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Abstract 
Structure-activity relationship of nano-hydroxyapatite (nHA) and whitlockite (nWH) nanocomposites using Poly-Capro-
lactone (PCL) and Microcrystalline cellulose (MCC) composite (95/5, 90/10, 85/15 wt%) for bone tissue regeneration is 
elucidated in this report. Morphology, crystallinity, thermal properties, degradation, mechanical properties, and In Vitro, 
In Vivo biocompatibility of composites were systematically evaluated. Briefly, nHA and nWH nanoparticles were synthesized 
by chemical precipitation and trisolvent systems, respectively. MCC 5 wt% in PCL matrix (PCL/MCC-5) showed enhanced 
mechanical strength, increased crystallinity, and porous morphology compared to virgin PCL. Morphological analysis of nHA 
and nWH reinforced PCL/MCC-5 composite revealed a reduction in the pore size. Structural analysis, XRD, FTIR, and DSC 
concluded that nHA and nWH addition (1–10 wt%) improved the crystallinity of the PCL/MCC-5 by acting as nucleating 
sites for polymer chains. The presence of Van der Waals forces of attraction caused an increase in crystallinity and a decrease 
in pore size. Mechanical testing revealed an increase in modulus by 113 times for 10 wt% nHA and 125 times increase on 
10 wt% nWH loading compared to virgin PCL. In vitro cytocompatibility using Vero cell line showed ~ 88% cell viability 
for PCL/MCC-5 composite and ~ 94% for 5wt% and 10 wt% nHA loaded composite on day 7, which shows nanoparticles 
improved osteoconductive and osteinductivity of the composites. LIVE/DEAD assay with NIH3T3-L1 cell lines with 1% 
nHA showed the highest cell viability for all 3, 7, 14, and 21 days. In vivo trials with 10 wt% of nHA and nWH demonstrated 
full and thick muscle adherence and bio-interfacial affinity to the nanocomposites in comparison to virgin PCL. Our findings 
suggest that PCL/MCC composite with nHA and nWH may serve as a promising bone implant.
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Introduction

Despite the inherent self-regeneration capacity of bone, 
certain congenital disorders and non-union fractures 
accompanied by trauma, infection, or injury exceed the 
critical self-repairing limit. They can lead to permanent 
loss or dysfunction of osseous tissues [1]. Previously, these 
skeletal defects have been amended by autografts (gold 
standard), allografts, and xenografts. But these approaches 
suffer from substantial limitations such as two-site surgery, 

disease transmission, donor site morbidity, and immune 
system denunciation. Metal and ceramic-based bone 
grafts can also be inserted to aid bone repair. However, 
their intrinsic disadvantages include bone thinning, lack 
of degradability, and processability, which confine their 
applications [2].

To surmount these limitations, researchers are directed 
toward seeking new alternatives to traditional treatment 
methods. In recent decades, bone tissue engineering (BTE) 
has come to the fore [3], which is mainly focused on devel-
oping porous scaffolds which can be implanted into defect 
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sites. In addition to porosity, osteoconductivity, biocom-
patibility, biodegradability, immunogenicity, and excellent 
mechanicalstrength are qualities of an ideal scaffold [4–7]. 
The principle of BTE is to utilize scaffolds or synthetic 
extracellular matrix along with osteoblast and growth factors 
to bring about cell recruitment, proliferation, and differentia-
tion [8]. Porous scaffolds act as templates and facilitate cell 
seeding and bone tissue formation. No ideal scaffold mate-
rial has been encountered yet, but polymers make an attrac-
tive and promising bone substitute formation. The enormous 
growth in polymeric composite has been witnessed over 
the last few years in their biomedical applications [9–12]. 
The bio-artificial blending of polymers involves the mix-
ing of synthetic and natural polymers to impart exceptional 
mechanical and structural properties to scaffolds [9, 13, 14].

Poly-caprolactone (PCL) has garnered much attention in 
biomaterial engineering [15, 16]. PCL is an aliphatic poly-
ester, semi-crystalline in nature, and possesses high solubil-
ity in chlorinated solvents and low melting point, making 
its processing and blending with polymer materials facile 
[17]. Its biocompatibility, permeability, easy manipulation, 
and US Food and Drug Authority (FDA) approval make it 
a potential candidate to make artificial constructs [18, 19] 
However, slow resorption rate, hydrophobicity, mechanical 
stability and non-osteogenic nature limit its application [17, 
19]. To better cater to the necessities of the host cells. Micro-
crystalline cellulose (MCC) is incorporated into PCL, fine-
tuning the biodegradation rate. MCC, the most abundant 
polymer serves as a counterpart of collagen, supports osteo 
differentiation, and provides a cellular milieu [20, 21]it can 
be implicated in bone implants [22].

Nanoparticles are widely used in medical applications 
[23, 24] and other advanced fields [25–28]. Addition of 
nanoparticle in polymers leads to the polymeric nanocom-
posites which have synergistic combination of beneficial 
properties of the polymer and nanoparticles [12, 22–24, 
29]. While to improve the osteoinductive, osteoconductive 
character of the scaffolds, incorporating ceramics such as 
(nano-hydroxyapatite) nHA and nWH (nano-whitlockite) is 
a practical approach. HA and WH are the most abundant 
inorganic phases in the skeletal tissues, respectively [30]. 
They emulate natural bone and are dispersed in the colla-
gen matrix, making bone a true nanocomposite [31, 32].
WH imitates bone remodeling by inhibiting monocyte’s con-
version to osteoclasts, regulating osteogenic differentiation 
and transforming into HA [33, 34]. HA can also transform 
into WH and is the only calcium phosphate compound ther-
modynamically stable at neutral pH. Regulated architecture 
and biomaterial properties are the indispensable features 
required to mimic the osseous tissues.

Herein, we account for lab synthesis of nHA, nWH, 
and PCL/MCC polymeric composite. Then we fabricated 
biomimetic nanocomposites in which nHA and nWH are 

embedded in PCL/MCC composite in different weight ratios. 
Furthermore, a comparative study was carried out on the 
structural and thermomechanical properties of composite 
and nanocomposites. In vivo profiles of composite and nHA 
and nWH-based nanocomposites were evaluated to under-
stand nanocomposites bone tissue regeneration potential, 
using Vero cell lines and NIH3T3 cell lines. to understand 
nanocomposites bone tissue regeneration potential.

