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Abstract 

This paper describes an optimized procedure to incorporate silica particles by 

hydrolysis/polycondensation of sodium silicate into pericardial (ECM) matrix scaffolds and 

points out the effect of the biocomposites on the in vitro response of macrophages by 

assessment the secretion of signaling molecules. Variables (concentration, pH, time) of the 

sol-gel process allow a gradual incorporation of silica into the ECM scaffolds as confirmed by 

gravimetry, FT-IR, SEM and EDX microanalysis. The SiO2 incorporation increases the 

resistance to in vitro degradation but not alters either denaturation temperature or free amines 

of non-crosslinked ECM fibrous scaffolds, however, properties of oligourethane-crosslinked 

scaffolds are not modified after silica incorporation. Despite the fact that cell viability is 

gradually decreased on the ECM materials crosslinked with oligourethane and functionalized 

with silica, murine RAW264.7 macrophages are able to secrete b-FGF, TGF- and VEGF. 

Secretion of growth factors by RAW264.7 macrophages after 6 h of culture on scaffolds 

containing silica was lower but it was sustained for 24 h as compared to cells cultured on 

silica-free materials. Human peripheral blood macrophages cultured with materials containing 

silica show a higher production of IL-6, IL-10 or TNF- than with the silica-free counterparts 

but in a time-dependent manner from one to four days of culture. Results suggest that 

stimulation of macrophages is induced by silica particles deposited onto the ECM fibrous 

network, which represents an opportunity to control the cell response to decellularized tissue-

derived biomaterials through strategies intended to stimulate cells via signaling molecules 

secreted by macrophages.  

Keywords: crosslinked/decellularized scaffolds; silica functionalization; macrophage 

activation 
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1. Introduction 

Crosslinking and functionalization of extracellular matrix (ECM) scaffolds derived 

from animal tissues are strategies intended to tailor the physicochemical properties and 

ultimately to improve its biological performance in tissue engineering applications. 

Crosslinking of collagen, main component of matrices as dermis or pericardium, is a first 

action to slow or prevent its degradation, to inhibit the recognition of surface epitopes by the 

host, and to improve mechanical properties.
1-2

 Our research group has reported a method in 

which collagen is crosslinked through isocyanate reactions with water-soluble blocked 

urethane oligomers after pH-responsive deblocking of carbamoylsulfonate end groups. This 

method allowed the preparation of a porous collagen mesh coated with oligourethanes that 

reveals excellent tensile mechanical properties and a degree of crosslinking adjusted tuning 

pH, volume, concentration or molecular weight.
3-4

 Furthermore, effective stabilization of 

biological scaffolds with oligourethanes can be achieved simultaneously with incorporation of 

silica by the sol-gel process of tetraethyl orthosilicate.
5
 Thus, although silica is generally 

accepted as having low toxicity, the biocompatibility of  silicon and silica in its different 

forms (i.e. nanoparticles, gels, films) as a “new” class of biomaterial  should be revisited.
6
 

 Silicate–biopolymer hybrids manufactured in different forms have recently received 

considerable attention as templates to repair/replace bone-defective tissue 
7-8

, to induce 

osteoblastic differentiation 
9-13

, to treat chronic wounds 
14

, to immobilize cells 
15-16

, to delivery 

drug 
17-21

 and morphogenetic proteins 
22-23

, and to trigger cell-mediated immunity for tumor 

immunotherapy. 
24-25

 The incorporation of silicate particles into biopolymers has shown that 

yields a controllable biodegradability through adjustment of the silicate content 
26-27

, and that 

influence the cell response through intracellular uptake of the silicate particles and its 

dissolution products. The nanoparticulate debris released from biomaterials containing silicon 

can reach and penetrate the cell surface affecting its behavior in a manner that dependent of 

size/porosity, surface chemistry (e.g. ≡Si-OH group concentration, charge) and dissolution 
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(biodegradation) rate. 
28-33

 This is the case of fibroblasts that are internalized by aggregates of 

silica nanoparticles, which are dissolved intracellularly and released either as colloidal or 

soluble species.
34-36

 Key aspects in tissue engineering issues such as osteogenic differentiation 

of stem cells 
10,12

 and enhanced angiogenesis 
35 

have shown be improved by the degradation 

products of biomaterials containing silicon. 
 

