
INTRODUCTION

Due to their minimally invasive implantation procedures, in-
jectable scaffolds have being widely investigated and are con-
sidered promising in tissue engineering [1].

From the clinical perspective, the use of injectable scaffolds is 
advantageous because it minimizes patient discomfort, the risk 
of infection and scarring, and the cost of treatment [2]. Further-
more, injectable scaffolds can homogeneously fill the defect or 

repair point and can incorporate cells and various therapeutic 
agents such as growth factors prior to injection [3].

From the biomaterial perspective, adequate injectable scaf-
folds must be nontoxic, biodegradable, and sterilizable. More-
over, they must solidify under mild conditions, show mechani-
cal strength and resistance to in situ forces and allow for the 
incorporation of bioactive molecules.

Various types of biodegradable materials have been proposed 
for the preparation of injectable scaffolds used in tissue engineer-
ing. Considerable attention has been given to chitosan-based 
materials, primarily due to their similarities with the extracellular 
matrix, chemical versatility, good biological performance, and 
specific cellular interactions [4]. 

Chitosan scaffolds has been prepared as hydrogels by physical 
associatiation [5], coordination with metal ions [6] and chemi-
cal crosslinking [7]. However, the use of chemical crosslinking 
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agents are a major obstacle to scaffolds due to their toxicity to 
the cells. Thus, tripolyphosphate (TPP) and genipin have be-
come attractive alternatives to chitosan crosslinking [8-11].

The electrostatic interaction between chitosan and TPP leads 
to the formation of biocompatible crosslinked chitosan hydro-
gels, which could be used as injectable scaffolds in micro- and/
or nanoparticles in non-surgical treatments. 

According to Barnett and Pomeroy [12], tissue regeneration is 
based on a proliferation triangle composed of cells, bioactive 
molecules and scaffolds, which are in a close relationship through 
their capabilities. The scaffolds provide the conductive matrix for 
supporting the genic capability of progenitor cells mediated by 
the inductive capability of bioactive molecules. According to 
Crane and Everts [13], the interaction of each element of this tri-
angle must be present for effective tissue repair and pain relief.

Most of the articles only uses the conductive scaffolds and 
genic cell capacity, not mimicking the total environment required 
for cell regeneration. The association with the platelet-rich plas-
ma (PRP) allows not only the release of growth factors and cyto-
kines (inductive capacity) that accelerate the regeneration pro-
cess, but also its fibrin network acts as a natural scaffold 
increasing the surface area for cell adhesion, proliferation and 
differentiation [13-15]. However, the fibrin network is fragile, has 
low viscosity and viscoelasticity, and undergoes rapid degrada-
tion in biological environments. In addition, released growth fac-
tors (GFs) have a half-life of only a few hours [16]. 

Therefore, this article addresses two main novelties in the 
field of research on scaffolds and regenerative medicine: the 
first is the approach including simultaneously the three vertices 
of the proliferation triangle with the capabilities genic, conduc-
tive and inductive, which are provided by PRP; secondly the 
approach of an injectable composite scaffold formed by the fi-
brin network and the chitosan microparticles crosslinked with 
TPP, for improvement of stability and controlled release of 
growth factors.

In our previous studies, we have shown that porous chitosan 
sponges [17] and porous chitosan sponges stabilized by cross-
linking with TPP (unpublished data) had adequate physico-
chemical properties for tissue engineering uses. Moreover, the 
sponges associated with activated of pure PRP (aP-PRP), in-
creased the stability of fibrin network, controlled the release of 
the growth factors [platelet-derived growth factors (PDGF-AB) 
and transforming growth factor (TGF)-β1] and allowed the 
proliferation and differentiation of human adipose-derived 
mesenchymal stem cells (h-AdMSCs).

In the present work, we extended our previous findings by 
evaluating the performance of the combination of the inject-
able scaffold composed by chitosan microparticles crosslinked 
with tripolyphosphate (iCHT-TPPs) and aP-PRP as a compos-

ite scaffold. Our hypothesis is that the microparticles may con-
trol the release of growth factors, as well as to stimulate cell 
proliferation and osteogenic differentiation, with the benefits of 
an injectable formulation with in situ gelation.

MATERIALS AND METHODS

Chitosan [average molecular weight (Mw)=4×105 Da, degree 
of deacetylation=83±4%] was purchased from Polymar® com-
pany (Fortaleza, Brazil) and purified according to the protocol 
described by Nasti et al. [18]. Other chemicals were reagent 
grade and were used without any further purification. All bio-
logical experiments were performed with h-AdMSCs and ap-
proved by the Ethics Committee of the Medical Sciences 
School of the University of Campinas (UNICAMP; CAAE: 
0972.0.146.000-11). The donors were healthy individuals be-
tween 30 and 40 years old and were previously assessed through 
their clinical examinations.

