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A B S T R A C T   

Bone tissue engineering has risen to tackle the challenges of the current clinical need concerning bone fractures 
that is already considered a healthcare system problem. Scaffold systems for the repair of this tissue have yielded 
different combinations including biomaterials with nanotechnology or biological agents. Herein, three- 
dimensional porous hydrogels were engineered based on gelatin as a natural biomaterial and reinforced with 
synthetic saponite nanoclays. Scaffolds were biocompatible and shown to enhance the inherent properties of 
pristine ones, in particular, proved to withstand pressures similar to load-bearing tissues. Studies with murine 
mesenchymal stem cells found that scaffolds had the potential to proliferate and promote cell differentiation. In 
vivo experiments were conducted to gain insight about the ability of these cell-free scaffolds to regenerate bone, 
as well as to determine the role that these nanoparticles in the scaffold could play as a drug delivery system. SDF- 
1 loaded scaffolds showed the highest percentage of bone formation, which was corroborated by osteogenic 
markers and new blood vessels. Albeit a first attempt in the field of synthetic nanosilicates, these results suggest 
that the designed constructs may serve as delivery platforms for biomimetic agents to mend bony defects, cir
cumventing high doses of therapeutics and cell-loading systems.   

1. Introduction 

Bone fractures are already considered a problem for the global health 
system. A recent study has shown that since 1990 there has been an 
increase in new bone fractures as well as in long-term symptoms, 33,4 % 
and 70 %, respectively and it is expected to reach 23 % in 2030 [1,2]. 

In this sense, tissue engineering aims to address this worldwide 
concern by combining materials, engineering and biology science [3,4]. 
Specifically, bone tissue engineering (BTE) is focused on designing 
scaffolding systems (scaffolds, hydrogels, nanoparticles) to repair bone 
damaged area [5–7]. In the attempt to design a system to resemble this 
tissue in the best possible embodiment, merging new approaches- such 
as, nano and microengineering, bioprinting or freeze-drying- with the 
biomaterials used so far, has helped to generate systems ranging from 
drug or cell release systems to smart systems [8,9]. The latter are 

stimuli-responsive constructs that respond to changes in pH or temper
ature, for instance, and make them better mimic native tissue and 
possible variations that may happen in the tissue over time [10,11]. 

Among other biomaterials, gelatin has been extensively employed in 
tissue engineering area [12–17]. This collagen-derived natural polymer 
is mainly obtained from mammals, which allows to be properly inte
grated into the living organism. This confers properties such as good 
biocompatibility, biodegradability and low toxicity. In addition, RGD 
sequences in its chains can help cell adhesion, proliferation and differ
entiation [18]. Moreover, it is easy to handle and economical, making it 
an ideal composite for tissue engineering. 

When it comes to BTE, this biomaterial is widely used because its 
precursor, collagen, is the main component of the organic part of this 
tissue [19]. However, as gelatin is thermosensitive, its chains usually 
have to be crosslinked to constitute gel form [12,13]. The latter is a key 
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step that occasionally can be challenging, and it may prevent gelatin 
from being a part of injectable system. Nonetheless, studies have 
demonstrated that adding functional groups to this polymer, such as, 
methacrylated groups can reduce crosslinking time as well as increase 
injectability [20,21]. 

Unfortunately, most of gelatin-based systems lack of consistency to 
support bone regeneration. To overcome that issue, different alterna
tives have been explored. Adding inorganic particles- such as hydroxy
apatite or calcium- to hydrogels have resulted in better mimicking bone 
tissue [12,22]. Latest trends are shifting towards nanoparticles, nano
clays among others. 

Nanoclays turn out to be nanosized silicates with Ag, Mg within their 
two-dimensional structure. These complex constructions are capable of 
both reinforcing already designed scaffolds and repairing bone regen
eration by means of the array minerals these nanomaterials contain in 
their network [23–25]. Extensive studies described the osteoregenerat
ing capacity of laponite and montmorillonite nanoclays [23,26]. Still, 
there are others that are less frequently reported. A recent study has 
examined an array of nanoclays for bone regeneration purposes and 
among them was synthetic saponite [27]. 

In the direction of gathering more information and acquiring 
knowledge about this synthetic nanosilicate, the present work in
troduces novel nanoreinforced scaffolds with gelatin for bone tissue 
engineering purposes. To accomplish the latter, saponite derived syn
thetic nanoclay (Sumecton) has been incorporated to enzymatically 
crosslinked gelatin network. Scaffolds were characterized in terms of 
swelling, degradation and protein adsorption capability. Culturing mu
rine bone-marrow derived mesenchymal stem cells (mBM-MSCs) on top 
of fabricated hydrogels determined biological potential of matrices. 
Ultimately, in vivo studies displayed the capacity for hydrogels to 
regenerate bone defects. 

2. Materials and methods 

2.1. Materials 

Bovine skin derived gelatin (Type B, ~225 g Bloom), Cell Counting 
Kit-8 (CCK-8), collagenase P from Clostridium hystoliticum, bovine serum 
albumin (BSA), p-nitrophenyl phosphate (pNPP), calf intestinal alkaline 
phosphatase (CIAP), dexamethasone, ascorbic acid and β-glycer
ophosphate were acquired from Sigma Aldrich, Spain. Ajinomoto Foods 
Europe (France) provided microbial Transglutaminase (100 U/g) and 
Sumecton SA nanoclay from Kunimine Industries CO., Ltd., Japan. 
Mouse fibroblast L-929 cell line, culture media Dulbecco's Modified 
Eagle's Medium (DMEM 30-2002) and Eagle's Minimum Essential Me
dium (EMEM 30-2003) were purchased at ATCC (Spain). Phosphate 
Buffered saline (PBS), Trypsin, fetal bovine serum (FBS), Penicillin- 
Streptomycin solution, Pierce™ BCA Protein Assay Kit, LIVE/DEAD® 
kit and 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium 
(BCIP/NBT) were acquired from Fisher Scientific (Spain). TRIsureTM 
and SensiFAST Probe Hi-ROX Mix reagents were purchased from Bio
line, recombinant mouse SDF1 alpha protein (SDF-1) from Abcam and 
human bone morphogenetic protein-2 (BMP-2) from GenScript. 