Macrophages are immune cells key players in the release of messengers and mediators 

(e.g. enzymes, cytokines and growth factors) that act as signals to induce migration, 

proliferation or differentiation of other cell types.
 37

 Macrophages mediate the healing 

responses to implanted biomaterials, fundamentally by two outcomes: scar tissue formation 

(M1 pathway) or regeneration (M2 pathway).
 37-38 

The modulation of the inflammatory 

response by the physical and chemical properties of scaffolds represents a hypothesis 

currently assessed in the design of biomaterials. For instance, mechanical strain 
39

, 

glycoprotein adsorption 
40

 and chemical composition 
41-43

 are some aspects related to 

biomaterial that are keys to modulate the translation of human peripheral blood-derived 

macrophages from a pro-inflammatory process (M1) to an anti-inflammatory process (M2). 

Recent reports have described the engagement of cytokines secreted by macrophages in 

angiogenesis and neovascularization in co-cultures on both 2D
 44

 and 3D
 45

 (on collagen 

templates). Thus, pro-inflammatory stimuli have been proposed as an active participant in the 

hard and soft tissue engineering context to accelerate healing mechanisms. 
44

  

The stimulation of macrophages to secrete signaling molecules able to contribute to 

tissue repair process could be achieved on (crosslinked or non with oligourethane) ECM 

templates containing silica. In this study we prepared biocomposites consisting of 

decellularized pericardial ECM scaffolds with/without silica particles to evaluate the in vitro 

response of macrophages by assessing the secretion of growth factors and signaling 

molecules. The particulate silica was incorporated into the non-crosslinked and oligourethane-

crosslinked ECM templates using sodium silicate (Na4SiO4) and a sol-gel process. The 
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viability of fibroblasts, RAW264.7 macrophages and human peripheral blood-derived 

macrophages, and the production of IL-6, IL-10, TNF-b-FGF, TGF- and VEGF by 

macrophages were evaluated. 

2. Experimental Section 

2.1. Materials 

Acellular pericardial ECM scaffold - Biological scaffolds were prepared by 

decellularization of bovine pericardial tissue using a method that combines reversible alkaline 

swelling and the use of a non-ionic detergent.
46

 Briefly, samples were placed in distilled water 

(4°C, 18 h) containing calcium oxide (0.8w%) and Triton X-100 (1w%). Afterwards, they 

were stirred (2x, RT, 20 min) in a solution containing ammonium sulphate (2%) and 

subsequently stirred (RT, 24 h, 20 rpm orbital agitation) in sterilized PIPES buffered saline 

solution (PiBS, 30 mM, 0.9% NaCl, pH 7.4) containing Triton X-100 (1w%) and finally 

washed with PiBS. At the end, samples were incubated in a solution of nucleases (10 mM 

Tris–HCl, pH 7.6, 2.5 mM MgCl2, 0.5 mM CaCl2 containing 0.2 mg mL
-1

 of DNase and 0.02 

mg mL
-1

 of RNase) and washed (2x, RT, 15 min, 100 mM Tris, pH 8, 30 mM EDTA).  

Urethane oligomer crosslinker - The oligourethane was synthesized as previously 

described elsewhere.
5
 Briefly, poly(ethylene glycol) (Mw 1000 g mol

-1
) reacted with 

hexamethylene diisocyanate in a molar NCO:OH ratio of 4.0:1.0 for 2 h at 100°C. In a second 

step, sodium bisulphite (40w% solution in water) was added in the prepolymer and the 

reaction continued at 40°C by 2 h. Finally, the solution was diluted with water to give a 

product of water-soluble blocked oligourethane. 
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Oligourethane-crosslinked ECM scaffolds - Pericardial ECM scaffold samples were 

crosslinked with oligomers as follows:
4
 Hydrated samples of known mass were immersed in 

PiBS at a 1:5 (w/w) scaffold:PiBS, then oligourethane (15w%) was added and the mixture 

was stirred (RT, 2 h, 20 rpm). In a second step, magnesium oxide (0.4w%) was added and the 

crosslinking reaction extended (22 h, 20 rpm). Finally, samples were washed with distilled 

water and saline solution to remove residual reagents. 

Other materials – 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), 

2,4,6-Trinitrobencensulphonic acid (TNBS) and collagenase type I (288 U/mg solid, 

Clostridum histolyticum) were acquired from SigmaAldrich (Mexico). 