Preparation of the microparticles iCHT-TPPs
The injectable scaffolds (iCHT-TPPs) prepared in this work 

are composed of hydrogels of chitosan microparticles ionically 
crosslinked with TPP. Purified chitosan was dissolved in acetic 
acid solution (5/100 mL) to obtain a chitosan concentration of 
2.5 g/100 mL and pH of 4.0. Pentasodium TPP was dissolved 
in water at 5 g/100 mL. The solutions were mixed at mass ratios 
CHT:TPP of 2:1, 5:1, and 10:1 and vortexed for 5 minutes to 
obtain the microparticles in a final volume of 30 mL. The mean 
yields of 3 replicates were calculated by the ratio between 
weight of swollen microparticles and initial weight of chitosan. 
The quantitative data were as follows: CHT:TPP 2:1 (15/3.75 
mL; yield=89.0±0.3%), 5:1 (15/1.5 mL, yield=75.6±0.5%), and 
10:1 (15/0.75 mL; yield=46.8±0.8%). 

Physicochemical characterization 

Chemical modification
The ionic crosslinking was characterized by Fourier-trans-

form infrared (FTIR) in a Thermo Scientific Nicolet model 6700 
(Thermo Scientific NicoletTM, Waltham, MA, USA). Measure-
ments were made in the ATR mode with accessory SMART 
OMNI-SAMPLER, in the spectral range of 4000–675 cm-1 reso-
lution of 4 cm-1 and 64 scans. Pure chitosan was used as a control.

ATR-IR (chitosan): 3500–3000 (ν OH and NH2), 2875 (νCH), 
1645 (amide I), 1550 (amide II), 1380 (δC-H), 1067 and 1020 
(VasC-O-C and νsC-O-C) cm-1 [18].

Crosslink density Flory-Rehner calculations
Crosslink density was evaluated by measuring the volumet-
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ric swelling and using a simplified version of the Flory and 
Rehner [19] equation, according to Collins and Birkinshaw 
[20]. The value used for chitosan-water interaction parameter 
(χ) was 0.5917 [21].

Charge ratios calculations
The charge ratios (R+/-) were estimated using the mass ratios 

CHT-TPP of microparticles according to modified model of 
Rädler et al. (equation 1) [22]

R+/-=[                               ] [                   ]f (CHT+)×M (CHT+) MW (TPP-)
MW (CHT+) 5 M (TPP-)                           (1)

were, R+/-; M (CHT+), M (TPP-), MW (CHT+), MW (TPP-), and 
f (CHT+) are respectively the charge ratio between chitosan and 
TPP; weight of chitosan in g; weight of TPP in g; molecular 
weight of chitosan and TPP; and the degree of deacetylation of 
chitosan. The value R+/-=1 corresponds to the stoichiometric 
charge neutrality.

Particle diameter measurements
The mean diameter of the particles was evaluated by laser 

light scattering in a Mastersizer S particle size analyzer, model 
Long Bench-MAM 5005 (Malvern Instruments, Worcestershire, 
UK). The particle size analysis was performed with the hydro-
gels dispersed in water. The standard deviation (SD) was calcu-
lated from ten measurements of the mean diameter.

Rheology measurements 
Rheological measurements were performed in steady and os-

cillatory regimes at 25°C, using a parallel plate geometry of 20 
mm. Steady shear measurements were obtained at shear rates of 
0.1–50 s-1. Oscillatory measurements were conducted in the lin-
ear region, at a stress of 1.188 Pa and in the frequency range of 
0.01 to 10 Hz. All rheological measurements were performed on 
a rheometer Haake RheoStress 1 (Haake, Karlsruhe, Germany). 

Extrusion force 
Initially the iCHT-TPPs were loaded in 1-mL plastic syringes 

with 30-gauge needles. Subsequently, the force required to ex-
trude was measured using a MTS 810 Servo-hydraulic Univer-
sal Testing Machine (MTS Systems Corporation, Eden Prairie, 
MN, USA) (Load Cell 1.5 kN) at 25°C at a 5.0 mm/min extrusion 
rate.

Swelling ratio  
The microparticles were weighed after swelling in phosphate 

buffered saline (PBS) at pH 7.4, and their dry weight was deter-
mined by drying under vacuum (1 mm Hg) at 25°C after 3 days, 
swelling ratio (SR) was calculated using the equation 2:

SR= wd
ws                                                                                           (2)

where ws and wd are the weights of the scaffolds at the swelling 
state and the dry state, respectively.

