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A B S T R A C T   

In this study scaffolds of nanohydroxyapatite (nHA) and anionic collagen (C) combined with plant extracts 
intended for bone tissue repair were developed. Grape seed (P), pomegranate peel (R) and jabuticaba peel (J) 
extracts were used as collagen crosslinker agents in order to improve the materials properties. All crude extracts 
were effective against Staphylococcus aureus, but only for CR scaffold inhibition zone was noticed. The extracts 
acted as crosslinking agents, increasing enzymatic resistance and thermal stability of collagen. The extracts 
showed cytotoxicity at the concentrations tested, while nHA increased cell viability. The scaffolds presented 
porosity and pore size appropriate for bone growth. CR, CnHAP, CnHAR and CnHAJ increased the cell viability 
after 24 h. The combination of collagen, nHA and plant extracts offers a promising strategy to design novel 
biomaterials for bone tissue regeneration.   

1. Introduction 

Bone tissue is composed by an organic part, mainly type I collagen 
(C) - a fibrous protein present in the animal kingdom, and an inorganic 
part, mainly calcium phosphate in hydroxyapatite form (HA) [1]. 
Moreover, the composition and structure of bone vary with the age, 
genetic inheritance, and living conditions of patients, resulting in 
different demands for bone implants [2]. The most common solutions 
for bone implants are autografts and allografts treatments. However, 
they have some drawbacks such as the limited sources, extra invasive 
surgery and immunological rejection. 

For these reasons, more attention has been drawn to bone tissue 
engineering, an attractive strategy that combine biotechnology and 
biomaterials to mimic the composition of bone tissue, which can replace 
or repair it. Despite considerable advances in biomaterials-based ap
proaches, the development of ideal materials that fulfill the re
quirements for bone repair continue to present challenges. 

HA-collagen-based materials have emerged as promising candidates 
to prepare scaffolds and overcome unmet needs in the field of bone 
tissue engineering. Collagen has properties to stimulate and guide the 

natural tissue formation. It is responsible for the physical properties of 
the tissues that form the skin, tendons, intestines, bones, and teeth [3]. 
Hydroxyapatite is a bioceramic that, like collagen, can stimulate and 
guide the bone tissue formation. Hydroxyapatite in nanoparticulate 
form (nHA) is likely to be more bioactive than a micro sized one, 
allowing better protein sorption and cell adhesion, which accelerates 
bone repair [4]. In addition, they possess good biocompatibility and 
bioactivity, as well as controllable biodegradability, being able to induce 
bone regeneration and reduce the treatment time. Collagen and hy
droxyapatite scaffolds can also be modified to improve physicochemical 
and clinical properties of biomaterials [5]. These alterations can occur 
by chemical modifications in the collagen itself or by the addition of 
other polymers/crosslinking agents. 

Recent studies have developed novel biomaterials constructs, 
including scaffolds of collagen and HA, for bone tissue engineering. He 
et al. [6] developed collagen and HA-based materials with micro
fibrillated cellulose for bone regeneration and highlighted that the 
materials obtained had adequate physicochemical properties to be used 
for this application. Minardi et al. [7] produced type I collagen scaffolds 
with magnesium doped HA and concluded that the biomaterial has great 
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osteoinductive and osteoconductive capacity, playing a vital role in the 
bone reconstruction area. 

The addition of bioactive compounds such as plant extracts and 
essential oils to collagen and HA-based materials can be other strategy to 
improve their properties due to the strong antioxidant, antimicrobial, 
antifungal, anti-inflammatory, and antiviral capacity [8]. Further the 
flavonoids can act as collagen crosslinking agents, which can improve 
the mechanical and thermal resistance of the biopolymer, besides its 
metabolites protect the polymeric matrix from oxidation. Song et al. [9] 
developed collagen scaffolds obtained from duck feet, with HA and 
quercetin, a polyphenolic compound of the flavonoid group. They 
concluded that the collagen scaffold, HA and 25 μmol− 1 of quercetin 
increases cell proliferation and osteogenic differentiation, accelerating 
bone regeneration. 

Among the various phenolic extracts reported in literature, the ex
tracts of grape seed, pomegranate and jabuticaba peel (the latter a 
Brazilian fruit) stand out as rich flavonoids sources. Although, there are 
many studies with collagen and hydroxyapatite to formulate a material 
for bone regeneration, few studies using flavonoids incorporated to 
anionic collagen and nanohydroxyapatite scaffolds have been done. 

Thus, the main objectives of this study are the development of smart 
scaffolds prepared by anionic collagen [10], nanohydroxyapatite and 
natural extracts as well as assessing their physicochemical and biolog
ical properties. As far as we know, there is no previous study in the 
literature that addresses this fact and evaluates the effect of fruit extracts 
addition on the characteristics of the formed scaffolds. 

2. Materials and experimental 

2.1. Anionic collagen preparation 

Collagen was prepared from porcine serous, by alkaline hydrolysis in 
solution of hydroxides, chlorides, and sulfates of K+, Ca2+ and Na+ for 
120 h. This solution promotes the selective hydrolysis of carboxyamide 
groups of the collagen, increasing the negative charge of the biopolymer 
and its biocompatibility [10,11]. The material was lyophilized to con
stant weight and crushed until flakes were obtained, which were later 
solubilized in acetic acid pH 3.5 to obtain a 1.5% collagen gel (w/w). 

2.2. Nanohydroxyapatite preparation 

Solution of 100 mL of 0.01 mol L− 1 cetrimonium bromide (CTAB) 
was slowly added to 0.6 mol L− 1 K2HPO4. After addition, pH was 
adjusted to 12 with NaOH and the mixture was stirred for 2 h. Solution 
of 1.0 mol L− 1 CaCl2 was added to the previous solution, under constant 
stirring. The suspension was refluxed at 100 ◦C for 6 h, and then soni
cated for 1 h. The suspension was centrifuged and washed twice with 
deionized water and once with ethanol, being then centrifuged. The 
precipitate was left at 40 ◦C for 12 h for solvent evaporation, to finally be 
calcined at 550 ◦C for 5 h [12]. 