Materials and Methods

Materials

Poly-Caprolactone (Mn: number average Molecular mass 
70,000  g  mol−1) was obtained from Polysciences, Inc. 
USA. Microcrystalline Cellulose (MCC) (20–100  μm), 
was obtained from DAEJUNG Co., LTD, South Korea. 
Chloroform research grade (99% pure) were procured from 
Sigma Aldrich Co., USA. Di-Ammonium hydrogen phos-
phate,  (NH4)2HPO4, 1 (98%), Calcium nitrate tetrahydrate, 
Ca(NO3)2·4H2O, (complexometric assay ≥ 100%), Calcium 
hydroxide, Ca (OH)2 ≥ (85%), Magnesium hydroxide, 
Mg(OH)2, 85%, Ammonia Solution,  NH3 sol, (35%),, Phos-
phoric Acid  (H3PO4) 85%, and Deionized water from Fisher 
Scientific International, Inc. USA were acquired and utilized 
as such.

Synthesis of Hydroxyapatite Nanoparticles (nHA)

Hydroxyapatite nanoparticles (nHA) were synthesized by 
combining calcium nitrate tetrahydrate (Ca  (NO3)2.4H2O) 
and diammonium hydrogen phosphate  (NH4)2HPO4), and 
 NH3 solution was used to maintain 12 pH [35]. Briefly, Cal-
cium and Phosphorus sources were dissolved in 32.8125 g 
of calcium source, and 9.5 g of phosphorus source were dis-
solved magnetically in 200 and 137.5 mL of deionized water 
at 80 ºC, followed by fusion of both solutions by drop-wise 
addition at 80 ºC for 2 h. After 24 h of aging, nHA precipi-
tates were filtered and rinsed with water, followed by drying 
and calcination at 80 and 500 ºC with a vacuum oven and 
Muffle furnace for 24 and 2 h, respectively.

Synthesis of Whitlockite Nanoparticles (nWH)

Whitlockite was fabricated by the wet chemical precipita-
tion method [33]. For this purpose, 0.13 M Mg(OH)2 and 
0.37 M Ca(OH)2 solutions were prepared in distilled water. 
Secondly, equal proportions of Mg(OH)2 and Ca(OH)2 were 
stirred together in distilled water while the temperature was 
below 100 ºC.

Whereas  H3PO4 0.5 M was added drop wisely with 12.5 
mL  min−1 speed to the above solution. These precipitates 
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were aged for 24 h to get particles of sufficient size, followed 
by filtration and calcination.

Preparation of PCL‑Cellulose Composite

Four PCL-cellulose composite systems were prepared by 
solvent casting method, containing (w/w) 100–0%, 95–5%, 
90–10%, 85–15% of PCL-MCC respectively. For the first 
system, 1 g PCL pellets were accurately weighed and evenly 
dissolved in 20 mL chloroform using a magnetic stirrer at 50 
ºC for 2 h. Afterward, this homogenous solution was poured 
into a petri dish and air dried for 24 h to let the solvent evap-
orate. For PCL/MCC composite preparation, 0.95 g, 0.90 g, 
0.85 g of PCL granules and 0.05 g, 0.10 g, and 0.15 g of 
MCC were dissolved in 15 and 5 mL of chloroform sepa-
rately by keeping the temperature at 50 ºC. Then, both solu-
tions were mixed and stirred for 2 h, followed by air drying.

Preparation of PCL‑Cellulose Films with nHA 
and nWH

Based on the mechanical results of the composites, 95–5% 
PCL/MCC composite was selected for further analysis. For 
this purpose, three different composites with three varying 
amounts (1%, 5%, 10% w/w) of WH and HA were fabricated 
separately by dissolving 0.01 g, 0.05 g, and 0.10 g of nWH 
or nHA separately into 5 mL of chloroform. These solu-
tions were mixed with PCL-MCC solution and magnetically 
stirred for 2 h. Finally, to get the solvent evaporated, solu-
tions were poured into Petri dishes and left air dried for 24 h.

Characterization Techniques

Homogeneity and crystal structure of n HA and nWH Pow-
der were confirmed by performing XRD by DRON8, Rus-
sia, with 20 mA current and 40kv voltage. Scherer’s for-
mula, D = k�∕�cos(�) , was used to calculate the average 
crystallite size. Where D represents crystal size, k = shape 
factor (0.008), λ = incident wavelength, β = broadening 
of peak at half of the maximum peak, and θ is diffraction 
angle [36, 37]. WAXD of PCL/Cellulose, PCL/Cellulose/
nWH, and PCL/Cellulose/nHA were documented by vary-
ing 2θ 5°–90° at the rate of 2° per min at room temperature. 
Against each measurement, count time per step was 1 s per 
step, and step size was 0.04.

Vertex 70 FT-IR and Bruker PLATINUM ATR spectro-
photometers were used to record FTIR spectra of samples 
over 500–4000  cm−1 set as an observation range. Dried thin 
films of the PCL/MCC, PCL/MCC/nWH, and PCL/MCC/
nHA were placed to get IR data.

Samples were subjected to thermo-gravimetric analysis 
by carrying out a heating cycle up to 800 ºC with a heating 
rate of 10 ºC  min−1 and a gas flow of 50 mL  min−1 in each 
case. The heating range was from 25 to 800 ºC under an 
inert nitrogen atmosphere.

Differential scanning calorimetry (DSC) was performed 
on DSC 250 under a nitrogen gas atmosphere of 20 mL/
min. Each sample of 7 mg was weighed and placed in a 
Tzero Aluminum pan. Each sample was first heated to 100 
ºC followed by cooling to − 10 ºC and finally heated to 
100 ºC again. The melting temperature  (Tm) and degree 
of crystallinity (χc) were calculated through the following 
equation as presented in Eq. 1:

Where ΔHm° is the melting enthalpy of pure PCL whose 
value is 142 J/g [38] and ΔHm is the melting enthalpy of 
samples and ΔHc is crystallization enthalpy.

SEM analysis was performed on JEOL JSM-6490 A and 
was utilized to get a morphological assay of the samples. 
The size and morphology of the nanoparticles were exam-
ined by laying sample powder on carbon tape followed by 
a gold sputter coating of the sample. Cryofracture mor-
phology of virgin polymer, composite, and nanocompos-
ite films was obtained by examining fresh cryofracture 
surfaces which were produced by dipping films in liquid 
Nitrogen. And then breaking these samples immediately. 
Samples were placed on an Aluminum stub, followed by a 
gold sputter coating. Due to the instability of the polymer 
at magnification ≥ 10,000 ×, images were not captured at 
higher magnification.

