structures can be used as carriers for 
active substances and can be easily modulated in order to 
control the delivery of drugs, proteins, DNA, etc.
 Using the layer-by-layer method, Ch and γ-PGA were 
assembled into polyelectrolyte multilayers fi lms (PEMs) 
with thickness of 120 nm. The chemokine stromal-derived 
factor-1 (SDF-1) was incorporated in these complexes and 
was continuously released during 120 h. The method of 
SDF-1 incorporation is of crucial importance for polymers 
assembly into PEMs and for the release kinetics of this 
chemokine. The Ch/γ-PGA PEMs with SDF-1 were able 
to recruit hMSCs, increasing the cell migration up to 6 
fold to a maximum of 16.2 ± 4.9 cells/mm2. The controlled 
release of SDF-1 would be of great therapeutic value in the 
process of hMSC homing to injured tissues. This is the fi rst 
study suggesting Ch/γ-PGA PEMs as SDF-1 reservoirs to 
recruit hMSCs, describing an effi cient method of chemokine 
incorporation that allows a sustained released up to 5 days 
and that can be easily scaled-up.

Keywords: Mesenchymal stem cells, cell recruitment, 
layer-by-layer, chitosan, poly(γ-glutamic acid), protein 
delivery.
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Introduction

Human mesenchymal stem cells (hMSCs) are known 
as a heterogeneous cell population of multipotent adult 
stem cells that can be isolated from tissues such as bone 
marrow or adipose tissue, among others (Uccelli et al., 
2008; Sundelacruz and Kaplan, 2009). hMSCs have 
an enormous differentiation potential, not only into 
osteogenic, chondrogenic and adipogenic lineages, but 
also in other tissues as tendon, muscle and marrow stromal 
connective tissue (Yoo et al., 2009). Their use in tissue 
engineering has already been reported in bone (Oliveira 
et al., 2009), cartilage (Hofmann et al., 2006), dermis 
(Schneider et al., 2010) and heart (Mokashi et al., 2010).
 Also, a reduction of the immune response has 
been associated with these cells: hMSCs were shown 
to reduce T-cell proliferation and cytotoxicity, natural 
killer (NK) cells proliferation and IFN-γ production and 
also hinder dendritic cell (DC) activation and maturation 
(Meirelles et al., 2009; Singer and Caplan, 2011). This 
action has been explored for graft-versus-host disease, 
septic shock, auto-immune arthritis, diabetes, multiple 
sclerosis and lupus (Ichim et al., 2010). Together, these 
aspects highlight the importance of this cell population and 
fundament their use in tissue engineering and cell-based 
therapies (Uccelli et al., 2008).
 hMSCs have the ability to migrate into different 
tissues including bone marrow, muscle, skin, gut, liver, 
and lung (Fong et al., 2011). The migration process can 
be regulated by different chemokines and growth factors 
(e.g., monocyte chemotactic protein-1, stromal-derived 
factor-1, platelet-derived growth factor (PDGF), vascular 
endothelial growth factor, etc.) (Ponte et al., 2009). In 
particular, CXCL-12, or stromal-derived factor-1α (SDF-
1α), is a chemokine constitutively produced in bone 
marrow, being strongly chemotactic to lymphocytes, 
but also to monocytes (Bleul et al., 1996), endothelial 
progenitor cells (Frederick et al., 2010), and responsible 
for the regulation of the homing process of haematopoietic 
progenitors (Broxmeyer and Christopherson, 2004). It is 
also a very important factor during carcinogenesis (Kim et 
al., 2010). SDF-1 is expressed/secreted by several tissues, 
with a particular incidence in bone marrow, and is known 
to bind to CXCR4 receptor (Wynn et al., 2004; Li et al., 
2011). The SDF-1/CXCR4 axis is known to regulate 
the homing process and engraftment of haematopoietic 
stem cells in bone marrow after transplantation (Peled 
et al., 1999). More recently, CXCR4 expression on bone 
marrow stromal cells also has been reported, at low 
levels in the membrane (~4 %), but with large expression 
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intracellularly (~96 %) (Wynn et al., 2004). In addition, 
some studies have shown the migration of hMSCs via 
SDF-1 signalling (Gao et al., 2009; Ponte et al., 2009), 
in particular when associated with a pro-infl ammatory 
environment (Wynn et al., 2004; Ponte et al., 2009). 
hMSCs CXCR4+ sub-population was revealed to be crucial 
in the process of cell homing to a bone fracture and to the 
healing process (Granero-Moltó et al., 2009). Therefore, 
the sustained release of chemoattractors, as SDF-1 aiming 
to recruit hMSCs to a site of injury would be of great 
therapeutic value in tissue engineering.
 Chitosan (Ch) is  a  natural  polysaccharide 
composed by units of glucosamine and N-acetyl-
glucosamine that is obtained from deacetylation of 
chitin, originally found in crustaceans. Ch is non-toxic, 
biodegradable and cationic below pH 6.5, which allows 
its combination with anionic polymers such as gelatin 
(Haider et al., 2010), alginate (Wu et al., 2009), poly-lysine 
(Chi et al., 2008) and poly-(glutamic acid) (Song et al., 
2009). These structures can be formed by self-assembly 
of oppositely charged polyelectrolytes and are known as 
polyelectrolyte complexes (Boudou et al., 2010).
 The layer-by-layer (LbL) deposition technique 
can be used to obtain polyelectrolyte multilayers (PEMs). 
The LbL method is easy to perform under mild conditions, 
allows the incorporation of bioactive molecules or 
extracellular matrix (ECM) components, and can produce 
thin fi lms with different mechanical properties. Since 
these structures allow the control of fi lm properties at the 
nanoscale, the interest in using them to control diffusion 
of biomolecules has been growing, particularly with 
the purpose of designing new drug-eluting coatings and 
artifi cial microenvironments (Boudou et al., 2010). These 

biocompatible structures can be modulated by different 
factors (e.g., pH, ionic strength, polymer concentrations, 
etc) and designed to incorporate different molecules 
(polypeptides, polysaccharides, DNA, proteins, and 
nanoparticles) (Boudou et al., 2010).
 Poly(γ-glutamic acid) (γ-PGA) is a hydrophilic, 
non-toxic, negatively charged at pH above 2.2, 
biodegradable poly-aminoacid microbially synthesised 
by different strains of Bacillus. γ-PGA was shown to 
increase the hydrophilicity and cytocompatibility of Ch/γ-
PGA biomaterials (Hsieh et al., 2005). Non immunogenic 
reactions to γ-PGA have been reported probably linked 
to the degradation of γ-PGA into glutamic acid residues, 
which has a history of safe use in food products (Buescher 
and Margaritis, 2007). In spite of this, the use of γ-PGA in 
tissue engineering applications remains largely unexplored 
(Buescher and Margaritis, 2007).
 Our team recently demonstrated that Ch can 
interact electrostatically with γ-PGA, forming multilayered 
fi lms (Antunes et al., 2011). These fi lms were extensively 
characterised and the contribution of the polymers to each 
layer was highlighted. Also, Ch/γ-PGA structures revealed 
no cytotoxicity. The aim of this investigation was to explore 
the use of Ch/γ-PGA multilayered fi lms as chemokine 
delivery system for the recruitment of hMSCs.