Degradation in phosphate buffered saline 
The degradation of iCHT-TPPs was examined with respect to 

weight loss. The weight loss of the initially weighed iCHT-TPPs 
(wo) was monitored as a function of incubation time in PBS at 
37°C. At specified time intervals, iCHT-TPPs were removed 
from the PBS and weighed (wt). The weight loss ratio was de-
fined as in equation 3 [23].

Weight loss (%)=           ×100w0

w0-wt                                             (3)

Biological characterization

Cytotoxicity assay
The cytotoxicity of the iCHT-TPPs was carried out by expo-

sure to h-AdMSCs and cultivation at 37°C for 24 hours. The 
cytotoxicity was evaluated using a modified MTT [3-(4,5-di-
methyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay 
(MTT, Molecular Probes®, São Paulo, Brazil) [24]. The MTT 
assay is a colorimetric test that is based on the reduction of yel-
low tetrazolium salt into a purple formazan product in pres-
ence of cells [25]. Briefly, the cells at the 4 passage were culti-
vated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 
Grand Island, NY, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Grand Island, NY, USA) and 1% penicil-
lin/streptomycin (Gibco, Grand Island, NY, USA) at 37°C in 
an atmosphere with 5% CO2 until the time of the cell viability 
assay. Extracts of the iCHT-TPPs were obtained by incubating 
in DMEM containing 10% FBS at a proportion of 0.2 g/mL of 
medium for 48 h at 5% CO2 and 37°C. Cell suspensions (1× 
104 cells/mL) were inoculated into a 96-well cell culture plate 
(n=3) and cultured with DMEM with 10% FBS at 37°C for 24 h. 
After this, the medium was replaced by the extract obtained 
from the iCHT-TPPs and the cells were maintained under 
these conditions for 24 h. DMEM with phenol 0.5% was used 
as the positive toxicity control (PTC) and DMEM with 10% 
FBS as the negative toxicity control (NTC). After incubation 
time, the medium was removed and the wells were washed 
with 200 μL PBS and 200 μL pure DMEM. Next, 200 μL of 
MTT solution in culture medium (0.5 mg MTT/mL) were 
added, and the plate was incubated in the dark for 4 h at 37°C. 
The medium with MTT was removed and 200 μL of dimethyl 
sulfoxide (DMSO, Sigma Aldrich, St. Louis, MO, USA) was 
added and absorbance was determined at 595 nm (FilterMax 
F5 Multi-Mode Microplate reader, Molecular Devices, Sunny-
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vale, CA, USA).

Preparation of pure platelet-rich plasma
P-PRP, a PRP type that is rich in platelets and low in leuko-

cytes, was prepared according to Perez et al. [26]. Briefly, whole 
blood (WB) was collected into 3.5 mL vacuum tubes (Vacuette®, 
Campinas, Brazil) containing sodium citrate 3.2% (w/v) as an an-
ticoagulant. WB was initially centrifuged in a Rotina 380R centri-
fuge (Hettich® Zentrifugen, Tuttlingen, Germany) at 100×g for 10 
minutes at 25°C. After the formation of three layers [a bottom 
layer composed primarily of red blood cells (RBCs); an upper lay-
er composed of plasma, platelets and some white blood cells 
(WBCs); and an intermediate layer, or buffy coat, composed pri-
marily of WBCs], only the upper layer was collected to obtain P-
PRP. The concentrations of platelets, WBCs and RBCs in WB and 
P-PRP were determined using the ABX Micros ES 60 hematology 
analyzer (HORIBA ABX Diagnostics, Montpellier, France).

Activation of P-PRP
aP-PRP was prepared via the activation of P-PRP with autolo-

gous serum (Ser) and 10% (w/v) CaCl2 solution as agonists using 
the following proportions: agonist/P-PRP=20%; Ser/CaCl2 volu-
metric ratio=9. Autologous serum was prepared by collecting 5 
mL of WB in tubes without anticoagulant. After 30 minutes of clot 
formation, WB was centrifuged at 2000×g for 10 minutes [26].

Preparation of composite scaffold (aP-PRP-iCHT-
TPPs)

aP-PRP-iCHT-TPPs was prepared by embedding by dripping 
aP-PRP, immediately after activation, into iCHT-TPPs. The prep-
aration was carried out in 48-well microplates using 200 μL of 
aP-PRP/100–200 mg of iCHT-TPPs.