Tensile properties of the samples were determined 
under AG-20KNXD Plus (Trapezium-X Universal Test-
ing Machine) with a crosshead speed of 1 mm  minute−1. 
Testing samples were prepared by cutting films with 
ASTM D6287 (hand cutter) of 20 mm gauge length in 50 
× 10 mm (length × width).

Swelling analysis of the nanocomposites was carried 
out by taking 10 × 10 mm strips of nanocomposites films 
in a pre-weighed Eppendorf tube. To this, added 1ml of 
PBS and the Eppendorf tube were placed in an incubator 
set at 37 ºC for 1 month. On days 1, 2, 5, 7, 14, 20 and 
24 media were changed and to measure the increase in 
weight, samples were dried and then placed at a weighing 
balance. Weight per cent was calculated and resultant data 
was plotted against time. The swelling ratio of the samples 
was calculated by the following formula as shown in Eq. 2:

Where  Wd and  Ws are the weights of the dried and 
swollen samples respectively.

(1)Xc(%) =
ΔHm − ΔHc

wt% ∗ ΔHm◦

(2)S =
[(

W
s
−W

d

)

∕W
d

]

× 100
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Biocompatibility Analysis

Cell Culture

Biocompatibility of these composite was assessed by MTT 
assay, for which Vero cell lines were obtained. Cell lines 
were passaged on standard conditions 4 times All sample 
composite were cut into discs of 15 mm diameter, followed 
by disinfection with 70% ethanol for 2 h. Prior to carrying 
out in vitro analysis, samples were further washed with PBS 
(phosphate buffer solution) and colonized on a sterilized 
24-well plate, and compressed. Cell lines were seeded onto 
the samples with 1 ×  104 cells/well strength. Vero cell lines 
were cultivated in the DMEM medium for 7 days.

MTT Assay

To study the biocompatibility and cytotoxicity of the 
samples, MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] assay was performed. 100 µL of 
MTT (5 mg  mL−1) which is a cell viability reagent, was 
first cultivated onto Vero cell lines for 3 h. After incuba-
tion, media was removed, and DMSO was transferred onto 
96 well plates. Cell viability was calculated by determining 
UV absorbance by placing the plate-on microplate reader at 
570 nm. This assay was run in triplicates in three independ-
ent experiments [39].

Crystal Violet Staining

Crystal violet staining of the Vero cells on day 7 was carried 
out. Cells were washed using PBS. After washing, dead cells 
were removed, and the adhered cells on the bottom of the 
well were fixed and stained with 0.4% crystal violet solution 
using methanol for half hour. Cells were again washed to 
remove excess crystal violet stain and were observed under 
the microscope. Triplicate images at 200 μm were taken.

LIVE/DEAD Assay

The LIVE/DEAD assay of these composite was assessed 
using NIH3T3-L1 (fibroblast, adipocyte) cell lines. All sam-
ple were cut into discs of 15 mm diameter and sterilized with 
70% ethanol for 2 h. Prior to carrying out in vitro analysis, 
those were further washed with PBS (phosphate buffer solu-
tion) and colonized on a sterilized 24-well plate and com-
pressed. Cell lines were seeded onto the samples with 1 ×  104 
cells/well strength. NIH3T3-L1 lines were cultivated in the 
DMEM medium for 3, 7, 14, and 21 days. Untreated cells 
were taken as control, and cells were washed 3 times with 
PBS, followed by 30-minute incubation with acridine orange 
(2 μm) and Ethidium Homodimer-1 (4 μm) ahead of micro-
scopic imaging. To differentiate between live cells (green 

color) and dead cells (red color), they were viewed under a 
fluorescence microscope at wavelengths 494–517 nm and 
528–617 nm for Acridine orange and Ethidium Homodi-
mer-1, respectively. Live cells were calculated by Image J 
software, and field images were captured at 10 ×.

Animal Testing

All animal experiments were approved by the research com-
mittee of the affiliated institution, and all surgical procedures 
were carried out under aseptic conditions. 12 female mice 
of age 6–7 weeks were procured. A mouse was divided into 
four groups. General anesthesia was done by IP injection 
of 4% chloral hydrate. Prior to making an incision in the 
thigh muscles, inner thigh hair was shaved and disinfected 
with iodophor. Afterward, fabricated bone implants hav-
ing high tensile strength named PC-5, HA-10 and WH-10 
were implanted in the thigh muscle. After 2 weeks, mice 
were sacrificed; dissected muscles were carefully collected 
and stored in formalin. For further analysis, samples were 
stained with hematoxylin-eosin and observed under the 
microscope [3].

Results and Discussion

Structure of the Nanocomposites

Morphology of the Nanoparticles and Nanocomposites 
Films

nHA and nWH nanoparticles and PCL, PCL/MCC, and 
PCL/MCC-5 nanocomposites were observed under SEM to 
visualize their morphology, size, and dispersion of MCC 
and nanoparticles in PCL-based films. Morphology of nHA 
[40] and nWH appeared spherical ,while the size of HA was 
23–40 nm and WH existed in the 17–23 nm range.

Both surface and cryofracture surface images were cap-
tured under various magnifications to understand the surface 
and internal structure of MCC and nanoparticles embed-
ded PCL films, as shown in Fig. 1. Virgin PCL films have 
smooth and compact structure and have homogeneous fea-
tures throughout the film as shown in Fig. 1c and d. Upon 
addition of the MCC in the PCL, we observed homogeneous 
dispersion of MCC up to 5 wt % and there was no sign of 
phase separation. MCC rods were observed to have sharp 
and defined edges. It is vivid from Fig. 1e MCC are embed-
ded in the PCL matrix giving its rough surface topography. 
As the concentration of MCC was gradually increased in 
the composites from 5 to 15%, empty spaces were gradu-
ally filled, which is attributed to lowering of surface energy 
which promotes higher cohesion of PCL and MCC [6].
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On the introduction of inorganic fillers in the organic 
matrix, significant changes in the morphology of com-
posites are detected as ceramic nanoparticles are exposed 
to empty pores surface of the matrix. In the case of PCL/
MCC-5/nHA, Fig. 1i–l) shows a homogeneous distribution 
of nHA in the PCL matrix, while in the case of the PCL/
MCC-5/nWH Figure m–p), we observed that some areas 
of the films have slight agglomerates of the nWH in some 

partial locations. Although the incorporation of HA and 
WH nanoparticles in the polymer matrix significantly influ-
enced the surface topography of the thin films, both nano-
particles further reduced the pore size by filling the empty 
spaces, which was a consequence of enhanced coherence 
and extensive networking between filler and base material. 
Due to the compact and dense structure, the film thickness 
was reduced to 142.80 and 138.57 μm when HA and WH 

