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Abstract: Fabrication of reinforced scaffolds to repair and regenerate defected bone is still

a major challenge. Bone tissue engineering is an advanced medical strategy to restore

or regenerate damaged bone. The excellent biocompatibility and osteogenesis behavior of

porous scaffolds play a critical role in bone regeneration. In current studies, we synthesized

polymeric nanocomposite material through free-radical polymerization to fabricate porous

nanocomposite scaffolds by freeze drying. Functional group, surface morphology, porosity,

pore size, and mechanical strength were examined through Fourier Transform Infrared Spectroscopy

(FTIR), Single-Electron Microscopy (SEM), Brunauer-Emmet-Teller (BET), and Universal Testing

Machine (UTM), respectively. These nanocomposites exhibit enhanced compressive strength

(from 4.1 to 16.90 MPa), Young’s modulus (from 13.27 to 29.65 MPa) with well appropriate porosity

and pore size (from 63.72 ± 1.9 to 45.75 ± 6.7 µm), and a foam-like morphology. The increasing

amount of graphene oxide (GO) regulates the porosity and mechanical behavior of the nanocomposite

scaffolds. The loading and sustained release of silver-sulfadiazine was observed to be 90.6% after

260 min. The in-vitro analysis was performed using mouse pre-osteoblast (MC3T3-E1) cell lines.

The developed nanocomposite scaffolds exhibited excellent biocompatibility. Based on the results,

we propose these novel nanocomposites can serve as potential future biomaterials to repair defected

bone with the load-bearing application, and in bone tissue engineering.

Keywords: arabinoxylan; apple pectin; biocompatibility; material science; nanotechnology;

bone tissue engineering
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1. Introduction

Bone tissue engineering (BTE) is an advanced and possible alternative solution for current surgical

bone grafting approaches using porous biomaterials. BTE aims to support, facilitate, and regenerate the

damaged or fractured bones using porous scaffolds. It is an effective and quick solution to heal defects

of bones, to eliminate the donor deficiency problem; source limitation, and problems with conventional

tissue implants (allograft and autograph) [1,2]. The design and composition of the artificial bone is a

major objective in bone regeneration, and choosing appropriate materials to fabricate nanocomposite

scaffolds can meet this challenge. The nanocomposite scaffold should resemble the extracellular matrix

(ECM) to facilitate the osteogenesis and must regenerate the host bone by restoring its functionality [3].

The porous scaffolds should facilitate the growth of osteogenic cells, which is an ideal property of the

porous scaffolds. The porous scaffolds with appropriate structure, interconnected porosity, and greater

surface area have a positive impact on bone regeneration that facilitates the tissue growth response [4].

The nanocomposite materials furnished with tailorable properties and desired characteristics have

become potential biomaterials. The nanocomposite scaffolds can be fabricated with high porosity,

interconnected surface area to mimic the properties of the natural bone, and high tensile strength for

load-bearing applications.

Porous nanocomposite scaffolds are the possible and potential channel to address the defective

bone issue through bone tissue engineering conventions. These enable the synthesis of structural

properties to meet the requirements for pertinent bone regeneration and growth [5]. Freeze drying

is a well-known method to fabricate porous scaffolds from polymeric nanocomposite with desired

pore size and porosity. The freeze-drying technique is famous among researchers and scientists

within the last decade to obtain porous biomaterials [6,7]. Nanocomposite scaffolds can be fabricated

using different nanocomposite materials to get the desired shape, pore size, % porosity, and other

physicochemical characteristics. Several researchers have been focused on the synthesis of porous

nanocomposite scaffolds using nanocomposite materials, using freeze drying methodology, to develop

the multi-functional properties [8]. The self-bone regeneration mechanism can be activated by

adding certain growth factors that encourage bone regeneration by securing neovascularization.

These nanocomposite scaffolds provide a microenvironment due to their microstructure and polymeric

matrix that resembles with extracellular matrix (ECM). The microenvironment and polymeric matrix

support the bone mechanically by facilitating cell proliferation, cell differentiation, and migration.