Characterization of aP-PRP/iCHT-TPPs

Release of GFs
The release of PDGF-AB and TGF-β1 was performed after a 

1-hour gelation of aP-PRP associated to iCHT-TPPs in the pres-
ence of the culture medium DMEM with low glucose concentra-
tion (DMEM-LG, Gibco, Grand Island, NY, USA). The culture 
medium (1.5 mL) was added to aP-PRP/iCHT-TPPs in 48-well 
microplates, which were maintained in an incubator with 5% 
CO2 throughout the assays. The total volume of culture medium 
was withdrawn at 3, 6, 12, 24, and 72 hours, and the same vol-
ume of fresh medium was replaced without removing the hydro-
gels from the wells. The samples were stored at -80°C for further 
characterization. The concentrations of the released GFs PDGF-
AB and TGF-β1 were measured using enzyme-linked immuno-
sorbent assay kits (R&D Systems, Minneapolis, MN, USA) ac-

cording to the manufacturer’s instructions and specifications. 

h-AdMSCs isolation and pre-cultivation
Human subcutaneous adipose tissue acquired from liposuc-

tion surgery, were provided and characterized by the Umbilical 
Cord Blood Bank of the University of Campinas, Brazil. Briefly, 
the tissue was washed with sterile PBS, separated into fractions of 
10 g, digested with 20 mg of collagenase type 1A and maintained 
in 20 mL of DMEM-LG containing 10% bovine serum albumin 
and 10 μL of gentamicin for 30 min in a bath at 37°C. After com-
plete digestion, the reaction was quenched with 10 mL FBS and 
immediately centrifuged for 15 min at 1500 rpm. The superna-
tant was discarded, and the pellet was suspended in 10 mL 
DMEM-LG with 10% FBS. After pre-cultivation for 24 h, the 
culture medium was changed every 3 days; after the fourth pas-
sage, the cells were characterized by immunophenotyping using 
flow cytometry and by adipogenic, osteogenic and chondrogenic 
differentiation (data not shown) and were then used in the sub-
sequent experiments. The cells were evaluated by the presence of 
CD29+, CD73+, CD90+, CD105+, and HLA-ABC+ or absence of 
HLA-DR+, and CD34-, CD45-. 

Culture of human adipose-derived mesenchymal stem 
cells-seeding in the composite scaffolds

The pre-cultured h-AdMSCs were trypsinized and resus-
pended in P-PRP to a final cell concentration of 1×104 cells/mL. 
P-PRP containing h-AdMSCs was activated and immediately 
embedded into the iCHT-TPPs in a 24-well tissue culture plate, 
using 200 μL of h-AdMSCs+aP-PRP/100–200 mg of iCHT-
TPPs. The composite scaffolds with h-AdMSCs were kept at 
room temperature for 45 minutes for the consolidation of the fi-
brin network. Activated PRP was used as a control. 

h-AdMSCs proliferation 
The cultivation of h-AdMSCs was carried out in 24-well tissue 

culture plates by adding 1 mL of the culture medium DMEM to 
the seeded composite scaffolds (n=4). The seeded composite 
scaffolds was maintained at 37°C along 10 days. Cell proliferation 
was quantified using the thiazolyl blue tetrazolium bromide 
(MTT) assay. At cultivation days 3, 5, 7, and 10, the composite 
scaffolds were removed and transferred to 24-well plates. MTT (1 
mL of 1 mg/mL) was then added, and the cultivation proceeded 
at 37°C for 4 hours. The MTT solution was then discarded, and 1 
mL of DMSO was added to dissolve the purple formazan crys-
tals. The samples were shaken at 120 rpm for 30 min to ensure 
the homogeneous dissolution of the formazan dye, and 200 μL of 
each sample was then transferred to a 96-well plate. Optical den-
sity was measured at 595 nm using a microplate reader (Filter-
Max F5 Multi-Mode Microplate reader, Molecular Devices, 
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Sunnyvale, CA, USA).

Images of the cell-seeded composite scaffolds
The images of cell-seeded composite scaffolds were obtained 

by scanning electron microscopy after 5 days of h-AdMSCs 
proliferation. The cell-seeded composite scaffolds were fixed in 
a solution of 4% paraformaldehyde and 2.5% glutaraldehyde in 
phosphate buffer, pH 7.4, for 2 hours. The samples were than 
dehydrated in ethanol for 15 min intervals in aqueous 50%, 
70%, 95%, and 100% ethanol solutions (2×) and dried using the 
critical point dryer BAL-TEC CPD 030 (BAL-TEC®, Schalks-
mühle, Germany). After gold coating in Sputter Coater PO-
LARON SC7620 (VG Microtech, Ringmer, UK), the cell-seeded 
composite scaffolds were visualized using a scanning electron 
microscope Leo440i (LEO Electron Microscopy/Oxford, Cam-
bridge, UK) with an accelerating voltage of 20 kV.

