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  1   .  Introduction 

 Sophisticated methods for the development of macroscopic 
three-dimensional tissue constructs have been explored in 
the fi eld of tissue engineering (TE) in order to mimic the in 
vivo functional organization of tissues. [  1–3  ]  In contrast to the 
traditional “top-down” scaffolding approach, in which cells 
are seeded on a biodegradable polymeric scaffold, “bottom-
up” tissue fabrication methods, using small units as building 

blocks, are potentially powerful tools 
to reconstruct organomimetic and uni-
formly dense microstructures. Microgels 
that can be injected into the body have 
recently emerged as a potential candidate 
for regenerative medicine by employing 
micro- and nanounits as building blocks 
to assemble into integral scaffolds. [  4–6  ]  
Recent reports demonstrated the aggrega-
tion of those building blocks induced by 
living cells [  7–10  ]  in contrast with common 
in situ polymerization injectable systems 
that require the use of monomers and 
initiators typically associated with toxicity 
issues. 

 Those systems are a promising alter-
native for the delivery of therapeutics, 
including cells, as they can be injected into 
the body and gellify without the use of any 
additional crosslinking agents. Injectable 
microparticles ( μ Ps) have already been 
used in vivo for vocal fold regeneration, [  11  ]  
cartilage, [  12,13  ]  bone, [  14  ]  and adipose tissue 
regeneration. [  15  ]  Despite the impressive 
achievements reported using injectable 
microgels for TE applications there are 
still some limitations for the effective 

regeneration of a specifi c tissue and further clinical application. 
Technologies with a better control over microgel assembly, cell 
function and organization are still needed for effective appli-
cations in tissue regeneration. Control over surface function-
ality and interaction with the local environment are key fac-
tors for a better performance of materials used in biomedical 
applications. 

 Chitosan is a biopolymer with a wide range of biomedical 
applications. Of the numerous biodegradable polymers that 
have been studied for tissue engineering, chitosan is particu-
larly attractive because is enzyme- degradability and biocompat-
ibility. [  16,17  ]  An important feature that a material should display 
to be considered for this functional microparticles it is the avail-
ability of chemical groups for covalent modifi cation. The chem-
ical nature of chitosan provides many possibilities for covalent 
modifi cations which offer several possibilities for derivatization 
and immobilization of biologically active species. [  18–20  ]  

 In this work the amino groups in the chitosan polymeric 
chain will be targeted for biochemical functionalization to be 
able to recognize specifi cally growth factors (GFs) from platelet 
derived products. 

 Platelet derived products include platelet lysates (PLs) and 
platelet rich plasma (PRP) and have been studied and used since 
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capable of binding to receptors on the cell surface ( Figure    1  ). 
Chitosan particles were functionalized with antibodies target a 
particular GF of interest: PDGF-BB. PDGF, especially the BB 
isoform, is a well-known potent GF that stimulates the prolif-
eration of stem cells and as a principal chemo attractant for 
MSCs. [  32,33  ]   

 The ability of antibody functionalized  μ Ps conjugate to spe-
cifi c GFs may enable major advancements in the modulation 
of the stem cell function. The aim of the present study is to 
develop injectable chitosan microgels composed by integrating 
small units into well-defi ned, multifunctional constructs in 
which each of these units can potentially be functionalized 
with different antibodies and autologous GFs, thus creating the 
desired cell microenvironment. This allows additional control 
over cell-material interactions and modulates stem cell func-
tion, facilitating tissue regeneration and integration within the 
host.  

  2   .  Results 

  2.1   .  Functionalization of Chitosan Microparticles 

 Chitosan particles have been proposed for tissue engineering 
and regenerative medicine due to their processability, cationic 
character of chitosan and their ability to be further chemically 
modifi ed. The availability of primary amines on chitosan sur-
face and carboxylic groups on proteins makes amine coupling 
a commonplace. In the present work, antibodies were tethered 
via covalent binding by formation of amide bonds between 
amino groups on the chitosan and carboxyl groups on the anti-
bodies, using a water-soluble carbodiimide (EDC) ( Figure    2  a).  