Materials and Methods

Preparation of Chitosan/Poly(γ-glutamic acid) (Ch/γ-
PGA) polyelectrolyte multilayers (PEMs)
Ch/γ-PGA PEMs were prepared as previously described 
(Antunes et al., 2011). Briefly, Ch (France-Chitine, 

Fig. 1. Schematic overview of the preparation of Chitosan (Ch, blue line) and Poly(γ-glutamic acid) (γ-PGA, orange 
line) polyelectrolyte multilayer fi lms (PEMs) with SDF-1 (purple circles). Ch substrates prepared by spin coating 
were immersed in γ-PGA solution. Four different approaches were used to introduce SDF-1: 1) incorporation 
before deposition of each Ch layer (before Ch); 2) incorporation within each Ch layer (incorporation in Ch); 3) 
incorporation after deposition of each Ch layer (after Ch); and 4) adsorption after assembly of Ch/γ-PGA PEMs 
with 6 layers (adsorption on PEMs).
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Orange, France; degree of acetylation (DA) of 10.4 ± 1.6 
% determined by Fourier Transform Infrared Spectrometry 
using KBr pellets (FTIR-KBr), and molecular weight 
(Mw) of 324 ± 27 x 103, determined by size-exclusion 
chromatography) ultrathin fi lms (ca. 20 nm thickness) were 
prepared by spincoating on clean gold (0.5 x 0.5 cm2) for 
ellipsometry, radiolabelling and ELISA analysis or glass 
substrates (13 mm diameter) for cell culture assays. After 
spinning, Ch fi lms were neutralised in NaOH 0.1 M, for 
5 min, rinsed twice in ultrapure water and dried for 24 h 
at 37 ºC.
 γ-PGA was produced microbially by our group 
from B. subtilis culture with a molecular weight (Mw) of 
10-50 kDa and a purity level of 99.5 % (Antunes et al., 
2011). Ch/γ-PGA PEMs were then formed by layer-by-
layer technique. Briefl y, Ch ultrathin fi lms were immersed 
in γ-PGA solution (0.2 mg/mL) at pH 5 in buffer Tris-HCl, 
NaCl 0.15 M for 15min, with gentle stirring. After that, the 
samples were rinsed with the same buffer, for 2 min. The 
γ-PGA/Ch fi lms were immersed in a Ch solution (0.2 mg/
mL) at pH 5 in the same buffer as described. This process 
was repeated until a maximum of 6 Ch/γ-PGA layers were 
obtained.

Combination of human Stromal Derived Factor 
(SDF)-1 alpha (CXCL12) into Ch/γ-PGA PEMs
SDF-1 (Peprotech, Rocky Hill, NJ, USA; 8 kDa, > 98 % 
purity) was dissolved in buffer Tris-HCl, NaCl 0.15 M, at 
pH 5, in two concentrations: 100 and 500 ng/mL. Soluble 
SDF-1 was combined into Ch/γ-PGA PEMs using different 
methods (Fig. 1):
1. SDF-1 solution (100 or 500 ng/mL) in PBS, incorporated 

before each Ch layer for 15 min (“before Ch”);
2. SDF-1 solution (100 or 500 ng/mL) in Ch solution (0.2 

mg/mL) incorporated within each Ch layer for 15min 
(“incorporation in Ch”);

3. SDF-1 solution (100 or 500 ng/mL) in PBS, incorporated 
after each Ch layer for 15 min (“after Ch”);

4. SDF-1 solution (100 or 500 ng/mL) in PBS, adsorbed 
after assembly of Ch/ γ-PGA PEMs with 6 layers 
during 15 min (“adsorption in PEM”).

Thickness of PEMs
Thickness of Ch/γ-PGA thin films prepared on gold 
substrates was measured using an Imaging Ellipsometer, 
model EP3, from Nanofilm Surface Analysis. The 
ellipsometer was operated in a polariser-compensator-
sample-analyser (PCSA) mode (null ellipsometry). The 
light source was a solid-state laser with a wavelength of 
532 nm. Refractive index (n) and extinction coeffi cient (k) 
of gold substrates were determined by using a delta and psi 
spectrum with a variation of angle between 67º and 72º. To 
determine the fi lm thickness, the n and k of Ch and γ-PGA 
layers were set to 1 and 0, respectively. Three areas of 
three different samples were measured for each condition.

Quantifi cation of SDF-1 in Ch/γ-PGA PEMs
SDF-1 was labelled with 125I (Perkin Elmer) using the 
Iodogen method (Amersham, 1993). Immediately after 
labelling, 125I-SDF-1 was pre-packed in PD-10 Sephadex 

G-25 columns (Amersham Pharmacia. Amersham, UK), 
previously equilibrated in Phosphate Buffer Solution 
(PBS). The yield of iodination was estimated by 
trichloroacetic acid precipitation method (TCA, 10 % 
v/v) and ranged from 95 to 99 %. 125I-SDF-1 solutions at 
the concentrations of 100 and 500 ng/mL with the same 
fi nal activity of 8000 cpm/ng were combined with Ch/γ-
PGA PEMs built in gold substrates by the four methods 
described above. Afterwards, each sample was placed 
individually into different radioimmune assays (RIA) 
tubes, washed three times with buffer Tris-HCl, NaCl 
0.15 M at pH 5. All samples and SDF-1 standard solutions 
were counted in a γ-counter and the amount of protein 
calculated by:

         Protein (ng/cm2) = counts (cpm) / [Asolution (cpm/ng) × S (cm2)] (1)

in which counts is the fi lms-associated radioactivity, Asolution 
is the specifi c radioactivity of the protein solution and S 
is the surface area. Four replicates of each condition were 
used to determine the number of counts. These experiments 
were carried out in the presence of 10 nM of NaI to suppress 
the adsorption of residual free 125I, which ranged from 1 
to 5 %. Since free 125I may result in increased readings of 
the adsorbed protein, addition of a small amount of non-
radioactive iodide is recommended to suppress free 125I 
adsorption (Horbett, 1986; Du et al., 2000).