2.2. Preparation of nanoreinforced gelatin-Sumecton scaffolds 

Gelatin-based three-dimensional (3D) scaffolds were fabricated as 

previously described by Echave et al. [13]. In brief, 10 % w/v gelatin 
solution was prepared and for that, gelatin (1 g) was dissolved in 
distilled water at 40 ◦C over 1 h in continuous agitation. Concurrently, 
enzyme solution (100 mg/mL) was prepared with 20 U/g gelatin activity 
microbial transglutaminase and distilled water. To reinforce the solu
tion, varying quantities of Sumecton were added (Table 1). 

Gelatin dispersions with or without Sumecton were blended with 
enzyme solution and briefly homogenized under magnetic stirring, 
subsequently transferred to 100 mm Petri dishes and kept at 4 ◦C for 1 h 
to completely crosslink them. Resulting hydrogels were composed of 
gelatin (10 % w/v) and 20 U/g gelatin enzyme was used to obtain 
completed crosslinked systems. Hydrogels were then punched to create 
3D cylindrical scaffolds of the chosen size. The constructs were soaked in 
ethanol (70 % v/v) for 15 min, followed by several washes with PBS to 
rests of ethanol. Samples were subsequently frozen at − 80 ◦C, then 
lyophilized. 

2.3. Swelling behavior and degradation performance 

Swelling phenomena of engineered scaffolds was ascertained in PBS 
at 37 ◦C under continuous stirring (300 rpm). An initial dried weight of 
each sample was determined before their immersion in PBS. At the end 
of each period of time (1, 2, 5, 10, 15 and 30 min, 1, 2, 7, and 24 h) the 
wet sample weight was acquired, after the excess of the surface liquid 
was removed. The swelling ratio was estimated according to Eq. (1): Ws 
is the wet sample weight and Wo refers to the initial dry weight on the 
same sample. 

Swelling Ratio = (Ws − Wo)/Wo (1) 

Tests for hydrolytic and enzymatic degradation were carried out to 
simulate the behavior of the samples in physiological environment. At 
the hydrolytic degradation experiment, scaffolds were initially soaked in 
PBS up to the swelling equilibrium (2 h) and subsequently weighed. On 
this basis, the baseline was set as the initial weight and the samples were 
then placed in PBS and incubated at 37 ◦C for 21 days. After completion 
of the incubating period, samples were withdrawn and each sample's 
weight was registered. Degradation ratio was calculated by weighing the 
remnant samples. In the enzymatic degradation assay, samples were 
submerged in 0.02 % collagenase P mixture (w/v). Protein concentra
tion was ascertain in every time point (5, 15, 30 min and 1, 4 h). After 
total degradation of the prototypes, the total amount of protein found in 
the supernatant was also quantified using commercially available kits, 
as instructed by the supplier. 

2.4. Protein adsorption studies 

In this study, lyophilized scaffolds were hydrated in PBS and 
weighed prior to assay. Hydrogels were soaked during 24 h in 37 ◦C in 1 
mg/mL BSA mixture with steady stirring and washed several times to 
remove all unbound BSA. 2 % sodium dodecyl sulfate solution (SDS, 
Sigma-Aldrich) removed all protein. Then, BSA concentration of each 
scaffold was measured by MicroBCA™ assay (Thermo Scientific) 
following manufacturer's protocol. Results are expressed in μg of 
absorbed BSA for mg of hydrogel. 

2.5. Physicochemical characterization 

2.5.1. Chemical composition: Fourier Transform Infrared (FTIR) 
spectroscopy and X-ray powder diffraction (XRD) analysis 

FTIR spectroscopy determined the chemical arrangement of freeze- 
dried hydrogels. All samples were recorded with the FTIR spectrom
eter (PerkinElmer Spectrum 100) in the 4000–500 cm− 1 range with 16 
scans at a resolution of 4 cm− 1 and registered on attenuated total 
reflection. Collected spectra was adjusted to baseline and normalized 
with PerkinElmer Spectrum software. 

XRD analysis of the freeze-dried samples was conducted with a X-ray 

Table 1 
Gelatin-Sumecton reinforced scaffolds composition.   

Gelatin % (w/v) Microbial transglutaminase Sumecton % (w/v) 

SUM0 10 100 mg/mL  0 
SUM0.5  0.5 
SUM1  1 
SUM2  2  
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diffractometer (HUBER G670, Germany). Cu monochrome X-ray tube 
and a Cu secondary X-ray tube were provided in the diffractometer. Scan 
was completed in the range 2θ of 10–80◦ at 0.005◦ step size. The sealed 
tube X-ray generator was operated at the following conditions: 40 kV, 
40 mA and Cu Kα1 radiation was provided at a 1.54056 Å wavelength. 

2.5.2. Scanning electron microscopy (SEM) 
SEM served to ascertain the porous structure of designed scaffolds. 

After lyophilizing hydrogels, they were cross-sectioned and gold sput
tered (10 nm). Acquisition of images was performed at 5 kV accelerating 
voltage with Quanta FEG 250 (ESEM). Pore size and porosity were 
measured by ImageJ. Mineral formation within the scaffolds was also 
determined by SEM 5 weeks post-incubation. SEM analysis was per
formed under the same conditions as aforementioned. 