 The frequency distribution of the diameter of the pro-
duced microparticles was analyzed ( n   =  49). The size distri-
bution of the microparticles is represented in Figure  2 b. The 
size of the microparticles ranged from 20 to 80  μ m. The fi nal 
average diameter of the microparticles is 41.7  ±  18.2  μ m. 
(Figure  2 b). Particles functionalized with a fl uorescent antibody 
were imaged under fl uorescence microscopy. (Figure  2 c) SEM 
images indicated that chitosan  μ Ps exhibit homogeneous and 
spheroidal shape and rough surface (Figure  2 d,e). 

the 1970s. [  21  ]  Human PLs can be generated through a simple 
freeze-thaw procedure of platelet units. [  22  ]  It is well established 
that platelets are an important source of autologous GFs that 
can modulate stem cell proliferation and differentiation. These 
GFs include platelet-derived growth factor (PDGF-BB), trans-
forming growth factor-beta 1 (TGF- β 1), insulin like growth 
factor (IGF-1) and basic fi broblast growth factor (bFGF). [  23,24  ]  
PLs have been described as possible autologous substitutes for 
fetal bovine serum (FBS)-containing media for the expansion 
of mesenchymal stem cells (MSCs) for clinical use. Indeed, PL 
was reported to stimulate MSC proliferation rate and maintain 
their differentiation potential and immunophenotypic charac-
teristics. [  25  ]  Before translating PL culturing to clinical use fur-
ther insights into the mechanisms leading to a particular cel-
lular response are clearly required. However major concerns 
were raised about the complexity of PLs and variations from 
batch-to-batch, making a diffi cult characterization process and 
changes in the effects of its application. [  26,27  ]  Also the use of 
inappropriate combinations of GFs may lead to undesirable 
outcomes. [  28  ]  For this reasons it is critical to develop new strate-
gies that allow separation of the biomolecules of interest from 
the overall mixture present in PLs. 

 To optimize effectiveness in the use of PLs, controlled pres-
entation of GFs is required using biomaterials that provide 
increased performance in situ. [  26,28  ]  Here we develop functional 
chitosan  μ Ps able to recruit and immobilize target biomol-
ecules as an attempt to standardize and have a better control in 
the use of PLs. The particles may work as an injectable system 
for controlled localization of GFs and cells. 

 Stem cells, and particularly MSCs, have generated signifi -
cant interest in TE. Obtaining multipotent cells that are capable 
of differentiating towards different lineages from adult tissues 
such as bone marrow or adipose tissue is currently considered 
an advantageous procedure. Adipose tissue, like bone marrow 
(the most universal source of MSCs), is derived from the mes-
enchymal connective tissue and represents an abundant and 
accessible source of adult stem cells with the ability to differ-
entiate along multiple lineage pathways. [  29–31  ]  In a clinical per-
spective it is technically straightforward to obtain cells from 
adipose tissue using minimally invasive procedures and with 
low donor site morbidity. 

 In the present work we hypothesize that stem cells can cross-
link polymeric microparticles, if they contain specifi c ligands 

      Figure 1.  Schematic representation of the proposed strategy. A) GFs were released from platelet concentrates upon activation through temperature 
cycles. B) Chitosan microparticles were modifi ed via antibody immobilization. C) Functionalized microparticles and GFs were mixed and non-attached 
GFs discarded. D) Functional particles were then mixed with cells, followed by the assembly process and the formation of a 3D construct. 
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the original protein concentrate to 7.2  ±  2 ng mL −1  in the PL 
remaining solution. Concerning TGF- β 1 and VEGF, other 
important GFs present in high concentrations in the original 
PLs, a slight but not signifi cantly decrease was observed after 
incubation chitosan  μ Ps functionalized with anti-PDGF-BB. On 
average, TGF- β 1 and VEGF decreased from 22.15  ±  2 ng mL −1  
to 18.09  ±  2.5 ng mL −1  and VEGF from 29.28  ±  1.8 ng mL −1  to 
23.69  ±  0.9 ng mL −1  respectively.   

  2.2   .  Assembly of the 3D Construct 

 The use of agglomerated chitosan microparticles to produce 
scaffolds for tissue engineering applications has been already 
exploited. In the present study, an attempt was made to engi-
neer particles able to recruit specifi c proteins to its surface, 
aiming a better control in cell function. [  34  ]  The in vitro attach-
ment of hASCs to chitosan  μ Ps and the assembly process were 
examined. The assembly process after seeding was followed for 
up to 24 h and the obtained results are summarized in  Table   1 . 
 Figure    4  a shows that, after 90 min, an aggregation of function-
alized particles dictated by the presence of cells was already 
formed. On the other hand, controls were not able to form a 
stable structure and particles remain dispersed in the tubes or 
forming small aggregates, even after 24 h (Table  1 ). Fluores-
cence microscopy revealed that cells readily adhere to the parti-
cles, forming a layer of viable cells and delineating the shape of 
the chitosan  μ Ps (Figure  4 b).    

