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ABSTRACT: Use of sustainable resources in the realm of
materials science has opened newer possibilities for fabricating
biodegradable biomaterials. Cellulose is an abundantly
available bioresource that proved excellent potential in
composite science and the biomaterials domain. Hence, in
this report the potentiality of a “green” CuO−nanofibrillar
cellulose/glycerol based hyperbranched epoxy nanocomposite
was presented as an implantable muscle tissue scaffold.
Muscles reconstruction has been a longstanding problem in
medical science. However, with the evolution of polymeric
scaffolds, repairing of damaged or lost tissues becomes possible
with the aid of tissue engineering. The prepared material possessed high mechanical properties (tensile strength 55 MPa) to
support cell growth. In vitro studies revealed that the material could support the growth and proliferation of L6 muscle cells,
without causing any detriment to their cellular morphology. Further, both in vitro and in vivo toxicity assessments established the
profound biocompatibility of the material. Moreover, the nanocomposite exhibited inhibitory effect against Staphylococcus aureus,
Escherichia coli and Candida albicans, the microorganisms responsible for various surgical site infections. In vivo investigation
revealed the biodegradability of the prepared material which overrules the need of repeated surgery for any implantable
biomaterial. Thus, the overall work endorses the sustainable resource based nanocomposite as a high performance, biodegradable,
antimicrobial scaffold material for reconstruction of muscles tissues.
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■ INTRODUCTION

With the development of materials science, many novel
materials have come into focus to fulfill the ever increasing
demands of mankind. During the latter part of the last century,
global concern arose concurrently with the evolution of novel
materials to find renewable resources for sustainable advance-
ment of materials science. In this respect, extensive scrutiny was
carried for the utility of cellulose as a multifunctional material.
Recently researchers have synthesized micro and nanofibrillar
cellulose from various bioresources and observed their potential
utility in different fields of applications.1−3 We have recently
isolated nanofibrillar cellulose (NFC) from the stems of
Colocasia esculenta plant, which is commonly found in India,
by using a chemical method and decorated with Cu/CuO
nanoparticles.4 The material exhibited efficient antimicrobial
activity and excellent biocompatibility with mammalian red
blood cells (RBC) and peripheral blood mononuclear cells
(PBMC). Again, cellulose based scaffolding is an interesting
area which attained attraction for a number of biomedical
applications.5

Scaffolds are the basic platforms for tissue engineering
research. Reconstruction of damaged organs becomes possible
with the aid of implantable tissue scaffolds. Skeletal muscles are
voluntarily controlled strained muscle tissues, which cover the
maximum part of the body. Due to trauma, burns or some
congenital anomalies, these muscles may be damaged.6

Repairing of damaged muscles is a serious problem in medical
science due to many postoperative cosmetic disorders.7

However, this is possible to address by the help of modern
tissue engineering. Fabrication of three-dimensional polymeric
scaffolds is a promising measure to culture muscle tissues in
vitro to foster cell growth.8−10 Subsequent implantation of such
scaffolds within host body offers clean reconstruction of muscle
cells (myocytes), without inducing any cosmetic defect.
Polymeric scaffolds are advantageous in numerous ways over

the conventional metal implants. They provide good
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compatibility with the host body, overrule the necessity of
repeated surgery, help in early reconstruction of tissues and
most interestingly they offer tunable surface properties.11,12 In
this context, polyester based scaffolds were prepared that
showed good adhesion of smooth muscle cells (SMC).8 Again,
polyglycolic acid (PGA) fiber based meshes were utilized to
fabricate implantable device, which supported the growth of
SMC.13 Hydrogel based scaffolds also provided good
extracellular matrices for regenerating bone, cartilage and
muscle tissues.14 Moreover, some materials of natural origin
like collagen, elastin, fibrin etc. were exploited for muscle tissue
engineering research.15 Although they are biodegradable, they
provide poor mechanical strength. Further, fabrication of
implantable scaffolds has challenges in overcoming the
infections at surgical sites, inadequate mechanical performance
and induction of toxicity to the host body, etc.16