Induction of osteogenic differentiation
h-AdMSCs-seeding composite scaffolds were induced to dif-

ferentiate into the osteogenic lineage by providing the osteogen-
ic medium containing DMEM-LG supplemented with 10% 
FBS, 1% β-glycerol-phosphate (Sigma-Aldrich, St. Louis, MO, 
USA), 1% L-ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 
1% dexamethasone (Sigma-Aldrich, St. Louis, MO, USA) and 
1% Penicillin/Streptomycin solution (Gibco, Grand Island, NY, 
USA). The medium was changed every 7 days. 

Alkaline phosphatase activity 
The alkaline phosphatase (ALP) activity produced by h-Ad-

MSCs was determined on day 14. Here, 200 μL of the superna-
tant was collected and mixed with 200 μL of p-Nitrophenyl 
phosphate (SIGMAFASTTM p-Nitrophenyl phosphate Tablets, 
Sigma, St. Louis, MI, USA) as substrate and subsequently incu-
bated at room temperature for 30 minutes. Absorbance was read 

immediately on a spectrophotometer at 405 nm. 

Statistical analysis
Each experiment was carried out in triplicate unless otherwise 

specified. All results are presented as the mean±SD. The experi-
mental data from all of the studies were analyzed using analysis 
of variance. Statistical significance was set at a p-value≤0.05.

RESULTS 

Crosslinking in the iCHT-TPPs
The ionic crosslinking in iCHT-TPPs was characterized by 

FTIR by the presence of the P=O group at the frequencies of 
1100 cm-1 and 1232 cm-1 and P-O-P asymmetric stretching at 
892 cm-1. Pure chitosan was used as control. 

The FTIR spectra of pure chitosan and iCHT-TPPs 2:1 are 
shown in Figure 1. 

Figure 1. FTIR spectra of pure chitosan and iCHT-TPPs 2:1. 
FTIR: Fourier-transform infrared, iCHT-TPPs: injectable scaf-
fold of chitosan microparticles crosslinked with tripolyphos-
phate.
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Table 1. Physicochemical and mechanical properties of iCHT-TPPs
Physicochemical properties

Mass ratio (iCHT-TPPs) SR* Ve (mol.cm-3) Mc (g.mol-1) R+/- Particle diameter (µm)*
2:1 22±1 2.4×10-4 5110 0.7 152±4
5:1 31±1 1.3×10-4 9450 1.8 205±3

10:1 44±1 7.5×10-5 16669 3.6 215±4
Rheological properties

Mass ratio (iCHT-TPPs) G’ in 1 Hz (Pa) n tan δ Extrusion force (n)†

2:1 522 0.04 0.134 12.6±0.9
5:1 333 0.15 0.174 10.8±0.4

10:1 72 0.32 0.276 11.1±0.8 

*the means difference is significant at the 0.05 level, †the means difference is not significant at the 0.05 level. SR: swelling ratio, Ve: effective 
crosslink density, Mc: molecular weight between crosslinks, R+/-: charge ratio, G’: elastic moduli, G”: viscous moduli, tan δ: G”/G’, n: flow be-
havior index, iCHT-TPPs: injectable scaffolds of chitosan microparticles crosslinked with TPP
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Physicochemical and mechanical properties 
of iCHT-TPPs

Table 1 shows the physicochemical and mechanical properties 
of iCHT-TPPs prepared by varying the CHT-TPP mass ratio.

The degradation profile, expressed as the loss weight of 
iCHT-TPPs after incubation in PBS (pH 7.4, at 37°C) as a func-
tion of time, is shown in Figure 2. 

Biological characterization
Figure 3 shows the PDGF-AB and TGF-β1 release kinetics 

from aP-PRP/iCHT-TPPs.
The micrographs obtained by scanning electronic microsco-

py of aP-PRP are shown in Figure 4.
Figure 5A shows the proliferation of h-AdMSCs cultured in 

the presence of iCHT-TPPs, as assayed by MTT. DMEM with 
phenol 0.5% and DMEM with 10% fetal bovine serum were used 
as the positive control (PTC) and the negative control (NTC), re-
spectively.

The proliferation profile of h-AdMSCs cultured in aP-PRP/
iCHT-TPPs scaffolds as a function of time is shown in Figure 
5B. Activated P-PRP was used as control.

Figure 6 shows the results of osteogenic differentiation of h-
AdMSCs in the composite scaffolds (aP-PRP-iCHT-TPPs), as 
assayed by ALP activity.