  2.3   .  Dynamic mechanical analysis (DMA) 

 Dynamic mechanical analysis, DMA, is an adequate tool 
to characterize the mechanical/viscoelastic properties of 

  2.1.1   .  Growth Factor Recruitment from Platelet Lysates 

 Plain chitosan generally shows limitations in supporting pro-
tein adsorption, cell adhesion and proliferation. Therefore it 
represents an advantageous platform for controlled protein 
binding and cell adhesion upon functionalization. [  18–20  ]  The 
present strategy involves the modifi cation of chitosan particles 
with an immobilized antibody for recruitment of specifi c GFs 
in solution. Functionalized particles were resuspended in an 
enriched protein concentrate- PLs. Quantifi cation of the immo-
bilization process was performed through an ELISA assay, in 
order to determine the GFs content in solution after incubation 
with the  μ Ps.  Figure    3   shows the concentrations of remaining 
PDGF-BB, TGF- β 1, and VEGF in the PL dispersion.  

 The concentration of PDGF-BB in solution decreased sig-
nifi cantly from a total of approximately 22.81  ±  3 ng mL −1  in 

      Figure 2.  A) Schematic representation of antibody immobilization process on the chitosan  μ Ps. The carboxyl group in the antibody is activated with 
EDC to form an active ester group that spontaneously reacts with primary amines in the chitosan particles to form an amide bond. B) Histogram of the 
distribution of microparticles size ( n   =  49). C) Fluorescence microscopy of chitosan  μ Ps functionalized with Alexa fl uor 488 antibody. D) SEM image 
of a representative chitosan  μ P. E) SEM image of a representative area of the particle surface. 

      Figure 3.  Quantifi cation of concentration of three different GFs present 
in high concentrations in the original PLs (PDGF-BB, TGF- β 1, and VEGF), 
before and after incubation with functionalized chitosan  μ Ps. Results are 
expressed as mean  ±  standard deviation with  n   =  3 for each bar. * indicate 
statistically signifi cant differences ( p   <  0.05). 
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samples tends to increase with increasing 
frequency. The mechanical behavior was 
assessed throughout a physiological relevant 
frequency range (0.1–10 Hz). The reinforce-
ment of constructs with cells was evaluated 
in three different culture times: 7, 14, and 21 
days ( Figure    5  a). Clearly, one can observe a 
systematic increase in  E ′   for increasing cul-
ture times. Such behavior is accompanied by 
a decrease in the loss factor, tan   δ   (Figure  5 b).   

  2.4   .  Cell/Microparticles Interaction 

 The detailed morphology of the cells in the 
constructs was characterized by confocal microscopy and SEM. 
 Figure    6   shows a representative view of the construct after 3, 
7, 14, and 21 days in culture, indicating a homogeneous cell 
distribution within the construct. After 7 days in culture a sig-
nifi cant number of cells was found to have migrated inside the 

polymeric materials. [  35,36  ]  DMA was performed to study the 
effect of the culture time in the properties of the construct. 
Experiments were performed in a hydrated environment (PBS) 
and 37  ° C in order to access how samples behave in a phys-
iological-like environment. The storage modulus ( E ′  ) of all 

 Table 1.   Macroscopic observation of the assembly process of the tested conditions at different time points up to 24 h of culture. 

Formulations  90 min  12 h  24 h  

 μ P  dispersed particles  dispersed particles  dispersed particles  

 μ P+PL  small aggregates  3D construct  small aggregates  

 μ P+anti-PDGF-BB  small aggregates  small aggregates  small aggregates  

 μ P+anti-PDGF-BB+PL  aggregates  3D construct  3D construct  

      Figure 4.  A) Macroscopic fi gures of the assembly process at different time points of the con-
structs containing chitosan  μ Ps functionalized with PDGF-BB cultured in vitro up to 24 h. 
B) Live/dead assay after 24 h incubation. Scale bar represents 50  μ m. 

      Figure 5.  Representative curves of dynamic mechanical analysis of the constructs after 7, 14, and 21 days in culture, as function of the applied fre-
quency, measured at 37  ° C during immersion in PBS. A) Storage modulus ( E ′  ). B) Loss factor (tan   δ  ). 