SDF-1 delivery kinetics
To assess SDF-1 delivery kinetics, SDF-1-containing 
Ch/γ-PGA PEMs were incubated in DMEM supplemented 
with foetal bovine serum (FBS) (10 %), in a humidifi ed 
atmosphere at 37 ºC, with 5 % of CO2. At each 24 h, up to 
120 h, the PEMs containing 125I-SDF-1 were rinsed three 
times with PBS and the counts of SDF-1-Ch/ γ-PGA PEMs 
were measured in the γ-counter. The cumulative amount 
of released SDF-1 was calculated by:

% SDF-1 cumulative release (t1) = [SDF-1(t0)-SDF-1(t1)]x100 / SDF-1(t0) (2)

in which SDF-1(t0), is the amount of SDF-1 (ng/
cm2) present in Ch/γ-PGA PEMs immediately after 
incorporation/adsorption (t = 0 h) and SDF-1(t1), is the 
amount of SDF-1 (ng/cm2) within Ch/ γ-PGA PEMs at 
each 24 h interval.
 The results are presented as the average of four 
independent samples for each condition. For the Higuchi 
model kinetics the results were converted as:

             [% SDF-1 cumulative release (t1)]
-1 = log (t1)           (3)

for each 24 h up to 120 h, according to the literature 
(Higuchi, 1963).
 To confirm the SDF-1 release, SDF-1 containing 
PEMs without 125I-SDF-1 were incubated in the conditions 
described above. The culture medium in contact with 
SDF-1-PEMs was removed at each 24 h, centrifuged 
at high speed and kept at -20 ºC. SDF-1 released to the 
medium was then quantifi ed using a commercial ELISA 
kit for SDF-1 (R&D Systems; Minneapolis, MN, USA), 
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according to the manufacturer’s instructions. The results 
are presented as the average of three independent samples 
for each condition.

Human mesenchymal stem cell recruitment by Ch/ 
γ-PGA PEMs with SDF-1
hMSCs were isolated from human bone marrow (BM) 
collected by Serviço de Ortopedia e Traumatologia from 
Hospital de São João from discarded bone tissues of 
patients undergoing total hip arthroplasty, less than 60 
years old, and who did not suffer from known infl ammatory 
diseases, following a protocol approved by the ethics 
committee of the hospital and informed consent by the 
patients. hMSCs were isolated by adherence method 
after density gradient centrifugation and characterised as 
previously described (Almeida et al., 2012). hMSCs were 
expanded in DMEM-low-glucose medium with Glutamax 
plus 10 % selected inactivated FBS and 1 % penicillin/
streptomycin (all from Invitrogen/Life Technologies, 
Carlsbad, CA, USA).
 To evaluate MSCs migration, transwells with 
a polyethylene terephthalate membrane with 8 μm pore 
size and 6.5 mm diameter (BDFalcon, Franklin Lanes, 
NJ, USA) were used. The transwells were incubated with 
100 μL of bovine gelatin solution 0.1 % (Sigma-Aldrich, 
St. Louis, MO, USA) for 1 h at 37 ºC, as described by 
other authors (Ponte et al., 2009). After 1 h, the solution 
was removed and the transwells rinsed with PBS. hMSCs 
(passage 5 to 7, 8x104 cells/insert) were then seeded on 
the top of transwells in 500 μL of serum-free medium to 
potentiate the effect of the chemoattractor. In the bottom 
wells, Ch/γ-PGA PEMs with SDF-1 (0, 100 and 500 ng/

mL) were placed in 750 μL of serum-free medium. After 
6 h of incubation at 37 ºC in 5 % CO2 environment, cells 
were fi xed with 4 % paraformaldehyde  and rinsed with 
cold PBS. The cell density and time of incubation were 
selected in accordance with the literature (Ruster et al., 
2005; Bhakta et al., 2006). Inserts were carefully washed 
with cold PBS, and cells remaining on the upper face of the 
fi lters were removed with a cotton wool swab, commonly 
used in this assay (Ponte et al., 2009). The fi lters were then 
cut out with a scalpel, stained with DAPI and mounted 
onto glass slides, with the lower part facing upwards. 
The number of cells that had migrated was determined by 
counting 12 fi elds of observation at 200x magnifi cation 
using an inverted fl uorescence microscopy (Axiovert, 
Zeiss, Oberkochen, Germany). Data are expressed as 
numbers of migrated cells per mm2. The results include 
independent experiments with three different donors 
(Passage 5 to 7), with one to four samples per condition. 
One representative control experiment using different 
concentrations of soluble SDF-1 was also performed (0, 
5, 10, 25, 50 and 100 ng/mL) in the conditions previously 
described, using one donor (2 samples).

Statistics
The experimental results are presented as the mean plus/
minus the standard deviation (SD). Statistical analysis was 
performed using GraphPad Prism (La Jolla, CA, USA) vs. 
5.0 for Mac OS X. The nonparametric Mann-Whitney test 
was used to compare the groups of samples. A confi dence 
level of at least 95 % (*, p < 0.05, ** p < 0.025, *** p < 
0.001) was used.

Fig. 2. Combination of SDF-1 in Chitosan (Ch)/Poly(γ-
glutamic acid) (γ-PGA) polyelectrolyte multilayer fi lms 
(PEMs). SDF-1 (100 ng/mL) was labelled with 125I and 
incorporated in Ch/γ-PGA PEMs by the four approaches 
presented in Fig. 1: 1) before Ch; 2) incorporation in Ch; 
3) after Ch; and 4) adsorption on PEMs. The amount of 
125I-SDF-1 was quantifi ed in a gamma-radiation counter. 
Results are presented as Mean ± StDev (n = 4). Statistical 
signifi cance was considered for p < 0.05 (*).