2.2. Incorporation of silica into the scaffolds 

Non-crosslinked or oligourethane-crosslinked ECM scaffold samples were 

functionalized with silica as follows: Hydrated samples were immersed in a solution of 

sodium silicate (Na4SiO4, 0.33 M, pH 7, neutralized with HCl 1 M) under stirring (RT, 30 

min). Finally, samples were washed with distilled water (4x) and lyophilized. In preliminary 

assays, concentration (0.33, 0.5 and 1 M), time (15, 30, 60 and 120 min) and pH (6, 7 and 8) 

of hydrolysis-condensation reaction of sodium silicate was optimized in terms of the amount 

of silica incorporated into the ECM scaffolds (see Fig. S1) and the collagenase degradation 

resistance (see Fig. S2). 

2.3. Composition and microstructure evaluation of biocomposite scaffolds 

Gravimetry – Hydrated samples (10 x 10 mm) were weighted and then dried in an 

oven at 60°C until weight was constant. Then, samples were heated in an oven at 800°C 

during 2 h. The remaining inorganic mass was registered. Finally, content of water, ECM 

material or oligourethane/ECM material and silica was calculated. 
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FT-IR – Infrared spectroscopy information of the silica-functionalized ECM scaffolds 

was obtained using the ATR technique on a Nicolet iS50 FT-IR Spectrometer. The materials 

were dehydrated in ethanol and dried in an oven at 30°C under vacuum. The dry samples 

were analyzed on the diamond crystal and ATR-FTIR spectra, averaging 32 scans, were 

recorded at 4 cm
-1

 of resolution from 4000 to 650 cm
-1

. 

SEM and EDX microanalysis - The morphology of scaffolds covered with gold was 

observed by low-vacuum scanning electron microscopy (SEM, JEOL, JSM 6360LV or 

FESEM 7600F). Using an EDX analyzer coupled to the scanning electron microscope, the 

elemental composition of calcination-remaining inorganic material was obtained. 

2.4. Assessment of crosslinking, stability and water uptake of  biocomposite 

scaffolds 

DSC - Thermal transitions were evaluated by differential scanning calorimetry 

(Diamond DSC calorimeter, Perkin Elmer). Approximately 5 mg of hydrated samples were 

heated from 40 to 100°C with a heating rate of 10°C min
-1

. Results from the first scan were 

used to report thermal properties of the ECM scaffolds. 

Blocked matrix-amines - The extent or degree of crosslinking was also evaluated by 

the change in the free amine content in materials by means of the TNBS assay. Samples of 

known mass (5 x 5 mm) were conditioned in NaHCO3 (4.0%, 2 mL, 30 min) and then were 

reacted with TNBS (0.5w%, 1 mL, 40 °C, 2 h). Subsequently, samples were washed (4x) with 

NaCl (0.9w%) and then hydrolyzed in HCl (25%, 1 mL, 60 °C). The hydrolyzate was diluted 

to 5 mL and the absorbance at 344 nm was measured. The amine group concentration was 

reported in mmol per gram of dry scaffold sample (molar absorption coefficient14,600 mL 

mmol
-1

 cm
-1

). 
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Resistance to degradation and water uptake - The resistance to the in vitro degradation 

was studied under enzymatic (125 g mL
-1

 of type I collagenase, 50 mM Tris•HCl, pH 7.4, 

0.03w% NaN3, 5 mM CaCl2•2H2O) or non-enzymatic (DMEM medium) conditions. ECM 

scaffold samples of known mass (5 x 10 mm) were incubated in the degradation solution (1 

mL, 37°C) under orbital stirring with change of solution every three days. Finally, the mass 

loss was calculated gravimetrically. 

2.5. Assessment of in vitro cellular response to biocomposite scaffolds 

Cytotoxicity test – Primary culture of rat dermal fibroblasts or mouse macrophage 

cells (RAW264.7) were routinely grown in DMEM or RPMI-1640 (Gibco®) medium 

supplemented with fetal bovine serum (FBS, 10%, Gibco®). Lyophilized ECM scaffolds (5 x 

5 cm) were sanitized in an ethanol/peracetic acid (4%/0.1%) solution (RT, 2 h), sterile PBS 

(3x) and UV radiation (2 h), and then plated in 96-well microplates. Cells suspended in 200 

L were plated at 5x10
4
 cells per well containing samples and then cultured (10% FBS, 37°C, 