δ

BA

      Figure 6.  Fluorescence microscopy fi gures of representative portions of the assembled scaffolds at days 3, 7, 14, and 21, demonstrating the presence 
of a cellular network within the chitosan  μ Ps. Blue color (DAPI) corresponds to cells nuclei; red color (Phalloidin) is attributed to the stained cells 
cytoskeleton. Scale bar represents 100  μ m. 
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which indicates that the majority of the cells are alive outside 
and in the core of the construct.  

 Figure  8 c shows that from day 3 to day 7, there is a statis-
tically signifi cant decrease on cell viability, which remained 
stable throughout the remaining culture period. Additionally, 
the DNA quantifi cation assay confi rmed that the cell number in 
the construct was signifi cantly increased when the culture time 
was prolonged from 14 to 21 days (Figure  8 d).  

  2.6   .  Histological Analysis and Immunostaining 

 H&E stained sections allow the visualization of the cell distri-
bution and the deposition of extracellular matrix within the 
3D constructs. Representative sections are shown in  Figure    9  a. 
Immunolocalization of PDGF-BB within the construct is shown 
in Figure  9 b. The determination of PDGF-BB in the constructs 
was performed in order to determine the distribution of immo-
bilized GF in the assembled materials during early culture 
periods, as well as the quantifi cation of PDGF-BB secreted by 
the entrapped hASCs. 

  Histological examination of the sections indicated that the 
cells were evenly distributed throughout the constructs and that 
the cells were able to infi ltrate, adhere, and proliferate into the 
inner parts of the construct (Figure  9 a). During early culture 
periods, the cells clearly delineate the spheroidal shape of the 
particles, thus demonstrating their adhesion to the surface of 
the functionalized carriers. It is clear that the structure gains 
stability with time, which leads to increase in cell grow and 
higher ECM deposition, particularly at day 21 of culture. The 
presence of PDGF-BB in the constructs was assessed by the 
immunolocalization observed in Figure  9 b. During early cul-
ture periods, immunostaining of PDGF-BB confi rmed the pres-
ence of this GF immobilized on the surface of chitosan  μ Ps, as 
demonstrated by the outlining of the spheroidal shape of the 
particles. This staining was also homogeneously distributed 

3D structure. At day 14, cells covered the majority of the parti-
cles surface and a dense cell layer was formed by day 21. These 
outcomes demonstrate that cells proliferated well within the 
construct with increasing culture time.  

 SEM was used to further investigate cell morphology and 
distribution on the assembled functionalized particles and con-
structs. Results showed that cells adhere well on the surface of 
the particles functionalized with PDGF-BB after 24 h in culture 
( Figure    7  a). Several cells exhibit a spindle-like morphology on 
the surface of the  μ Ps forming connecting points between par-
ticles. After 14 days in culture, cells form a confl uent layers in 
the surface of the construct (Figure  7 d), demonstrating that the 
construct provides an appropriate environment for cell prolif-
eration. The microgel obtained by culturing the constructs at 
the bottom of a falcon tube presented a closely spherical shape 
(Figure  7 e). Figure  7 f shows the inner part of the construct after 
21 days in culture at higher magnifi cation where is possible to 
observe an effective colonization of the structure by the cells.  

 The morphological observations by the confocal microscopy 
and SEM clearly indicate that the cells can attach and proliferate 
well on the highly interconnected 3D structure. In addition, it 
was noted that cells are homogenously distributed within the 
structures. These structures are the result of PDGF-BB func-
tionalized  μ Ps with associated cells, between which abundant 
extracellular matrix could be clearly visualized.  

  2.5   .  Cell Viability and Cell Proliferation 

 Biological activity of the obtained constructs was assessed up 
to 21 days by live/dead assay, Alamar blue assay, and DNA 
quantifi cation. 

 Regarding the cell viability assessment, results show that 
cells are able to remain viable in the constructs up to 21 days. 
Results of a live/dead assay to the constructs after 21 days in 
culture ( Figure    8  a,b) show a strong green fl uorescent staining 

      Figure 7.  SEM images of representative areas of the constructs in culture after A) 24 hours; B) 3 days; C) 7 days; D) 14 days. E) General overview of 
the construct after 21 days in culture. F) Representative area of the inner part after 21 days in culture. 
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      Figure 8.  A,B) Fluorescent Live/Dead assay image of a construct after twenty-one days of in vitro culture. A) Overview of the construct. B) Core of the 
construct. C) Alamar blue viability assay and D) DNA quantifi cation of the constructs containing chitosan  μ Ps functionalized with PDGF-BB cultured 
in vitro up to 21 days with hASCs. Results are expressed as mean  ±  standard deviation with  n   =  3 for each bar. * indicate statistically signifi cant dif-
ferences ( p   <  0.05) 