Fig. 3. Thickness of Chitosan (Ch)/Poly(γ-glutamic 
acid) (γ-PGA) polyelectrolyte multilayer fi lms (PEMs) 
with and without SDF-1. The thickness of Ch/γ-PGA 
PEMs (PEMs) and Ch fi lms (Ch) was compared with the 
thickness of SDF-containing Ch PEMs, either when SDF-
1 was inserted before (before Ch), within (incorporation 
in Ch) and after (after Ch) each Ch layer. Results are 
presented as Mean ± StDev (3 areas of n = 3). Statistical 
signifi cance was considered for p < 0.05 (*).
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Results

Combination of SDF-1 into Ch/γ-PGA PEMs
In order to evaluate which is the most suitable strategy 
to introduce SDF-1 into Ch/ γ-PGA PEMs, four different 
methods were used. Since SDF-1, like Ch, is positively 
charged at pH 5.0, its incorporation in the fi lms was 
carried out by 3 methods: (1) incorporation before each 
Ch layer (referred to as “before Ch”); (2) incorporation 
within each Ch layer (referred to as “incorporation in 
Ch”); (3) incorporation after each Ch layer (referred to as 
“after Ch”). Moreover, these methods were compared with 
SDF-1 adsorption as a fi nal step, i.e. after producing the 
Ch/ γ-PGA PEMs with 6 layers (referred to as “adsorption 
on PEMs”) (Fig. 1).
 To compare the effi ciency of SDF-1 incorporation 
using the four different strategies, SDF-1 (100 ng/mL in 
PBS) was previously labelled with 125I and incorporated in 
PBS or in a Ch solution. The number of radioactive counts 
of the PEMs was used to estimate the amount of chemokine 
present in Ch/γ-PGA PEMs (Fig. 2). The results show that 
the concentration of SDF-1 in Ch/γ-PGA PEMs with 6 
layers ranged from 1.2 ± 0.8 ng/cm2 to 2.5 ± 1.5ng/cm2. 
The amount of SDF-1 incorporated was slightly higher 
when SDF-1 was incorporated before (2.2 ± 0.3 ng/cm2) 
or after (2.5 ± 1.5 ng/cm2) each Ch layer was deposited. 
In particular, when SDF-1 was introduced before the Ch 
layers, the amount of SDF-1 was signifi cantly higher 
than when SDF-1 was adsorbed (1.2 ± 0.8 ng/cm2) or 
incorporated (1.5 ± 0.3 ng/cm2) within the Ch layers (p < 
0.05).

Thickness of Ch/γ-PGA PEMs with SDF-1
The introduction of SDF-1 in Ch/γ-PGA PEMs during 
the assembly process of Ch and γ-PGA might affect Ch 
and γ-PGA spontaneous interaction, and the thickness of 
the nanofi lms. To check this aspect, the thickness was 
measured by ellipsometry (Fig. 3). The thickness of Ch 
substrates (19.2 ± 0.1 nm) increased to 129 ± 25 nm for Ch/
γ-PGA PEMs with 6 layers. When SDF-1 was introduced 
into PEMs within the Ch solution (“incorporation in 
Ch”), the thickness of PEMs slightly increased, reaching 
153 ± 1 nm. However, the PEM thickness signifi cantly 
decreased (p < 0.05) when SDF-1 was introduced before 
(89 ± 4 nm) or after (86 ± 3 nm) the Ch layers. The fi lm 
thickness reduction observed for the conditions “before 
Ch” and “after Ch” suggests that spontaneous assembly 
of Ch and γ-PGA into PEMs was, in part, hindered. Since 
SDF-1 is positively charged at pH 5.0, it can bind to 
Ch (negatively charged), which may interfere with the 
electrostatic interactions between Ch and γ-PGA and 
consequently, its assembly process. Nevertheless, when 
SDF-1 is incorporated within the Ch solution, no reduction 
in thickness was observed.

SDF-1 release kinetics: comparison between 
incorporation and adsorption onto Ch/γ-PGA PEMs
The release of SDF-1 from Ch/γ-PGA PEMs was 
determined using radiolabelling and ELISA. Ch/γ-PGA 
PEMs with SDF-1 were incubated in DMEM culture 
medium with FBS 10 %, and maintained for 120 h at 37 
ºC. The amount of SDF-1 released was determined at 24 
h intervals by assessing the radioactive counts of PEMs 

Fig. 4. SDF-1 release kinetics. Chitosan (Ch)/Poly(γ-
glutamic acid) (γ-PGA) polyelectrolyte multilayer fi lms 
(PEMs) with SDF-1 (100 ng/mL), which was either 
incorporated in Ch (Incorporation in Ch) or adsorbed onto 
PEMs (Adsorption on PEMs). PEMs were incubated in 
DMEM supplemented with FBS (10 %) at 37 °C. The 
SDF-1 release kinetics was monitored during 120 h by 
SDF-1 radiolabelling with 125I (A). The SDF-1 release 
kinetics follows the Higuchi release model (B). SDF-1 
released to the medium was quantifi ed during 72 h using 
ELISA (C). Results are presented as Mean ± StDev (n = 
4 for A; n = 3 for B and C).

A B

C
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with 125I-SDF-1, and renewing the culture medium at each 
time point (Fig. 4A). Only the method of incorporation in 
the Ch layers was investigated, in view of the reduction in 
thickness observed for the other two methods. Adsorption 
in the PEM fi lms was used for comparison.
 The results show a continuous release of SDF-1 during 
120 h for both methods of SDF-1 combination within 
PEMs. Immediately following the introduction of SDF-1 
in PEMs, the amount of SDF-1 ranged from 1.5 ± 0.3 to 1.2 
± 0.8 ng/cm2 for the incorporation and adsorption methods, 
respectively. The SDF-1 release kinetics were slower when 
SDF-1 was introduced by incorporation compared with the 
adsorption method: after 24 h, by incorporation, only 27.5 
± 6.7 % of chemokine was released to the medium, while 
for the adsorption method about 53.1 ± 7.9 % of SDF-1 was 
already released. These release kinetics slowed down after 
24 h. After 120 h, 71.4 ± 2.9 % (0.38 ± 0.07 ng/cm2) and 
80.6 ± 7.3 % (0.09 ± 0.03 ng/cm2) of initial SDF-1 were 
released using the incorporation and adsorption strategies, 
respectively. Within the time period of these experiments 
(120 h) SDF-1 release follows the Higuchi release kinetics 
(Higuchi, 1963), using both strategies, which suggest a 
release by diffusion to the medium (Fig. 4B).
 In parallel, SDF-1 release was determined along the 
three days by ELISA (Fig. 4C) and the results followed 
the same trend as the release kinetics determined by 
radiolabelling. The ELISA allowed the quantifi cation of 
the amount of SDF-1 effectively released to the medium: 
after 24 h, 400 ± 115 pg/mL of SDF-1 incorporated 
within Ch had passed into the medium, while in the case 
of adsorbed SDF-1, 642 ± 165 pg/mL of the chemokine 
were already released. These numbers correspond to an 
estimated release of 13 and 26 % for the incorporation and 
adsorption method, respectively. These percentages present 
the same trend as observed with the SDF-1 radiolabelling, 
confi rming faster release kinetics for adsorbed chemokine. 
However, there is a slight difference between the values 
obtained by both techniques. The differences may be 
due to several reasons, including the use of different 
standards for both assays, the fact that ELISA measures 
immunoreactivity of the protein and not the actual amount 
of protein, or simply due to differences in the accuracy of 
both methods.
 After 72 h, SDF-1 was still being released into the 
medium, although in much lower percentages (2 %) than 
those determined by radiolabelling, confi rming the high 
accuracy of the radioactivity method to determine protein 
release kinetics compared to ELISA.