5% CO2, 95% humidity) for 24 h. The viability of macrophages or fibroblasts was quantified 

by MTT on scaffold samples and on wells. For this, after culture, scaffolds were transferred to 

empty wells and 20 L of MTT solution was added to remaining polystyrene wells and 

scaffold-containing wells. Cells were maintained under these conditions for 3 h, then the 

medium was decanted, cells were washed and the blue formazan crystals were dissolved in 2-

propanol and finally optical density of the supernatants was measured at 540 nm. The 

absorbance of MTT reduced by cells cultured on wells (without ECM scaffolds) represented 

the 100% of cell viability. In addition, morphology of adherent cells on scaffold fixed with 

4% paraformaldehyde and covered with gold was examined with the scanning electron 

microscope JEOL JSM 6360LV. 
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Quantification of growth factors secreted by RAW264.7 macrophages – ECM 

scaffolds (disks 15 mm) were sanitized, as described previously, and plated in wells of 24-

well microplates. Cells suspended in 1000 L of RPMI medium supplemented with 10% FBS 

and antibiotics (50 g mL
-1

 penicillin/streptomycin) were plated at 1x10
5
 per well containing 

samples and then cultured (37°C, 5% CO2, 95% humidity) during 6 or 24 h. After that time, 

the medium was collected to quantify growth factors. Quantification of the growth factors 

TGF-β1, b-FGF and VEGF was performed using ELISA kits (Invitrogen
TM

) according to 

specifications. The number of viable macrophages on the scaffolds and on the rest of the 

surface of the wells after 6 or 24 h of culture was quantified by MTT assay. The production of 

growth factors was normalized with the value of absorbance for reduced MTT. The recovered 

culture medium and the reduced MTT absorbance from cells cultured in scaffolds-free 

conditions were used as control. The results of viability and TGF-1 secretion by 

macrophages seeded on wells before the addition of the materials into the culture wells 

showed a similar tendency to the obtained results when cells were directly seeded on 

materials (Figure S3). 

Quantification of cytokines secreted by human monocytes/macrophages – Peripheral 

blood cells from healthy donors were separated by centrifugation (700 g, 30 min) on a two-

phase density gradient of Histopaque 1077 and 1119 (SigmaAldrich, Mexico, cat 10771 and 

11191). Peripheral blood mononuclear cells (monocytes/lymphocytes) were washed (sterile 

PBS, 3x) and centrifuged (700 g, 5 min). Then cells were suspended in RPMI medium 

supplemented with 10% FBS and antibiotics (50 g mL
-1

 penicillin/streptomycin and 25 g 

mL
-1

 amphotericin B) at a cell density of 8x10
5
 cells per mL, and plated to allow the 

adherence of monocytes. After 2 h, medium was removed in order to eliminate unattached 

cells. Antibiotics, FBS and macrophage colony stimulating factor (M-CSF, 30 pg mL
-1

) were 

included in the renewed culture medium. Cells were allowed to differentiate for 9 days (37 
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°C, 5% CO2), after which cells were re-plated every 7 days (3x) and then passed twice weekly 

(9x) by trypsinization (0.05% Trypsin-EDTA, Gibco®) and cultured with FBS and antibiotics 

but without M-CSF. Human macrophages differentiated from peripheral blood monocytes (12 

passes after M-CSF induced differentiation) were plated at 35x10
3
 per well containing sterile 

glass slide in 24-well microplates and then cultured (10% FBS, 37°C, 5% CO2, 95% 

humidity) for 16 h. Then sanitized ECM scaffolds (disks 15 mm) were placed in wells and the 

culture extended for 1, 2 or 4 days, after which medium was collected to quantify the 

cytokines. Quantification of the cytokines TGF-β1, TNF-, IL-10 and IL-6 was performed 

using ELISA kits (eBioscience) according to specifications. The number of viable 

macrophages on the scaffolds and on the rest of the surface of the wells was quantified by 

MTT assay. The production cytokines by human macrophages was normalized with the value 

of absorbance for reduced MTT. The recovered culture medium and the reduced MTT 

absorbance from cells cultured in scaffolds-free conditions were used as control.  