DISCUSSION

According to Bhumkar and Pokharkar [8], chitosan (pKa 
6.3) may be crosslinked with TPP (pKa 9.7) by two different 
pH-dependent mechanisms. The ionic crosslinking occurs at 
low pH values by a reaction between NH3

+ groups of chitosan 
and P3O10

-5 of TPP. The deprotonation mechanism occurs at high 
pH values using the OH- groups of TPP that are present in solu-
tion. In this work, the pH of the reaction mixture was maintained 
at pH 4, which favored the ionic crosslinking mechanism.

The ionic crosslinking between the -NH3
+ group of chitosan 

and P3O10
-5 of TPP in iCHT-TPPs was characterized by FTIR 

(Fig. 1) by the presence of the P=O group at the frequencies of 

Figure 3. Growth factor release profiles from aP-PRP combined with iCHT-TPPs scaffolds. (A) PDGF-AB and (B) TGF-β1. (Δ) PRP ac-
tivated with Ca+2/serum used as control; (■) aP-PRP/iCHT-TPPs 2:1; (●) aP-PRP/iCHT-TPPs 5:1 and (▲) aP-PRP-iCHT-TPPs 10:1. 
The concentration of platelets in whole blood donors (average of 2 donors) was 234250 pq/mm3. After preparation of the P-PRP, the 
platelets were concentrated approximately 2.09 times, with an average final concentration of 472250 pq/mm3. TGF-β1: transforming 
growth factor β1, PRP: platelet-rich plasma, aP-PRP: activated pure PRP, iCHT-TPPs: injectable scaffolds of chitosan microparticles 
crosslinked with TPP, PDGF-AB: platelet-derived growth factor AB, aP-PRP-iCHT-TPPs: injectable scaffolds of chitosan-sodium tripoly-
phosphates composite scaffold of iCHT-TPPs and aP-PRP, TPP: tripolyphosphate.
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Figure 2. Degradation profile of iCHT-TPPs in PBS pH 7.4 at 
37°C. (■) iCHT-TPPs 2:1; (●) iCHT-TPPs 5:1, and (▲) iCHT-TPPs 
10:1. iCHT-TPPs: injectable scaffolds of chitosan microparticles 
crosslinked with TPP, PBS: phosphate buffered saline.
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1100 cm-1 and 1232 cm-1 and P-O-P asymmetric stretching at 
892 cm-1, according to Mi et al. [27]. 

The physicochemical properties (Table 1) of chitosan mic-
roparticles crosslinked with sodium tripolyphosphate (TPP) 
were characterized by swelling ratio (SR), effective crosslink 
density (Ve), molecular weight between crosslinks (Mc), charge 
ratio (R+/-) and particle diameter.

The water absorption capacity (swelling properties) of scaf-
folds must be carefully controlled to allow handling during cell 
implantation and promote cell growth. When hydrated, the 
scaffolds became fragile being deformed and/or broken with 
the application of weak forces. Thus, a balance between the 
viscoelastic and swelling properties is essential to maintain the 
integrity of scaffolds and support the cell proliferation and dif-
ferentiation.

The iCHT-TPPs showed a high SR (Table 1), allowing for 
fast hydration when culture medium was added. Moreover, the 
microparticles showed a statistically significant increase (p< 

0.05) with the degree of crosslinking because of the decreased 
availability of functional groups to hydrogen bonds with water.

Flory and Rehner [19] calculations were used to determine 
Ve and Mc. The decrease of the CHT-TPP mass ratio increased 
Ve, as expected. Moreover, we observed lower Mc values, indi-
cating higher entanglement of chains.

R+/- of iCHT-TPPs was estimated according to Rädler et al. 
[22]. The values of R+/- were negative for iCHT-TPPs 2:1 and 
positive for iCHT-TPPs 5:1 and 10:1. Therefore, the increase 
in the crosslinking degree decreased the positive charge of chi-
tosan in the complex. These modifications to the charge ratio 
may change the interactions with the fibrin network and alter 
the electrostatic interaction with growth factors.

iCHT-TPPS had a mean diameter in the range of 150 to 220 
μm, which was proportional to the CHT-TPP mass ratio. These 
diameters are within the adequate range for an injectable ap-
plication (<700 μm) [28].

The mechanical properties (Table 1), rheological properties, 

aP-PRP

aP-PRP-iCHT-TPPs 5:1

aP-PRP-iCHT-TPPs 2:1

aP-PRP-iCHT-TPPs 10:1

Figure 4. Scanning electron microscopic images of aP-PRP and aP-PRP/iCHT-TPPs after 5 days of cultivation of h-AdMSCs. (A) aP-
PRP. (B) aP-PRP-iCHT-TPPs 2:1. (C) aP-PRP-iCHT-TPPs 5:1. (D) aP-PRP-iCHT-TPPs 10:1. Scale bar: 3 μm, magnification: ×5000. 
aP-PRP: activated pure platelet-rich plasma, iCHT-TPPs: injectable scaffolds of chitosan microparticles crosslinked with tripolyphos-
phate, h-AdMSCs: human adipose-derived mesenchymal stem cells. 
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extrusion force and degradation profile of the microparticles, 
were also characterized. 