Fig. 1  SEM images of nanoparticles and nanocomposites, a  nHA 
Scale bar = 0.1  μm b  WH, Scale bar = 0.2  μm c  PCL, Scale bar 
= 100 μm d–f PCL/MCC (5–15%, respectively) Scale bar = 100 μm, 

g–h  PCL/MCC-5nHA (1–5%) Scale bar = 100  μm i  PCL/MCC-
5nHA10% Scale bar = 5  μm, j–k  PCL/MCC-5nWH (1–5%), Scale 
bar = 100 μm and l PCL/MCC-5nWH10% Scale bar = 1 μm
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were added/embedded as filler in 1–10% w/w concentra-
tions, respectively.

X‑ray Diffraction Analysis of nHA, nWH Nanoparticles 
and Nanocomposites Films

Crystallographic analysis of the nanoparticles was done 
by performing XRD. XRD pattern shown in Fig. 2a has 
characteristic diffraction peaks of nHA at 2 Theta 25.8°, 
31.9°, 32.9, 34.0° and 39.8° corresponded with HA crystal 

Fig. 2  XRD spectra a nWH b nHA c PCL/MCC composite d PC5/nWH nanocomposites e PC5/nHA nanocomposites
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planes of (211), (002), (300), (310), and (202) matches the 
JCPDS 09–043 [18, 41]. Crystallite size was calculated to 
be 22.3 nm. For whitlockite nanoparticles, diffraction peaks 
are witnessed at two thetas of 44.16°, 37.72°, 34.56°, 32.9°, 
31.32°, 28.02°, 25.96° and 17.1° Fig. 2b, representing crys-
tallographic planes (220), (210), (330), (214), (101), and 
(100) of WH and is according to JCPDS 70-2064 [42]. Crys-
tallite size was found to be 19 nm using Scherer formula.

In Fig. 2c, PCL exhibited two different peaks at 21.5° 
and 24° at 2θ indicating (110) and (200) crystallographic 
planes respectively and shoulder peak at 22° [43]. MCC 
peaks were observed at 14°, 16°, 22.5°, 34° corroborating 
with the planes (110), (001), (200), and (004), respectively 
[44]. As MCC is loaded onto PCL, an increase in the peak 
shoulder of 22.5° is observed, whose peak intensified on 
increasing MCC loading and a significant change in the crys-
tal structure of the composite is observed. Up to 5% addition 
of MCC, an increase in the peak intensity is seen, which can 
be attributed to the nucleation caused by MCC, resulting 
in an increase in crystallinity of the composites. Addition 
of MCC in PLLA caused increase in crystallinity because 
MCC filler acted as a nucleating agent [45]. However, with 
10–15% content of MCC, a gradual reduction in the peak 
intensity and area under the peak is observed, which implies 
a decrease in the crystallinity as MCC particles start to clus-
ter [20].

After the addition of nHA 1%, 5% and 10% in the PCL-
MCC blend of 95–5% w/w concentration, respectively, it 
was observed that PCL peaks at 2θ = 22° and 24° remained 
intact. An additional peak at 2θ = 31.8° appeared, corre-
sponding to (211) planes of the apatite particles as shown in 
Fig. 2e. At 10% addition of nHA particles, a small peak at 
26.05°, which tallies with the (002) reflective planes of nHA, 
is also observed. For the nWH addition in the PCL-MCC 
composite, as shown in Fig. 2d, peaks for nWH are observed 
at 26.5°, 28.6°, 30.3°, and 32.9°, which matches with the 
(214), (300), (0210) and nWH (220) crystal planes, in addi-
tion to PCL peaks at 22° and 24°. As the amount of nWH 
and nHA nanoparticles is increased from 1 to 10% w/w, a 
gradual increase in the intensity of the peaks is observed, 
which implies that these particles act as nucleating agents, 
causing improved alignment, closer packing, and orienta-
tion for the PCL/MCC films which further results in the 
improved crystallinity of the matrices.

FTIR Analysis of the Nanoparticles and Nano Composite 
Films

FTIR was carried out to check interaction between inor-
ganic filler and organic polymer matrix in nanocomposites. 
No chemical degradation of the any constituent materi-
als is indicated in FTIR spectra. FTIR is used to identify 
functional group present in the nanocomposites as well as 

to analyze the chemical change between nanocomposites 
after mixing. The synthesized nHA compound was sub-
jected to FTIR. The presence of peaks at 1092  (PO4

3−, 
ν1), 1023  (PO4

3−, ν1), 963  (OH− 1), 601  (HPO4
2−), and 

561   cm−1  (PO4
3−, ν3) were the reported characteristic 

bands of nHA [30, 46, 47]. A small peak at 3571  cm−1 is 
assigned to OH. It is interesting that the amount of  H2O 
is minute as shown in Fig. 3b. A distinguishable band at 
963  cm−1 was observed and attributed to asymmetric P–O 
stretching vibration of  PO4

3−. Additionally, a mild sharp 
band seen at 631  cm−1 corresponded to deformation mode 
of O–H. For nWH, FTIR bands are shown in Fig. 3a and 
were witnessed at 582 and 571  cm−1, double peak (ν4, 
bending of  PO4

3−), 989   cm−1 (ν1,P–O–H stretching of 
 HPO4

2−), 884  cm−1 (ν3,  HPO4
2− bending), and 1059  cm−1 

(ν3 of  PO4
3−) bending [31–33]. A comparatively sharp 

peak at 1346  cm−1 correspond to P(O–H) [34] while, two 
bands at 2794 and 2374  cm−1 are allotted to P–O overtone 
on the previous data basis [32].

FTIR of virgin MCC as shown in Fig. 3c. showed a broad 
peak at 3333  cm−1 and a small peak at 1636  cm−1 due to 
stretching of hydrogen bonded OH groups on the surface. A 
band at 2905  cm−1 corresponded to the asymmetric bending 
of C–H functional group. Owing to the C–O group vibration, 
a strong absorption band was observed at 1050  cm−1 [48].