Effect of SDF-1 concentration in Ch/γ-PGA PEMs as 
delivery systems
To evaluate if the concentrations of SDF-1 could 
influence the amount of SDF-1 incorporated in the 
PEMs, and consequently its release kinetics, two different 
concentrations of soluble SDF-1 (100 and 500 ng/mL) were 
combined with these complexes.
 Once more, SDF-1 was labelled with 125I and combined 
with Ch/γ-PGA PEMs through incorporation within the 
Ch solution and adsorption after PEM assembly. The 
number of radioactivity counts was used to estimate the 
amount of incorporated/adsorbed chemokine (Fig. 5A). At 

a concentration of 100 ng/mL, 1.5 ± 0.3 ng/cm2 of SDF-
1 was incorporated and 1.2 ± 0.8 ng/cm2 of SDF-1 were 
adsorbed. When the concentration of soluble SDF-1 was 
increased to 500 ng/mL, the amount of this chemokine in 
PEMs increased, reaching 11.5 ± 1.7 ng/cm2 (when SDF-1 
was incorporated in Ch) and 2.0 ± 0.3 ng/cm2 (when SDF-
1 was adsorbed on PEMs). This increase corresponds to 
an about 8-fold increase of incorporated protein, which 
is signifi cantly higher (p < 0.05) than when SDF-1 is 
adsorbed. Such an increase is related to the process of 
SDF-1 incorporation, since SDF-1 is present within the 
Ch 3 layers that constitute the Ch/γ -PGA fi lms.
 The SDF-1 release kinetics from Ch/γ-PGA PEMs was 
monitored during 120 h for two concentrations (Fig. 4B,C, 
for absolute values (ng/mL) and percentage of chemokine 
released, respectively). Similar kinetics were obtained 
independently of SDF-1 concentration. 27.5 ± 6.7 % and 
30.4 ± 8.6 % of SDF-1 had been released after 24 h, for 
concentrations of 100 ng/mL or 500 ng/mL, respectively. 
After 120 h, these values increased to 71.4 ± 2.9 % and 
70.6 ± 2.6 %, respectively.

Recruitment of hMSCs by SDF-1-containing
Ch /γ-PGA PEMs
The ability of SDF-1-Ch/γ-PGA PEMs to recruit hMSCs 
was screened in vitro for 3 donors. hMSCs were seeded 
on the top of 8 μm inserts in the presence of Ch/γ-PGA 
PEMs with or without SDF-1 in the bottom wells. After 6 
h, the cells at the upper side of the transwells were carefully 
removed and the recruited cells (on the lower side) were 
fi xed, the nucleus stained and counted under fl uorescence 
microscopy. The number of cells per mm2 that migrate for 
each condition is represented in Fig. 6A. The results clearly 
indicate an increase in hMSC migration in the presence of 
released SDF-1. Ch/γ-PGA PEMs were used as negative 
control. To discard the possibility of complexes without 
SDF-1 promoting cell migration, this control was compared 
with a basal level of cell migration in the presence of tissue 
culture polystyrene. No signifi cant differences between cell 
recruitment were observed. When SDF-1 was incorporated 
in the fi lms, MSCs were able to migrate towards released 
SDF-1, for both methods of chemokine combination with 
PEMs. Importantly, the levels of cell migration were 
donor-dependent. Thus, in the presence of Ch/γ-PGA PEMs 
without chemokine, only 2.0 ± 0.2 (donor 2) to 6.3 ± 4.4 
cells/mm2 (donor 1) could be recruited after 6 h. When 
SDF-1 (100 ng/mL) was introduced within Ch/γ-PGA 
PEMs, the number of recruited cells increased, ranging 
from 6.5 ± 0.1 (donor 2) to 15.6 ± 2.9 (donor 1) cells/
mm2 when SDF-1 was incorporated within Ch and 5.5 
± 1.6 (donor 2) to 14.8 ± 0.5 (donor 3) cells/mm2, when 
SDF-1 was adsorbed to PEMs. The levels of cell migration 
increased signifi cantly, from 2.0 to 5.3-fold (p < 0.05 
from p < 0.001), depending on the method of chemokine 
incorporation and donor. Nevertheless, when the results of 
cell migration per donor are analysed, no trend is observed 
between incorporation and adsorption strategies: in the 
case of donors 1 and 2, the average cell migration was 
higher when SDF-1 was incorporated in Ch layers, while 
for donor 3 the average cell migration was enhanced for 
SDF-1 adsorbed onto PEMs.
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 When SDF-1 concentration increased (from 100 to 
500 ng/mL), cell migration slightly increased for each 
donor when SDF-1 was incorporated in Ch layers: (i) 
donor 1 (from 5.3 to 5.5); (ii) donor 2 (from 3.6 to 4.1); 
(iii) donor 3 (from 2.0 to 2.2). Similarly, when SDF-1 was 
adsorbed onto PEMs, the increases were: donor 1 (from 
4.6 to 5.4); donor 2 (from 3.0 to 5.4); donor 3 (from 3.0 
to 3.1). A control experiment was also performed using 
different concentrations of soluble SDF-1 (Fig. 6B). Cell 
migration increased when the SDF-1 concentration in 
solution increased.