The rheological data show that the iCHT-TPPs exhibited 
behavior that is typical of so-called weak gels, irrespective of 
their mass ratios, as analyzed by the storage (G’) and loss mod-
uli (G”). The moduli had low frequency dependence, and tan 

δ>0.1 [29,30].
We also observed an increase in the G’ values with the num-

ber of crosslinks or entanglements (high Ve and low Mc), which 
indicated stiffer gels.

In addition, the values of tan δ indicated an increment in gel 
strength with an increase in Ve. Regardless of the CHT-TPP 
mass ratio, iCHT-TPPs showed G’ values that are adequate 
(<700 Pa) for injectable application [28].

Considering the Ostwald de Waele power law (η=K.γn-1), 
the flow behavior index (n) of iCHT-TPPs showed a viscoelas-
tic behavior that was dependent on mass ratio. The pseudoplas-
tic behavior is an important parameter in injectable applica-
tions, where the flow viscosity should be lower than the rest 
viscosity.

In addition to the beneficial rheological properties and mic-
roparticle size, the injectable scaffolds must have an extrusion 
force to allow for their easy injection through an appropriately 
sized needle and thereby prevent side effects such as pain [28].

In iCHT-TPPs, we measured extrusion forces between 10 
and 12 N, which were adequate (<20 N) for injectable applica-
tions [31,32]. No significant modification (p<0.05) was ob-
served in the extrusion force with the degree of crosslinking, 
particle size and distribution, as reported by Bentkover [33].

The degradation profiles (Fig. 2) showed that the micropar-
ticles can be considered stable for 30 days, irrespective of the 
CHT-TPP mass ratio. The maximum loss weight was approxi-
mately 4%, for CHT-TPP 2:1.

According to Peppas and Sahlin [34], hydrogels are macro-

Figure 6. ALP activities of h-AdMSCs/platelet number cultured 
on composite scaffolds. aP-PRP and the reagents used in the as-
say (blank) were used as control. Mean±standard deviation 
(n=3). *the means are significantly different from the controls at 
0.05 level. ALP: alkaline phosphatase, h-AdMSCs: human adi-
pose-derived mesenchymal stem cells, iCHT-TPPs: injectable 
scaffolds of chitosan microparticles crosslinked with TPP, aP-
PRP: activated pure platelet-rich plasma, TPP: tripolyphosphate.
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Figure 5. (A) % of NTC as a measurement of the cytotoxicity of h-AdMSCs that were exposed to the iCHT-TPPs. Negative (non-toxic) 
toxicity control (NTC)=DMEM with 10% fetal bovine serum; positive (toxic) toxicity control (PTC)=DMEM with phenol 0.5%. *the popula-
tion means (n=3) are significantly different from PTC and NTC at p<0.05. (B) Proliferation profile of h-AdMSCs cultured in aP-PRP/
iCHT-TPPs scaffolds as a function of time. Activated P-PRP was used as control. Mean±standard deviation (n=3). †The means differ-
ence are significantly different at p<0.05. h-AdMSCs: human adipose-derived mesenchymal stem cells, iCHT-TPPs: injectable scaffolds 
of chitosan microparticles crosslinked with TPP, aP-PRP: activated pure platelet rich plasma, TPP: tripolyphosphate.
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molecular networks swollen in water or biological fluids. Hy-
drogels are often divided into three classes depending on the 
nature of their network, namely entangled networks, covalent-
ly crosslinked networks and networks formed by physical in-
teractions. Physical hydrogels are formed by various reversible 
links such association, aggregation, crystallization, complex-
ation, and hydrogen bonding. Most important factors that trig-
ger a physical hydrogel response are pH, temperature and swell-
ing medium.

As the degradation profile is evaluated gravimetrically by 
weight loss in PBS (pH=7.4) and the chitosan is insoluble in 
this pH, the degradation in terms of weight lost should be 
small, as found.

The degradation compete with swelling process and can jus-
tify the profiles observed and the values around 4% obtained. 

Although there is no statistically significant difference be-
tween the degradation profiles, we observed that for iCHT-
TPPs prepared in mass ratios 5:1 and 10:1, the higher weight 
loss occurred in the first 48 hours whereas for the mass ratio 
of 2:1, even after 30 days continued to lose mass.

