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Introduction

Natural bone grafts such as autografts and allografts are pre-
ferred for bone restoration applications; nevertheless, they 
are constrained in terms of donor availability and involve 
a risk of disease transmission [1]. As a result, biomedical 
research is keenly focusing on bone tissue regenerative 
scaffolds which can simulate the biochemical properties of 
the extracellular matrix (ECM) of the bone and can induce 
molecular cues for osteoinduction and osteoconduction 
[2]. The major portion of the organic content of the ECM 
of bone is collagenous, which aids in cell anchoring and 
regulates osteoblasts’ growth [3]. To facilitate the regenera-
tion of bone tissue, a scaffold’s structure and composition 
should promote cellular adhesion, proliferation, and differ-
entiation. The ideal scaffold would comprise a design that 
is optimal for stability without sacrificing bioactivity and 
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Abstract
Background  Natural bone grafts are the highly preferred materials for restoring the lost bone, while being constrained of 
donor availability and risk of disease transmission. As a result, tissue engineering is emerging as an efficacious and competi-
tive technique for bone repair. Bone tissue engineering (TE) scaffolds to support bone regeneration and devoid of aforesaid 
limitations are being vastly explored and among these the avian eggshell membrane has drawn attention for TE owing to its 
low immunogenicity, similarity with the extracellular matrix, and easy availability.
Methodology and results  In this study, the development of bone ingrowth support system from avian eggshell membrane 
derived collagen hydrolysates (Col-h) is reported. The hydrolysate, cross-linked with glutaraldehyde, was developed into 
hydrogels with poly-(vinyl alcohol) (PVA) by freeze-thawing and further characterized with ATR-FTIR, XRD, FESEM. The 
biodegradability, swelling, mechanical, anti-microbial, and biocompatibility evaluation were performed further for the suit-
ability in bone regeneration. The presence of amide I, amide III, and -OH functional groups at 1639 cm− 1,1264 cm− 1, and 
3308 cm− 1 respectively and broad peak between 16°-21° (2θ) in XRD data reinstated the composition and form.
Conclusions  The maximum ratio of Col-h/PVA that produced well defined hydrogels was 50:50. Though all the hydrogel 
matrices alluded towards their competitive attributes and applicability towards restorative bone repair, the hydrogel with 
40:60 ratios showed better mechanical strength and cell proliferation than its counterparts. The prominent E. coli growth 
inhibition by the hydrogel matrices was also observed, along with excellent biocompatibility with MG-63 osteoblasts. The 
findings indicate strongly the promising application of avian eggshell-derived Col-h in supporting bone regeneration.
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physico-chemical resemblance to the organic mineralized 
matrix structure of bone [4].

The fabrication of bone TE scaffolds has been vastly 
explored from both natural and synthetic materials [5]. 
Despite their exuberant mechanical strength, synthetic 
polymer-based scaffolds are limited in their application due 
to the acidic character of their byproducts and their poor 
attachment to biological moieties [6]. Natural polymers 
with excellent bioactivity, hydrophilicity, and ECM-like 
properties, such as silk fibroin [2], chitosan [7], gelatin [8], 
collagen [9] and others, circumvent the limitations listed 
above. Among these, collagen being an essential compo-
nent of bone, also possesses low immunogenicity, optimal 
porosity, processability, and availability; making it one of 
the commonly employed biopolymers for wide range of TE 
applications [10]. Besides, the collagen peptides have also 
been reported to promote proliferation and differentiation of 
preosteoblasts by activating the PI3K/Akt (phosphatidylino-
sitol 3kinase)signaling pathway [11]. Bovine and porcine 
are the main sources of extracting collagen [12], with the 
extraction methodologies being strenuous and the harvested 
collagen offering a risk of prion’s transmission [13]. Colla-
gen extraction from the avian eggshell membrane (ESM) is 
gaining momentum due to its wide accessibility, absence of 
the aforesaid limitations; along with the optimum mechani-
cal and biological properties, -making it an appropriate 
starting material for the development of bone regenera-
tion matrices. The extraction is sustainable, in addition to 
ESM being well known to provide physico-chemical cues 
to effect crucial signaling molecules (transforming growth 
factors) for promoting specific cell behaviors [14]. Recent 
studies have reported the utilization of ESM-hydroxyap-
atite scaffolds to enhance the alkaline phosphatase activ-
ity expression of osteogenesis-related genes, and proteins 
in MC3T3-E1 cells [15]. The scaffolds developed from 
nanofibers of ESM solution have also reportedly shown an 
increased potential in regenerating the bone tissue [16]. In 
addition, the soluble ESM has also shown osteogenic differ-
entiation of mesenchymal stem cells and bone regeneration 
in mice models [2].