      Figure 9.  A) Light microscopy images of histological sections obtained from the constructs up to 21 days of culture stained for H&E. Insets show the 
overall structure of the constructs. B) Light microscopy images showing immunolocalisation of PDGF-BB obtained from the constructs up to 21 days 
of culture. Scale bars in the insets: 200  μ m. Scale bars in high magnifi cation pictures: 50  μ m. 
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with anti-PDGF-BB. This provides evidence that the function-
alization of the  μ Ps is effective and they are rather selective for 
PDGF-BB. Therefore, this method allows the user to selectively 
functionalize the particles by binding specifi c single or combi-
nations of antibodies onto the surface prior to incubation with 
PLs in order to select specifi c GFs. 

 Different GFs will certainly lead to different stem cell func-
tion and further differentiation towards a specifi c lineage. 
PDGFs are one of the GFs present in highest concentration in 
PLs.. [  23,24  ]  Additionally PDGF is a principal chemo attractant for 
MSCs [  32,33,44  ]  and in particular PDGF-BB strongly induces the 
proliferation and migration of MSCs. [  45,46  ]  As a proof of concept 
was herein hypothesized that the functionalization with PDGF-
BB will promote stem cell attachment and proliferation, leading 
to a formation of stable 3D structure. Having established that 
PDGF-BB was immobilized on the chitosan particles, the effect 
of this GF in the assembly process of a 3D structure was inves-
tigated. Ninety minutes after cell seeding it was possible to 
observe small “cloudy” aggregates, given rise to a more compact 
structure 24 hours after seeding (Figure  4 a). After this time, 
most of the cells were viable and uniformly attached to the 
particles (Figure  4 b). The controls used reveal low cell attach-
ment and were not able to form a stable construct (Table  1 ). 
The fast attachment of cells to the  μ Ps should be attributed to 
the PDGF-BB that is recognized by the cells due to specifi c cell 
surface receptors. These data suggest that hASCs can recognize 
and bind to the  μ Ps leading to a stable assembly that allows 
cell spreading and growing. Cells act here as crosslinker agents 
inducing the formation of a stable construct. DMA analysis 
revealed that the storage modulus of the microgel increased by 
means of increasing frequency (Figure  5 a). DMA data demon-
strated an effi cient reinforcement of the structure with increase 
in cell culture time, as shown by the remarkable increase in 
the storage modulus after 21 days of culture as compared to 
14 days. Most probably, this outcome was caused by the large 
production of ECM that took place at this stage of culture, 
together with the compacting of the overall structure. The evo-
lution of the storage modulus ( E  ′ ) with cell growth and extracel-
lular matrix production has been reported in works regarding 
adipose stem cells encapsulation in hydrogels. [  35,36  ]  In both 
studies, a signifi cant increase in the stiffness of the biomate-
rials-cells constructs was observed with increasing cell culture 
periods. The decrease of the loss factor (Figure  5 b) indicates 
that the relative viscous component of the viscoelastic behavior 
is reduced, that could be also assigned to the loss of water and 
the densifi cation of the construct. The values of  E ′   upon 21 
days of culture, above 150 kPa (for  f  > 1Hz) and the tan   δ    <  0.3, 
indicate that the structures have good mechanical integrity and 
behave essentially as an elastic assembly. 

 The morphological observations by confocal microscopy 
and SEM in Figures  6 ,  7  clearly indicate that cells can spread 
around particles that organize and aggregate in a complex 
structure. The spherical 3D structure obtained evidences the 
capacity of the microgel to easily adapt to the shape of a defect 
or to be molded into a predesigned shape (Figure  7 E). After 21 
days is also possible to observe the increase in ECM deposition 
forming the typical fi brillar networks (Figure  7 f). Moreover, the 
results suggest that the high cell density is apparent along the 
depth of the constructs (Figure  7 f). The obtained structure with 

within the construct, indicating that the immobilization pro-
cess was successful.   

  3   .  Discussion 

 Many strategies employed in regenerative therapies focus on 
mimicking the local microenvironment of tissues by using 
nanostructured matrices capable of providing 3D supports 
for stem cells. [  37  ]  The design criteria for the development of a 
bottom-up strategy must begin with building blocks assembled 
into higher order structures incorporating cells with appro-
priate signals for morphogenesis of the new tissue. Herein was 
investigated the cell behavior of hASCs seeded on functional-
ized chitosan  μ Ps that work as building blocks and the ability 
of the system to assemble into a stable 3D construct allowing 
cell proliferation. 