FTIR analysis of both virgin PCL and PCL film were 
performed and spectra with charachterisctic peaks were 
obtained. Peaks at 2943   cm−1, 2865   cm−1, 1720   cm−1, 
1240  cm−1 (crystalline phase of PCL), 1159  cm−1 (amor-
phous phase of PCL), attributed to the asymmetric stretching 
of  CH2, symmetric  CH2  vs stretching, C = O bending of ester 
group, COC asymmetric bending, and symmetric stretching 
of C–O–C respectively, were characteristic bands of PCL. 
A sturdier intensity band corroborated with XRD data, cor-
responds to the amorphous phase [49].

On addition of MCC to PCL, typical peak of cellulose 
disappeared due to dehydration and the expected reaction 
between carbonyl group of PCL and hydroxyl group of MCC 
did not occur which lead to non-displacement in the carbonyl 
peak. But the peak areas of  CH2 and C–O–C groups reduced 
on the cellulose loading, which suggested the augmentation 
in the crystallinity of PCL on the gradual loading of MCC 
[48].

Upon the addition of HA in 1%, 5%, and 10% wt/wt per-
centage as shown in Fig. 3e, characteristic PCL bands are 
observed at 2943  cm−1, 2865  cm−1 and 1720  cm−1, along 
with characteristic  PO3 −4 peaks at 561   cm−1 while the 
peak at 1023  cm−1 is shifted towards greater wavenumber 
1044  cm−1, and 1092  cm−1 is shited shifted at 1110  cm−1. 
New bands at 1591  cm−1, 1503  cm−1 and 821  cm−1 appear 
confirming the vander waal interaction interaction between 
PCL and nHA. The overall intensity of the PCL bands is 
reduced upon the incorporation of nHA.
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On the incorportion of nWH in PCL as shown in 
Fig. 3d, characteristic PCL vibrational bands are intact 
with slight reduction in their intensity. Characteristic 
WH bands at 989 and 884  cm−1 are not apparent when 

WH concentration is 1% but when its content is increased 
to 5–10% it becomes prominent and shifts towrds lower 
wavenumber, while one at 1067   cm−1 is merged in the 
PCL bands.

Fig. 3  FTIR spectra a nWH b nHA c PCL/MCC composite d PCL/MCC-5nWH nanocomposites e PCL/MCC-5nHA nanocomposites
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Thermo‑Mechanical Properties 
of the Nanocomposites

Thermo‑Gravimetric Analysis (TGA)/Differential 
Thermal Analysis (DTA)

To check the thermal stability of the nanocomposites and 
change in weight%, TGA was conducted by heating at con-
stant rate. TGA is also helpful in determining the maximum 
temperature that scaffolds can bear in thermal processing 
and their homogeneity. Thermograms from TGA/DTA of 
PCL/MCC composite and nanocomposites are shown in 
Fig. 4a, b, and c. Table 1 enlists DTA and TGA peaks meas-
urements. Virgin PCL shows thermal degradation in one step 
at 313 °C which is consistent with the previously reported in 
literature [50] with 89.1% mass loss. However, incorporation 
of cellulose caused a significant increase in the degradation 
temperature of PCL. These composites showed two step 
thermal degradation depending upon the weight percentages 
of PCL and MCC. In case of nanocomposites, final residues 
were found at 322–326 °C proving that composites have 
completely degraded. Here, the weight loss was similar to 
the MCC and HA/WH concentrations.

In addition, an upsurge in the thermal stability is observed 
for 5%, 10% and 15% incorporation of MCC in PCL with 
mass loss of 92.8%, 91.31%, and 93.7%, respectively. Maxi-
mum thermal stability is observed when MCC concentra-
tion is 5% w/w, and 10%, while for 15% a gradual decrease 
is observed but still better than PCL alone. The melting 
point of PCL increased on the incorporation of MCC. This 
increased thermal stability can be attributed to the positive 
interactions between MCC and PCL. Due to hydrogen bond 
formation between carbonyl groups of PCL and hydroxyl 
groups of MCC, dehydration of MCC is delayed, char and 
gasses formed by the degradation of cellulose react with 
the solid PCL causing improved thermal stability. So MCC 
acts as stabilizer which explains increment in the thermal 

stability [51]. With the increment of nHA and nWH in PCL/
MCC-5 matrix, onset temperature of thermal decomposition 
and maximum degradation temperature are enhanced thus 
establishing that nHA and nWH act as reinforcing agent. 
Khanmohammadi .S reported increase in thermal stability 
when PCL was composited with MCC and nanocomposited 
with  ZrO2 [52].

The inclusion of nHA and nWH showed a significant 
variation in the stability of the product. In case of nanocom-
posites, mass loss up to 200 °C is due to removal of absorbed 
water and lattice water while mass loss up to 456 °C is attrib-
uted to the decomposition of hydrogen phosphate ions to 
pyrophosphate ions [53]. By comparing the relative thermal 
stabilities of the nanocomposites, it is concluded that incor-
poration of nHA and nWH improves their thermal stability.

Differential Scanning Calorimetry (DSC)

DSC of the polymeric nanocomposites is conducted to bet-
ter understand their crystallinity and structure. DSC ther-
mograms of virgin PCL, MCC, PCL/MCC composite, and 
nanocomposites for the first heating scan, cooling scan and 
second heating scan are presented in Fig. 5a–f. Tm, Tc, and 
degree of crystallinity Xc (%) values of PCL/MCC composite 
are presented in Table 1.

In general, melting temperature values (Tm °C) and crys-
tallization temperature (Tc °C) values of PCL-MCC com-
posite Fig. 5a, b suffered minor shift in values as compared 
to the of virgin PCL. In the heating curve, Fig. 5a Tm value 
have for virgin PCL was 56 °C which remained almost same 
after 5, 10, and 15 wt % addition of MCC. Tc values were 
obtained from crystallization curve thermograms as shown 
in Fig. 5b lowered from 30.74 °C for virgin PCL to 28.91 °C 
for 5 wt% MCC, then increased to 29.41 °C for 10 wt% MCC 
and 30.17 °C for 15 wt% MCC. Coca .M et al. studied PCL/
cellulose bio composite and reported increase in crystal-
linity as compare to PCL [54]. Mi et al. and Celebi et al. 