2.5.3. Mechanical compressive properties 
The mechanical performance of the engineered constructs was 

evaluated with Instron (model 5967, U.K.). Compression tests were 
performed using a load cell of 50 N at 0.5 mm/min compression speed. 
Prior to testing, the cylindrical scaffolds (8 mm diameter and 2 mm in 
depth) were immersed in PBS for 24 h and, before compression, the 
height and diameter of the designed scaffolds were measured with a 
Vernier caliper. The elastic modulus of scaffolds was estimated using the 
slope of the stress-strain curve in the 15–25 % strain region and ultimate 
stress was determined as maximum stress. The area under the stress- 
strain curve was used to calculate toughness. 

2.6. Biocompatibility study 

Mice-derived L-929 fibroblasts were cultured in EMEM 30-2003 
medium complemented with 10 % FBS (v/v) and 1 % penicillin- 
streptomycin (v/v). Cell cultures were incubated at 37 ◦C with 5 % 
CO2 and humidified-controlled environment and cell division was 
regularly performed when cells achieved confluence. Cell compatibility 
of the designed scaffolds was evaluated as described by Echave et al. 
[13], according to ISO 10993 guideline (Biological evaluation of medi
cal devices guideline: cytotoxicity on extracts and cytotoxicity by direct 
contact). Cytotoxicity caused by direct interaction between cells and 
scaffold as well as non-direct toxicity were both evaluated by assessing 
the metabolic cell activity by means of colorometric assay (CCK-8 
assay). 100 % viability was defined as the metabolic activity of cells that 
were not in contact with either the target scaffolds or the extracts. 

2.7. Cell studies: murine bone-marrow derived mesenchymal stem cells 
(mBM-MSCs) 

mBM-MSCs expansion was carried out in complete basal medium 
consisting of DMEM complemented with 10 % (v/v) FBS and 1 % (v/v) 
penicillin/streptomycin. Cell culture was executed in a controlled air (5 
% CO2) at 37 ◦C. The division of cells was conducted after they achieved 
confluence and all cellular studies were performed with cells at passage 
8–10. 

Prior to seeding the cells on the surface of the 3D platforms, every 
scaffold was subjected to ultraviolet light during 15 min and hydrated 
with culture medium overnight. Hydrated 3D constructs were set in 
wells and seeded 105 mBM-MSCs on the top of each scaffold. Thereafter, 
scaffolds were incubated in the CO2- enriched incubator over 1.5 h 
followed by the addition of complete basal medium or bone-conditioned 
medium (supplemented with 0.5 μM dexamethasone, 200 μM ascorbic 
acid and 10 mM β-glycerophosphate) in every well. During tests, cell 
culture media was replaced at 2–3 days interval. 

2.7.1. Cell viability study 
Cell-viability was determined by MACSQuant Analyzer flow cytom

eter (Miltenyi Biotec) on days 1 and 8 post-seeding. After staining cells 
with Live/Dead kit, cells were fixed (4 % formaldehyde solution) for 30 

min. Scaffolds were degraded with collagenase P solution 0,1 % (w/v). 
Centrifugations allowed the separation of the biomaterial from cells, 
which were then measured by the flow cytometer. 

Quantitative data of cell viability was further complemented with 
microscopical images with Live/Dead viability kit following guidelines 
was tested in gelatin-based scaffolds. After 8 days of cell-seeding four 
samples per prototype were evaluated (SUM0, SUM0.5, SUM1). A so
lution of Calcein-AM and ethidium served to dye viable and non-viable 
cells, respectively. Microscope fluorescence images were acquired with 
the Nikon TMS inverted microscope. 

2.7.2. Osteogenic studies 

2.7.2.1. Alkaline phosphatase (ALP): activity and staining. ALP-secreted 
from cells was assessed weekly with a spectrophotometer for 21 days. 
Intracellular enzyme activity was determined at pH 9.3 by means of 
pNPP hydrolysis. A formulation based on CIAP together with 0.2 % (w/ 
v) pNPP served as standard curve and mixed with the samples. As a final 
step, the reaction was stopped by a 3 M NaOH solution and absorbance 
at 405 nm was measured. At the final stage, cell-seeded were stained 
with BCIP/NBT mixture. After rinsing the constructs with PBS three 
times, samples were light-protected with the solution and incubated at 
RT over 2 h. The excessive amount of dye was then removed from 
scaffolds with PBS and observed under brightfield employing Nikon 
AZ100 microscope. 

2.7.2.2. Gene expression approach. Reverse transcription-quantitative po
lymerase chain reaction (RT-qPCR) analysis. After obtaining RNA from 
mBM-MSCs by TRIsure reagent, High-Capacity cDNA Reverse Tran
scription Kit (Applied Biosystems) was employed to reversely tran
scribed 2 μg of total RNA and obtain complementary DNA (cDNA). 
SensiFAST Probe Hi-ROX Mix completed quantitative real-time PCR 
(StepOnePlus™ Real-Time PCR System). Genes were analyzed with 
Taqman 5′ - nuclease probe method (Applied Biosystems) and normal
ized with Glyceraldehyde-3-Phosphate Dehydrogenase (GADPH). Fold- 
change expression was estimated by the 2-ΔΔCt. 