Thus, highly compatible, infection resistant tough polymeric
scaffolds are desired for tissue engineering applications to evade
postsurgical complications and sound recovery of damaged
tissues. In this milieu, glycerol, a biobased byproduct containing
hyperbranched epoxy, was reported by our group as a tough
scaffold material that showed immense potential to regenerate
skin.17 Here, we report the prospect of muscle tissue
regeneration by using “green” CuO−nanofibrillar cellulose/
hyperbranched epoxy nanocomposite as a sustainable material.
This hyperbranched epoxy, with biocompatible building blocks,
offers toughness as well as good host response.18 Further, the
glycerol based backbone is highly prone to degradation within
the host body. Moreover; functional nanomaterials embedded
in such a matrix confer fascinating biological attributes.
However, the emphasis on utilization of sustainable resources
motivated the researchers to explore inexpensive bioresources.
Thus, here we report the preparation of a biobased hyper-
branched epoxy/CuO−NFC nanocomposite for exploring such
possibilities. Reported literature showcase the utility of cellulose
in the fabrication of biodegradable cardiac and bone tissue
scaffolds.19 The present material would be fabricated to acquire
efficient antimicrobial activity by decorating CuO nanoparticles
on NFC surface. This nanohybrid upon incorporation into the
hyperbranched epoxy matrix would be studied as a potential
sustainable scaffold for SMC regeneration.

■ EXPERIMENTAL SECTION
Materials. C. esculenta stems and the fruits of Terminalia chebula

were collected from the University campus (Tezpur University, Assam,
India). They were cut, dried and ground in a kitchen blender. Copper
acetate, sodium hydroxide, glacial acetic acid and hydrogen peroxide
(Merck, India) were used as received.
Preparation of the Nanocomposites. NFC was isolated from

the aforementioned mass of C. esculenta by following our recently
reported protocol with slight modification.4 Briefly, the mass was
bleached with 7% hydrogen peroxide solution for 2 h at 45 °C,
followed by sodium hydroxide treatment (5%). Finally, 50% glacial
acetic acid was used to break down the cellulose fibers to smaller units.
Then, the fibrils (0.5 g) were dispersed in water by using
ultrasonication for 60 min to obtain the NFC. An aqueous solution
of copper acetate (0.25 g in 5 mL) was added to the above dispersion
and stirred for 2 h at room temperature. Then, 1 mL (4% w/v)
aqueous extract of T. chebula fruit was added to the mixer and again
stirred for 4 h at room temperature. The nanohybrid (CuNFC) was
then centrifuged and washed several times with distilled water.
CuNFC suspension was dried by using a lyophillizer (Labtech Freeze-
dryer, Daihan Labtech Co. L-DF5512NFC) under high vacuum.
Hyperbranched epoxy resin was prepared by employing our

reported method.20 Briefly, glycerol and bisphenol A were reacted

with epichlorohydrin at 110 °C for 3 h and the resin was extracted by
tetrahydrofuran (THF, SD fine Chem., India). The resin (HGE) was
dried at 70 °C for 24 h.

CuNFC was dispersed in THF in three different proportions of 0.1,
0.3 and 0.5 wt % with respect to the epoxy resin separately by using
ultrasonication for 1 h. Hyperbranched epoxy resin was added to each
system in the mentioned ratios and magnetically stirred for 4 h at 70
°C. This was followed by 45 min of ultrasonication to allow efficient
dispersion of CuNFC within the epoxy matrix. Finally, the
nanocomposites were dried at 70 °C for 24 h inside a heat convection
oven (Eyela, NBO-710, Japan). Three nanocomposites were coded as
HGCNF1, HGCNF2 and HGCNF3 for 0.1, 0.3 and 0.5 wt % loading
of CuNFC, respectively. Collectively, the three systems would be
referred to as HGCNF.