Table 1  Thermal analysis (TGA 
and DTA) of PCL composites 
and nanocomposites

Polymer system Sample code TGA curve temp. 
(°C)

DTA curve temp. 
(°C)

Loading of 
nHA(g) /
nWH

PCL PC 373 – 417 447 –
PCL/MCC-5% PC5 395 461 399 465 –
PCL/MCC-10% PC10 390 447 406 451 –
PCL/MCC-15% PC15 383 439 390 435 –
PCL/MCC-5%-nHA1% PC5-HA1 416 460 416 470 0.01
PCL/MCC-5%-nHA5 PC5-HA5 393 451 399 456 0.05
PCL/MCC-5%-nHA10% PC5-HA10 395 449 386 458 0.10
PCL/MCC-5%-nWH1% PC5-WH1 407 426 – 0.01
PCL/MCC-5%-nWH5% PC5-WH5 392 458 401 456 0.05
PCL/MCC-5%-nWH10% PC5-WH10 385 447 400 425 0.10
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reported induced crystallization of cellulose caused increase 
in crystallinity and decrease in PCL chain mobility [55, 56]. 
Similar behavior was observed in our composites (Table 2).

In case of nanocomposites Fig. 5c, d, Tm values show 
consistent increase with increasing nanoparticle concen-
tration. Tm values obtained from heating curve improved 
from 58.02 °C to 1 wt% HA to 58.20 °C for 5 wt% HA, and 
58.34 °C for 10 wt% HA. With the incorporation of whit-
lockite, Tm values augmented from 57.51 °C to 1 wt% WH 
to 58.17 °C for 5 wt%, and 58.31 °C for 10% WH. Change 
in the thermal behavior was small as compared to the virgin 
PCL it still.

The degree of crystallinity showed an ascending trend 
on the inclusion of filler and nanoparticles, as a gradual 
increase in the crystallinity was observed while, maximum 
crystallinity was witnessed with HA-10 and WH-10. The Xc 
value increased form 19% for PCL/MCC-5 to 19.7% for 10 
wt% HA, and 20.1% for 10 wt% WH. The calorimetric find-
ings are consistent with XRD and FTIR analysis of polymer 
composite and can be attributed to the reinforcement and 

nucleation effect of the nanoparticles. When concentration 
of the MCC particles reaches up to 10–15%, due to lack of 
interaction with matrix and availability of low interfacial 
area hinders it to act as nucleating agent and consequently 
prevents increment in crystallinity. It is widely accepted 

Fig. 4  TGA and DTA of a PCL/MCC, b PCL/MCC-5/nHA, and c PCL/MCC-5/nWH, where HA (1–10%) and WH (1–10%) represents 1–10 
wt% of nanoparticles in the PCL/MCC-5 composite

Table 2  Representing the Tm, Tc, and degree of crystallinity Xc (%) 
values of PCL/MCC blend

Sample code Tc(°C) Tm2(°C) Xc(%)

PF 30.74 56 17
PCL/MCC-5 28.91 55.58 19
PCL/MCC-10 29.41 55.50 18.5
PCL/MCC-15 30.17 55.48 18
PC5/nHA1% – 58.02 19.2
PC5/nHA51% – 58.20 19.5
PC5/nHA10% – 58.34 19.7
PC5/nWH1% – 57.51 19.4
PC5/nWH5% – 58.17 19.8
PC5/nWH10% – 58.31 20.1
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that the crystalline cellulose acts as a nucleating agent for 
biopolymers [45, 57].

Mechanical Properties

Figure 6a, d, e, f, shows stress-strain curves obtained from 
tensile mechanical testing of PCL, PCL/MCC composite 
with different loadings of MCC (5%, 10%, and 15%) wt./
wt. concentration. PCL is a rigid polymer having high ten-
sile strength but breaks at the elongation value of 355% 
strain. From these curves, it can be interpreted that when 
5% concentration of MCC was added to the PCL, a sub-
stantial increase in the ultimate tensile strength, elongation 
at break point and Young’s Modulus was observed, which 
contrasts with when 10% and 15% of MCC was added. 

Tensile mechanical properties are dependent on the matrix 
and filler weight%. The tensile modulus of PCL/MCC-5 is 
increased by ∼ 106% from 888.27 ± 1.21 to 938 ± 1.45 MPa, 
elongation at break point also increased by ∼ 152% from 
355.29 to 541.63. When 10% MCC is added ultimate tensile 
strength values decreased by ∼ 67% from 6.56 to 4.45 MPa 
and Modulus was reduced by ∼ 92% from 888.27 ± 1.21 to 
824 ± 2.0 while, the elongation at break point increased by 
122% than pure PCL. Similarly, when 15% MCC was added 
in the pure PCL system Young’s Modulus lowered by ∼ 
96% from 888.27 ± 1.21 MPa to 852 ± 0.05 MPa, strain % 
reduced by ∼ 49% from 355.29 to 173.9 and UTS values 
drastically reduced by ∼153% from 6.56 to 4.27 MPa. This 
implies that addition of MCC in PCL is showing satura-
tion in effect and thus, tensile Modulus and ultimate tensile 

Fig. 5  DSC analysis at the heating rate of 10 °C/min: a second heating curve of PCL/MCC composite, b cooling curve of PCL/MCC composite 
c second heating curve PC5/nHA and PC5/nWH, and d cooling curve of PC5/nHA and PC5/nWH
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Fig. 6  Mechanical properties: Stress strain curves a  PCL/MCC, 
b  PCL/MCC-5/nWH, and c  PCL/MCC-5/nHA. Young’s modulus 
d PCL/MCC, g PCL/MCC-5/nWH, and PCL/MCC-5/nHA. Ultimate 

tensile strength e PCL/MCC and h PCL/MCC-5/nWH, PCL/MCC-5/
nHA. Elongation at break f PCL/ MCC, i PCL/ MCC-5 /nWH, and 
PCL/MCC-5/nHA
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strength are decreasing but still we have better elongation at 
break as compared to PCL. Upon reaching 15% MCC con-
centration, mechanical properties decreased drastically. This 
decrease in the mechanical properties can be attributed to 
the decrease in the nucleation effect and increase in crystal-
linity. When filler concentration exceeds limit value (10%), 
particles start to agglomerate owing to the lack of interaction 
with the matrix which lead to decrease in the interfacial area 
acting as point of nucleation thus, causing brittleness [45]. 
These agglomerates not only weaken the composite material 
but also impedes layer to layer adhesion.