2.3. Extracts preparation 

Grape seed extract (Vitis sp.) (P) was obtained from local drugstore. 
Pomegranate peel extract (Punica granatum) (R) was extracted in 

60% hydroethanolic (v/v), with agitation for 1 h, at 50 ◦C [13]. The 
suspension was filtered, the filtrate dried under air flow and lyophilized. 

Jabuticaba peel extract (Myrciaria sp.) (J) was obtained in a similar 
way, with extraction in 95% hydroethanolic solution (v/v) acidified 
with 1.5 mol L− 1 HCl, under agitation for 12 h [14]. 

The dry powders were solubilized in a 75 mg mL− 1 solution of 
ethanol and acetic acid pH 3.5 (1:1). 

2.4. Scaffolds preparation 

Different gels were prepared under mechanical stirring of 900 rpm, 

according to the proportions shown in Table 1. The gels were placed in 
Teflon® molds and neutralized in ammonia vapor for 2 h to obtain eight 
different scaffolds as shown in Table 1. 

2.5. Characterization 

2.5.1. Fourier-transform infrared spectroscopy (FTIR) 
The chemical structure of fruit extracts was examined by FTIR. Fruit 

extracts analysis were performed using KBr. All samples were stored in a 
desiccator with NaOH(s). FTIR spectra were acquired in a Shimadzu IR 
Affinity-1 infrared spectrophotometer at 4000–400 cm− 1 interval with 4 
cm− 1 resolution and 32 scans. 

2.5.2. Total phenolics content (TPC) 
Total phenolic contents (TPC) in grape seed, pomegranate and 

jabuticaba peel extracts were determined by Folin-Ciocalteu colori
metric method as described by Singleton et al. [15] with minor modi
fications. The procedure consists in the reduction of a mixture of 
molybdates and tungstates (Folin’s reagent) due to the presence of 
phenolic species in alkaline medium using gallic acid as standard. The 
reduction reaction leads to the formation of phenolate anions, blue 
chromogens with maximum absorbance at 725 nm. 

To assess TPC of fruit extracts, 50 μL of the extracts at an initial 
concentration of 0.05 mg mL− 1 were mixed with 50 μL of Folin’s reagent 
(Sigma-Aldrich®) in a 96-well plate for 5 min. Then, the medium was 
alkalized with the addition of 200 μL of a sodium carbonate solution 
(20%, v/v), and the reaction took place for 15 min in the dark. The plates 
were quantified by absorbance measurement at 725 nm in an UV–Vis 
Thermo Scientific™ VL0L00D0 spectrophotometer (Finland). The blank 
used was an ethanolic solution (50%, v/v) without extracts. The results 
were expressed in mg gallic acid equivalent (mg GAE) per mg extract 
based on the calibration curve. All the experiments were carried out in 
triplicates. 

2.5.3. Energy-dispersive X-ray spectroscopy (EDX) 
Ca/P ratio was obtained in triplicate by EDX LINK ANALYTICAL 

equipment (Isis System Series 200), with detector SiLi Pentafet, ultra- 
thin window ATW II, coupled an Electron Microscope LEO 440, with 
detector Oxford (Oxford Instruments Inc.). Calcium phosphate was 
adhered to the stub with conductive tape and coated with carbon. The 
semi-quantitative analysis was obtained with the ISIS 3.1 software. 

2.5.4. X-ray diffraction (XRD) 
HA diffractograms were obtained using a Rigaku Rotaflex diffrac

tometer, model: RU200B, with CuKα monochromatic radiation (l =
1.5418 Å) with a power of 40 kV, 60 mA, operated in scanning mode. 
The sample was scanning speed of 1◦ min− 1 and 2θ between 5 and 70◦

using a step of 0.02◦. The diffractogram was compared with standards 
found in the JCPDS (Joint Committee for Powder Diffraction Studies - 
HA, JCPDS 9-0432) and the size of the crystals calculated by the 
Scherrer equation (Eq. (1)), with K equal to 0.94, the length X-ray wave 

Table 1 
Scaffolds names and their respective compositions.  

Scaffolds Composition Proportion (g) 

C nHA P R J 

C Collagen  30 – – – – 
CP Collagen + grape seed extract  30 – 5 – – 
CR Collagen + pomegranate peel extract  30 – – 5 – 
CJ Collagen + jabuticaba peel extract  30 – – – 5 
CnHA Collagen + nHA  30 6 – – – 
CnHAP Collagen + nHA + grape seed extract  30 6 5 – – 
CnHAR Collagen + nHA + pomegranate peel 

extract  
30 6 – 5 – 

CnHAJ Collagen + nHA + jabuticaba peel 
extract  

30 6 – – 5  
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(λ) equal to 0.154056 nm (CuKα) and β is the width at half the height of 
the diffraction peak 002. 

L002 =
K × λ
β cos θ

(1) 

The percentage of crystallinity was calculated by Eq. (2), where XC is 
the percentage of crystallinity in the sample, V112/300 is valley intensity 
between the diffraction peaks for the planes (112) and (300) and I300 is 
the intensity of the diffraction peak for the plane (300) [16]. 

Xc =

(

1 −
(V112

300

I300

))

× 100 (2)  

2.5.5. Differential scanning calorimetry (DSC) 
Thermal stability of scaffolds was determined by differential scan

ning calorimetry (DSC-2010, TA Instruments) from 5 to 120 ◦C. Heating 
was performed in hermetic aluminum pans in nitrogen atmosphere (80 
mL min− 1) at a rate of 10 ◦C min− 1 using 20 mg of sample. Temperature 
of denaturation was given from the inflection point. 

2.5.6. Scanning electronic microscopy (SEM) 
Scaffolds and nHA samples were coated with a thin layer of gold of 6 

nm. The samples were examined with a Leo 440, LEO Electron Micro
scope Ltd. with an accelerating voltage of 20 keV. To determine the size 
of the nHA, Feret’s diameter was used in the horizontal (dH) and vertical 
(dV) positions of 50 particles (Fig. S1a and b). The scaffolds pore size was 
determined using Martin’s diameter (Fig. S1c) and measuring at least 40 
pores. For the cross-section analysis, the scaffolds were frozen in liquid 
nitrogen, fractured and lyophilized. 