Characterization. Presence of CuNFC within the nanocomposites
was analyzed by a UV−visible spectrophotometer (Hitachi, U-2001,
Tokyo, Japan). Chemical functionalities of the nanocomposites were
detected by a Fourier transform infrared (FTIR) spectrophotometer
(Impact-410 Nicolet, USA). X-ray diffractions were studied in a
Miniflex X-ray diffractometer (Rigaku Corporation Japan) at the
scanning speed of 2.0° min−1. Distribution of CuNFC within the
epoxy matrix was analyzed by the help of a transmission electron
microscopy (TEM, JEOL-JEM 2100) instrument under 200 kV
voltage.

HGCNF were cured by mixing them with poly(amido amine).
Mechanical performance and adhesive strength of the cured
nanocomposites were measured as described in our earlier report.18

Tensile strength was measured for rectangular films (60 × 10 × 0.3
mm). Again, lap shear tensile adhesive strength was determined by
applying the resinous HGCNF on the interface of overlapping wood
substrates (25 × 25 × 0.3 mm). All the tests were performed in
triplicates and average values were considered.

Cytocompatibility Assessment. Cytocompatibility of the
prepared materials was tested against wistar rat primary hepatocytes.
Isolated liver was perfused in William medium (Sigma-Aldrich,
Germany), enriched with 10% fetal bovine serum (FBS, Sigma-
Aldrich, Germany). The cells were then cultured in the above medium
for 24 h at 37 °C in an incubator under 5% CO2 flow. Pieces of the test
films (0.5 cm × 0.5 cm × 0.3 mm) were placed in a 96-well plate with
the culture and the plate was incubated for 24 h. Wells without films
were kept as control. Then, 40 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was added to the wells. After
formation of blue colored formazan crystals, DMSO (HiMedia, India)
was added to the wells and UV absorbance was recorded at 540 nm.
Cell survival (%) was calculated by comparing the absorbance of the
treatments with that of the control.18

Adhesion of L6 Muscle Cells onto HGCNF3 Scaffold. All the
cell culture materials were purchased from Sigma, USA. The cell
adhesion study was performed by growing the L6 cells on HGCNF3
film. Cell adhesion was monitored by seeding L6 cells on HGCNF3
film. This was followed by inverted microscopic and SEM analysis.
The L6 cell line was procured from National Centre for Cell Science,
Pune, India and maintained at 37 °C under a continuous supply of 5%
CO2 using DMEM media, containing 10% FBS.21 Approximately 1 ×
105 mL−1 cells were seeded in a 6-well cell culture plate, containing
HGCNF3 films and were incubated for 96 h under the same
condition. After termination of the incubation period, cells were
observed under Axiovert A1 inverted microscope (Carl Zeiss,
Germany). The media from the wells were discarded and washed
three times using PBS (pH 7.4). Cells were then fixed with
glutaraldehyde (2.5%) solution followed by 30 min of incubation.
Excess solution was then discarded and the film was analyzed under
SEM for analyzing the cell adherence on it.

Further, trypsin−EDTA solution (Sigma, USA) was used to detach
the adhered cells from HGCNF3 surface and rinsed in PBS.22 Cell
count was taken each day (from 0 to 4th day) of incubation by using a
haemocytometer. The experiment was performed in triplicates.

In Vivo Implantation of HGCNF3 and Host Response.
Implantable biomaterials require immunocompatibility with the host
systems.23 To assess in vivo response of the present material,
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HGCNF3 was implanted within rat body (wistar male, average weight
of 250−300 g). A group of animals (number, n = 6) was considered
for the test and films were implanted subcutaneously. Another group
with the same number of animals was kept as control.
Immunocompatibility was analyzed by recording the hematological
parameters of both the groups at 30th postimplantation day.
Experiments involving animals were carried out according to the
Principles of Laboratory Animal Care (NIH publication 85-23, revised
1985) with due approval from the Institutional Animal Ethics
Committee.
To analyze the effect of HGCNF3 on the host tissues,