When HA and WH were incorporated into composite 
films in 1%, 5%, and 10% w/w percentage, a substantial 
increase in all mechanical characteristics was witnessed. 
Figure 6b, c, g, h, and i shows the stress-strain curve of 
tensile testing of HA1, HA5, HA10, WH1, WH5, and 
WH10 respectively and compared with the virgin PCL and 
PCL/MCC-5. For 1%, 5%, 10% addition of HA, modulus 
increased from 938 MPa to 954.25 MPa, 996 MPa, and 
1004.26 MPa respectively and elongation at break aug-
mented from 435.87 to 537%, 571%, 695%, while the UTS 
values decreased 6.35 MPa from to 4.9 MPa, 5.1 MPa, 
and 5.8 MPa. When WH was inserted in same fraction as 
of HA, strain percent value enhanced from 435 to 501%, 
629% and 833% and UTS amplified from 6.35 MPa to 
7.2 MPa, 8.1 MPa, and 8.2 MPa, while tensile Modulus val-
ues enlarged from 938 MPa to 923.25 MPa, 980.45 MPa 
and 1115.91 MPa. This lowering in the UTS values is due 
to agglomeration of nHA and nWH particles in the poly-
mer matrix which is owing to absence of hydrogen bond-
ing between filler and polymer matrix. It is observed that 
nanoparticles distribution is homogenous and random in 
nanocomposites. While, an incessant increase in the tensile 
strength is attributed to the synergistic effect of filler and 
matrix as filler inhabits pores of matrix and load is shifted to 
the filler and it acts as reinforcing agent [58]. The bonding of 
the nanoparticles with the polymer matrix can lead to retar-
dation, interruption and even blockage of the micro crack 
formation and propagation. The intimate interaction between 
polymer matrix and nanoparticles results in enlargement of 
matrix’s local stress which is then transferred to the nano-
particles. Hence, inclusion of nanoparticles can delay or 
interrupt the expansion and growth of cracks by stress dis-
tribution. Furthermore, these inorganic fillers also enhanced 
density and crystallization of the polymer which is useful 
for improving hardness of the composites [3]. Cancellous 
bone requires the elastic modulus of 0.1–4.5GPa, whereas 
17 GPa of cortical bone [59]. Based on these values, it is 
established that above mentioned films are a good contender 
for the cancellous bone substitute. It can be assessed from 
the results that by changing the nanoparticle concentration in 
the nanocomposites, mechanical properties of the polymers 
can be fine-tuned.

Nanocomposites as a Biomimetic Scaffold

Swelling Analysis

Swelling properties of the virgin PCL, PCL-MCC composite 
and nanocomposites of PCL-MCC with nHA and nWH were 
studied until equilibrium was achieved. Swelling analysis 
helps to understand surface, mass transfer properties and sol-
vent diffusion as it depends on the network density and poly-
mer structure. During the assessment of scaffolds for their 
application in tissue engineering, swelling behavior is an 
important index because inadequate solvent absorption hin-
ders cell growth and excessive absorption leads to destruc-
tion of scaffold’s morphology [60]. Swelling behavior of the 
virgin polymers, composite and nanocomposites is shown 
in Fig. 7. The virgin PCL shows high dimensional stability 
than PCL-MCC composite due to its semi-crystalline and 
hydrophobic nature which implies that in the semi distorted 
arrangement of PCL chains no sufficient spaces are present 
to accommodate solvent molecules. While, with the addi-
tion of MCC an increasing trend in the swelling behavior is 
observed which can be attributed to the OH groups present 
on the MCC surface [61].

Addition of nHA and nWH up to 10% in the compos-
ite lead to further escalation in swelling ratio and improved 
nanocomposites’ fidelity. This indicated that nanoparticles 
anchor polymeric chains firmly in their neighborhood, 
eventually leading towards enhanced network density. This 
cross-linked networking and hydrophilic moieties not only 
enhances integrity of the nanocomposites, but also is a prime 
factor in growth of swelling ratio [62]. A dramatic change is 
observed in first 24 h and after that equilibrium is achieved.

Cell Culture

We designed PCL/MCC composite decorated with nWH 
and nHA for bone regeneration scaffold. To introduce any 
material as a scaffold in tissue engineering, it’s important to 
study its cytocompatibility profile. Cytocompatibility profile 
is assessed through cell adhesion, proliferation and viabil-
ity studies [9]. Cell adhesion facilitates the interaction and 
binding of cells with extra cellular matrix. However, cell 
proliferation is associated with cell growth resultant of cell 
division [36]. Cell viability is the ratio of many live cells to 
the whole population of cells. It is expressed in percentages. 
Herein, two cell lines, namely Vero and NIH3T3-L1, were 
cultured on hybrid scaffolds’ surface to report cell viability 
by MTT, crystal violet staining, and Live/Dead fluorescence 
assay.

Vero cell lines were cultured on the surface of PCL, 
PCL-MCC composite and PCL/MCC nanocomposites 
with nHA and nWH to understand the cell adhesion 
and viability studies, as shown in Fig. 8a. From the cell 
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viability data, the virgin nanoparticles have cell viability 
of ~ 70.66% and ~ 72.30% for nHA and nWH, while virgin 
PCL has ~ 86.56%. These nanoparticles were composited 
with PCL/MCC-5; the cell viability of the resulting nano-
composites is higher than the virgin nanoparticles. In case 
of PCL/MCC composite with the highest cell viability are 
shown by PCL/MCC-5, which is around 87.75%. On fur-
ther addition of MCC in PCL at 10 and 15 wt%, cell viabil-
ity decreased from virgin PCL. However, adding nWH 
and nHA in PCL/MCC-5 increased the cell viability on 
the scaffold surface. In the case of the PCL/MCC-5/nWH, 
adding the nanoparticles amplified cell viability compared 
to virgin PCL and PCL/MCC-5. In conclusion, all the HA 
nanocomposites showed more than 90% cell viability. 
From these cytocompatibility results, it may be assessed 
that there was no compromise on biocompatibility accord-
ing to standard ISO 10993-5:2009 [63]. The introduction 
of the nanoparticles and MCC in PCL caused an increase 
in the hydrophilicity of the scaffold resulting in increased 
cellular viability on the scaffold surface.