Hydroxyapatite (HAp) is a well-recognized biomaterial that is biocompatible, effectively bioavailable

to the ECM, and can regulate the biomechanical properties of the host bone [9,10].

Natural polymers have been frequently utilized as potential biomaterials in medical sciences due to

their biocompatibility, biodegradability, and non-immunological response. The researchers are focused

on natural polymers to develop biomaterials for addressing different medical issues. These natural

polymers have popularity momentum due to their capability in fabricating effectively engaged

porous nanocomposite scaffolds with controlled biocompatible and biodegradable behavior [11,12].

Arabinoxylan (AX) is a natural polymer. AX and its derivatives have potential applications

in tissue engineering, and other medical applications, due to its biocompatible, antioxidant,

and anti-inflammatory properties. The backbone of AX is similar to that of glycosaminoglycans

and it is a major ECM component of the cartilage bone. Henceforth, AX-based scaffolds can facilitate

and support defective bone regeneration [8,13]. Pectin is a well-known natural polymer and is

obtained from apple pulp, beetroot, and citrus fruits, etc. Pectin is an anionic polysaccharide and it

possesses different chemical characteristics with several biomedical applications [14]. It is hydrophilic

by nature and retains substantial water that facilitates cell proliferation and migration. Pectin has a

similar structure to ECM and can induce different cellular functionalities to enhance the growth of

cells [14]. The polymeric matrix of pectin has various carboxylate groups that help the crystallization

of calcium and phosphate ions to regenerate calcified bone tissue [15]. The natural polymers based

composite material are lacking in mechanical strength, which can be addressed by adding different

fillers. Graphene oxide (GO) is a well-known filler that has been used in biomedical applications [16].
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It has also gained recognition among researchers because of its high surface area, extremely versatile

structure, flow, and movement of electrons with extraordinary mechanical strength [17,18]. In recent

years, GO-based composite materials have been introduced in tissue engineering. GO-based composite

materials have relatively low toxicity and high osteoinductive efficiency that facilitates rapid cell

growth with loading application in bone tissue engineering [19,20]. Different composite materials have

been introduced to regenerate and repair defective bone in tissue engineering.

In this research, polymeric nanocomposite materials have been synthesized using AX, AP,

and nHAp with a variable amount of GO through free-radical polymerization. These polymeric

nanocomposites were used to fabricate nanocomposite scaffolds (NCSs) using freeze drying methods.

According to the best of our knowledge, these compositions have never been reported before in tissue

engineering. The structural analysis and morphology have been analyzed using FTIR, XRD, and SEM.

The swelling, biodegradation, drug loading, and release analysis were performed. The in-vitro

analysis of developed scaffold materials was performed using mouse pre-osteoblast (MC3T3-E1) cells to

determine biocompatibility. The obtained results demonstrated that these nanocomposite scaffolds have

excellent morphology, physicochemical behavior, and biocompatibility. These nanocomposite scaffolds

may be promising future biomaterial to repair and regenerate fracture bone in bone tissue engineering.

2. Method and Material

2.1. Material

Arabinoxylan was extracted from the husk of Plantago ovata using a well-reported method

by Saeed et al. [21]. Apple pectin (Cas No. 76828-100G), Acrylic acid (C3H4O2) AAc),

N,N′-methylene-bis-acrylamide (N,N′ MBA (C7H10N2O2)), silver nitrate (AgNO3) and potassium

persulfate (K2S2O8), n-HAp (<100 nm particle size, ≥95%), GO (763713-1G), Aqua ammonia, phosphate

buffer saline (PBS) solution, and hydrochloric acid (HCl) was received from Sigma-Aldrich, Malaysia.

All chemicals are analytical grades and utilized without any purification.