histopathological study of major organs like skin, liver, kidney and
brain was carried out. On 0, 15 and 30th postimplantation days, the
organs were extracted and fixed with 10% formaldehyde solution and
dehydrated with alcohol. Organs were embedded by paraffin and
sectioned in a microtome. Sections were studied under a microscope
after staining with hematoxylin and eosin.
Antimicrobial Assay. Minimum inhibitory concentrations (MIC)

of CuNFC and HGCNF were determined against Staphylococcus
aureus (ATCC 11632), Escherichia coli (ATCC 10536) and Candida
albicans (ATCC 10231) to examine the effect of the materials on both
Gram-positive and Gram-negative bacteria as well as on fungi.
Microdilution technique was adopted to quantify the MIC, as reported
in earlier work.18

The zones of inhibition for the materials were determined at their
MIC against the aforementioned microbes.24 Microbes were cultured
in nutrient and potato dextrose broth (HiMedia, India) for 24 and 48
h respectively for bacteria and fungi. Ampicillin and nystatin were
taken as the positive controls. The materials were dispersed in 1%
DMSO (HiMedia, India). Then, 50 μL of the samples were added to

the wells (8 mm diameter each) in the solidified agar plates and
incubated for 24 and 48 h. The zones of inhibition were measured by a
zone scale (HiMedia, India).

Again, inhibitory effect of HGCNF3 surface was studied against S.
aureus. The bacteria was cultured for 24 h at 37 °C in nutrient broth
(HiMedia, India) and centrifuged, followed by resuspension in PBS
(pH = 7.4).17 Then the bacteria were again incubated in the presence
of HGCNF3 film of dimension 10 × 1 × 0.3 mm, for 24 h. The film
was then fixed with 2.5% gluteraldehyde solution and treated with
increasing alcohol gradient (70−100%). Fate of the bacteria on
interaction with HGCNF3 surface was studied by SEM.

In Vivo Biodegradation. In vivo biodegradability of the material
was studied by implanting HGCNF3 films in wistar rats (n = 6). The
films were sterilized with 100% ethanol and exposed to UV light for 30
min, prior to implantation. Animals were anaesthetized by injecting
sodium phenobarbiton and films were implanted within subcutaneous
pockets by a ventral surgery (of 20 mm). The surgical area was closed
by suturing and sterilized with 70% ethanol.

After, 7, 14 and 30 days of implantation, tissue granulated scaffolds
were removed by surgery and fixed with 2.5% glutaraldehyde solution.
The fixed films were dehydrated using alcohol gradient and analyzed
by SEM, along with unimplanted HGCNF3 film.25

Statistical Analysis. Statistical evaluations were done for the
obtained data by using one- and two-way ANOVA to calculate the
least significant difference (LSD) among them. All the data were
shown as mean ± SD for triplicate results.

Figure 1. Schematic protocol for preparation of the nanocomposite.

Figure 2. (a) UV−visible spetra of CuNFC and HGCNF, (b) FTIR spectra of cured and uncured HGCNF3 and (c) XRD patterns of HGCNF.
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■ RESULTS AND DISCUSSION
Preparation of the Nanocomposites. The ever increas-

ing demand for advanced materials calls for exploring the utility

of sustainable bioresources in the fabrication processes.26

Cellulose is a highly abundant natural feedstock, which has
been used in various applications of material science.27 Thus,
isolation of cellulose with a cost efficient approach, can fulfill
the demand of the hour. Isolation of C. esculenta based cellulose
was thus reported by us, which put forward an easy and facile
method for preparation of NFC.4 Further, decoration of CuO
imparted excellent antimicrobial activity to the fibers. Again, the
main building block of the hyperbranched epoxy is glycerol,
which can be obtained from renewable resources like, vegetable
oils. Thus, in this report sustainable resource based hyper-
branched epoxy/CuNFC nanocomposite is prepared to
fabricate a biodegradable, microbial infection resistant muscle
scaffold. The difficulty in dispersing CuNFC was overcome by
minimal incorporation of the nanohybrid to the matrix. Beyond
0.5 wt %, dispersion was quite difficult and a clear phase
separation was observed during the cross-linking process.
Figure 1 schematically represents the preparation of the
nanocomposite.
Cellulose based nanoreinforcing agent was selected for the

present purpose because of its compatibility with biosystems.28

Further, “green” route mediated metal nanoparticles showed
good biocompatibility with different cell lines as well as with in
vivo systems.29