2.5.7. Porosity assays 
First, the dimensions of the scaffolds were measured using a caliper 

and the total volume (Vtotal) was calculated. Then, they were placed in a 
drying chamber in the presence of NaOH(s) for 24 h, weighed (Winicial) 
and swelled in 10 mL of pure ethanol for 24 h. After this, scaffolds were 
weighed again (Wfinal) and percentage of porosity was calculated from 
Eq. (3), with (ρEtOH) being the density of ethanol (0.790 mg mL− 1). The 
procedure was made in quintuplicate. 

%porosity =

(
Wfinal − Winitial

)/
ρEtOH

Vtotal
× 100 (3)  

2.5.8. Saline phosphate buffer (PBS) absorption 
Scaffolds were placed in phosphate buffered saline (PBS). At specific 

time intervals, they were removed and the excess of solution was 
removed using a 2 cm × 2 cm filter paper. The scaffolds were weighed 
and returned to PBS for further time taken. The percentage of PBS 
absorbed was calculated by averaging the results found using Eq. (4), 
where whumid is the mass of the swollen scaffold and wdry is the mass of 
the scaffold before swelling. The process was made in quintuplicate. 

%absorption =
whumid − wdry

wdry
× 100 (4)  

2.5.9. Collagenase degradation assays 
Collagenase solution (10 U mg− 1 of collagen) in 10 mmol L− 1 tris- 

HCl buffer at pH 7.4 containing 25 mmol L− 1 CaCl2 was prepared. 
This solution was added in scaffolds known weights which were incu
bated at 37 ◦C for 2 h and 6 h. The samples were washed in deionized 
water, frozen and lyophilized to constant weight. The percentage of 
degraded collagen was determined by the difference in collagen mass 
before (winitial) and after enzymatic degradation (wfinal) by Eq. (5). The 
process was made in quintuplicate for both times. 

%degradation =
minitial − mfinal

minitial
× 100 (5)  

2.5.10. Scaffolds sterilization 
Scaffolds were individually packaged into double plastic envelopes 

and sent to Nuclear and Energy Research Institute (IPEN/CNEN). The 
samples were irradiated in a Cobalt-60 Multipurpose Gamma Irradiator, 
at 15 kGy (5 kGy h− 1) for sterilization and the irradiation protocol was 
based on the International Organization for Standardization 11.137 
[17]. Thermal stability of collagen scaffolds was determined by DSC 
before and after irradiation with Cobalt-60 and no changes in collagen 
structure was observed at 15 kGy (data not shown). 

2.6. Antimicrobial activity assay 

2.6.1. Culture preparation 
Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 

27853 and Salmonella enterica Enteriditis ATCC 13076 were maintained 
on frozen glycerol stocks. S. aureus was grown on tryptic soy agar (TSA, 
Acumedia) containing 6 g L− 1 of yeast extract. P. aeruginosa and S. 
Enteritidis were streak on nutrient agar (NA, Himedia). Cultures were 
grown overnight at 37 ◦C. After incubation, some colonies were sus
pended in saline solution (NaCl 0.86%) and adjusted to approximately 
108 CFU mL− 1 at the onset of subsequent experiments to ensure that 
cultures were in the exponential growth phase. 

2.6.2. Determination of minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) of the crude extracts 

MIC and MBC of grape, pomegranate and jabuticaba extracts against 
bacterial strains were performed using the broth microdilution assay 
according to CLSI guidelines [18]. The extracts (dissolved in 1% 
dimethyl sulfoxide - DMSO) were prepared in Müeller Hinton broth 
(MHB, Himedia) at an initial concentration of 2000 μg mL− 1 and then 
serially diluted (twofold) in a 96-well plate. A 20 μL aliquot of stan
dardized inoculum at a final concentration of 107 CFU mL− 1 was added 
to all the wells except for the negative control. Inoculated MHB culture 
medium with and without 1% DMSO were also included as controls. The 
microplates were then incubated at 37 ◦C for 24 h, and a comparison 
with the positive control was performed by visual inspection to assess 
growth. To confirm the presence or absence of growth, 20 μL of 0.1% 3- 
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) 
solution was added to the wells. 

Before adding MTT, 10 μL of wells with no apparent growth were 
spotted onto TSA (or NA) plates and incubated again for 24 h. The lowest 
sample concentration with no apparent growth was identified as the MIC 
and the lowest concentration with no detectable viable cells was iden
tified as the MBC. All assays were performed in at least three indepen
dent replicates. 

2.6.3. Antimicrobial activity of scaffolds 
The determination of the inhibition effect of the scaffolds against 

S. aureus ATCC 25923 was carried out using disk diffusion method [19]. 
Scaffolds (15 mm) were applied on the surface of plates, containing 
Müeller Hinton agar (MHA, Himedia) previously streaked with the 
bacterial suspension adjusted to 0.5 McFarland (108 CFU mL− 1) stan
dard. Filter paper disks (5 mm) impregnated with 20 μL of ampicillin 
(50 μg mL− 1) were used as control. Plate readings were taken after 24 h 
of incubation at 37 ◦C. 

2.7. Cytotoxicity assay 

The cell line NIH/3T3 (ATCC CRL 1658) was used in the MTS assay. 
Solutions of vegetal extracts and nanohydroxyapatite were prepared at 
1.250, 0.625, 0.312 and 0.156 mg mL− 1 concentrations with Dulbecco’s 
Modified Eagle Medium (DMEM) (Gibco, Invitrogen). The cytotoxicity 
of the scaffolds was evaluated by the indirect contact assay [20] where 
the cells were cultured with extracts from the materials that make up the 
scaffolds, i.e., cell medium that had been in contact with each material 
individually. The scaffolds were placed in a test tube, culture medium 
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was added at a ratio of 0.1 g/mL (mass of scaffold per volume of culture 
medium) and incubated in 5% CO2, at 37 ◦C for 24 h, after which, the 
scaffolds were removed from the media and 100% extract were 
obtained. 