Fetal bovine serum (FBS), L-glutamine penicillin/streptomycin, and Alpha-MEM (α-MEM) were

supplied by ThermoFisher Scientific and Hyclone Laboratories Inc. The mouse pre-osteoblast

(MC3T3-E1) cell-lines were purchased from the American Type Culture Collection (ATCC-USA).

2.2. Synthesis Polymeric Nanocomposite

The polymeric nanocomposites materials were synthesized through the free-radical polymerization

process using arabinoxylan (AX) and apple pectin (AP) were grafted and doping of nHAp and GO

into the polymeric matrix of AX-g-AP. Briefly, AX (1.0 g) and AP (1.0 g) was dispersed in deionized

water separately and transferred into a three-necked round bottom flask. Then, 0.45 mL of AAc

as monomer and N,N′-MBA as crosslinker (0.045% by weight of AAc) was added into the solution.

Nano-hydroxyapatite (2 g) as a primary component and GO (0.1, 0.2, 0.3, and 0.4 mg) as an auxiliary

component was added slowly into three-neck round bottom flask. The reaction mixture was stirred for

2 h at 60 ◦C. Later, 0.05 g of the initiator (K2S2O8) was added and stirred under an inert environment for

another 3 h at 60 ◦C. After that, the reaction was stopped by removing flow of nitrogen gas and reaction

media was allowed to cool. The reaction media was vacuum filtered and the residue was washed

several times with deionized water to remove unreacted chemicals. The residue was dried overnight

at 50 ◦C in an oven and ground to get fine powder of polymeric nanocomposite materials. The nHAp

and GO were doped into the polymeric matrix of AX-g-AP to produce polymeric nanocomposites as

shown in the proposed chemical reaction (Figure 1 (Left-side)).
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Figure 1. Experimental design. Polymeric nanocomposite scaffolds were synthesized by free radical

polymerization to fabricate porous scaffolds via the freeze-drying method. Briefly, biopolymers

(arabinoxylan, apple pectin), acrylic acid (monomer), n-HAp, and GO were stirred to have a

homogenized mixture and crosslinked by using N,N′-methylene-bis-acrylamide to form the hybrid

nanocomposite. These hybrid nanocomposites were then freeze-dried to have porous scaffolds. Finally,

the mouse pre-osteoblast (MC3T3-E1) cell line was used to evaluate in vitro behavior of these scaffolds.

2.3. Fabrication of Nanocomposite Scaffolds

The porous nanocomposite scaffolds were fabricated through the freeze-drying technique.

Concisely, polymeric nanocomposite powder (5 g) was dispersed into deionized water and a

homogenized slurry was made. The slurry was filled into a 24-well plate (Figure 2 (Right side))

and allow to freeze at −80 ◦C for 24 h. The frozen molds were freeze-dried to get porous nanocomposite

scaffolds without any crack. Different codes NCS-1, NCS-2, NCS-3, and NCS-4 were assigned to

nanocomposite scaffolds after different amounts of GO (0.1, 0.2, 0.3, and 0.4 mg). The proposed

chemical reaction has been presented in the following schematic diagram (Figure 1).

2.4. Loading of Silver-Sulfadiazine

Silver-sulfadiazine (25 mg) was dissolved carefully into ethanol (5 mL) and added into deionized

water (45 mL), and it was stirred to have a homogenized solution. Then, nanocomposite scaffold (NCS-4)

was immersed into a beaker containing a silver-sulfadiazine solution for 1 h at room temperature.

The beaker was kept in the oven (50 ◦C) under vacuum, until complete evaporation of the solvent,

and to deposit the silver-sulfadiazine into the porous structure of the scaffold as shown in schematic

diagram-I (Lower right-side). The drug release was determined into a PBS buffer solution (pH 7.4 at

37 ◦C). A 5 mL solution was taken after every 20 min and drug release was measured using a double

beam UV–VIS spectrophotometer. The PBS buffer solution is taken as standard reference and the

cumulative release of the drug was presented through the graph (Figure 7).
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Figure 2. The scheme diagram presenting a proposed chemical reaction among the arabinoxylan

(biopolymer), apple pectin (biopolymer), nano-hydroxyapatite (ceramic), nano-graphene, acrylic acid

(monomer), and N,N′-methylene-bis-acrylamide (crosslinker) for the synthesis of bioactive

nanocomposite scaffolds through free radical polymerization method. These nanocomposites were

freeze-dried to obtain porous scaffolds for bone tissue engineering and silver-sulfadiazine was loaded

simple dipping technique.