Moreover, as the degradation is directly related to release of 
growth factors, the low degradation found for iCHT-TPPs 
should favor the controlled release of PRP growth factors.

The biological performance of composite scaffolds (aP-PRP-
iCHT-TPPs) was characterized by the release kinetics of 
growth factors (PDGF-AB and TGF-β1), proliferation and os-
teogenic differentiation of h-AdMSCs.

The curves of PDGF-AB and TGF-β1 release kinetics from 
aP-PRP/iCHT-TPPs (Fig. 3) shows predominantly diffusive 
profiles, indicating no collapse of the scaffold structure at the 
time of the assays. 

Controlled GFs release was achieved from aP-PRP-iCHT-
TPPs compared with aP-PRP alone. The maximum PDGF-AB 
release was obtained at 24 hours (Fig. 3A), whereas a concentra-
tion plateau was not observed for TGF-β1 at 72 hours (Fig. 3B).

In addition to the barrier of the structures, the interactions 
of GFs and scaffolds play an important role in the release. Ac-
cording to Hokugo et al. [35] and De Cock et al. [36], because 
GFs are generally basic proteins, in physiological conditions, 
they interact ionically with negatively charged surfaces.

In this work, we observed a higher delay in the PDGF-AB re-
lease of aP-PRP-iCHT-TPPs mass ratio 2:1 compared with aP-
PRP, suggesting electrostatic interactions with negative charges 
of the scaffold. At physiological pH, PDGF-AB bore a net pos-
itive charge (isoelectric point 9.8–10.5) [37].

For TGF-β1, a higher delay was observed for the scaffolds 
aP-PRP-iCHT-TPPs at mass ratios of 5:1 and 10:1 compared 
with aP-PRP. Because TGF-β1 has the isoelectric point of 8.2, 
which is near the physiological pH (7.4), the positive charges 

of the scaffolds had a smaller influence on delay [37].
In this case, we hypothesized that the delay was primarily due 

to the interaction of the negative fibrin network and the posi-
tive scaffold, which entrapped the GFs molecules.

Scanning electronic microscopy (Fig. 4) of aP-PRP showed 
a tangled network that was similar to the extracellular matrix. 
The microparticles were entrapped by the fibrin network, which 
provided an additional matrix for h-AdMSCs adherence and 
proliferation.

As assayed by MTT (Fig. 5A), the iCHT-TPPs had a higher 
proliferation of h-AdMSCs compared with the positive control 
(PTC=DMEM with phenol 0.5%), which indicated not cyto-
toxicity.

The kinetic profiles (Fig. 5B) showed a long lag phase (~7 
days) for aP-PRP-iCHT-TPPs.

The proliferation of h-AdMSCs was lower than aP-PRP in 
the composite scaffolds at 2:1 and 5:1 mass ratios, whereas no 
proliferation was observed at 10:1.

Osteoblast differentiation is characterized by three stages: 
cell proliferation, matrix maturation, and matrix mineraliza-
tion. During proliferation, several extracellular matrix proteins 
(procollagen I, TGF-β, fibronectin) can be detected. The ma-
trix maturation phase is characterized by maximal expression 
of ALP. Finally, at the beginning of matrix mineralization, genes 
for proteins such as osteocalcin, bone sialoprotein, and osteo-
pontin are expressed and once mineralization is completed, cal-
cium deposition can be visualized using adequate staining meth-
ods [38].

Significant ALP activity (Fig. 6) was obtained for aP-PRP-
iCHT-TPPs regardless of the mass ratio of CHT-TPP, indicat-
ing that osteogenic differentiation was stimulated.

In this work, ALP activity was determined in the culture me-
dium and thus did not include the concentrations inside the 
gels. This may have also contributed to the lower values of ALP 
activities of the composite scaffolds compared with aP-PRP, 
due to the higher viscosity, which delayed the release of ALP.

In conclusion, we have demonstrated that the injectable 
composite scaffolds (aP-PRP-iCHT-TPPs) promoted the con-
trolled release of PDGF-AB and TGF-β1 from platelets pri-
marily during the first 10 h. Although the physicochemical 
and rheological properties of iCHT-TPPs increased the stabili-
ty of the fibrin network, a significant proliferation of h-AdM-
SCs was observed only for the composite scaffold containing 
2:1 chitosan-TPP. However, the osteogenic differentiation 
when evaluated by osteogenic marker ALP was stimulated in all 
mass ratios. Thus, the injectable composite scaffolds could be 
optimized to demonstrate their potential for regenerative medi-
cine applications.
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