Cells were seeded on 96-well plates (5 × 105 cells mL− 1) in DMEM, 
supplemented with 10% fetal bovine serum and incubated for 24 h at 
37 ◦C in 5% of CO2. Subsequently, culture medium was removed and 
100 μL of vegetal extracts solutions, nanohydroxyapatite solutions and 
the scaffolds extracts were added to each well. The plates were incu
bated for 24 h and 48 h, at 37 ◦C and 5% CO2. After 24 h and 48 h, the 
broth (supernatant) was removed, the cells were washed with PBS, and 
each well was filled with fresh medium containing 50 μL of MTS (3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)- 
2H-tetrazolium) (1 mg mL− 1). The plate was incubated for 4 h under the 
conditions described above. Then, the medium was replaced with 100 μL 
of 2-propanol, and the optical density (OD) was measured at 490 nm 
using a spectrophotometer Biotek Synergy HT microplate reader. The 
cytotoxicity was expressed as the percent reduction in absorbance of 
treated cells relative to untreated control. All assays were performed in 
quintuplicate for both times. 

2.8. Statistical analysis 

Quantitative data are presented as the mean ± standard deviation 
(SD). Statistical analyses were performed by one-way ANOVA or Stu
dent’s t-test. p < 0.05 was considered significant between two groups of 
data. 

3. Results and discussion 

3.1. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy was used to identify the 
functional groups present in the different fruit extracts. The FTIR spectra 
of the extracts are shown in Fig. 1. The broad bands observed at 3400 
cm− 1 correspond to stretching vibrations of flavonoids hydroxyls (O–H) 
groups. The characteristics bands at 1728 cm− 1 (R) and 1737 cm− 1 (J) 
can be attributed to the C––O stretching of ketones, which can be 
assigned to the presence of some flavonoids in the pomegranate and 
jabuticaba extracts, except for proanthocyanidin, abundant in grape 
seed extract [21]. The bands near to 1615 cm− 1 and those of less in
tensity close to 1514 cm− 1, correspond to the stretching of the aromatic 
ring C=C–C. The C––C stretching of the aromatic ring is also observed 
close to 1449 cm− 1. In the region from 1244 to 1230 cm− 1, the char
acteristics bands correspond to the C–O stretching of the pyran ring 
present in the flavonoids, while the observed band close to 1050 cm− 1 is 
due to the C–O stretching of alcohols [22]. 

3.2. Total phenolics content (TPC) 

The Folin Ciocalteu method is a way to evaluate the total phenolic 
content of different fruit extracts and assess their antioxidant power by 
directly comparing of phenolic hydroxyls available. 

According to the results obtained, grape seed extract (TPC of 597 ±
53 mg GAE g extract− 1) presented almost twice the total phenolic con
tent compared to jabuticaba peel (TPC of 315 ± 20 mg GAE g extract− 1) 
and pomegranate peel (TPC of 332 ± 8 mg GAE g extract− 1) extracts. 
Rodrigues et al. [8] reported similar values for grape seed and jabuticaba 
peel extracts. In addition, the values found for the extracts in our study 
were higher than most authors report [23,24], which is a good result for 
future applications in the development of materials. 

The differences in the TPC of different extracts could be due to 
several factors, such as the type of fruit, its variety and stage of matu
ration, species and seasonality, as well as the different kind of extraction 
method and solvents used [8]. Moreover, the highest phenolic content 
observed for the grape seed extract can explain its greater interaction 
with collagen/nAH scaffold. The greater the hydroxyls availability of the 
extract, the greater the interaction. It is believed that the extracts 
addition to the polymer matrix established bonds between the phenolic 
hydroxyls and the polymer groups, including hydrogen, hydrophobic 
and covalent bonds. 

Overall, these results showed the potential use of different extracts 
for the development scaffolds with improved features based on the type 

Fig. 1. FTIR spectra (a) jabuticaba peel, (b) pomegranate peel and (c) grape 
seed extracts. 

Fig. 2. Diffractograms of a) synthesized hydroxyapatite, with (•) NaCl and (◆) KCl peaks; b) JCPDS 9-0432 hydroxyapatite; c) nanohydroxyapatite photomicro
graph; d) horizontal diameter histogram; e) vertical diameter histogram. 
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of application to be given to the material. In the case of bone regener
ation, it is interesting that the extracts incorporation increases the 
resistance of scaffolds to enzymatic degradation, prolong their release 
with cytotoxic effect reduced and antibacterial action over time, and 

that the extracts phenolic compounds are available to overcome the 
polymeric matrix oxidation. 

3.3. Energy-dispersive X-ray spectroscopy (EDX) 

The Ca/P ratio of calcium phosphate was obtained by EDX, being 
1.60 ± 0.03. This value is closer to hydroxyapatite (Ca/P = 1.67) than to 
amorphous apatites (Ca/P = 1.50) and tetracalcium phosphate (Ca/P =
2.0) [25]. It was also observed the presence of small peaks referring to 
sodium in 1.02 keV, chlorine in 2.62 keV and potassium in 3.30 keV, 
present in the precursors of the synthesis. 

3.4. X-ray diffraction (XRD) 

Diffractograms (Fig. 2a and b) showed characteristic diffraction 
peaks when compared with the JCPDS 9-0432 standard, confirming that 
the synthesized calcium phosphate was hydroxyapatite. Diffraction 

Table 2 
Collagen denaturation temperature values 
(Td ◦C) for the scaffolds.  

Scaffolds Td (◦C) 

C  47.6 
CP  59.2 
CR  52.8 
CJ  53.2 
CnHA  47.9 
CnHAP  56.6 
CnHAR  52.8 
CnHAJ  52.2  

Fig. 3. Surface photomicrographs of: a) C; b) CnHA; c) CP; d) CnHAP; e) CR; f) CnHAR; g) CJ; h) CnHAJ at 500× magnification.  
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peaks of NaCl and KCl were also observed in the hydroxyapatite dif
fractogram, showing the presence of these salts. 