 Surface primary amino-groups in the chitosan surface allow 
immobilization of ligands through amide-bond formation with 
carbodiimide-activated carboxylic groups. [  38  ]  EDC immobili-
zation has been successfully used for the immobilization of 
antibodies and other proteins. [  20,39,40  ]  This study employed this 
method as a simple and reliable strategy to coat chitosan  μ Ps 
with antibodies for targeting specifi c GFs in PLs. 

 In a previous report, PLs were used simultaneously as a 
source and carrier of GFs, assembling both functionalities into 
a 3D structural support. [  41  ]  This approach uses the assembly of 
nanoparticles, promoted by the adsorption of PLs to the surface 
of the nanoparticles, providing an adequate environment for 
the encapsulation of ASCs. Nevertheless, the complex composi-
tion of PLs can play simultaneously a positive and a negative 
role, as it makes it diffi cult to characterize the complex cocktail 
of molecules and to understand the mechanisms by which it 
infl uences cell behavior. Development of more controllable sys-
tems for the delivery of a characterized population of autolo-
gous GFs will certainly improve many clinical aspects on the 
use of PLs. The strategy herein described aims to recruit spe-
cifi c GFs, directing cell function and avoiding the implantation 
of an uncharacterized complex mixture that is not clear how it 
works. 

 Soluble GFs have been used in vitro to improve the proper-
ties of engineered tissues, however, immobilization is a prom-
ising approach for providing GF in a well-controlled manner, 
overcoming the diffusional limitations of soluble factors with 
an additional advantage of inducing local effects. [  42,43  ]  In this 
work, these signaling molecules are immobilized in the chi-
tosan  μ Ps, that work as building blocks providing localized and 
strong interactions between GFs and the resident cells. 

 The capture of GFs from PLs was assessed by ELISA assay 
on the remaining lysates solution post-incubation with the 
 μ Ps (Figure  3 ). Unsurprisingly, PDGF-BB was the mostly 
recruited by the particles as anti-PDGF-BB was the antibody 
immobilized. Results clearly show a signifi cant decrease in 
the amount of this GF in solution when compared to TFG- β 1 
and VEGF (Figure  3 ). The decrease in PDGF-BB represents 
a recruitment effi ciency of around 68% against the 18% and 
20% decrease in the values of TGF- β 1 and VEGF respectively. 
TGF-  β 1 and VEGF recruited from the solution is certainly due 
to some adsorption on the particles or non-specifi c reactivity 
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to control cell differentiation. As a future perspective, further 
refi nement of the microgel could be achieved by combining 
with specifi c GFs of interest with subsequent studies in stem 
cell differentiation.  

  5   .  Experimental Section 
  Microparticles Preparation : Medium molecular weight chitosan (Sigma, 

USA) was dissolved in a 2% v/v aqueous acetic acid solution with a 
fi nal concentration of 1% w/v. Subsequently the chitosan solution was 
passed through an aerodynamically-assisted jetting equipment (Nisco 
Encapsulation Units VAR J30). The injected air led the chitosan solution 
to break up into a spray at the outlet of the nozzle. The generated 
microdroplets were hardened by a gelling process into a 1.0  M  sodium 
hydroxide solution that resulted in the production of chitosan  μ Ps.  μ Ps 
were thoroughly washed and stored in PBS at 4  ° C until further use. 

  Platelet Lysates Preparation : PLs were obtained from different 
apheresis collections performed at the Portuguese blood bank (IPS, 
Porto, Portugal). Samples were transferred to the laboratory within 
24 h after collection and immediately submitted to three repeated 
temperature cycles (frozen with liquid nitrogen at –196  ° C and heated 
at 37  ° C), followed by a centrifugation step at 1400  g  for 10 min, to 
eliminate the platelets debris. The lysates were then frozen at –20  ° C 
until further use. 