3. Characterizations

3.1. Fourier Transformation Infrared (FTIR)

The functional group analysis of nanocomposite scaffolds was analyzed through Fourier

transformation infrared (Shimadzu FTIR-8100A, Tokyo, Japan) with the range of 4000–400 cm−1

and 96 scans/s.

3.2. Scanning Electron Microscopy (SEM)

The surface morphological behavior of a well-dried and gold-sputtered nanocomposite

scaffold was determined via scanning electron microscopy (JEOL-JSM 6480, Peabody, MA, USA).

The porosity and pore sizes of nanocomposite scaffolds were analyzed using Brunauer–Emmett-Teller

(Micromeritics Gemini II 2370, Norcross, GA, USA).

3.3. Water Contact-Angle

The homogenized slurry of the corresponding nanocomposite was placed into Petri dishes and

allow drying in the oven at 45 ◦C to measure the accurate contact angle. The wetting behavior of

nanocomposite scaffolds was determined through contact angle measurement using contact angle

meter (XCA-50) (VCA-Optima, AST Inc., Tacoma, WA, USA) and snaps were captured at different time

intervals (1 and 10 min) after dropping water drop (4 µL) over the surface of nanocomposite film and

tests were performed in triplicates.

3.4. Mechanical Testing

The mechanical testing strength of dried nanocomposite scaffolds was determined by a universal

testing machine (ASTM D638) [22], (Testometrics, UK). The mechanical testing was performed at

10 mm/min speed and the dimension of all scaffolds (height 1.7 cm, diameter 1.5 cm) was identical.

The testing was performed in triplicate.
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3.5. Biodegradation

The nanocomposite scaffolds were cut into 1 × 1 cm2 pieces, the weight was measured, and they

were incubated in the PBS solution (pH 7.4) at 37 ◦C for 35 days to observe the degradation rate.

These nanocomposite scaffolds recovered from the PBS solution were rinsed with deionized water and

dried in the oven for 1 h at 55 ◦C. The percentage of biodegradation was determined by following

Equation (1).

Biodegradation (%) =
Wo − Wt

Wo
× 100, (1)

whereas: Wt =weight at a specific time, Wo = initial weight

3.6. Swelling Analysis

The swelling behavior of nanocomposite scaffolds was determined by PBS solution and deionized

water at different temperatures (35 and 37 ◦C). All scaffold samples were dried well and weighed before

analysis. After a specific interval of time, the samples were taken out and surface water was removed

carefully using tissue paper to record gained weight. The percentage swelling of the nanocomposite

scaffolds was determined using Equation (2).

Swelling (%) =
Wf − Wi

Wi
×100, (2)

whereas: Wf = final wet weight and Wi = initial dry weight.

3.7. Release of Silver-Sulphadiazine from Nanocomposite Scaffold

The silver release profile was studied through atomic absorption spectrophotometer

(PerkinElmer, Inc., Waltham, MA, USA). The nanocomposite scaffolds were soaked into deionized

water under standard in-vitro conditions (37 ◦C and 5% CO2). The cumulative release of silver was

measured after every 20 min to analyze releasing.

3.8. In-Vitro Biological Activities

3.8.1. Cell Viability and Optical Density

Different concentrations of biomaterials (0.50–2.00 mg/mL) were prepared to study the cell viability.