Besides, utilization of ESM for obtaining protein frac-
tions, (including hydrolyzed collagen) also contributes to 
a circular economy as the eggshell waste gets effectively 
valorized after the eggs are used by the food industry [9, 
17]. However, the collagen needs to be composited with an 
appropriate polymer to give optimum strength to the bone 
TE construct.

The article henceforth focuses on the development and 
utilization of avian ESM derived collagen hydrolysate based 
hydrogels, by blending with poly-(vinyl alcohol) (PVA) in 
studying their effects on bone tissue regeneration potential.

Materials and methods

Materials

The chicken eggshells were sourced from the NIT Jalandhar 
Institute Canteen in Punjab, India. PVA (Mw 60,000, degree 
of hydrolysis ≥ 98%) was obtained from Merck™. Pepsin 
(1000U/mg) from porcine was obtained from Hi-Media™. 
The analytical grade 3-mercaptopropionic acid (3-MPA), 
acetic acid, and NaOH were also supplied by Hi-Media™. 
The osteoblast cell line for study was obtained from 
NCCS, Pune (India). The cell culture reagents MTT (3-(4, 
5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide), 
Dulbecco’s Minimum Essential Medium Eagle (DMEM), 
Fetal Bovine Serum (FBS), Penicillin-Streptomycin, Fluo-
rescein diacetate (FDA), and Propidium iodide (PI) were 
purchased from TCI™, Cytive™, Gibco™, Hi-Media™, 
Merck™, and Hi-Media™, respectively.

Methods

The collagen extraction process

The eggshells washed with water, were utilized for the 
manual peeling of the ESM, which were further chemi-
cally processed to remove the soluble ESM protein frac-
tions, as described in our previous work [18]. In brief, the 
ESM were hydrolyzed in an acidic environment with 0.5 M 
3-mercaptopropionic acid (3-MPA) and 10% acetic acid, 
and the solubilized protein was precipitated using NaOH. 
The remaining ESM fractions (predominantly collagenous), 
were further ultrasonicated in distilled water (0.5% w/V) at 
a frequency of 38 kHz for 1 h [9]. The uniform suspension 
was then enzymatically hydrolyzed by utilizing pepsin (500 
U), and incubating the system at 37 ℃ for 4 days. 0.5 M 
acetic acid was used to maintain the pH of the system at 
3, throughout the hydrolysis process. The collagen solution 
obtained is hereafter referred to as collagen hydrolysate 
(Col-h).

Development of Col-h based hydrogels

The Col-h was mixed with PVA (14% w/V) with varying 
ratios, as shown in Table  1. The Col-h/PVA blends were 
magnetically stirred for 8 h at 20℃, in the presence of 0.5% 
glutaraldehyde as the crosslinker. The blends were thereafter 
neutralized using 1 M NaOH, prior to their hydrogels’ forma-
tion through 7 freeze-thaw cycles at -20℃ for 8 h and 25℃ 
(RT) for 3 h [9, 19]. The hydrogels, for each blend type were 
prepared in triplicates; and lyophilized at -80℃ (FreeZone, 
LABCONCO), for obtaining the freeze-dried forms before 
their further physico-chemical characterization.
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Attenuated total reflectance-fourier transform infrared 
(ATR-FTIR) spectroscopy

An ATR-FTIR spectrophotometer (Bruker, Alpha II-Plati-
num) was used to determine the hydrogels’ chemical com-
position. The transmission spectra were averaged for 40 
scans in the wavelength range of 600–4000 cm− 1.