2.6 Statistical analysis 

Data sets were compared using one-way analysis of variance (ANOVA). The Sidak-Holm 

Test was used for the comparison between data groups. The results were considered with 

statistically significant difference at P-values less than 0.05 and presented as mean ± standard 

deviation (SD). All the experiments were repeated independently at least three times. 
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3. Results 

3.1. Silica incorporation on oligourethane/ECM and ECM scaffolds 

 The silica content in scaffolds was close to 1w% and 2w% for non-crosslinked ECM 

scaffold or oligourethane/ECM scaffolds, respectively (Fig 1a). SEM micrographs of sheets 

obtained after freeze-drying of hybrid scaffolds revealed silica particles deposited onto the 

ECM network (Fig. 1d and 1e). FT-IR spectra showed peaks at 1634 and 1555 cm
-1

, attributed 

to amide I (C=O stretching) and II (N–H deformation) respectively, and 1078 and 787 cm
-1

, 

attributed to (Si–O–Si) siloxane bonds (Fig. 1c). The effective deposition of silica particles 

onto the collagen fibrous network was resulted of the hydrolysis/polycondensation of sodium 

silicate catalyzed by hydrochloride acid under mild conditions and the subsequent freeze-

drying. 

 

Figure 1 
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 On the other hand, silicate-treated oligourethane/ECM or ECM materials dried at 60° 

(Fig 1f) and then calcinated at 800°C resulted in inorganic materials (Fig. 1g). The inorganic 

material that remains after calcination of hybrid scaffolds is composed mainly by silicon and 

oxygen as revealed by EDX analysis (Fig. 1h). At the same time, SEM analysis revealed a 

microstructure of the inorganic material that replicates the fibrous structure of the pericardial 

ECM scaffold (Fig. 1i). 

3.2. Crosslinking density and water uptake of SiO2-functionalized and 

oligourethane-crosslinked ECM scaffolds 

The crosslinking degree and water uptake were investigated in order to establish how 

physicochemical characteristics would be affected by the composition of the biocomposites. 

DSC thermographs revealed an increment of denaturation temperature after crosslinking of 

ECM material with oligourethane (peak temperature from 66 to 82°C); however, this 

transition was no affected by silica incorporation (Fig. 2a). The content of residual scaffold-

amines confirmed the crosslinking of ECM material with oligourethane to a degree of 91% of 

blocked amines (Fig 2b). After silica incorporation into the non-crosslinked ECM scaffolds 

close to 9% of amine groups were blocked without statistically significant differences with the 

ECM control (no silica). 

 

 

Figure 2 
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In presence of collagenase activity, silica-functionalized non-crosslinked ECM 

materials gained mass and elapsed its degradation time 1 to 2 days with respect to silica-free 

ECM scaffolds, whereas for oligourethane/ECM scaffolds, after 4 days, loss of mass was 

observed in silica-containing scaffolds without water uptake process (Fig. 3a). In presence of 

collagenase-free DMEM medium, non-crosslinked ECM scaffolds absorbed water until 7 

days, after which the mass decreased, while for oligourethane/ECM scaffolds the water 

uptake ability was reduced (Fig. 3b). These results indicate that the enzymatic degradation of 

ECM scaffolds can be hindered by its crosslinking with oligourethane while the water uptake 

of ECM materials can be regulated by both its crosslinking with oligourethane and the 

incorporation of silica. 

 

Figure 3 

3.3. Cell viability on SiO2-functionalized and oligourethane-crosslinked ECM 

scaffolds 

In order to evaluate the effect of silica functionalization and the oligourethane 

crosslinking on the cytocompatibility of ECM scaffolds, cells were seeded directly on the 

lyophilized materials. The SEM micrographs revealed that the macrophages (Fig 4a-4b) and 

fibroblasts (Fig 4d-4e) spread on surface of scaffolds. Viable macrophage-like RAW264.7 
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line cells (Fig. 4c) and primary dermal fibroblasts (Fig. 4f) were detected on all four scaffolds 

by means of MTT assay. However, a reduction in the cell viability was detected on silica-

containing scaffolds in both non-crosslinked and crosslinked. In addition, the viability 

measured on scaffolds was higher than the viability on the rest of the surface of polystyrene 

wells (Fig. 4c and 4f).  

 

Figure 4 

 

Figure 5 
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RAW264.7 macrophages and human blood macrophages were able to proliferate in 

the presence of all four scaffolds as evaluated by means of MTT reduction assay (Fig. 5a and 

5b) and a fluorescent Live/Dead assay (Fig. 6a and 7a). 

3.4. Angiogenic/fibrogenic growth factors secreted by RAW264.7 macrophages 

cultured on SiO2-functionalized and oligourethane-crosslinked ECM 

scaffolds 

To investigate if murine RAW264.7 macrophages respond to particulate silica and 

oligourethane crosslinker, the secretion of growth factors involved in angiogenesis and 

fibrogenesis processes was quantified when cells were cultured on the whole scaffolds. 