The MC3T3-E1 cell-lines were cultured by taking 0.1% gelatin (+ive control) and incubated under

standard in-vitro conditions for different time intervals (24, 48, and 72 h). A well-reported method by

Repetto et al. [23] was used to treat cells by incubating into the neutral red medium (40 µg/mL) for 2 h

and washed PBS solution for another 2 h to remove the unnecessary neutral red stain. The dye-staining

solution (50% distilled water, 49% absolute ethanol, and 1% glacial acetic acid) was used at 37 ◦C

for 10 min. The optical density of cultured MC3T3-E1 cell lines was observed at 570 nm using an

absorbance microplate reader (ELx-800) (Bio-Tek, Winooski, VT, USA). The experiment was performed

in triplicate and the percentage of cell viability was calculated by Equation (3).

Cell viability (%) =
ODS

ODC
× 100, (3)

whereas: ODS = sample concentration, ODC = positive control

3.8.2. Cell Morphology

The pre-osteoblast cell-lines were maintained in α-MEM, 10% FBS, 1% (2 mM) L-glutamine,

1% penicillin/streptomycin. The density of pre-osteoblast cell-lines was assumed to be 5000 cells/cm2

in a 100 µm cell culture plate (96 well plate). The well-plates were coated using a gelatin solution
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(0.1%) as a coating agent. The well-plates were incubated with scaffolds (e.g., NCS-1, NCS-2, NCS-3,

and NCS-4) at 37 ◦C with 5% CO2 and 90% humidity, which are standard in-vitro conditions.

3.8.3. Cell Culture SEM Morphological Analysis

The MC3T3-E1 cell was cultured over the nanocomposite scaffolds for 7 days and cell adherence

was observed by SEM (JEOL-JSM-6480, Peabody, MA, USA). PBS solution was used to carefully

wash the attached cells and at room temperature. The cell was fixed with absolute ethanol for 5 min.

These scaffolds samples were dried and gold-sputtered. The SEM analysis was performed at an

accelerated voltage of 1 kV under an operating pressure of 7 × 10−2 bar with the deposition current of

20/2.0 mA/min.

3.9. Statistical Analysis

Experimental data was performed in triplicate and presented as mean standard errors (S.E).

The statistical software (IBM, SPSS Statistics 21) was used to perform statistical analysis. The means

and standard errors of means (mean ± S.E) were analyzed for each analysis shown as Y-error bars in

figures. (p < 0.05; n = 3).

4. Results and Discussions

4.1. FTIR

The FTIR spectral analysis has been conducted to determine different functional groups

and chemical interactions of nanocomposite materials as shown in Figure 3. The broadband at

3600–3200 cm−1 presents the stretching vibrations of the hydroxyl (–OH) group; these vibrations’

peaks present the hydrogen bonding. The increasing peak intensity causes more hydrogen bonding

due to the increasing amount of GO [24,25]. The stretching vibration at 2930 cm−1 is due to a

saturated aliphatic C–H functional group. Furthermore, the broadband 3600–3200 cm−1 vibration

may explain hydrogen bonding AX, AP, and GO [8]. The stretching vibration peaks at 1729, 1643,

and 1430 cm−1 were attributed to C=O, C=C, and C–H, respectively, and these are basic functional

groups of GO [26,27]. The vibration peak at 1056 cm−1 is a characteristic peak of saccharine that

confirms the presence of polysaccharide (Arabinoxylan and apple pectin) [8,28]. The vibration bands

at 1062 and 965 cm−1 attributes the triply degenerated P–O stretching and PO4
3− bending of HAp,

respectively [8]. The asymmetric bending vibration of P–O was attributed to 703–654 cm−1 that

resembles HAp materials [26]. The successful synthesis of nanocomposite scaffolds was confirmed by

these available spectral functional groups.
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Figure 3. FTIR spectral profile of nanocomposite scaffolds to determine the different functional groups.
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4.2. SEM Analysis