According to the Scherrer equation, the size of the crystalline grain 
was 38.9 nm, and the percentage of crystallinity calculated by Eq. (2) 
was 80.4%. Although several studies reported that amorphous calcium 
phosphates have improved bioactivity compared to crystallized calcium 
phosphates such as hydroxyapatite, they have not considered the 
different size -effects of calcium phosphates. Hu et al. [26] observed that 
the smaller nanocrystallites the greater the effect on bone marrow 
mesenchymal stem cells proliferation. This report led to believe that the 
high crystallinity found in our study can help in cell growth and dif
ferentiation once the hydroxyapatite dimensions are directly related to 
its bioactivity. 

3.5. Scaffold obtaining 

The scaffolds presented touch-resistance appearance and they could 

undergo reversible shape when exposed to small deformations. The 
extracts presence was visually noted in scaffolds by color: CP and CnHAP 
are brown, CR and CnHAR are yellow and CJ and CnHAJ are purple. C 
and CnHA scaffolds are white. 

3.6. Differential scanning calorimetry (DSC) 

The anionic collagen was prepared by alkaline hydrolysis, which 
produces a negatively charged anionic collagen matrix at pH 7.4. This 
can be done by the hydrolysis of carboxyamide groups of asparagine 
(Asn) and glutamine (Gln) increasing the number of negative charge 
present in the α chains of type I collagen, without affect the integrity of 
the collagen triple helix structure [10,11]. The increase in the number of 
negative charges could lead to an interaction of collagen with nano-HA, 
however, this was not observed by DSC as shown in Table 2. 

An increase in the denaturation temperature of the scaffolds con
taining extract (CP, CR and CJ) was observed compared to scaffold C, 

Fig. 4. Cross-sectional photomicrographs of: a) C; b) CnHA; c) CP; d) CnHAP; e) CR; f) CnHAR; g) CJ; h) CnHAJ at 500× magnification.  
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indicating that the extracts, abundant in flavonoids, act as biopolymer 
crosslinking agents. 

The scaffold with grape seed extract showed a higher denaturation 
temperature, varying 11.6 ◦C in relation to C and indicating that the 
crosslinking with grape seed extract was more effective. CR and CJ have 
a similar Td, with an increase of about 5 ◦C. 

Flavonoids are molecules that can present several hydroxyl groups 
which are able to form hydrogen bonds between the amide clusters of 
the proline residues present in the collagen triple helix, promoting the 
crosslinking, as observed in all cases [27]. For the hydroxyapatite 
scaffolds, no difference was observed in Td when compared to the 
respective scaffolds without hydroxyapatite, except for the CP and 
CnHAP set which showed a slight decrease of 2.6 ◦C. 

3.7. Scanning electron microscopy (SEM) 

The photomicrograph shown in Fig. 2c reveals typical morphology of 
hydroxyapatite clusters [12]. The mean of 50 determinations, consid
ering the horizontal diameter of the particles was 168.6 ± 92.8 nm and 
for the vertical diameter was 98.4 ± 33.6 nm. Fig. 2d and e shows 
horizontal diameter histogram and vertical diameter histogram, 
respectively. 

As size decreases, the surface/volume ratio of the particle increases, 
which is particularly important as it improves protein sorption and cell 
adhesion by scaffolds composed of collagen and nanohydroxyapatite 
[28]. 

Figs. 3 and 4 show the surface and cross-sectional photomicrographs 
of the scaffolds, respectively. They have pores on the surface (apart from 
C, CnHAR and CnHAJ) and internal pores. The size of the largest and 
smallest pore, together with the mean value and the Cv (coefficient of 
variation) are shown in Table 3. 

CR scaffold showed the greatest variation in the pore size of the 
surface (Cv = 94%), while the CnHA scaffold showed the smallest 
variation (Cv = 26.6%). For cross-section, CnHAP scaffold has the 
biggest pores size variation, presenting Cv = 56.9%. 

SEM images of the cross-section scaffolds show a variation from 17 to 
229.5 nm in the internal pores size, but it was observed that the average 
values are closer than those obtained for the surfaces (Table 3). 

The cross-sectional photomicrographs of scaffolds without and with 
nHA revealed that internally the pores are statistically equal, except for 
CnHA. For the latter, the variation in the pore size of both the surface 
and internally are less pronounced. 

The ideal pore size for bone growth is not a consensus in the litera
ture, as different pore sizes can act in different ways in ossification. 
Azami et al. [29] reported that the desirable pore size for bone cell 
growth is between 150 and 350 μm, while Oryan et al. [30] observed 
scaffolds with pores between 200 and 350 μm as ideal for bone growth 
and osteoconduction. These authors also concluded that the distribu
tion, pore volume and interconnectivity are equally important factors. 
Zhao et al. [31] highlighted that the ideal size for a bone reconstruction 
scaffold is between 300 and 900 μm. 

On the other hand, it has been reported that pores smaller than 100 

μm may have advantages in bone growth. A pore diameter of 5 μm can 
provide benefits for cell adhesion and protein adsorption of the material 
[32]. To address this, Billström et al. [33] have proposed that bio
materials with pores between 0.5 and 10 μm induced the growth of 
osteogenic cells, leading to the bone formation. Zhang et al. [34] 
concluded that scaffolds with small diameter pores help in cell attach
ment and can provide a capillary force that helps in the retention of 
physiological fluids and guide the cells along the scaffold interior, 
resulting in bone formation closely integrated with the bone 
biomaterial. 

Karageorgiou et al. [35] found a pore diameter of 100 μm as ideal for 
cell migration and larger than 300 μm as more suitable for the bone 
formation. These data are in agreement with Murphy et al. [36] who 
demonstrated that pores larger than 300 μm accelerate the osteogenesis, 
and smaller than 300 μm, induce endochondral ossification. However, 
endochondral ossification also requires small pieces of cartilage are 
needed to serve as a “mold” to be completely replaced by new bone. 
Similar findings were reported by Velasco et al. [37] who demonstrated 
that pores of approximately 100 μm allow chondrogenesis, while pores 
of approximately 350 μm promote osteogenesis. 