Macrophages cultured during 6 h, in contact with oligourethane/ECM and ECM scaffolds, 

secreted a higher amount of TGF-1 (Fig. 6b), b-FGF (Fig. 6c) and VEGF (Fig. 6d) compared 

vs. control or vs. silica-containing scaffolds. Macrophage proliferation on oligourethane/ECM 

and ECM scaffolds from 6-to-24 h did not result in an increment of growth factors 

production, in fact, a drop in the secretion was observed. However, secretion of growth 

factors by RAW264.7 macrophages cultured in the presence of silica-containing scaffolds was 

not decreased with the culture time from 6-to-24 h. 
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Figure 6 

3.5. Cytokines secreted by human blood peripheral derived macrophages 

cultured on SiO2-functionalized and oligourethane-crosslinked ECM 

scaffolds 

The stimulation of primary human macrophages by particulate silica deposited on 

ECM scaffolds was investigated by means of the ability to elaborate cytokines involved in 

both, pro-inflammatory and anti-inflammatory process. The silica incorporation into the 

oligourethane/ECM and ECM scaffolds rendered a higher production of TNF- (Fig. 7b), IL-

6 (Fig. 7c) and IL-10 (Fig. 7e) by macrophages compared to silica-free scaffolds. In addition, 

a time-dependent decrease in the production of the three cytokine was detected. ECM 

scaffolds containing silica showed a minimal effect on TGF-1 secretion and no time 

dependence (Fig 7d). Nonetheless, two different methods were used to active the TGF-1, 
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i.e., to cleave the so called latency-associated peptide (LAP) from TGF-1 protein, secreted 

by murine RAW264.7 and human-circulating macrophages, which represents a limitation in 

the quantification by ELISA of this signaling molecule (Fig. 6b and 7d). In fact, using the 

same protocol to generate the active form of TGF-1, its secretion by murine and human 

macrophages was detected after 24 h of culture with scaffolds (Fig. S4).    

 

Figure 7 
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4. Discussion 

An incorporation of bioactive molecules or a promotion of crosslinking in 

decellularized matrices offer a chance to enhance the physical and/or the biological 

performance by routes involving optimization of surface chemistry, regulation of 

biodegradation or controlled releasing of bioactive agents. Silica and its related degradation 

products impact the cell behavior which has shown some benefits for tissue engineering 

applications, for instance in the wound healing of chronic skin wounds 
14

 and in osteogenic 

differentiation of stem cells.
9-13

 In the present study, we reported the functionalization of 

crosslinked or non-crosslinked ECM scaffolds with particulate silica by 

hydrolysis/polycondensation of sodium silicate, and the release of certain soluble signaling 

molecules by macrophages when cultured in the presence of scaffolds functionalized with 

silica. 

The neutralization of sodium silicate solution induces the gelation typically rather 

quickly by a single step process. After neutralization of Na4SiO4 solution with HCl, the 

polymerization of orthosilicic acid in presence of ECM materials allowed a homogenous 

incorporation of silica hydrogel as result of the formation of colloidal silica into aggregates. 

Silica aggregates occupied interstitial spaces of decellularized pericardial matrix. Another 

important point to mention is that ECM materials containing silica hydrogel served as a 

template in the generation of silica material that mimics the microstructure of fibrous tissue 

because of the polymerization of silica during the calcination (Fig. 1g-1i). On the other hand, 

the freeze-drying of ECM materials containing silica hydrogel induced the deposition of silica 

particles onto the fibrous collagen (Fig. 1d-1e). The oligourethane/ECM and ECM materials 

functionalized with silica particles were chosen to investigate the effect of silica on the 

stability, in vitro degradation and macrophages response.  

The increase of the ECM scaffold stability, as evidenced by the increases of collagen 

denaturation temperature (Fig. 2a), the decreases of free collagen-amines (Fig. 2b) and the 
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resistance to collagenase degradation (Fig. 3a), was produced by the crosslinking with 

oligourethane and was not affected by the incorporation of particulate silica. The silica inside 

interstitial spaces in the ECM material can confer an enhanced water uptake process in silica-

ECM scaffolds (Fig. 3a). By contrast, for crosslinked-ECM scaffolds, the reduced interstitial 

spaces can hinder the water uptake (Fig. 3a-3b). All these results indicated an effective 

incorporation of silica into the ECM scaffolds both, non-crosslinked and oligourethane-

crosslinked.  