2.8. In vivo studies 

Animal studies were conducted following the European Directive 
(2010/63/UE) on Care and Use of Animals in Experimental Procedures. 
Ethics Committee for Animal Care of the University of La Laguna 
(CEIBA2014-0128) approved in advance all mice procedures. Surgeries 
were executed under isoflurane anesthesia. Before incision, analgesia 
was administered: subcutaneous 0.05 mg/kg buprenorphine and 70 mg/ 
kg paracetamol in drinking water, over 3 post-surgery days. After post- 
operative recovery, animals were allowed free movement, food and 
water. 

Overall, in vivo studies were performed with SUM1 scaffolds. For this 
purpose, animals were divided into following groups: blank scaffolds, 
scaffolds loaded with BMP-2 (600 ng) or SDF-1 (1 ng) and scaffolds 
containing BMP-2 and SDF-1 (Fig. 9a). 

2.8.1. Animal surgery 
Animals underwent surgery with the purpose of causing calvaria 

bone tissue defect. Surgery was performed under general anesthesia 
with isoflurane and mice body temperature was controlled by a heated 
platform at 37 ◦C. Afterwards, scaffolds containing different treatments 
were embedded. Concisely, using a biopsy punch, a circular area of 4 
mm was formed in the calvaria bone. A 4 mm circular transosseous 
defect was then composed with a trephine bur [28]. Scaffolds were 
placed into defects and skin was stapled on each animal. Eight weeks 
after the implantation animals were sacrificed via CO2 inhalation and 
calvaria were extracted. 
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2.8.2. Histology, histomorphometry and immunohistochemistry 
To ascertain the potential of the scaffolds at regenerating the pre- 

created critical size defect, extracted samples were histologically 
analyzed as earlier explained [29]. In brief, samples underwent fixation 
with 4 % paraformaldehyde solution, decalcification using Histofix® 
Decalcifier (Panreac, Barcelona, Spain) and dehydratation by using 
graduated ethanol series Finally, samples were fixed in paraplast®. Each 
sample was sectioned longitudinally in 5 μm thick sections with a 
microtome (Shandon Finesse 325) and then dyed with hematoxylin- 
erythrosin to analyze newly formed bone. VOF trichrome dye assessed 
bone mineralization: red and brown tie denotes late-stage mineraliza
tion, while, less mineralized and new bone is dyed blue [30]. Sections 
were examined under light microscopy (LEICA DM 4000B) and analyzed 
then with computer based image analysis software Leica Q-win V3 Pro- 
image Analysis System (Barcelona, Spain). A region of interest (ROI) was 
defined within the lesion (12.5 mm2) for quantitative assessment of new 
bone growth. Neoformation of the bone was calculated as a percentage 
of repair in comparison to the original defect area within the ROI. 

As for immunohistochemical analysis, sections had to be depar
affined and rehydrated in Tris-buffered saline (TBS) (pH 7.4, 0.01 M 
Trizma base, 0.04 M Tris hydrochloride, 0.15 M NaCl), used for subse
quent incubations and rinsing. Antigen retrieval was performed by 
incubating the sections in citrate buffer (pH 6) at 90 ◦C and hydrogen 
peroxide (0.3 %) for 20 min. Sections were blocked with 2 % FBS in 
TBS–0.2 % Triton X-100 (blocking buffer) after rinsing. For indirect 
assay sections were incubated with collagen type I (Col I) and osteo
calcin (OCN) polyclonal antisera (1/100) (Millipore, Barcelona, Spain) 
in blocking buffer at 4 ◦C and overnight. 

These sections underwent three washes and then incubation with 
biotin-SP-conjugated donkey anti-rabbit F(ab) fragment (1/500) (Mil
lipore, Barcelona, Spain). Subsequently, sections were rinsed to incubate 
in peroxidase-conjugated streptavidin (1/500) (Millipore, Barcelona, 
Spain) through 1 h. Peroxidase activity was determined by Tris–HCl 
buffer (0.05 M, pH 7.6) comprising 0.005 % of 3.3′ diaminobencidine 
(Sigma, Poole, UK) and 0.01 % hydrogen peroxide. The specific anti
serum was substituted with standard serum to determine the specificity 

of the reaction. 
COL I and OCN staining were evaluated by ImageJ (NIH, Bethesda, 

MD) computer-based image analysis software. A set threshold within the 
ROI served to select positive staining and measure OCN and COL I 
staining. Pixel-positive regions were divided by the total surface size 
(mm2) of the ROI and normalized with blank scaffolds. Values were 
reported as relative staining intensities. 

The density of blood vessels together with the surface area of vessels 
within the ROI determined neovascularization. For that, an anti-CD34 
monoclonal antibody (1/50) (DAKO, Barcelona, Spain) during the 
night at 4 ◦C in blocking solution marked the sections. Then, they were 
rinsed up to three times prior to 1 h incubation in blocking buffer with 
biotin-SP-conjugated donkey anti-rabbit F(ab) fragment (1/500). Sub
sequently, sections were rinsed to incubate in peroxidase-conjugated 
streptavidin (1/500) through 1 h. Peroxidase activity was ascertained 
by Tris–HCl buffer (0.05 M, pH 7.6) containing 3.3′ diaminobencidine 
(0.005 %) and hydrogen peroxide (0.01 %). Substituting the specific 
antiserum with normal one corroborated the reaction specificity. To 
express blood vessel density, absolute values were employed and vessel 
surface area (mm2) was measured based on the quantitative assessment 
of ROI. 

2.9. Statistical analysis 

Analysis of statistical data was concluded with SPSS.25 software. 
Shapiro-Wilk test estimated normal distribution of the data. Data 
following a normal distribution were tested by one-way ANOVA to 
analyze the differences between the groups. For multiple comparisons, 
Tukey post-hoc test was employed. In all cases, p-values <0.05 were 
assumed to be significant, and displayed following the symbols of the 
graphs. All results are presented as mean ± standard deviation. 