Characterization. Presence of CuNFC in the nano-
composites was preliminarily examined with the help of UV−
visible spectroscopy. Characteristic plasmon peaks for CuO
were observed at 256 and 330 nm in the case of CuNFC
(Figure 2a). Nanocomposites also revealed the existence of
CuNFC within their matrices by exhibiting similar kind of
spectral behavior. However, slight deviations were observed for
the plasmon peak positions in each material.
The FTIR spectra revealed the functionalities associated with

the nanocomposite (Figure 2b). The sharp band at 1047 cm−1

stands for the COC stretching of the pyranose ring. β-
Glycosidic linkages within the glucose units of cellulose are
shown by the band at 909 cm−1.4 The band at 1607 cm−1 is for
the aromatic CC stretching of cellulose units. A characteristic
CH vibration band of cellulose was witnessed at around 2979
cm−1. Further, bands at 3350−3500 cm−1 show the absorption
of different polyphenolic compounds of T. chebula extract on
the surface of CuNFC.4 CuO linkage was confirmed from
the band at 537 cm−1. Characteristic bands for oxirane ring
were observed at 921 and 840 cm−1 in the uncured HGCNF3.
Their absence in the thermoset abundantly clarifies the
successful cross-linking of the nanocomposites.
CuO nanoparticles with monoclinic lattice structure were

coated onto NFC in our recent report using similar methods.4

Here, XRD patterns of the nanocomposites showed no distinct
characteristic feature of CuNFC (Figure 2c). This is attributed
to the masking effect induced by the polymeric matrix. Only 0.5
wt % loading of the nanohybrid could not show the Bragg’s
lattice reflection planes for CuO and NFC. However, the broad
diffraction peaks around 2θ value 21° were observed for the
amorphous hyperbranched matrix.
Distribution of CuNFC within the matrix was depicted from

the TEM micrographs (Figure 3). Fibers were seen with
diameters, ranging from 10 to 80 nm. CuO nanoparticles were
decorated over NFC in uniform manner. Particle size
distribution histogram demonstrated that maximum particles
lie between a size spectrum of 5−10 nm (Figure 3d).
Dispersion of cellulose in polymeric system is very difficult
due to high density of hydroxyl functionalities in cellulose,

Figure 3. (a, b) Distribution of CuNFC within the matrix. (c)
Enlarged area of panel a and (d) particles size distribution histogram of
panel c.

Table 1. Curing Behavior, Mechanical Performance and
Adhesive Strength

property HGCNF1 HGCNF2 HGCNF3 LSD

curing time at 120
°C (min)

27.93 ± 0.4 25.83 ± 0.45 21.17 ± 0.4 0.345

swelling (%) 29.2 ± 1.08 26.47 ± 1.45 23.17 ± 1.07 0.992

tensile strength
(MPa)

44.3 ± 0.86 50.7 ± 0.56 55.43 ± 0.68 0.58

elongation at break
(%)

20.67 ± 0.61 18.2 ± 0.2 15.7 ± 0.2 0.318

impact resistance
(m)

>1 >1 >1

scratch hardness
(kg)

>10 >10 >10

bending (mm) <1 <1 <1

adhesive strength
(MPa) (wood)