Discussion

This study describes a strategy to recruit hMSCs based 
on the sustained release of SDF-1. The homing of hMSCs 
by a strategy as the one described here could be of great 
therapeutic value. The strategy here described can be used 
for targeted attraction of specifi c MSC (sub)-populations 
with a promising role in tissue regeneration, such as 

those responding to SDF-1 (Granero-Moltó et al., 2009), 
to a particular injury site. In this investigation, PEMs 
were selected as adequate delivery systems due to their 
versatility and application in drug delivery (Boudou et al., 
2010). The integration of SDF-1 in Ch/γ-PGA electrostatic 
complexes was here described and optimised.
 Ch is a natural polymer widely used in protein/
drug delivery (Barbosa et al., 2011). However, some 
adjustments can ameliorate this capacity, such as 
chemical modifi cations, although some toxicity may be 
induced. Physical modifi cations, such as those relying on 
electrostatic or hydrogen-bonding forces, may result in 
more adequate delivery carriers. Due to its characteristics, 
Ch can form PEMs with anionic polymers, which are 
unique fi lms in the capacity of retaining large amounts 
of proteins using mild processing conditions, while 
maintaining adequate protein structure and bioactivity 
(Macdonald et al., 2011). The LbL technology was selected 
due to its versatility to incorporate chemokines in various 
steps of the self-assembly procedure, as indicated in the 

Fig. 5. Effect of SDF-1 concentration in Chitosan (Ch)/Poly(γ-glutamic acid) (γ-PGA) polyelectrolyte multilayer 
fi lms (PEMs) on the amount of SDF-1 incorporated in the fi lms. Ch/γ-PGA PEMs were obtained using two SDF-1 
concentrations in solution (100 ng/mL (SDF-100) and 500 ng/mL (SDF-500)) and different methods of incorporation: 
incorporation in the Ch solution (Incorporation in Ch) and adsorption after PEMs assembly (Adsorption on PEMs). 
The amount of SDF-1, previously labelled with 125I, present in PEMs was quantifi ed using a γ-radiation counter (A). 
The SDF-1 release kinetics was determined for 120 h. PEMs were incubated in DMEM supplemented with FBS (10 
%) at 37 °C. A comparison between SDF-1 release using the method of incorporation in Ch with two different SDF-1 
concentrations is represented in B and C: total amount of released SDF-1 (ng/mL) (B); relative percentage of released 
SDF-1 (C). Results are presented as Mean ± StDev (n = 4). Statistical signifi cance was considered for p < 0.05 (*).

A B

C
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experimental section (Fig. 1). Examples of biological 
uses of PEMs in vivo include: increased neuronal activity, 
enhanced expression of collagen I, inhibition or induction 
of cell death in tooth development, among others (Boudou 
et al., 2010).
 SDF-1 can be combined with Ch/γ-PGA complexes. 
These complexes built-up in previous studies were 
extensively characterized, namely concerning its 
cytocompatibility (Antunes et al., 2011). At the pH of Ch 

and γ-PGA interaction, SDF-1 is positively charged (pI = 
10.9, (Bleul et al., 1996)) which can promote binding to 
the negatively charged γ-PGA. The combination of SDF-
1 with Ch/γ-PGA complexes was attempted by different 
approaches. However, not all the strategies tested were 
effective: when SDF-1 is introduced before a Ch layer 
is deposited, we hypothesise the chemokine may bind 
directly to γ-PGA, impeding the electrostatic binding of 
Ch to γ-PGA in the subsequent layers; also, when SDF-1 is 

Fig. 6. Migration of human Mesenchymal Stem Cells (hMSCs) in the presence of Chitosan (Ch)/Poly(γ-glutamic acid) 
(γ-PGA) polyelectrolyte multilayer fi lms (PEMs) with SDF-1. 8x104 hMSCs were seeded on the top of 8 μm gelatin-
coated inserts in RPMI culture medium for 6 h. PEMs with SDF-1 incorporated (Incorporation in Ch) or adsorbed 
(Adsorption on PEMs) at two different concentrations (100 (SDF-100) and 500 ng/mL (SDF-500)) were placed in 
the bottom wells. Tissue-culture polystyrene (TCPS) and Ch/γ-PGA PEMs without SDF-1 were used as controls. 
After incubation, cells were fi xed, stained with DAPI and the number of migrated cells counted by fl uorescence 
microscopy (12 microscope fi elds per sample). The number of migrated cells per mm2 per donor is indicated in the 
table (n from 1 to 4 samples per donor; 3 different donors). The average of migrated cells/mm2 (Mean ± StDev) per 
donor is represented in the graphic. Statistical signifi cance was considered for at least p < 0.05 (*) (A). Example of 
MSCs migration in the presence of soluble SDF-1 at different concentrations: 0, 5, 10, 25, 50 and 100 ng/mL (n = 
2 samples, 1 donor), illustrating the dependence of the number of migrating cells on chemokine concentration (B).