To have a first idea of the effect of the silica incorporation into the ECM scaffolds on 

biocompatibility, we measured the viability of dermal fibroblast and RAW264.7 macrophages 

cultured on scaffolds. The cells adhered and viable onto silica-ECM scaffolds were revealed 

by SEM micrographs (Fig. 4a-4b and 4d-4e) and MTT reduction assay, respectively. The drop 

of the viability of cells after crosslinking (Fig. 4c, 4f) can be induced by a masking of focal 

adhesion sites on the collagen network of the decellularized scaffolds. In addition, a drop in 

the viability of cells was observed on scaffolds functionalized with silica compared to silica-

free scaffolds (Fig. 4c, 4f). The impact of silica on viability of macrophages and fibroblasts 

can be a result of the interaction between cells and particles on the ECM material. The silica 

particles and its dissolution products after internalization can disturb the networks that 

maintain homeostasis during proliferation, differentiation, and apoptosis.
 47

 The reactive 

oxygen species generated in cells stimulated with different particles is considered a major 

factor in particle-induced cytotoxicity.
 47-48

 

In previous studies, it has been reported that silica biomaterials are able to modify the 

cell behavior.
 6,29-30

 Hence, silica-ECM hybrid scaffolds is a suitable platform to characterize 

the cellular response to biocomposites that release silicon species. Macrophages are cells of 

the innate immune system with a dominant effector activity in the injury site after biomaterial 

implantation.
 38

 Cross-talk between immune cells activates macrophages after which, they 

release a variety of signaling molecules. Signaling molecules secreted by macrophages such 
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as cytokines (as interleukins), growth factors (as b-FGF, VEGF), TGF-1 and TNF- 

influence the development of other cell types.
 44-45

 In fact, the profile of signaling molecules 

secretion is commonly evaluated to study the polarization of the macrophage response from 

an inflammation and tissue injury process to a repair process 
36

 or to study angiogenesis and 

scaffold vascularization.
 45

  

Macrophages showed the ability to proliferate on all scaffolds, including those that 

contain particulate silica (Fig 5a, 5b, 6a and 7a). The secretion of growth factors by 

RAW264.7 macrophages in a sustained manner (Fig. 6b-6d) and interleukins by human 

macrophages in up-regulated manner (Fig. 7b-7e) when cells were cultured with silica-ECM 

scaffolds suggests that silica debris induces the activation of macrophages. Debris of the silica 

particles incorporated on ECM scaffolds can be internalized by macrophages, as previously 

reported after culture of HepG2 epithelial-like cells 
49

 and human endothelial cells 
50

 with 

silica nanoparticles. An internalization of silica compounds by macrophages can further 

influence signaling pathways to increase the production of signaling molecules. The 

macrophages activation with silica nanoparticles has been promoted to assist the DNA 

vaccination in the treatment of infectious diseases. 
24

 The interaction of stem cells with silica 

nanoplatelets has induced the osteogenic differentiation.
 51

 Since the hydrolysis of silicate 

materials occurs in aqueous solution under mild conditions, biodegradation products of silica 

can be related with the impact of silica on cell response. Porous sol–gel silica particles have 

been biodegraded in culture media 
52

 and under physiological flow conditions 
53

 by hydrolysis 

or dissolution to form orthosilicic acid, Si(OH)4.
 54

 In fact, stimulation of human skin cells 

guided by the release of high molecular weight decomposition products from silicon-based 

biodegradable inorganic material has been related with the regulation of wound healing.
 14

 

The incorporation of silica into biodegradable scaffolds has proven to be an effective strategy 

to induce the formation of hydroxyapatite on scaffolds 
10,55

 while allows the growth of 

osteoblasts and moderate release of H2O2 by macrophages.
 10

 A rapid and robust angiogenic 
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response in a quail chorioallantoic membrane model has been supported by collagen films 

functionalized with bioglass that contain silicon.
 35

 The in vitro cytotoxicity and expression of 

pro-inflammatory cytokines by macrophages has been reduced by stimulation with 

mesoporous silica nanoparticle unlike colloidal silica nanoparticles.
 56

 Along with these 

previous findings, stimulation of macrophages induced by silica particles in situ deposited 

onto the ECM network can be explored in the in vitro strategies that combine cell co-culture 

44,57
 or exogenous stimulating factors 

45,58-59
 in order to promote the biological response to 

ECM biomaterials in different tissue engineering applications. Considering that bone-related 

cell lines have showed responsiveness towards silica to maintain the morphogenetic stimuli of 

silica on 2D or 3D cultures 
60-61

, the series of silica-decellularized tissue composites can offer 

a suitable template for enhanced osteogenic potential while the in vivo biodegradation is 

adjusted by the crosslinking, which is a subject of ongoing research. 