Considering all these authors, it is possible to conclude that the CP, 
CR, CJ and CnHAP scaffolds can be promising for osteogenesis due to 
their smaller pores (100 μm), which help in cell adhesion and the 
swelling of the scaffold. The scaffolds also had pores larger than 100 μm 
that can be beneficial for osteogenesis and appropriate internal struc
tures, except for CnHA. In addition, collagen and nanohydroxyapatite 
are bioabsorbable and biodegradable, which when post-implantation, 
should be degraded continuously in vivo and modify the pore size [38]. 

Table 3 
Pore size values obtained by SEM photomicrographies.  

Scaffolds Smallest (μm) Largest (μm) Mean ± sd (μm) Cv (%) 

Surface Internal Surface Internal Surface Internal Surface Internal 

C –  17.0 –  213.2 – 58.3 ± 28.7d,e –  49.3 
CP 23.0  23.0 112.9  220.2 56.3 ± 23.9b,c 60.9 ± 33.8c,d,e 42.4  55.4 
CR 32.1  31.0 449.9  169.9 126.1 ± 118.6a 69.9 ± 26.7b,c,d 94.0  38.2 
CJ 20.3  26.9 223.7  202.8 72.8 ± 47.1b 80.9 ± 45.1a,d 64.7  55.8 
CnHA 15.3  20.2 47.9  67.8 28.1 ± 7.5c 34.7 ± 12.5e 26.6  36.1 
CnHAP 16.0  34.9 128.0  226.8 47.1 ± 24.2b,c 97.6 ± 55.6a 51.4  56.9 
CnHAR –  24.0 –  182.7 – 87.0 ± 38.0a,c –  43.7 
CnHAJ –  34.9 –  229.5 – 89.4 ± 43.2a,b –  48.4 

In the table, equal letters mean statistically equal values (p < 0.05). 

Table 4 
Physical-chemical parameters of scaffolds.  

Scaffolds Porosity 
(%) 

% absorption of PBS % degradation 

120 min 1440 min 2 h 6 h 

C 92.01 ±
3.87a 

977.4 ±
109.3d,e,f 

1337.2 ±
83.5c,d 

7.53 ±
1.49c 

27.63 ±
4.11a 

CP 89.03 ±
1.78a 

1365.7 ±
108.2b 

1720.2 ±
105.6b,c 

–* –* 

CR 92.98 ±
2.55a 

1173.9 ±
187.2b,d,e 

1621.0 ±
131.3b,c 

5.37 ±
2.10c 

7.66 ±
1.26c,d 

CJ 96.23 ±
1.95a 

2349.7 ±
283.6a 

3057.1 ±
267.6a 

4.01 ±
2.28c 

3.98 ±
0.62d 

CnHA 90.77 ±
3.39a 

652.1 ±
146.7f 

990.8 ±
210.6d 

22.70 ±
3.00a 

29.68 ±
2.65a 

CnHAP 90.55 ±
1.67a 

2554.6 ±
220.0a 

2769.7 ±
214.3a 

4.33 ±
1.37c 

16.31 ±
4.22b 

CnHAR 64.71 ±
7.11b 

883.2 ±
138.2c,e,f 

1103.9 ±
158.5d 

16.45 ±
0.15b 

14.33 ±
2.06b, 

CnHAJ 73.86 ±
4.10b 

1278.9 ±
129.9b,c,d 

2033.5 ±
342.2b 

13.79 ±
0.05b 

12.18 ±
2.4b,c 

In the same column, equal letters mean statistically equal values (p < 0.05). 
* Degradation was not observed. 
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3.8. Porosity assay 

Porosity, as well the pore diameter, shape, and interconnectivity, has 
important effects on biomaterial preparation for bone tissue 
reconstruction. 

Scaffolds porosity is shown in Table 4 and it is possible to notice 
values around 90%, except for CnHAR and CnHAJ, which porosity 
values significantly decreased. 

Fook et al. [39] reveled that porosity values above 70% are an 
essential characteristic for bone implants based on biomaterials. On the 
other hand, Zhao et al. [31] reported a wider range of porosity between 
60 and 95% for a bone growth scaffold. 

It was observed for the scaffolds without nHA that the addition of 
extract had no influence in the porosity, as well as CP, CR and CJ did not 
show significant difference between their porosities. 

As the collagen concentration was reduced in the scaffolds, the 
porosity decreased, as observed in the CnHAR and CnHAJ, which pre
sented 64.71 ± 7.11 and 73.86 ± 4.10%, respectively. However, this 
difference was not observed for CnHAP. These results can be explained 
based on the predominance of proanthocyanins in the grape seed extract 
[21], which can be present in the form of dimers or trimers and, 
therefore, can cross-link collagen without getting too close the 
biopolymer chain. For pomegranate and jabuticaba peel extract, the 
most abundant flavonoids are catechins (flavanols) and anthocyanins 
[40,41] that come in the form of monomers. Collagen is also crosslinked 
by these monomers; nevertheless, they can cause a greater effect in the 
collagen chain approximation, reducing scaffold porosity [42,43]. 

3.9. Saline phosphate buffer (PBS) absorption 

Table 4 shows the absorption values of scaffolds after 120 min and 
1440 min, while Fig. S2 shows their absorption (a) without nHA and (b) 
with nHA. 

It was observed that in 1440 min, CnHA scaffold showed the lowest 
absorption of PBS, with no statistical difference compared to C scaffold, 
indicating that only the addition of nanohydroxyapatite at the concen
tration tested did not induce an increase in absorption. 

Kozlowska et al. [44] tested the absorption of PBS by collagen 
scaffolds with hydroxyapatite in different proportions. They found that 
with the increase in the amount of hydroxyapatite in the scaffold, the 
absorption of PBS was lower. However, in our study, the amount of 
hydroxyapatite in the CnHA scaffold was lower than evaluated by 
Kozlowska et al. [44], indicating that the increase in nHA concentration 
may result in a statistical difference in the absorption of C and CnHA 
scaffolds. 