Sample Test
Donor

Cells/mm2

1 2 3 4

TCPS
1 2.6 3.3
2 1.9 1.7
3 4.7 5.3

Ch/γ-PGA
1 4.3 11.3 3.1
2 1.8 2.2
3 7.6 3.7

In
co

rp
or

at
io

n 
in

 C
h

SDF-100
1 15.2 18.7 12.9
2 6.7 6.4
3 10.7 9.8

SDF-500
1 17.9 21.3 16.1 9.5
2 8.0 6.9
3 13.8 8.3

A
ds

or
pt

io
n 

on
 

PE
M

s

SDF-100
1 15.9 11.4
2 4.3 6.7
3 14.5 15.2

SDF-500
1 15.8
2 8.9 10.9
3 13.4 17.9

A

B
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introduced after Ch deposition, different things can happen, 
including Ch adsorption, inter-penetration of the molecules 
in Ch layers, or conformation changes (Picart et al., 2002; 
Richert et al., 2003), which may obstruct the binding of 
the carboxyl groups of γ-PGA to the amine groups of Ch, 
decreasing the complexes thickness.
 There is evidence that PEMs can constitute reservoirs 
of signifi cant amounts of proteins (e.g., for BMP-2 and 
VEGF) by their physical adsorption (Hsieh et al., 2006; 
Huang et al., 2007; Crouzier et al., 2009). In this work we 
have also used SDF-1 adsorption on PEMs as a comparative 
strategy to SDF-1 incorporation during PEMs assembly. 
With both strategies SDF-1 is continuously released up to 5 
days, in cell culture conditions (serum-containing medium, 
pH 7.4, 37 ºC) (Fig. 4). However, the release kinetics 
present some differences. With incorporation of SDF-1 
in the Ch layers the rate of release (given by the slope of 
the straight lines in Fig. 4B) is faster than when SDF-1 is 
adsorbed, although both strategies tend towards the same 
percentage of chemokine released after 120 h (~ 80-90 %). 
In a previous study, using self-assembled monolayers, we 
observed that after 120 h about 50 % of epidermal growth 
factor was still adsorbed to these surfaces (Gonçalves et 
al., 2010). This release profi le is in agreement with data 
obtained with alginate substrates for SDF-1 release, in 
which SDF-1 total release was achieved after 10 days, 
and 70 % after 120 h (Rabbany et al., 2010; Kuraitis et 
al., 2011).
 The method of adsorption provides a more rapid 
initial release (burst at 24 h), which is plausible since 
the chemokine is present at the surface only. Moreover, 
during the release period, both strategies fi t the well-known 
Higuchi model of release, suggesting the diffusion process 
as the primary mechanism of SDF-1 release (Higuchi, 
1963). In theory, the chemokine should be released due to 
the disruption of electrostatic interactions at physiologic 
pH. The diffusion of molecules from PEMs depends on 
parameters such as fi lm internal structure and nanoporosity, 
and may be modulated by ionic strength, pH, temperature 
(De Geest et al., 2007). A steady-state of chemokine release 
is attained after several days. Other studies using PEMs 
as protein reservoirs indicate that an initial burst occurs, 
followed by a steady state of protein release (Crouzier et 
al., 2009).
 SDF-1 was also detected by ELISA in the supernatants. 
The results obtained follow the trend determined using 
radiolabelling, although ELISA seems much less sensitive. 
After 24 h SDF-1 was also detected in higher amounts in 
the supernatant when adsorbed into PEMs (higher release 
rate).
 In vivo, SDF-1 is produced in large quantities by 
bone marrow stromal cells, remaining strongly bound to 
glycosaminoglycans at sites of production (Bleul et al., 
1996). In vitro, it was already demonstrated a maximum of 
chemoattractant activity with 100 ng/mL of soluble SDF-
1, for the recruitment of haematopoietic stem cells (Kim 
and Brozmeyer, 1998). In addition, Kim and Broxmeyer 
have also shown SDF-1-dependent migration during 5 
h, after which it stopped, being inclusively inhibited for 
concentrations of 1000 ng/mL (Kim and Broxmeyer, 1998).

 The effect of the initial concentration of SDF-1 on the 
amount of incorporated/adsorbed chemokine in the PEMs 
was also evaluated. When a lower SDF-1 concentration 
(100 ng/mL) was used, both incorporation/adsorption 
strategies result in similar protein concentrations (1.2 
± 0.8 to 1.5 ± 0.3 ng of chemokine per cm2 of PEMs, 
respectively). For higher SDF-1 concentrations, the amount 
of retained protein increases to 11.5 ± 1.7 and 2.0 ± 0.3 ng/
cm2, for protein incorporation and adsorption, respectively 
(Fig. 5). The difference in both strategies is probably 
related to the fact that SDF-1 is present in 3 Ch layers when 
the incorporation method is adopted, whereas adsorption 
leads to retention of the protein in the outermost layers. 
Thus, the incorporation strategy can retain signifi cantly 
higher amounts of protein, which suggests an important 
advantage of this process when considering LbL as protein 
reservoirs. In these Ch/γ-PGA PEMs with 6 layers, from 
5 to 10 % of the protein in solution was retained. In spite 
of being low, we did not attempt to increase it since the 
purpose of this work was not to optimise the percentage 
of chemokine retention, but to evaluate cell recruitment.
 Although the amount of chemokine in PEMs was 
different for the two methods, the release kinetics was 
maintained (Fig. 5B,C). The values of incorporated SDF-1 
in PEMs obtained by LbL are in the range of 1-5 ng/cm2 of 
substrate surface area, with 6 layers of PEMs that have total 
thicknesses of 100 to 150 nm. However, other authors have 
produced LbLs using computerised equipment, depositing 
100 layers with a total thickness of 2000 nm (Macdonald et 
al., 2011). These authors were able to incorporate 700 ng 
of BMP-2 per mg of scaffold, which suggests the ability 
of this strategy to incorporate considerable amounts of 
SDF-1 (Macdonald et al., 2011).
 hMSCs can migrate through an SDF-1 gradient due 
to the expression of CXCR4 receptor but also CXCR7 
receptor (Gao et al., 2009; Thieme et al., 2009). Although 
scarce, (1-4 % of CXCR4 membrane expression, while 
83-93 % of CXCR4 cytoplasm expression, (Wynn et al., 
2004) and 2-4 % of CXCR7 membrane expression (Liu 
et al., 2010)), the sub-population of hMSCs expressing 
CXCR4 was shown to be crucial for cells homing and 
healing process in a tibia injury (Granero-Moltó et al., 
2009).
 The effect of SDF-1-containing PEMs on hMSC 
recruitment was evaluated by in vitro chemoattraction tests. 
The results obtained demonstrated that this chemokine 
retains its biological activity after combination within 
Ch/γ-PGA complexes, increasing MSCs migration from 
2 to 6 times when compared with control conditions (Fig. 
6). This highlights the ability of Ch/γ-PGA PEMs to act as 
SDF-1 delivery system, independently of the chemokine 
incorporation/adsorption method. Although no differences 
were observed between both methods in the classic Boyden 
chamber assay, it remains to be explored how this could 
affect cell migration in long-term and in vivo assays.
 Importantly, a donor-dependent effect on MSC 
recruitment was observed. This variability may be related 
with the profi le of receptor expression of each donor. Other 
authors have also described the variability among different 
donors in MSCs cytokine/chemokine secretion profi le, as 
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well as in MSCs migration towards chemokines gradients 
(including SDF-1) (Zhukareva et al., 2010; Ciuculescu et 
al., 2011).
 The interest in SDF-1 use in tissue regeneration is 
considerable. Recent fi ndings demonstrate that SDF-1 over-
expression, together with monocyte chemotactic protein-3 
(MCP-3), enhances cell repopulation with osteoblastic 
progenitors recruited from circulation (Shinohara et al., 
2011). Another approach points SDF-1 expression as the 
key factor to promote cardiac stem cell migration to an 
infarcted heart, which can lead to reduction in infarct size 
(Tang et al., 2011). These fi ndings support the potential of 
the local delivery of this molecule in injured tissues.
 Some SDF-1 delivery systems have been reported up 
to now, namely poly(lactic-co-glycolic acid) (PLGA) 3D 
scaffolds (Thevenot et al., 2010), silk-collagen gels (Shen 
et al., 2010) or alginate patches (Rabbany et al., 2010). 
However, the modulation of SDF-1 release kinetics and 
the potential of released SDF-1 to recruit hMSCs have not 
been reported to the best of our knowledge.
 In this study, we addressed the use of Ch/γ -PGA PEMs 
as SDF-1 delivery systems, demonstrating how to optimise 
the incorporation of this chemokine, without signifi cantly 
interfering with the polymers assembly. By incorporating 
the chemokine in LbL constructs, we achieved a slower 
SDF-1 release rate (30 % released after 24 h) than other 
strategies of adsorption already described (Rabbany et al., 
2010; Shen et al., 2010), which could be crucial when a 
sustained delivery through time is required. Furthermore, 
we demonstrated the ability of released SDF-1 to recruit 
hMSCs in vitro. Therefore, the sustained and controlled 
release of SDF-1 could be of major importance in diverse 
regenerative approaches.