1233 ± 2.64 1782 ± 2 2032 ± 2 1.82

Figure 4. Cell viability percentage of rat hepatocytes.
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which imparts intramolecular hydrogen bonding.30 However, in
the present case amount of NFC is very less as compared to the
matrix. This confers good dispersion of CuNFC within the
epoxy system, as reflected from the TEM micrographs.
Performance of the Nanocomposites. Nanocomposites

were cured at 120 °C by reacting with poly(amido amine)
hardener. Cellulose possesses lots of hydroxyl groups which
take part in the cross-linking reaction. Thus, curing time
decreased with increase in CuNFC loading (Table 1). Effect of
CuO may be minimal in the cross-linking process. Besides,
functionalities of hyperbranched epoxy minimize the curing

time. Successful curing was confirmed from the swelling values,
which showed 70−80% cross-linking in each case.
Tensile strength increased with the increasing amount of

CuNFC in the nanocomposites (Table 1). Interaction of NFC
with epoxy and poly(amido amine) functionalities forms a rigid
three-dimensional network, which showed high stress bearing
capacity. Again, electrostatic interaction of CuO with NFC and
epoxy further aid to the increment of tensile strength.
Elongation at break signifies the amount of strain the material
can withstand before the point of break. Increasing amount of
CuNFC decreased the elongation value to a little extent.

Figure 5. (a−d) Inverted microscope images of L6 cells adhered onto HGCNF3 on first to fourth day of incubation and (e−h) SEM images of L6
cells adhered onto HGCNF3 on first to fourth day of incubation.

Figure 6. Growth rate of L6 cells on the surface of HGCNF3.

Table 2. Hematogical Parameters of HGNFC3 Implanted Rats (on 0, 15, and 30 postimplantation days)

0 day 15 days 30 days

parameter control HGCNF3 control HGCNF3 control HGCNF3

Lym (%) 39.1 ± 0.18 37.5 ± 0.67 40.4 ± 1.5 39.8 ± 0.73 39.2 ± 0.78 40.2 ± 0.40
Mon (%) 19.7 ± 0.34 19.5 ± 0.54 20.3 ± 0.18 19.4 ± 0.68 20.8 ± 0.92 19.9 ± 0.63
Neu (%) 64.48 ± 0.53 63.9 ± 0.32 62.5 ± 0.52 63.4 ± 0.82 65.1 ± 0.41 64.3 ± 0.56
Eo (%) 6.2 ± 0.22 7.1 ± 0.37 7.2 ± 0.54 7.3 ± 0.12 7.9 ± 0.83 7.1 ± 0.29
Ba (%) 0.5 ± 0.19 0.6 ± 0.51 0.7 ± 0.21 0.8 ± 0.48 0.9 ± 0.78 0.9 ± 0.39
RBC (m/mm3) 8.2 ± 0.74 8.3 ± 0.21 8.8 ± 0.23 8.1 ± 0.89 8.2 ± 0.52 8.3 ± 0.93
MCV (fl) 65.2 ± 0.89 64.7 ± 0.91 66.4 ± 0.71 64.1 ± 0.63 64.1 ± 0.83 64.1 ± 0.82
Hct (%) 43.5 ± 0.68 43.8 ± 0.81 44.2 ± 0.83 45.4 ± 0.84 46.1 ± 0.71 45.8 ± 0.48
MCH (pg) 16.2 ± 0.7 17.9 ± 0.12 17.2 ± 0. 9 18.1 ± 0.62 18.8 ± 0.91 17.8 ± 0.65
MCHC (g/dL) 38.59 ± 0.3 37.1 ± 0.39 37.2 ± 0.79 39.1 ± 0.68 39.2 ± 0.15 38.9 ± 0.87
Hb (g/dL) 14.6 ± 0.56 15.1 ± 0.52 14.2 ± 0.14 15.1 ± 0.81 14.5 ± 0.89 15.8 ± 0.81
Pct (%) 0.75 ± 0.91 0.78 ± 0.73 0.76 ± 0.25 0.78 ± 0.9 0.77 ± 0.32 0.80 ± 0.54