X-ray diffraction (XRD)

PAnalytical Empyrean XRD was used to investigate the 
hydrogels’ elemental constitute. The lyophilized hydrogels 
were scanned using collimated Cu-K rays, at a rate of 2 
degrees per minute from 2θ = 5–28° [9].

Field emission scanning electron microscopy (FESEM)

FESEM (Zeiss, SIGMA 500VP) was used for the assess-
ment of the morphological properties of the hydrogels. The 
lyophilized hydrogels were gold coated before proceeding 
for the imaging process. The surface images of the hydrogel 
samples were next analyzed for the average pore sizes, sur-
face topological roughness values and average percentage 
porosity with ImageJ software [20, 21], as described in our 
earlier reports [9, 18].

Biodegradability

The hydrogels’ degradation was investigated by initially 
weighing the lyophilized hydrogels (Wi), then immersing 
them in Phosphate buffer saline (PBS, pH 7.2) at 37 °C for 
7, 14, 21, and 28 days. The contamination was prevented 
by replacing the PBS solution every second day [22]. The 
hydrogels received removal at the specified time intervals 
and then lyophilized to calculate the final weight (Wf). 
Equation 1 was used to compute the degradation rate further 
[22].

DegradationRate (%) =
Wi −Wf

Wi
× 100� (1)

Swelling index

The swelling index of the hydrogels was assessed by their 
ability to absorb water. After weighing the lyophilized 
hydrogels (Wi), they were allowed complete immersion in 
water for 5, 10, 20, 40, 60, 120, and 1440 min. Following 
immersion, the hydrogels were removed and the surface 
moisture was dried with a tissue paper. Next, the hydrogels 
were weighed to obtain the final weight (Wf), and the swell-
ing index was then computed using Eq. 2 [22].

SwellingIndex (%) =
Wf −Wi

Wi
∗ 100 � (2)

Tensile strength measurement

The mechanical properties of the hydrogel films were evalu-
ated as per the ASTM D638 standards using an automated 
universal testing machine (Ashian Engineers Company 
India, 2 KN) [23]. The test films of 4.5  cm length, and 
0.2 cm width were fixed; and the tension was applied until 
the breaking point. The measurements from three replicates 
(n = 3) were averaged to assess the tensile strength and per-
centage elongation of all the hydrogel film samples.

Anti-microbial studies

The bacterial strain of E. coli was inoculated in 10 ml of 
luria broth (LB) media and cultured overnight in a BOD 
incubator at 37 °C. This culture was further employed to test 
the antibacterial properties of Collagen/PVA blends; using 
the disc diffusion method. The E. coli culture was evenly 
spread throughout the entire sterile agar surface of a dried 
Luria agar plate to inoculate it. The impregnated discs were 
filled with varying concentrations of hydrogel precursor 
solutions, incubated for 24 h at 37℃, and then observed for 
growth. The diameter of the total inhibitory zones on the 
disc was measured to assess the antibacterial activity.

In–vitro cell proliferation, cytotoxicity, and viability 
assessment

The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetra-
zolium bromide) test on MG-63 osteoblast cells was used to 
assess the hydrogels’ in-vitro cytotoxicity. A sub confluent 
monolayer of the cells was created by seeding them at a den-
sity of 1 × 104 cells/well in a 96-well-plate with 100 µL of 
Dulbecco’s Minimum Essential Medium Eagle (DMEM), 
10% Fetal Bovine Serum, and 1% Penicillin-Streptomycin; 
with further incubation at 37  °C and 5% carbon dioxide 
(CO2). The culture medium was next replaced with hydrogel 

Table 1  Ratio of collagen and PVA in the blends, along with their 
respective hydrogel codes
Sample codes Col-h:PVA (V/V)
H1 10:90
H2 20:80
H3 30:70
H4 40:60
H5 50:50
H6 60:40
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ATR-FTIR analysis