Cellular morphology and adhesion in the surface of the 
films were studied by taking the phase contrast images 
after staining the cells with crystal violet, as shown in 
Fig. 8b. Cells showed branched and interconnected net-
works with morphology suggesting successful cell adhe-
sion and proliferation on the surface of the scaffold. In 
the case of the nanocomposites, the cell population on 
the surface of the scaffold increased, demonstrating that 
nanoparticles provided cell anchoring sites which magni-
fied cellular function [64]. From the PCL/MCC-5/nWH, it 
is clear that cells are well anchored on the scaffold surface, 
further corroborating the cell viability results.

Samples were subjected to Live/Dead assay by culturing 
NIH3T3-L1 cell lines on the surface of polymer composite 
and nanocomposites for 3, 7, 14 and 21 days using acridine 
orange/ethidium bromide dual fluorescent staining. Fig-
ures 9 and 10 represent that live cells’ cytoplasm is stained 
green, and those of dead cells are stained red. On day 3, 
seeded cells started to adhere to the nanocomposite surface. 
Scaffolds containing cellulose and nanoparticles showed 
improved adhesion because virgin polymer surface is hydro-
phobic, while the incorporation of filler and nanoparticles 
provided additional attachment sites by amplifying hydro-
philic character. On day 7, the proliferation of attached cells 
is witnessed owing to good morphology, cell division and 
interconnected network. From day 3 to day 7, a 10–20-fold 
increase in the proliferation rate is evident as concentration 
increases from 1 to 10%. On day 14, a branched and inter-
connected cellular network is formed by migrating, elonga-
tion and aggregating cell metabolites. While on day 21, cell 
death is observed in polymer composite and hybrid scaffolds 
due to apoptosis-associated changes. In comparison to the 
nWH-based hybrid scaffold, nHA-based scaffolds showed 
better cell adhesion and proliferation morphology for days 
3, 7 and 14. While on day 21, WH at 10% in PCL/MCC-5 
nanocomposites have maximum cell population on their sur-
face [59, 65, 66].

Bio Interfacial Affinity and Biocompatibility 
of Nanocomposites

To assess biocompatibility, bio-interfacial affinity and anti-
inflammatory activity of the nanocomposites, samples with 
high mechanical strength were embedded in the thigh muscle 

Fig. 7  Mass swelling behavior 
of PCL/MCC composite, PCL/
MCC-5 nanocomposites with 
respect to time
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of the female mice for 2 weeks [67]. It can be seen in Fig. 11. 
A very small muscle adhered to the surface of PCL/MCC-5 
and during implant was easily drawn out, which implies 
that PCL/MCC-5 had little or no bio-interfacial affinity. In 
contrast, nHA-10 and nWH-10 nanocomposites showed 
concentrated and thick muscle adherence and significantly 
higher bio-interfacial affinity. It is worth mentioning that 
HA-10 displayed enhanced inter-facial bonding compared 
to nWH-10 by promoting encapsulation and adhesion of 
muscle. This can be attributed to the continued release of 
 Mg2+ ions, which plays a role in enzyme-catalyzed cellular 
reactions by modulating transcription factors. Histological 
studies show that PCL/MCC-5 has numerous inflammatory 

cells while incorporating WH and HA suppressed inflam-
matory reactions.

Conclusion

PCL/MCC composites were prepared by varying 5, 10, and 
15 wt% MCC in PCL matrix to obtain mechanically opti-
mized PCL/MCC-5 composite. Novel biomimetic nanocom-
posites of PCL/MCC-5 embedded with 1, 5, and 10 wt% 
loadings of nHA and nWH were prepared for enhanced bone 
repair and regeneration applications. PCL/MCC and PCL/
MCC composites with nHA and nWH were evaluated on 

Fig. 8  a  Cell viability calculation of nanocomposites after 7 days of cell culture. Data is statistically significant (p ≤ 0.05). b  Cell adhesion 
images of the nanocomposites stained with crystal violet on day 7. Scale bar is 200 µ m
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crystal structure, thermo-mechanical, morphological, degra-
dation, and biological properties. SEM images showed that 
MCC has decreased pore size of PCL film with increasing 

MCC content, while nanoparticles are homogeneously dis-
persed in the PCL/MCC-5 matrix up to 5 wt% and above 
that agglomeration occurred. FTIR spectroscopy, XRD 

Fig. 9  Live Dead Assay of 
NIH3t3-L1 cell lines for day 
3, 7, 14, and 21. a PCL/MCC 
composite, b PCL/MCC-5-nHA 
composites c PCL/MCC-5-
nWH composites, Scale bar is 
100 μm
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pattern, and DSC revealed that MCC addition upto 5wt% 
increased crystallinity of the composites nHA and nWH 
addition in PCL-MCC5 further increased crystallinity of the 
composites with increasing concentration of nanoparticles. 

Mechanical properties of the composites were dramatically 
increased upon the addition of MCC upto 5wt%, nHA and 
nWH. nWH containing nanocomposites showed enhanced 
tensile strength compared to virgin PCL. Improvement in 

Fig. 10  Live Dead Assay quantitative analysis of NIH3T3-L1 cell 
lines for day 3, 7, 14, and 21. a LIVE cells for PCL/MCC composite, 
b DEAD cells for PCL/MCC composite, c LIVE cells for PC5/nHA 

and PC5/nWH d DEAD cells for PC5/nHA and PC5/nWH. Data is 
statistically significant (Error bars: ±SD, *p b 0.05, **p b 0.01, and 
***p b 0.001)
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the strength and stiffness of the hybrid nanocomposites was 
attributed to the increased crystallinity of the composites, 
enhanced mechanical properties is the prerequisite of sam-
ple fidelity. The bioactivity of the composites was studied 
on Vero and NIH3T3-L1 cell lines for days 3, 7, 14, and 
21. The nanocomposites containing nHA and nWH showed 
improved cell adhesion compared to the PCL/MCC-5 com-
posite, which implies that functional moieties of the nHA/
nWH breed anchoring sites for the cell adhesion, which is 
required for forming the interconnected cellular network 
of bone. nHA and nWH addition in PCL-MCC5 improved 
osteoconductive and osteinductivity of the composites. 
In vivo trials of nHA at 10% in PCL/MCC-5 composite 
demonstrated concentrated and thick muscle adherence and 
bio-interfacial affinity. These results suggest that MCC rein-
forced PCL biomimetic scaffold containing nHA and nWH 
can be used as a promising bone scaffold.
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