Conclusions

Ch and γ-PGA can interact by electrostatic interaction 
into PEMs, providing a flexible platform for protein 
incorporation with minimal alterations in protein activity 
and affording release of bioactive substances, such as 
chemokines.
 In this study, Ch/γ-PGA PEMs were used as delivery 
systems for SDF-1, a well-known chemokine able to 
recruit, among others, hMSCs. hMSC recruitment is 
clinically relevant for minimally invasive strategies to 
promote tissue regeneration, to control infl ammation, and 
also to support angiogenesis.
 The rate of SDF-1 release kinetics is dependent on the 
method of chemokine introduction in the PEMs. Moreover, 
the process of chemokine incorporation was found to be 
crucial for Ch and γ-PGA assembly into PEMs. When 
SDF-1 is incorporated within Ch layers a sustained rate 
of release is obtained up to 5 days.
 Independently of the method of SDF-1 introduction 
into PEMs, the released chemokine maintain its potential 
to recruit hMSCs in vitro. Strategies as the one described 
would be of great therapeutic value in regenerative 
medicine approaches.
 This is the fi rst study suggesting Ch/γ-PGA PEMs as 
SDF-1 reservoirs to recruit hMSCs, describing an effi cient 

method of chemokine incorporation that allows a sustained 
release of this chemokine.
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Discussion with Reviewers

Reviewer I: It would be of interest to know whether the 
cells that migrated towards the SDF-1 releasing material 
were actually found also at the material itself after longer 
times of culture. Did the authors investigate this as well?
Authors: We did not investigate that. The Ch/PGA PEMs 
are stable at pH 5, but disrupt at pH 7.4 and release SDF-1. 
Therefore, these materials do not maintain their structure 
after several days under cell culture conditions.

Reviewer II: The use of the thickness of the polyelectrolyte 
multilayers (PEM) as a measure to conclude that the SDF-1 
to chitosan interaction hindered the polyelectroyte complex 
formation, is insuffi cient. How is it established that SDF-
1 when incorporated within the chitosan solution had no 
observed interaction, so that no reduction in thickness 
was observed?
Authors: In a previous study (Antunes et al., 2011, 
text reference), PEMs were extensively characterised 
by different techniques and thickness of the complexes 
correlated very well with other techniques. SDF-1 
interaction with the complexes did not seem to affect the 
PEMs thickness due to its small size (MW of 8 kDA) and 
low concentration (100 to 500 ng/mL) compared with the 
polymers used. The MW of Ch and PGA are in the range of 
300 kDa and 10-50 kDa, respectively, and the substances 
are used in higher concentrations (0.2 mg/mL). Thus, the 
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introduction of SDF-1 does not affect the thickness of the 
complexes. On the contrary, when Ch/PGA interaction 
is affected, disruption can easily be found by thickness 
measurements, since Ch and PGA are large molecules.

Reviewer II: Please provide fi gures for the PEM platforms.
Authors: The PEMs are nano-sized fi lms, therefore their 
macroscopic aspect reveals only the substrates used to 
PEMs buildup (gold or glass). In previous studies (Antunes 
et al., 2011, text reference), images of these complexes 
were acquired using atomic force microscopy.

Reviewer II: The fi gure showing the different incorporation 
strategies versus the SDF-1 concentration is not clear. SDF-
1 loaded on the PEM after chitosan retains more SDF-1, 
which could be ideal for use, but this has not been followed 
up in the release study to assess the stability.
Authors: The SDF-1 release studies were only carried 
out in PEMs in which Ch and PGA interaction was not 
affected, to guarantee the presence of the multi-layered 
structure. Since when SDF-1 is introduced after Ch, the 
complex thickness dramatically decreases, suggesting that 
the complexes were not formed. Hence, this strategy was 
not used to study the release kinetics of this chemokine.

Reviewer II: The release study could have been carried 
out till no detectable level of SDF-1 is measured. Please 
comment.
Authors: The release studies were limited by the techniques 
used: by radiolabelling, the protein and radioactive iodine 
may not be bound for long periods of time, and free iodine 
(125I) might adsorb to the substrates, masking the results 
obtained. Also, the minimum detectable dose of the SDF-1 
ELISA kit (R&D Systems) is 18 pg/mL, which is close to 
the lowest values detected in our test (17 to 42 pg/mL).

Reviewer III: The advantage of using such a protein 
delivery system is not clear. No comparison with any 
existing protein delivery system is performed. Please 
comment.
Authors: We agree with the reviewer that this aspect is 
fundamental. Other strategies might have been used and 
the literature presents many possibilities to deliver growth 
factors. The relevance of studying such a wide range of 
strategies would be totally justifi ed in vivo and certainly we 
would test extensively some of those strategies. However, 
the purpose of this investigation was to explore the 
feasibility of incorporating SDF-1 in ultra-thin fi lms, at the 
molecular level. The relevance of this technology has been 
recently demonstrated by other studies (see Discussion).