3. Results and discussion 

Sumecton-reinforced 3D scaffolds were fabricated by enzymatic 
crosslinking and freeze-drying. While the organic section constituted an 

Fig. 1. Characterization of gelatin-Sumecton based scaffolds. (a) Macroscopical images of lyophilized 3D scaffolds. Scale bar = 5 mm. (b) Swelling profile and 
swelling ratio after 24 h of hydration. (c) Hydrolytic degradation profile. 
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Fig. 2. Characterization of gelatin-Sumecton based scaffolds. (a) Combinatorial heat diagram of protein concentration after enzymatic degradation. (b) Protein 
adsorption study. Statistical significance: *p < 0.05, **p < 0.01, *** p < 0.001. 

Fig. 3. Chemical and biomechanical studies. (a) Fourier transform infrared (FTIR) spectra of fabricated scaffolds. (b) X-ray diffraction (XRD) patterns. (c) Scanning 
electron microscopy (SEM) representative images. Scale bar = 200 μm. Statistical significance: *p < 0.05. 

I. Lukin et al.                                                                                                                                                                                                                                    



International Journal of Biological Macromolecules 249 (2023) 126023

6

enzymatically cross-linked gelatin network, the inorganic nanoclay- 
based interface was evaluated. Gradual incorporation of Sumecton 
into gelatin-based hydrogels led to up to four levels of reinforcement and 
four distinct approaches (SUM0, SUM0.5, SUM1, SUM2) (Fig. 1a). 
Initially, principal characteristics of the designed scaffolds were 
analyzed and, subsequently, shortlisted the foremost candidates to be 
further evaluated in cell and animal studies. 

Table 2 
Pore size and porosity of engineered scaffolds.  

Scaffold type Pore size (μm) Porosity (%) 

SUM0 100.00 ± 17.16  68.33 
SUM0.5 81.17 ± 7.47  47.43 
SUM1 60.33 ± 12.89  42.76 
SUM2 48.29 ± 18.35  29.81  

Fig. 4. Biomechanical study. Compressive stress-strain curve, elastic modulus, ultimate stress and toughness. Statistical significance: *p < 0.05.  

Fig. 5. Cell-scaffold interaction. (a) Biocompatibility test by direct contact and extracts. (b) Quantification of cellular viability in respective scaffolds after 8 days of 
culture by flow cytometry. (c) Live/Dead staining after 8 days of cell culture. Scale bar = 200 μm. Statistical significance: **p < 0.01. 

I. Lukin et al.                                                                                                                                                                                                                                    



International Journal of Biological Macromolecules 249 (2023) 126023

7

3.1. Swelling ability, degradation profile and protein adsorption 

Swelling properties of freeze-dried scaffolds were determined 
following a previously employed formula (Eq. (1)). Wettability is 
essential to achieve favorable absorption of body fluids and nutrients as 
well as metabolites transference. Besides, swelling capability provides 

insight into the potential interaction between systems and surroundings, 
yet it needs to be closely regulated to not provoke a fast degradation 
[31]. Incorporation of nanoclays did not have any impact on swelling 
kinetics and scaffolds were totally hydrated in 2 h. Yet, not all scaffolds 
had the same swelling capacity. Thus, after 24 h of hydration, the 
swelling ratio was inversely proportional to the nanoclay concentration 
(Fig. 1b). Specifically, there is a statistically significant reduction of 
swelling ratio between control and SUM2. This data is consistent with 
recently described research in which swelling ratio of reinforced gelatin- 
based scaffolds diminished with higher nanoclay concentration [32]. 

A temporary construct that supports new tissue ingrowth while its 
degradation is synchronized with the process of regeneration remains a 
critical concern. Therefore, biodegradability is regarded to be one of the 
foremost desired attributes that a system designed for bone tissue 
regeneration is expected to exhibit [33]. All formulations happened to 
be stable within 21 days under hydrolytic environment (Fig. 1c). Those 
reinforced with Sumecton showed lower degradation, which confirmed 
the capability of nanoclays to form a solid and stable network with 
gelatin [34]. However, as 3D hydrogels were placed in an enzyme-rich 
buffer for better simulating the in vivo milieu, upon 4 h samples were 
completely degraded. Yet, the amount of protein quantified in the su
pernatant, due to hydrogel degradation, decreased with increasing 
Sumecton concentration (Fig. 2a). This phenomenon verifies the ability 
of nanoclays to create stiffer and more rigid scaffolds, which may un
dergo less degradation in an enzymatic environment [35,36]. 

In addition to proper micro- and nanostructure, scaffolds for bone 
tissue engineering must exhibit suitable protein adsorption perfor
mance. The interaction with the native surrounding medium occurs 
along with protein adsorption after implantation of a tissue-engineered 
system [37]. The latter has the potential to promote cell-scaffold in
teractions, which ultimately results in improved cell adhesion, viability 
and proliferation [37,38]. In the present work, SUM2 scaffold demon
strated a favorable and statistically significant capability to absorb 
proteins as compared to SUM0 (Fig. 2b), a fact that may derive from the 
electrostatic linkages between Sumecton and proteins [39]. 

Fig. 6. Osteogenic commitment of murine bone-marrow derived mesenchymal stem cells (mBM-MSCs). (a) Alkaline phosphatase (ALP) representative staining 
images. Scale bar = 500 μm. (b) ALP activity secreted by mBM-MSCs after 1, 2 and 3 weeks of culture in normal media (− ) and differentiation media (+). (c) Gene 
expression of osteogenic markers (Runx2 and Col1a1) at day 0 and 5 days post-incubation with scaffolds in normal media (M− ) and differentiation media (M+). 