In comparison, the absorption of PBS by C, CP and CR scaffolds was 
not influenced by the addition of grape seed or pomegranate peel ex
tracts, since all the values are statistically equal in the period of 24 h. 
However, the addition of jabuticaba extract significantly increased the 
absorption. 

The crosslinking of collagen scaffolds does not always change the 
percentage of PBS absorption, as shown by Sionkowska and Grabska 
[45]. The authors tested the absorption of collagen and crosslinked 
collagen scaffolds with dialdehyde starch and obtained values of 1055% 
and 1084%, respectively. 

When nanohydroxyapatite was added to the grape seed extract 
scaffold, there was a significant increase in PBS absorption, however for 
pomegranate and jabuticaba extract scaffolds, the nHA addition resulted 
in the opposite effect, reducing the percentage of scaffold absorption. 
Like to C and CR scaffolds, the percentage of absorption for CnHA and 
CnHAR was the same. 

3.10. Collagenase degradation assays 

The selection of bone reconstruction biomaterials is also based on 
their biodegradability. Ideally, the degradation rate of bone 

biomaterials should match the growth rate of new bone, without 
generating harmful degradation products to osteogenesis [46]. The 
collagenase assay may be indicative of the biodegradability of post- 
implant biomaterial. Table 4 presents the percentage of scaffolds 
degradation after 2 and 6 h. 

There was a difference in the rate of degradation, depending upon 
the stability of the individual scaffolds. The rate of degradation of C, 
CnHA and CnHAP scaffolds increased as a function of time with greater 
degradation after 6 h. For the other samples it was observed that the 
extracts addition reduced the collagen percentage of degradation, 
except for the CP scaffold, which did not degrade. These data offer some 
indications that the extracts act as collagen crosslinking agents, being 
the grape seed extract that one with the highest crosslinking capacity, 
which is consistent with the fact that the CP scaffold has a higher 
denaturation temperature. These results indicate that the extracts sta
bilized the crosslinked collagen against collagenase activity. 

Similar findings were also presented by Green et al. [47] who used 
the proanthocyanins from grape seed extract in collagen adhesives in 
periodontal regeneration. They concluded that the biopolymer was 
crosslinked by the extract, which reduced its biodegradation. 

For C and CnHA, it was observed that the nanohydroxyapatite 
addition increased the degradation percentage of collagen, indicating 
that bioceramics may destabilize the scaffold. However, the values ob
tained after 6 h were not statistically higher than those observed after 2 
h. When comparing CP with CnHAP, CR with CnHAR and CJ with 
CnHAJ, at both times, scaffolds with hydroxyapatite showed greater 
degradation, indicating the destabilization caused by bioceramics, 
mainly for CnHAP. The increased degree of degradation can be attrib
uted to the presence of positive charged ions such as Ca2+ in hydroxy
apatite that have an affinity for the collagen anionic fibers and can cause 
a destabilization via physical interactions among the collagen fibers 
[48]. 

Therefore, the increased stability of collagen scaffolds against 
collagenase following the extracts addition highlights its importance in 
the collagen-based biomaterials development for tissue engineering 
applications. 

3.11. Antimicrobial activity assay 

3.11.1. Antimicrobial activity of the extracts 
The MIC and MBC of grape, pomegranate and jabuticaba extracts 

were evaluated against planktonic cultures of S. aureus, P. aeruginosa and 
S. Enteritidis. As shown in Table 5, all the extracts affected S. aureus 
growth, but the grape seed extract was the most effective comparatively 
to the others. However, none of them were able to inhibit the growth of 
Gram-negative strains at the concentrations tested. The difference in 
efficacy against Gram-positive and -negative species is probably due to 
the presence of outer membrane in Gram-negative bacteria, which 
confers low permeability to hydrophobic molecules like the extracts. 

Antimicrobial activity of plant extracts has been attributed to 
flavonoid contents [49] but natural variations in their chemical profiles 
like the amount of phenolic compounds may be responsible for the 
observed differences in antimicrobial effectiveness. Our results are in 
agreement with previous reports regarding better antimicrobial efficacy 

Table 5 
MIC and MBC values of grape seed, pomegranate peel and jabuticaba peel 
extracts.  

Strains Grape seed 
extract 

Pomegranate peel 
extract 

Jabuticaba peel 
extract 

MIC MBC MIC MBC MIC MBC 

μg mL− 1 

S. aureus  250  250  500  500  1000  2000 
P. aeruginosa  >2000  >2000  >2000  >2000  >2000  >2000 
S. Enteritidis  >2000  >2000  >2000  >2000  >2000  >2000  
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of flavonoids against Gram-positive bacteria [50,51]. It should be noted, 
however, that the MIC and MBC values measured in this study for the 
extracts against S. aureus ATCC 25923 were 2- to 40-fold lower than in 
other studies [52,53]. 

Hence, our data demonstrated that flavonoids from grape seed, 
pomegranate peel and jabuticaba peel extracts displayed a potential 
antimicrobial action against S. aureus possibly by interacting with 
peptidoglycan in the cell wall [54]. 

3.11.2. Antimicrobial properties of the scaffolds 
For orthopedic implants Staphylococcus aureus infections are the most 

prevalent [55]. The common involvement of S. aureus in infections has 
led to extensive treatment with many different antibiotics, and thus 
evolvement of multi-resistant strains [56]. Because the scaffolds can be 
used as possible agents to avoid contaminants during surgeries, we 
evaluated the antimicrobial activity of collagen and collagen/nano
hydroxyapatite scaffolds with and without extracts addition against 
S. aureus by the disk diffusion method. 

Inhibition zone was only observed for collagen/pomegranate peel 
extract scaffold with 18.6 ± 2.3 mm. However, all the crude extracts 
resulted in activity against S. aureus as noted above using the broth 
dilution method. This is partly due to due to lack of (or delayed) diffu
sion of antimicrobial into agar and some limitations of the test to obtain 
a homogenous set. Moreover, the extracts work as a collagen cross
linking agent and should be physically or chemically linked to the 
polymeric structure, reducing its diffusion in the medium and thus 
resulting in the absence of inhibition zone [57]. This is a good result 
aiming the potential application of these scaffolds in bone tissue engi
neering, since the scaffolds with extracts have a suitable degradation 
rate as shown in Table 4, and may release the embedded extracts, which 
play a key role in the antimicrobial activity of these materials. 