Figure 7. Histopathogical sections of (a) skin, (b) kidney (c) liver and
(d) brain of HGCNF3 implanted rat.
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However, bending test confirmed excellent flexibility of the
materials, which can be folded to 180° curvature without crack.
The strength and flexibility of the nanocomposites suggested
that they can be used as tough scaffold materials, after assessing
their bioactivities.
Adhesive strength also augmented with increase in the

loading of CuNFC. Functional groups of the nanocomposites
interact with the polar groups of wood by means of different
secondary bonding forces. The overall mechanical study
showed that formation of nanocomposite, significantly
enhanced performance of the material to a significant extent
over the pristine epoxy system.18

Cytocompatibility Assessment by MTT Assay. The
major criterion of a sustainable material is its compatibility to
human health and environment. Cellulose, being a bioresource
is highly compatible with animal cell lines.28 Cellulose fibers of
nano dimension also proved their compatibility in different in
vitro tests.4 NFC thus exhibited 99% cell viability when
incubated with wistar rat primary hepatocytes (Figure 4).
However, a little decrement of viable cells was observed in the
case of CuNFC, which may be due to the high surface activity
of the nanohybrid. Loading of CuNFC into epoxy matrix up to
0.5 wt % induced no significant toxicity to the hepatocytes.
Hence, more than 89% cell survival was witnessed when
incubated with the nanocomposites. The differences might be
due to the variable amounts of CuNFC within the matrices.
One way ANOVA revealed that cell viability percentages are

not significantly different from each other, with LSD 0.35 (p <
0.05). The MTT assay thus suggested that the prepared
nanocomposites may have utility in advanced biomedical
applications.15

Adhesion of L6 Muscle Cells onto HGCNF3 Scaffold.
Cellulose based scaffolds are explored for the reconstruction of
cardiovascular, bone and skin damage.31 However, existing
literature showcase very few reports regarding the use of
cellulose based polymeric scaffolds for SMC regeneration.32

Microscopic images shows well adhered L6 cells on the
HGCNF3 surface (Figure 5). No morphological alteration was
witnessed for the adhered myocytes. This affirmation was
further supported by the SEM micrographs where elongated
myocytes were seen to be adhered on the surface of HGCNF3
(Figure 5e−h). The vital characteristics of a scaffold material
are to provide mechanical toughness as well as compatible
surface where cells can anchor on easily.33 Porous structure of
cellulose helps the cells to adhere on the HGCNF3 scaffold
surface. Thus, HGCNF3 can provide a surface which supports
the adherence and growth of myocytes, by behaving as an
extracellular matrix. During the experiment, it was observed
that number of adhered cells was increased with incubation
time (Figure 6). This implicates that HGCNF3 surface can aid

Figure 8. MIC values against S. aureus, E. coli and C. albicans.

Figure 9. Zones of inhibition against (a) S. aureus, (b) E. coli and (c) C. albicans.

Figure 10. SEM micrographs of S. aureus adhered to HGE and
HGCNF.
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to the proliferation of myocytes, without inducing any
abnormality to the cells.31

In vivo Implantation of HGCNF3 and Host Response.
Hematological parameters govern many important physiolog-
ical functions in animal body.34 Abnormality to any of the
parameter may lead to drastic disorder of metabolic system.
The white blood cell components, such as monocytes,
neutrophils and eosinophils, respond to any xenobiotic material
that enters the body and generate immunity against it. A change
in their normal levels is reflective of immune response to that
material. In the present study, no sign of immunogenesis was
observed from the hematological parameters of the rats on
implantation of HGCNF3 (Table 2). Further, all the
parameters lie in the range that is comparable to that of the
control. This strongly affirms that HGCNF3 can be implanted
into the host body as an immunocompatible biomaterial.
However, thorough study on immune response of the material
is quite essential before making any conclusion.
Again, toxicity of a material triggers many histological

disorders. Histopathological study is therefore another vital
tool for scrutinizing the host response to an implanted
biomaterial. Here, a skin section gives a clear picture of normal
dermatocytes with intact epidermis and dermis after 30 days of
implantation (Figure 7). Similarly, liver and kidney sections
showed regular arrangement of portal vein, hepatocytes and
glomerulus, respectively. Normal brain cells are visible from the
brain section image. Thus, a clear picture was obtained from the
histopathological evaluations regarding the in vivo compatibility
of HGCNF3. The overall study put forward HGCNF3 as a
potential implant candidate for biomedical applications.
However, microbial infection preventing capacity of an implant
is desired to avoid postsurgical complications.
Antimicrobial Assays. MIC of the nanomaterials and