Fig. 7. SEM images of scaffolds after 5 weeks of incubation. Scaffolds at day 
0 (day 0); after the incubation period in normal and differentiation media (M−

and M+, respectively). Fabricated hydrogels after being in contact with cells in 
the determined period in normal and differentiation media (M− cells and M+

cells, respectively). Scale bar = 200 μm. 
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3.2. Determination of microstructure and elemental composition 

Chemical interaction of gelatin network during the enzymatic 
crosslinking and interaction of silicate-derived materials into 3D the 
gelatin network were evaluated using FTIR and XRD. The existence of 
Sumecton was corroborated by FTIR spectra as shown in Fig. 3a. All 
scaffolds confirmed previously described gelatin characteristics bands in 
1040 (C-O-C stretching), 1545 (Amide II) and 3306 (Amine peak) cm− 1 

[12]. In addition, silicate band (Si–O) was observed at 1025 cm− 1 in 
these composite scaffolds. Reinforcement with Sumecton led to higher 
peak in the stretching vibration C-O-C. XRD analysis of pure Sumecton 
(Fig. 3b) showed peaks at 2θ value of 6.09◦, 19.5◦, 34.6◦ and 60.3◦, 
which are consistent with previous studies [40]. After incorporation of 
Sumecton in to gelatin scaffolds, the higher concentrations of scaffolds 
shows the characteristic peaks 19.5◦, 34.6◦ and 60.3◦ confirms the 
presence of Sumecton in the composites. However, the peak at 2θ value 
of 6.09◦ corresponded to the intermolecular interaction between 2 
nanoclays that disappeared in the composites scaffolds, indicating the 
complete exfoliation of Sumecton in the hydrogel network. 

Microstructure and pore size characterization of freeze-dried scaf
folds were done using SEM in order to better understand the swelling as 
well as mechanical behavior of designed scaffolds. Overall, as bone 
matrix is an interporous tissue, high porosity (>60 %) is desirable to 
ensure cell-infiltration and cell-scaffold interaction. In this case, scaf
folds exhibited an interconnected porosity structure, which is crucial for 
tissue regeneration as it is considered to influence cell interaction, 
migration, proliferation, and differentiation [41–43]. Specifically, 3D 
scaffolds with a pore size 50–100 μm have demonstrated an efficient 
dissemination of oxygen and diffusion of waste and nutrients between 
the infiltrating cells and the surroundings. Thus, osteoblast migration 
and proliferation are promoted, leading to bone regeneration [44,45]. 

As shown in Fig. 3c and detailed in Table 2, the pore size was 
measured in terms of diameter and all samples varied from 50 to 100 μm 
and porosity from 29 to 68 %, but both parameters tended to decrease as 
Sumecton was included into these scaffolds. This is consistent with 
previous research indicating that nanoclay addition may increase 
crosslinking density and fiber arrangement and thus reduce pore size 
[27,46]. Consequently, while pore diameter and porosity reduction can 
be proportionate to mechanical performance improvement, certain 
properties such as swelling capacity or cell proliferation may be 
compromised [41,43]. 

3.3. Mechanical characterization 

Biomechanical properties play an important role in the field of bone 
tissue engineering since bone matrix is well-known for its high strength 
and strong toughness [47]. To ascertain that the engineered hydrogels 
were suitable for load-bearing tissues, as in this case bone, mechanical 
compression tests were performed to determine the elastic modulus, 
ultimate stress - the maximum stress withstood before failure - and 
toughness - area under the stress-strain curve - of the designed scaffolds. 

When the nanomaterial was integrated into the 3D hydrogels, 
resulted in an increased compressive strength (toughness, elastic 
modulus and ultimate stress) (Fig. 4). SUM2 data indicated a statistically 
significant increment in the abovementioned parameters; in fact, SUM2 
values were three times superior compared to SUM0, elastic modulus 
was ~23 kPa vs ~72 kPa and ultimate stress was ~225 vs ~80 kPa. 

As in previous studies, results from this first approach were quite 
different from those described for bone matrix - 15–25 GPa for elastic 
modulus and 2–7 kJ/m2 for toughness- [41,47]. Albeit the capacity to 
dissipate energy may not have been matched the osseous milieu, the 
elastic modulus values were between 25 and 60 kPa. The latter was in 

Fig. 8. Mineralization studies after 5 weeks (I). (a) FTIR and XRD patterns for the mineralization analysis of fabricated hydrogels in differentiation media (+) and 
normal media (− ). (b) FTIR and XRD patterns for the mineralization analysis of fabricated hydrogels after cell culture in differentiation media (+) and normal 
media (− ). 
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accordance with previous studies that reported it to be sufficient to 
promote osteogenesis [48,49]. It was also worth considering the inclu
sion of the nanomaterials increased these values, resulting in hydrogels 
with stiffer properties for bone regeneration. 

3.4. Biological performance 

In this section, cell-scaffold interaction was studied. Albeit the results 
obtained in the characterization tests, SUM2 group was no longer 
studies, since they have shown to be not so biocompatible (described in 
Section 3.4.1). 