There are many reports in the literature showing a dose dependent 
inhibitory effect on S. aureus where increasing the concentration of the 
extracts in the scaffold increased the zone of inhibition [58,59]. In other 
studies, the antimicrobial activity was performed using the crude ex
tracts spotted directly on the surface of agar or filter paper disks 
impregnated with the extracts, enhancing the antibacterial efficacy 
[59]. 

These results are very encouraging for the outlook of using antimi
crobial scaffolds combined with bioactive molecules that are based on 
flavonoids together with other approaches in the treatment of bone in
fections against S. aureus. 

3.12. Cytotoxicity assay 

Selective toxicity is important to the design of bone biomaterials 

thus, we evaluate the cytotoxicity of crude extracts and nano
hydroxyapatite against mouse fibroblasts (NIH/3T3; ATCC CRL 1658). 

3.12.1. Cytotoxicity of plant extracts and nanohydroxyapatite 
Fig. 5 shows the cell viability values for plant extracts and nHA. 
Hydroxyapatite is widely used as a biomaterial for regeneration of 

hard tissue due to its biocompatibility, therefore it was expected that it 
did not present cytotoxicity [4]. It is also observed that with the increase 
in the nanohydroxyapatite concentration, there was an increase in the 
cell viability reaching close to 160% for both times, indicating that the 
synthesized nanohydroxyapatite has proliferative properties and good 
biocompatibility, and can be a potential biomaterial for tissue 
reconstruction. 

Pomegranate and jabuticaba peel extracts have proliferative prop
erties at concentration of 0.156 mg mL− 1 (24 h of incubation), differ
ently the grape extract showed cytotoxicity in the same period. After 48 
h, only jabuticaba extract showed non-cytotoxic properties at this con
centration. Higher concentrations of all compounds, however, resulted 
in decrease in the cell viability for both periods. 

The ability of flavonoids to remove free radicals can be an explana
tion for the cytotoxic activity observed for the extracts at higher con
centrations [60]. In addition, the cytotoxic activity of the extracts as well 
as the antimicrobial activity can be influenced by the environmental 
conditions in which the fruits were obtained [49], by the extract 
extraction process and also by the concentration range tested. Many 
researchers found different cytotoxicity values for extracts of the same 
fruit [61,62]. 

Okonogi et al. [61] evaluated the cytotoxicity of the pomegranate 
peel extract, extracted in 95% hydroethanolic solution for 3 days. They 
reported that up to a concentration of 0.1 mg mL− 1 the extract was able 
to increase the cell viability of Caco-2 cells (cell line of human colorectal 
epithelial adenocarcinoma cells). 

Pitz [62] evaluated the cytotoxicity of jabuticaba extract and 
concluded that at concentrations of 100 μg mL− 1, the extract showed 
proliferative properties. On the other hand, at concentrations of 200 μg 
mL− 1, the extract was cytotoxic. In this study, the lowest concentration 
of extract tested was 0.156 mg mL− 1, resulting in cell viability of 105.5 
± 1.8 and 109.8 ± 2.8% after 24 h, for pomegranate and jabuticaba 
extracts, respectively. Our results are in line with those described by Pitz 
[62] in the literature about the relationship between the cell viability 
and the extracts concentrations. 

For the grape seed extract the cell viability decreased between the 
concentrations of 0.156 and 0.312 mg mL− 1 and increased at 2.5 mg 
mL− 1 concentration after 24 h of incubation. After 48 h, the decrease in 
cell viability occurred until the concentration of 0.625 mg mL− 1, and 
after that concentration there was an increase in viability, indicating 

Fig. 5. Percentage of cell viability in: a) 24 h and b) 48 h, for ( ) nHA; (▪) P; ( ) R; ( ) J.  
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that within the concentration range the compounds had higher cyto
toxicity, but when the concentration tested exceed this range none of the 
compounds were toxic. 

3.12.2. Cytotoxicity of scaffolds 
Fig. 6 shows the percentage of cell viability for the scaffolds after 24 

and 48 h of incubation. It was observed that after 24 h, all the scaffolds 
did not show cytotoxicity. Padrão et al. [25] reported similar results for 
heparinized nanohydroxyapatite/collagen combined with antibiotic. 
However, after 48 h, CR, CnHAP, CnHAR and CnHAJ scaffolds were 
cytotoxicity. 

At both time points, C and CnHA scaffolds had the highest cell 
viability (higher than 90%). Thus, there is an indication that the addi
tion of plant extracts in the scaffolds can reduce the cell viability. 

Huang et al. [63] studied the cytotoxicity of proanthocyanidin 
incorporated in gelatin nanofibers against mouse fibroblast cells L-929. 
For this, they cultivated the cells directly on the material and as a result, 
they found that this incorporation not only accelerated the cell prolif
eration, but also increased the efficiency of drug loading. 

The study of these authors suggests that the use of plant extracts in 
biomaterials can be promising, and the concentration reduction of these 
extracts can increase the cell viability. Nevertheless, C, CP, CJ and CnHA 
scaffolds did not show cytotoxicity in both periods, proving favorable to 
their use as biomaterials. 

4. Conclusion 

This study demonstrates that the extracts act as collagen crosslinking 
agents, increasing its thermal stability and enzymatic resistance; the 
scaffolds presented pore size and porosity suitable for the growth of 
bone tissue. All the extracts showed antimicrobial activity and inhibition 
zone was observed for CR scaffold against S. aureus. It was also noticed a 
high influence of the extract over cytotoxicity of the scaffolds. However, 
C, CP, CJ and CnHA scaffolds were not cytotoxic after 48 h, representing 
therefore one more way to control its properties during the preparation 
of new materials. Moreover, results are promising to development of 
scaffolds trough the combination of bioactive molecules as biomaterials 
to provide better outcomes for bone regeneration. 
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