5. Conclusions 

Particulate silica was effectively incorporated into the decellularized tissue scaffolds 

either non-crosslinked or crosslinked by isocyanate chemistry. The stability and water uptake 

of the biocomposites were reliant on crosslinking but were not reliant on the incorporation of 

silica. Murine RAW264.7 macrophages cultured on ECM materials crosslinked with 

oligourethane and functionalized with silica were able to secrete b-FGF, TGF-1 and VEGF. 

Secretion of growth factors by RAW264.7 macrophages after 6 h of culture on scaffolds 

containing silica was lower but it was sustained for 24 h as compared to cells cultured on 

silica-free materials. The secretion of IL-6, IL-10 and TNF- by human macrophages was 

increased with the presence of scaffolds containing silica and it was decreased in a time-

dependent manner from one to four days of culture.  
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Figure captions: 

Figure 1. a) Content of silica, oligourethane(PU)/ECM or ECM material and water for 

biocomposites (n=4). Representative b) photographs (after freeze-drying), c)ATR-FTIR 

spectra, d) and e) SEM micrographs, f) photographs (after dry 60°C), g) photographs (after 

calcination 800°C) of the biocomposites. Representative h) EDX spectrum and i) SEM 

micrograph of silica material (see Fig. 1g) that remains calcination process.  

Figure 2. a) DSC thermographs and b) free ECM material-amines for hydrated materials: 

ECM ˗ uncrosslinked materials, ECM/PU ˗ materials crosslinked with oligourethane, Si ˗ 

materials functionalized with particulate silica; n=3; statistically significant differences for 

marked groups. 
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Figure 3. Water uptake /degradation behavior evaluated by means of loss/gain of mass in the 

presence of a) collagenase type I and b) DMEM medium for the freeze-dried materials: ECM 

˗ uncrosslinked materials, ECM/PU ˗ materials crosslinked with oligourethane, Si ˗ materials 

functionalized with particulate silica; n=3. 

Figure 4. Representative SEM micrographs of RAW264.7 macrophages seeded on a) ECM 

scaffolds and b) silica-ECM scaffolds and fibroblasts seeded on d) ECM scaffolds and e) 

silica-ECM scaffolds. Viability of c) macrophages and f) fibroblasts assessed by MTT 

reduction by cells on freeze-dried materials (ECM ˗ uncrosslinked materials, ECM/PU ˗ 

materials crosslinked with oligourethane, Si ˗ materials functionalized with particulate silica) 

and polystyrene wells after 24 h of culture. 100% represent viability of cells proliferating on 

polystyrene wells free of materials; n=4. 

Figure 5. Viability of a) RAW264.7 macrophages and b) human macrophages assessed by 

MTT reduction by cells on freeze-dried materials (ECM ˗ uncrosslinked materials, ECM/PU ˗ 

materials crosslinked with oligourethane, Si ˗ materials functionalized with particulate silica). 

Control ˗ cells proliferating on polystyrene wells free of materials; n=4; statistically 

significant differences for all marked groups. 

Figure 6. a) Representative fluorescent micrographs for RAW264.7 macrophages 

proliferating for 6 and 24 h on freeze-dried materials. Growth factor secretion analysis from 

RAW264.7 macrophages for b) TGF-1, c) b-FGF and d) VEGF after 6 and 24 h of culture 

on freeze-dried materials (ECM ˗ uncrosslinked materials, ECM/PU ˗ materials crosslinked 

with oligourethane, Si ˗ materials functionalized with particulate silica). Control ˗ cells 

proliferating on polystyrene wells free of materials; n=3; statistically significant differences 

for all marked groups. 

Figure 7. a) Representative fluorescent micrographs for human peripheral blood derived 

macrophages proliferating for 1, 2 and 4 days on freeze-dried materials. Cytokine secretion 
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analysis from human macrophages for b) TNF-, c) IL-6, d) TGF-1, d) IL-10 after 1, 2 or 4 

day of culture on freeze-dried materials (ECM ˗ uncrosslinked materials, ECM/PU ˗ materials 

crosslinked with oligourethane, Si ˗ materials functionalized with particulate silica). Control ˗ 

cells proliferating on polystyrene wells free of materials; n=3; statistically significant 

differences for all marked groups. 
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