3.4.1. Biocompatibility study 
Cytocompatibility is among one of the main considerations when 

developing tissue engineering constructs [50,51]. All formulations in 
the present study were evaluated in accordance with ISO 10993 stan
dard for “Biological evaluation of medical devices”. The guideline de
fines cell viability as no <70 % compared to control. Direct and indirect 
tests determine non-toxicity of scaffolds and their extracts, respectively. 
There were no significant differences between the control and the 
samples and all formulations performed above 70 % of viability in both 
tests. Since gelatin-based hydrogels contain RGD sequences within their 
structures, cells were unintentionally detached prior to measuring and 
direct contact test values were closer to the threshold [52]. 

Therefore, according to ISO requirements, these systems may be 
contemplated non-cytotoxic for further in vitro studies (Fig. 5a). None
theless, following cell experiments were confined to 3 groups (SUM0, 
SUM0.5, SUM1). While all engineered structures demonstrated to be 
above the threshold of biocompatibility, a balance of biological and 
mechanical properties was taken into account and SUM2 was not further 
evaluated. 

3.4.2. Cell viability after 8 days 
To further evaluate the interaction between cells and scaffolds, 

mBM-MSCs viability was determined 8 days post-seeding. Cell quanti
fication by flow cytometry evidenced the ability of all designed scaffolds 
to promote cell viability (Fig. 5b). All samples presented a statistically 
significant increase in cell population after being exposed to scaffolds for 
a period of 8 days. Live/Dead assay depicted a high percentage of live 
cells within a week of contact with scaffolds (Fig. 5c). 

Within this framework, several studies have confirmed that gelatin 
has the capacity to promote cell proliferation, since it has RGD se
quences in its polymeric structure [12,13]. The assay helped to elucidate 
that synthetic saponite had not have an adverse effect in cell survival, 
which goes in accordance with other previous studies [23,53]. 

3.5. Osteogenic commitment 

The bone differentiation ability of mBM-MSCs seeded on the devel
oped hydrogels involved determining ALP activity and gene expression 
osteogenic markers. ALP is regarded as a marker of early-stages of 
osteogenesis and provides an insight into the differentiation of mBM- 
MSCs [54]. Therefore, the activity of this enzyme was measured in 
terms of intracellular activity during 21 days and optical images were 
obtained after 21 days of post-seeding. As shown in Fig. 6a,b, there is an 
upward tendency in the activity over the weeks of this early marker. In 
fact, overall, it can be perceived that samples incubated with differen
tiation medium had a superior enzyme activity. The latter is confirmed 
with dyed samples after completion of the experiment. Optical images 
showed that scaffolds incubated with differentiation medium had more 
violet dots compared to normal medium. In the SUM1 group, the area 
appeared slightly more purple compared to the others. 

On the other hand, in the first approach to acquire knowledge about 
gene commitment in the differentiation process, osteogenic (Runx2 and 
Col1a1) genes were analyzed. As depicted in Fig. 6c, osteogenic genes 

Fig. 9. Osseous repair evaluation after 8 weeks of hydrogels implantation. (a) Schematic illustration of treatment groups. (b) Histomorphometric analysis showing 
the percentage of repair among all experimental groups (c) Cross-sectional representative images stained with VOF of the defect site in the different experimental 
groups. All images show the areas of regenerated bone (NB) and bone structure. Same letters displayed in different histograms denote significant differences (p <
0.001) among these groups. CT: Connective tissue, DS: Defect site, NB: Newly formed bone. Scale bar = 500 μm. 
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were upregulated which it can be concluded that scaffold-treated cells 
underwent differentiation. In particular, Runx2 expression variation was 
more pronounced than in Col1a1. This phenomenon has been described 
in previous studies concluding that Runx2 expression may lead to up- 
regulation of Col1a1 [55,56]. Additionally, notable differences in gene 
expression were found in scaffolds incubated with supplemented media 
in comparison to basal media. This further confirmed the ability of bone- 
conditioned media to enhance cell differentiation. 

Overall, results are in accordance with previous studies [12,23,43]. 
It can be thus concluded that while gelatin itself may have osteogenic 
properties, bone-matrix elements (i.e. Ag, Mg, silicate) released from 
nanoclays might further enhanced them. Despite a general upregulation, 
scaffolds treated with differentiation medium, which was even more 
supplemented with osteogenic agents such as dexamethasone, showed 
an increased ability to differentiate towards to osteogenic lineage. 

3.6. Mineralization 

Upon an extended 5 weeks of incubation, mineralization process was 
examined chemically in terms of SEM, FTIR and XRD. SEM analysis 
confirmed apatite forms in all samples. In comparison to day 0, engi
neered scaffolds incubated in normal and differentiation media showed 
crystal formation both in samples after being in contact with cells and 

the ones with no cells (Fig. 7). Hydrogels with higher reinforcement 
(SUM1) and contact with cells had more mineralized structures in 
comparison to pristine scaffolds (SUM0). 

This data was further supported with FTIR and XRD analysis. FTIR 
spectrum displayed hydroxyapatite presence at ν4 (PO43− ) in all sam
ples (Fig. 8a). However, reinforced hydrogels showed a sharper band at 
1029 cm− 1 corresponding to the Si–O of Sumecton nanocomposite and 
phosphate group of the hydroxyapatite. Similarly, XRD patterns 
confirmed hydroxyapatite-related peaks (0 0 2) and (2 1 1) in almost all 
samples (Fig. 8b) [12,23,27]. 

All these observations demonstrate on the one hand that the presence 
of Sumecton induces mineralization and, in turn, that the designed 
scaffold is biologically active. 