The ATR-FTIR measurements were used for assessing the 
chemical constitution of the Col-h and PVA (Figure S1). 
The Col-h showed the presence of C-O or C-C stretching 
at 1090  cm− 1 (Figure S1). The peaks at 1636  cm− 1 and 
1219 cm− 1 corresponded to the amide I and amide III peaks 
respectively. The vibrational peak at 1323 cm− 1 is attributed 
to the CH2 side chain, which is a characteristic feature of 
collagen [26]. The C-H stretch in CH3 gave rise to the peak 
at 2934 cm− 1. The presence of -OH groups caused the peak 
at 3288 cm− 1. Furthermore, the PVA showed the presence 
of CH2 rocking at 864 cm− 1, C-O-C stretch at 1062 cm− 1, 
C-H bend at 1460 cm− 1, C-H stretch at 2923 cm− 1, and OH 
stretching at 3639 cm− 1(Figure S1) [27, 28].

The assessment of the developed hydrogels showed the 
stretching of C-O or C-C in collagen and PVA, causing the 
peak at 1095 cm− 1 [28]. Another distinctive PVA peak at 
1400 cm− 1 occurred due to the presence of the -CH2 group. 
In addition, the C-H stretch in CH3 gave rise to the peak at 
2934 cm− 1 [29]. All sample groups showed the amide I and 
amide III peaks at 1639 cm− 1 and 1264 cm− 1 respectively 
[9, 30] which supported the existence of charged functional 
moieties in the collagen protein. A large, broad peak at 
3308 cm− 1 additionally revealed the significant presence of 
the -OH and -NH groups [30] in the PVA and collagen mol-
ecules, respectively (Fig. 1).

XRD measurements

The hydrogels were further analyzed through the XRD 
technique, which showed the presence of four peaks at 
2θ = 19.69, 21.59, 23.10, and 23.94° (Figure S2) [31]. The 
diffraction peaks were attributed to the existence of PVA 
crystallites localized in the knots of the network structure. 
The F-T process causes the formation of knots and porous 
walls in the hydrogel [31], as can also be seen in the FESEM 
images of the hydrogels (Fig. 2). In addition, a broad peak 
ranging from 16° to 21° was also observed. This could be 
attributed to the amorphous nature of the collagen hydroly-
sate, as also reported previously [9]. This analysis was sig-
nificant in providing an insight into the ease of Col-h release 
from the hydrogel matrix. Encapsulation within an amor-
phous matrix leads to higher release rates in comparison to a 
crystalline matrix; as the latter requires energy for breaking 
the crystal lattice during dissolution [32].

FESEM analysis

The hydrogels’ morphology was further investigated using 
FESEM, with all of them displaying well-connected pores 
(Fig. 2), with the inset showing the size distribution of 20 

extracts, and a negative control (PVA) (all prepared in the 
culture medium) after 24 h. After the completion of treat-
ment period of 24 h, 50µL of MTT solution (1 mg/ml) was 
put in each well and incubated further for two hours. The 
MTT solution was subsequently removed and the formazan 
that was produced as a result of the metabolic breakdown 
of MTT by living cells was dissolved by adding 100 µl of 
isopropanol. The process was then quantified by measuring 
the absorbance values of formazaan at 570 nm with the help 
of an automated microplate reader (BioTek Cytation 5) [24]. 
The process was also carried out at day 3 and day 7 to assess 
the cell proliferation.

Fluorescence-based FDA/PI assays were used to investi-
gate the visual proliferation and cellular viability in hydro-
gels’ extracts. Fluorescein diacetate (FDA) and propidium 
iodide (PI) were used for staining the live and dead cells, 
respectively [24].The cellular viability and morphology 
were visualized when the MG-63 osteoblasts, treated with 
the 100 µl of the hydrogels’ (H3, H4, and H5) extract (pre-
pared by dispersing 10 mg/ml hydrogels in culture media) 
for 7 days were stained. The staining was performed by 
removing the media, followed by addition of 100 µl of both 
FDA and PI, with a couple of PBS washings in between. 
The staining was carried out for 5 min in the cell culture 
incubator, post which the cells were washed with PBS and 
later reconstituted in Opti-MeM (Invitrogen), for subse-
quent imaging under inverted fluorescence microscope [24].