nanocomposites were calculated against S. aureus, E. coli and C.
albicans. CuO nanoparticles showed the highest inhibitory
effect against all the tested strains (Figure 8). CuO based
antimicrobial materials are already commercialized for their
efficient activity.35 Further, CuO nanoparticles were also well
reported to possess excellent antimicrobial effect.36 Surface
activity of the nanoparticles basically causes damage to the
microbes, by penetrating through their cell membranes.37

However, nanohybrid formation caused a slight decrement of
the MIC values against the strains. Further, indirect exposure of
CuNFC suppressed the inhibitory effect to a small extent in
case of the nanocomposites. However, all the materials showed
significant detriment to both bacteria and fungi.
The zone inhibition assay demonstrated no effect of NFC on

both bacteria and fungus. CuNFC, contrarily showed profound
antimicrobial efficacy (Figure 9). HGCNF3 exhibited signifi-
cant zones of inhibition in all the cases. However, the effect was
stronger against the Gram-negative bacterium than the Gram-
positive one and weaker against the fungus. Greater zones were
observed for CuNFC than that for CuO. Exposure of the
microbes to higher surface area of the nanohybrid might have
affected. The above two assays confirmed the profound activity
of the nanocomposite against both Gram-positive and Gram-
negative bacteria as well as fungi.
Activity of the nanocomposite thermosets was analyzed

against S. aureus, by incubating HGE and HGCNF films with
the bacterium. The SEM micrographs showed clear morpho-
logical alteration of cells when incubated with the nano-
composites, whereas a contrary result was noticed for HGE.
The red marks (Figure 10) indicated shrinkage and membrane
disintegration of S. aureus cells that were adhered to HGCNF
surfaces. The study confirms the ability of the material to
prevent infections at surgical sites. Further, an implantable
biomaterial needs biodegradability to abet repeated surgery for
explantation after the completion of the service period.

In Vivo Biodegradation. Biodegradibility is very essential
for an implantable biomaterial, to evade repeated surgery.
Geometry of the explants distorted as observed visually within
14 days. This may be due to their degradation under
physiological environment. Further, SEM micrographs showed
the surface degradation of the explants, which have clear
distinction from the unimplanted one (Figure 11). Rate of
degradation enhanced with time and granulation of tissue over
the explants surfaces was observed. Surface of the explants
showed erosion, which may be greatly influenced by the
presence of biodegradable ether linkages in the structural
backbone of HGE.20 Different physiological fluids, including
specific enzymes may be responsible for the degradation

Figure 11. SEM micrographs of (a) unimplanted HGCNF3, (b−d) degradation of HGCNF3 on 7, 14 and 30 days of implantation.
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process. However, more specific clinical trials are essential to
draw a conclusion about the biodegradability of HGCNF3.

■ CONCLUSION
This study showed the advantageous attributes of the unison of
polymer science and nanotechnology to fabricate an anti-
microbial, biodegradable implant material. Merits of biore-
source based hyperbranched epoxy and CuNFC conferred the
nanocomposite high strength and flexibility as well as efficient
antimicrobial property. HGCNF3 supported the growth and
proliferation of L6 muscle cells, by providing a compatible
surface. Cytocompatibility of the material was confirmed by
incubating with rat liver cells. Moreover, HGCNF3 showed
positive host response when implanted within rat host. Further,
in vivo assay ascertained the biodegradability of the implant
within host body. The overall study thus forward a
biodegradable, antimicrobial, nontoxic, sustainable scaffold
material for muscle tissue reconstruction. However, critical
evaluation regarding biocompatibility shall be required for its
eventual biomedical application.
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