  Microparticles Functionalization :  μ Ps were modifi ed with Alexa Fluor 
488 Rabbit Anti-Mouse antibody (Invitrogen, USA) by 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Sigma, USA) 
chemistry. 500  μ L of a 1  μ g mL −1  antibody solution was pre-activated 
using EDC (2.0 m M ) in PBS for 15 min, followed by incubation with 
3 mg of chitosan  μ Ps at 4  ° C for 3 h. Particles were then washed at least 
3× in PBS and observed under a fl uorescence microscope (Zeiss HAL 
100/HBO 100). For the modifi cation with anti-human Platelet Derived 
Growth Factor-BB (PDGF-BB) (Peprotech) 500  μ L of a 10  μ g mL −1  
antibody solution was pre-activated using EDC (2 m M ) in PBS for 
15 min, followed by incubation with 3 mg of chitosan  μ Ps at 4  ° C for 3 h. 
Particles were then washed at least 3× with PBS. The functionalization 
of the  μ Ps with a specifi c GF, in this particular case PDGF-BB, was 
obtained by simply mixing the modifi ed  μ Ps with the PLs at 4  ° C for 
15 min. PLs solution was removed afterwards and the remaining GFs in 
the supernatant were quantifi ed by ELISA assays. 

  Cell Seeding and Scaffold Assembly : Human adipose stem cells 
(hASCs) were isolated from human subcutaneous adipose tissue 
samples obtained from lipoaspiration procedures at Department 
of Plastic Surgery of Hospital da Prelada, Porto, Portugal. Human 
ASCs were enzymatically isolated from the adipose tissue samples as 
previously described. [  47  ]  The hASCs were cultured in alpha Medium 
( α MEM) supplemented with sodium bicarbonate, antibiotic/antimycotic 
and 10% FBS (complete medium). For cell seeding, 1 × 10 6  hASCs were 
mixed with 2 × 10 5   μ Ps in 500  μ L complete medium and incubated 
at 37  ° C, 5% CO 2 . The assembly process was followed and imaged at 
different time points, up to 24 h. The samples were cultured for 21 days. 
Constructs were evaluated for cell proliferation, viability and processed 
for histological analysis, confocal microscopy and scanning electronic 
microscopy (SEM). 

  Dynamic Mechanical Analysis (DMA) : The viscoelastic measurements 
of the constructs were performed using a TRITEC8000B DMA (Triton 
Technology, UK), equipped with the compressive mode. DMA spectra 
were obtained during a frequency scan ranging between 0.1 and 15 Hz 
for all time points. The experiments were performed under constant 
strain amplitude, corresponding to approximately 1% of the original 
height of the sample. Samples were tested under physiological-like 
conditions, i.e., immersed in PBS and at 37  ° C. 

  Confocal Microscopy and Scanning Electronic Microscopic (SEM) 
Analysis : The constructs were fi xed with 10% formalin in PBS. For 
confocal analysis, samples were stained with phalloidin (Sigma, USA) 
that binds to the cytoskeleton fi laments, and DAPI (4,6-diamidino-

assembly of  μ Ps and cells may enhance transport of nutrients, 
promoting effi cient cell growth and tissue regeneration. 

 Live/dead assay to the construct after 21 days in culture 
indicate that cells are viable from the core to the outside of the 
construct. (Figure  8 a,b) We believe that the enrichment of the 
particles with a specifi c GF strongly contributed for the overall 
positive cell viability within the core of the construct, typically 
one of the drawbacks found in these 3D cell encapsulation/
entrapment systems. 

 Cell viability was signifi cantly higher on day 3 when com-
pared to longer incubation times (Figure  8 c). The decline in fl u-
orescence could be due to the inability of Alamar Blue to react 
with cells trapped within the compact construct as they migrate 
through the depth of the microgel where cells are not as readily 
available to react with this substance. The 3D structures are 
also increasingly dense with the accumulation of deposited 
ECM produced by the entrapped hASCs, thus limiting the dif-
fusion ability of the reagent to assess the viability of the cells 
present in the inner parts of the microgel. Cell proliferation 
assay (Figure  8 d) also showed signifi cant enhancement on cell 
proliferation from day 14 to day 21, thus confi rming the data 
obtained with the mechanical analysis. Results from cell pro-
liferation imply that the 3D structures support cell grow and 
proliferation up to 21 days. 

 Histologically, it was observed that cells were grown in layers 
on the surface of the particles. These cultured particles clus-
tered due to cell connecting points, giving rise to the constructs 
(Figure  9 a). It was possible to observe that the cells were able 
to infi ltrate, adhere, and proliferate into the inner parts of the 
constructs with an increased matrix deposition with increasing 
culture time. As evaluated via immunohistochemical analysis, 
immobilization of PDGF-BB within the construct was effi cient 
as detected by the homogeneous distribution on the surface of 
the chitosan  μ Ps within the construct. The observed increase 
of signal with culture time may be associated to the secretion of 
this GF by the entrapped cells (Figure  9 b).  