Analysis of variance (ANOVA)

Three separate experiments were used to measure the cell 
viability data, and the results were presented as mean ± stan-
dard deviation. One- way ANOVA was used for the statisti-
cal analysis; along with Tukey’s HSD and differences with a 
p-value of 0.05 or less were considered significant.

Results

The residual collagenous portion of the chicken ESM was 
suspended in water to make a system of uniform collagen 
dispersion after the soluble protein content was eliminated 
through acid treatment. The subsequent hydrolysis with 
enzymatic action of pepsin yielded 0.8 mg/ml Col-h solu-
tion, further blend with PVA and cross-linked using glu-
taraldehyde. The physical crosslinking through seven F-T 
cycles occurred via the interaction and entanglement of the 
PVA molecular chains at low temperatures [25], henceforth 
leading to the development of easy to handle hydrogels, bar-
ring H6 which was too mushy. Henceforth, H6 could only 
be evaluated for the presence of the functional groups and 
its degradation.
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(Table  2), which have a significant contribution towards 
cell adhesion and proliferation. The surface morphological 
analysis revealed that the average pore diameters increased 
from H1 to H5, with the lowest being 6.60 ± 1.90 μm in H1 

randomly selected pores). A comprehensive evaluation of the 
micrographs was carried out in order to gain an understand-
ing of the microstructural characteristics, such as average 
pore diameter, percentage porosity, and surface roughness 

Fig. 2  The FESEM images of the hydrogels H1 to H5 (inset images represent the pore size distribution); along with the real images of the devel-
oped hydrogels H1 to H6

 

Fig. 1  The ATR-FTIR spectra of 
the hydrogels H1 to H6, averaged 
for 40 scans
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effected by the extent of crosslinking and porosity [34]. The 
higher Col-h content may lead to larger pore sizes [26] and 
weaker interconnections among the molecular chains, thus 
leading to ease of degradation. It was also seen that H1 and 
H2, the most tightly bound hydrogels among their counter-
parts started degrading only after 14 and 7 days respectively, 
owing to their compact network structures. The H6 degraded 
completely in 21 days, showing its inability to function as a 
material for bone regeneration and was hence eliminated in 
other measurements and studies.

Swelling ability

The ability of the hydrogels for fluid uptake was also 
analyzed through their swelling properties. The water 
absorption by the hydrogels was studied at various time 
intervals till 24 h, with the H5 showing the maximum rate 
of 257.14 ± 12.85%. In contrast, the H1’s uptake was found 
to be 94.44 ± 4.72%, as shown in Fig. 3B. The higher swell-
ing ability of H5 can be attributed to the presence of higher 
amount of Col-h which leads to enhanced hydrophilicity in 
the hydrogels [34]. The higher pore sizes and percentage 
porosity of H5 (Table  1), w.r.t. its counterparts also con-
formed to the above analysis. The higher amount of PVA, on 
moving from H4 to H1, contributed towards much denser 
hydrogels and correspondingly lesser swelling [35, 36].

Tensile strength analysis

The tensile strength measurements of the hydrogels were 
next assessed to ascertain their role in load bearing for effec-
tive bone regeneration. The ultimate tensile strength and 
percentage elongation of the hydrogels is shown in Table 3. 
The measurements revealed the decrease in strength of 

to the largest being 22.36 ± 8.12 μm in H5. This may be due 
to the increased concentration of Col-h, not forming cross-
links with the PVA molecules and remaining as independent 
structures; thus leading to the increase in pore size of the 
hydrogel systems [26]. The percentage porosity, which cor-
responded to the area occupied by the pores present in an 
area selection of 10 μm × 10 μm in the FESEM images of all 
the hydrogel sample groups, was calculated through ImageJ 
as discussed previously. A likewise increasing trend was also 
visible in case of percentage porosity values (Table 2). Such 
topological features, including the micrometer ranged sur-
face roughness values of the hydrogels, have been known to 
stimulate the formation of bone cells. This occurs due to the 
increased specific surface area offered by the focal adhesion 
sites, which in turn can facilitate improved cell attachment 
and dissemination [33].