3.7. In vivo studies 

After confirming potential in vitro ability, SUM1 scaffolds were 
selected for in vivo assessment. This experiment was performed based on 
previous studies [12,23]. The latter included growth factors to promote 
bone regeneration. In this case, the addition of these agents was inter
esting mainly for two motives. On the one hand, to reaffirm the regen
erative capacity of these bioactive molecules. On the other hand, to 
determine the potential these nanoparticles might have in the scaffold to 

Fig. 10. Immunochemistry evaluation of newly formed bone. (a) Representative staining images of Col I in horizontal section. (b) Cross-sectional representative 
illustration of OCN staining. (c) Relative Col I staining is represented in arbitrary units. (d) Relative OCN staining is graphed in arbitrary units. All histograms 
represent the mean ± SD. Same letters on different histograms indicates significant differences (p < 0.05) within groups. CT: Connective tissue, NB: Newly formed 
bone. Scale bars = 80 μm. 
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act as a drug delivery system. Since preceding research exploit BMP-2 
and SDF-1, the present work will explore them separately, as well as 
the combination of both. Therefore, animals were classified into four 
treatment groups: blank (scaffolds with no growth factors), scaffolds 
charged either with SDF-1 or BMP-2 and a combination of SDF-1 and 
BMP-2 (Fig. 9a). 

In regard to new bone formation, the histomorphometric analysis 
demonstrated a repair response rate of <20 % in the blank group, while 
in the growth factor-loaded scaffold groups a significant increase in 
repair percentages was observed with values of 30.6 % in the BMP-2 
group and 42 % in the SDF-1 group, the latter showed the greatest 
repair response (Fig. 9b). 

The histological analysis of the samples revealed few newly formed 
bone in blank group animals. This was mainly circumscribed to the 
defect edges while the rest of the defect was occupied by connective 
tissue (Fig. 9c). In the treated animals new bone growth was increased, 
both in the margins of the defect and in more extensive regions, with the 
central region of the defect remaining without visible signs of repair 
(Fig. 9c). The regenerated bone in all the experimental groups showed 
structural characteristics that were compatible with mature and well- 
mineralized bone, as evidenced by VOF trichrome staining. 

Histological and histomorphometric data was also confirmed with 
osteogenesis-related markers analysis. Early and late osteogenesis 
markers- Col I and OCN, respectively, revealed a higher level of relative 
expression both in BMP-2 and SDF-1-treated groups compare to blank 
group (Fig. 10a,c). SDF-1-treated group showed the highest relative 
staining and it was statistically significant in contrast with BMP-2 and 
BMP-2_SDF-1 group (Fig. 10b,d). 

Lastly, since forming new blood-vessels plays a key role in the bone 
regeneration process, it was analyzed with the vascular indicator anti- 
CD34. All groups showed a relatively even distribution of neo
vascularization in the regenerated tissue. Analysis on regenerated bone 
revealed the existence of superior density and vascular surface area 
among treated animals when compared to the blank group, especially in 
the SDF-1-treated ones (Fig. 11). 

Regarding the ability of the designed scaffolds, the conclusion to be 
drawn from this study is that cell-free scaffolds have osteogenic as well 
as osteoinductive properties. Yet, as previously reported, it is essential to 
supplement scaffolds with bioactive agents to achieve an optimal 
osseoregeneration [12,23,57]. In particular, SDF-1 in comparison with 
BMP-2 has shown to be more effective which may be due to its mech
anism of action. While SDF-1 is a chemokine that plays a key role in stem 
cells recruitment in the damaged area, BMP-2 induces stem cell differ
entiation [58,59]. BMP-2 likewise has repair capacity, but it is possible 
that 8 weeks may not be sufficient to notice these improvements in the 
healing process. There are also many other factors that should be 
considered in the future such as dose or agent properties. 

Ideally, it was expected to obtain a synergistic effect with BMP- 
2_SDF-1 concomitant treatment group, but all gathered data showed 
higher bone growth in SDF-1 experimental group. Certainly, it has been 
previously described that a co-treatment with both bioactive peptides is 
not necessarily associated with improved outcomes [60]. Nonetheless, 
another study tailored the release of these bioactive agents by consid
ering the role of each one. SDF-1 was released from an early stage in 
order to attract mesenchymal stem cells and BMP-2 had a controlled 
delivery since it plays a role in the induction of osteodifferentiation. 
Thus, sequential delivery showed higher bone regeneration ability in rat 
animal models [61]. This phenomenon should be taken into consider
ation in forthcoming studies. 

4. Conclusion 

In the current study, biologically inspired and mechanically rein
forced three dimensional scaffolds were designed. For that, saponite- 
derived clay was combined within a gelatin network. The constructs 
demonstrated favorable in vitro performance in terms of pore size, 
compressive properties and biocompatibility for healing bone defects. 
Similarly, the osteoconductive nanoclay-reinforced gelatin composites 
loaded with biologically active factors promoted bone regeneration in 
animal model. Overall, results showed that engineered nanoreinforced 

Fig. 11. Neovascularization analysis 8 weeks postimplantation of designed scaffolds. (a) Representative images in horizontal section showing CD34 immunoreactive 
staining, in the defect site. Immunoreaction is observed in the endothelial cells lining the lumen of blood vessels of different sizes (arrowheads). (b) Blood vessel 
density and (c) vessel surface area (mm2) within the ROI among all treatment groups. Histograms represent the mean ± SD. The same letters on different histograms 
indicates significant differences between these groups. CT: Connective tissue. NB: Newly formed bone. Scale bar = 80 μm. 
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polymeric 3D systems may be effective to serve as biomimetic 
molecules-delivery platform for bone regeneration, preventing high 
doses and cell-laden systems. Thereby, possible negative effects could be 
mitigated and would be more cost-effective. Albeit it has proven to be 
suitable for bone tissue engineering, further studies are needed, as the 
ideal system should exclude the addition of biological agents. 
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