  4   .  Conclusions 

 This study demonstrates the utility of GF-functionalized  μ Ps 
as a strategy of forming instructive microenvironments for 
applications in TE. The proposed system offer different func-
tionalities as the ability to target GFs from complex mixtures of 
bioactive proteins, which when combined with cells, are able to 
establish interconnected networks and lead to the formation of 
stable and robust 3D structures offering appropriate stimulus 
for cell culture. The herein presented microgels also present 
an injectability potential, appropriate for minimally invasive 
regenerative medicine approaches. These gels have the ability 
to gellify in situ just by the presence of cells, avoiding the per-
formance of chemical reactions inside the body. The obtained 
construct simultaneously provides support for stem cell pro-
liferation, as well as localized and sustained presentation of 
factors to modulate cell function. The presented methodology 
offers wide versatility as different formulations with a combi-
nation of GFs can be used for a particular application based 
on the desired composition and intended cellular function. 
Moreover therapeutic agents could be encapsulated in order 
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2-phenylindole, dilactate; Invitrogen, USA), which binds to DNA. 
Samples were washed and kept in PBS until confocal laser scanning 
microscopy analysis (Olympus Fluoview FV1000). For SEM analysis, 
fi xed samples were dehydrated in a graded series of ethanol solutions, 
critical-point dried with carbon dioxide (Tousimis Autosamdri-815), 
sputtered with gold and evaluated by SEM (Leica Cambridge, Model 
S360, UK). 

  Cell Viability and Proliferation : Calcein AM/propidium iodide (PI) 
was performed after 1 day and after 21 days in culture. Briefl y, the 
samples were incubated for 15 min with calcein AM (Invitrogen, USA) 
solution (2  μ L calcein per mL  α MEM without phenol red) and 100  μ L 
of PI (Invitrogen, USA) solution (2  μ L (stock solution of 1 mg mL −1 ) in 
PBS). Samples were washed with PBS and observed under fl uorescence 
microscopy (Zeiss HAL 100/HBO 100). Alamar Blue assay (Invitrogen, 
USA), was performed to determine cell viability at specifi c time 
points. Briefl y, the constructs were incubated in cell culture medium 
supplemented with 10% Alamar Blue dye and allowed to incubate 
for 4 h. The fl uorescence of the resulting solution was measured on 
a microplate reader (Sinergy HT, Bio-Tek Instruments, USA). Cell 
proliferation was determined by DNA quantifi cation using a fl uorimetric 
dsDNA quantifi cation kit (PicoGreen, Invitrogen, USA). Samples 
collected after each time point were washed with PBS and immersed 
in 1 mL of ultrapure water, frozen for at −80  ° C, thawed at room 
temperature, and sonicated for 30 min. Fluorescence was measured on 
a microplate reader (Sinergy HT, Bio-Tek Instruments, USA). 

  Histological Analysis : Constructs were collected at specifi c time 
points and fi xed with 10% formalin in PBS. The constructs were 
included in paraffi n and sections of 5  μ m of thickness were obtained 
using a microtome (Micron HM355S, Thermo Scientifi c, Germany) and 
mounted in a micro-slide glass. Hematoxylin & Eosin (H&E) staining 
was performed using the automatic stainer (Micron HMS 740, Thermo 
Scientifi c, Germany). The slides were then mounted using Microscopy 
Entellan for observation under a light microscope (Zeiss HAL 100/HBO 
100). 

  Immunohistochemistry : Immunostaining for PDGF-BB was performed 
to assess the presence of the immobilized GF on the surface of the 
particles. Antigen retrieval was heat induced in a water bath at 96  ° C for 
20 min, with incubation of the slides in citrate buffer (pH  =  6). R.T.U. 
Vectastain Universal Elite ABC Kit (Vector, VCPK-7200) was used for 
antibody incubation, according to the instructions of the manufacturer. 
Briefl y, sections were incubated with the primary antibody, anti-human 
PDGF-BB (Peprotech) overnight at 4  ° C, in a humidifi ed atmosphere. 
Control sections were incubated with 3% bovine serum albumin in 
PBS. After washing with PBS, antibody detection was revealed using 
the Peroxidase Substrate Kit DAB (Vector, VCSK-4100). All images were 
obtained using a light microscope (Zeiss HAL 100/HBO 100). 

  Statistical Analysis : All the experiments were performed with at least 
three replicates. Results are expressed as mean  ±  standard deviation. 
Differences between the experimental results were analyzed using the 
Student t-test, with the limit for statistical signifi cance being defi ned as 
 p   <  0.05.  
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