Biodegradation study

Furthermore, studies on the progressive degradation of the 
hydrogels revealed weight loss ranging from 10 ± 0.5% for 
H1 to 44.4 ± 2.2% for H5 after 28 days of hydrogels’ immer-
sion in PBS (Fig.  3A). The rate of degradation increased 
with increase in Col-h content, and is also known to be 

Table 2  The microstructural analysis of the hydrogels
Hydrogel type Pore Diameter

(Mean ± SD), µm
Percentage 
Porosity

Average 
surface 
rough-
ness, µm

H1 6.60 ± 1.90 55.79 34.26
H2 8.05 ± 2.94 59.17 39.60
H3 8.08 ± 4.90 66.59 38.46
H4 13.3 ± 6.54 64.32 29.38
H5 22.36 ± 8.12 68.96 32.60

Fig. 3  Biodegradation studies of the hydrogels H1 to H6 (A), and Swelling studies of the hydrogels H1 to H5 (B); (n = 3)
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Col-h, which is well known for its activity against gram 
negative bacteria, can also be another contributing factor 
[40]. In contrast, the solutions having lower Col-h content 
did not show any antibacterial activity, suggesting the role 
of hydrolysate concentration in achieving the desired anti-
microbial effect.

In–vitro cell proliferation, cytotoxicity, and viability 
assessment

The biocompatibility of all the hydrogels was evaluated using 
seeded MG-63 osteoblasts. The cell viability results from the 
MTT assay (Fig. 4) concluded that the cell viability increased 
on increasing the Col-h content of the hydrogel sample groups; 
with H5 showing the maximum percentage of viable cells as 
75.02% after day 1. The cells proliferated well during the one-
week study, with viability reaching to a maximum of 96.5% 
in case of H5. The results were further compared through the 
statistical evaluation measures which confirmed significant dif-
ferences in percentage cell viability between all sample types 
barring H2-H3, and H4-H5 (p-values for these pairs were 
greater than 0.05).

Henceforth, the cells grown in H3, H4, and H5 extracts were 
morphologically analyzed. The fluorescence images  (Fig.  5) 
revealed that the cells had a normal elongated polygonal 
[41] morphology. The average cell size as computed using 
ImageJ [20], was 122.88 ± 20.74 μm, 136.43 ± 32.46 μm, and 
100.18 ± 24.50 μm for H3, H4, and H5 respectively. The cell 
size increased from H3 to H4, as can also be observed through 
better cell spreading and cytoplasmic extensions in the latter 
case. The cells exhibited spindle and chained morphology. The 
size decreased in case of H5, (presence of more round and oval 
cells can be seen) which can be attributed to more amount of 
Col-h in this case. Higher Col-h might lead to increased bind-
ing with the integrin receptors of the cell surface, over a much 
shorter distance when compared with lower Col-h (receptor 
saturation model) [42]. High viability of cells was seen at day 
7, which was in coherence with the results of the MTT assay, 
as discussed above.

Discussion

The Col-h based hydrogels were physically stable, along with 
their chemical composition which was revealed by ATR-FTIR 
measurements. The characteristic IR peaks supported the exis-
tence of both collagen and PVA moieties. The results were 
similar to hydrogels developed from fish collagen [28], ESM 
collagen dispersions [9], and type II collagen [26] along with 
PVA. The diffraction peaks, centered around 2θ = 20° were also 
reported for collagen/PVA hydrogels, wherein the collagen 
was sourced from fish [28]. Their XRD data also revealed the 

the hydrogels on increasing the Col-h content. A similar 
decrease was observed in hydrogels of fish collagen blend 
with PVA [37]. The lowering of the tensile strength values 
of the hydrogels from H1 to H5 can be due to their larger 
pore sizes (Table  2) which arise due to increase in Col-h 
content and leads to lower intermolecular interaction among 
the PVA chains, with subsequent decrease in tensile strength 
[38].

Antimicrobial activity evaluation

The raw ESM is known for its antibacterial properties due to 
the presence of lysozyme. In contrast, the ESM hydrolysates 
(prepared by chemical treatment) exhibit varying degrees 
of antibacterial activity [39]. Its assessment can enable an 
insight into the retention of this property within our hydro-
lysate fraction, prepared enzymatically. The hydrogel pre-
cursor solutions tested for their antibacterial activity against 
E.coli showed prominent inhibition zones of 15.08, 14.81, 
16.93, and 17.46 mm for H3, H4, H5, and H6 respectively 
(depicted in Figure S2). The abundance of proline in the 

Table 3  Tensile strength analysis of the hydrogels H1 to H5
Hydrogel Type Ultimate Tensile Strength, 

UTS
(MPa)

Percentage 
Extension

H1 2.25 ± 0.11 94 ± 4.7
H2 1.77 ± 0.08 64.4 ± 3.22
H3 1.70 ± 0.09 62.8 ± 3.46
H4 1.63 ± 0.08 66.8 ± 3.34
H5 1.35 ± 0.05 66.5 ± 3.32

Fig. 4  Percentage cell viability seen on day 1, 3, and 7 in all the hydro-
gel groups (**p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001)
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composite patches utilized for osteochondral defects [29]. 
Preventing infections at the wounded site is imperative for the 
repair mechanism to continue effectively. The observed antimi-
crobial activity of our hydrogels might be due to the presence 
of antimicrobial peptides like avian β-defensins, histones, and 
Ovocalyxin-36 present in the avian ESM [43]. Bovine tendon 
extracted Type I collagen hydrolysate tested against S. aureus 
and E. coli also showed similar antimicrobial activity [40]. The 
comparatively greater percentage of viable cells in H5 could 
be attributed to the presence of a much more suitable physico-
chemical environment, with a greater amount of amino acids 
and arginine-glycine-aspartic acid (RGD) sequences known to 
be present in the ESM [44], and inherently responsible for cell 
adhesion and growth. The cellular morphology and percentage 
cell viability for H4 were insignificant in comparison to H5, 
whilst having a greater tensile strength, implying it to be the 
best among our samples to satisfy the characteristics of an effi-
cient bone TE matrix.

presence of PVA crystalline peaks which were retained in the 
hydrogels due to non-disruption of the molecular chains’ geo-
metric structure [28]. Furthermore, the results of the topologi-
cal measurements were consistent with those obtained from 
collagen type II/PVA hydrogels [26]. These hydrogels also 
showed micro-dimensional pore sizes, which increased with 
increasing collagen content. The group also reported a similar 
increasing trend for percentage porosities, and average surface 
roughness [9] as also witnessed in our measurements.

The high swelling capacity of our hydrogels matched 
those of collagen/PVA composite patches [29]; which ranged 
between 237 and 503% after 24  h of immersion in PBS. 
The study also reported increased fluid uptake with increas-
ing collagen content. The degradation rate of our hydrogels 
increased with the Col-h content, as also reported for collagen 
type II/PVA hydrogels utilized in cartilage TE [26]. The group 
reported a degradation rate of ~ 50% for 50:50 hydrogels, being 
very close to our rate of 44% for the same ratio of hydrogels 
after 28 days of study. In addition, the tensile strength values 
of our hydrogels were similar to the reported collagen/PVA 

Fig. 5  Fluorescence microscopy images of MG-63 osteoblasts, cultured over H3, H4, and H5 hydrogel extracts for 7 days (scale bar = 1000 μm)
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