Porosity allows the transportation of nutrients, the exchange of gases, cell infiltration, and migration

into scaffolds to help growing new blood vessels. The surface morphologies of nanocomposite scaffolds

have been shown at different magnifications (Figure 4). The increasing amount of the GO was found

to be more interconnected with homogeneous pore distribution. The highly interconnected porous

structure of nanocomposite scaffolds is necessary. The morphological properties are important to

exchange gases, nutrient permeability wastes disposal, and retain maximum tissue fluid that facilitates

the cell growth activities. These nanocomposite scaffolds can be suitable for cell proliferation and

migration in bone tissue engineering applications [29,30]. The porous and interconnected morphology

of nanocomposite scaffolds also confirms the successful scaffold fabrication and interaction of GO

through H-bonding. Therefore, these nanocomposite scaffolds play a key role in the release of growth

factor, drug delivery, cell migration for fracture bone regeneration [31]. Therefore, the optimized

amount of GO can produce the desired porosity, as an increasing amount of GO regulates porosity

and pore size. The addition of GO as filler imparts additional porosity. These nanocomposite

scaffolds demonstrated the complete interconnected porosity with foam-like morphology (Figure 4).

These characteristics are considered to be very significant for tissue and pore size 50–250 µm was found

as best for cell adherence, growth, and proliferation [32,33]. No crack or major defect has been seen

over the scaffolds and scaffolds displayed interconnected porosity and pore sizes that indicated strong

control over the manufacturing process. The pore size and personage of porosity have been described

in Table 1. The successful fabrication of porous nanocomposite scaffolds plays a crucial role in the

fabrication of porous hybrid nanocomposite scaffolds with rough morphology [34].

 

 

 

Figure 4. Presents the porous morphologies of the nanocomposite scaffolds at different magnifications.

Table 1. Present the mechanical properties of nanocomposite scaffolds.

Scaffold
Strain

(%)
Stress
(MPa)

Young’s
Modulus

(MPa)

Porosity
(%)

Pore Area
(µm2)

NCS-1 57.01 16.90 29.65 63.72 ± 1.9 0.64 × 103

NCS-2 49.80 12.9 25.90 56.23 ± 3.4 0.55 × 103

NCS-3 36.71 8.20 22.34 50.94 ± 8.3 0.46 × 103

NCS-4 30.92 4.1 13.27 45.75 ± 6.7 0.38 × 103
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4.3. Water Contact-Angle

The wetting behavior of nanocomposite scaffolds was determined using water contact angles

after a different interval of time (1 and 5 min) as shown in Figure 5. The sample NCS-4 was found

to be more hydrophilic as compared to NCS-1, due to the increasing amount of GO, which shifts the

wetting behavior from hydrophobicity toward hydrophilicity. The increasing time of water contact to

the surface also increases the hydrophilicity. Hence, an increasing amount of GO in the nanocomposite

scaffolds can lower the water contact angle and shift the wetting behavior from hydrophobic to

hydrophilic. More hydrophilic character is an indication of hydrogen bonding that is fundamental

for cell adhesion and cell proliferation [35,36]. It is also assumed that the increasing quantity of GO

induced the nanocomposite scaffold increases the hydrogen bonding and the high biological activity

was observed NCS-4.

 

 

Figure 5. Wetting behavior of the nanocomposite scaffolds at different time intervals.

4.4. Mechanical Testing

The mechanical behavior of nanocomposite scaffolds was analyzed through the strain-stress curve

(Figure 6A). The mechanical performance of the scaffold is an important character to support the

fractured bone and helps the regeneration of defected bone by enhancing cellular physiology [37].

The mechanical strength of trabecular bone ranging from 1 to 10 MPa as reported by different

groups [38,39]. The mechanical strength of the composite scaffold should mimic the mechanical strength

of the natural bone. A detailed mechanical behavior (compressive strength, strain %, and Young’s

modulus) of all nanocomposite scaffolds have been summarized in the Table 1. The increasing amount

of reinforcement (GO) into the polymeric composite increases the strength and modulus nanocomposite

scaffolds. Therefore, all nanocomposite scaffolds began to be reinforced progressively as the amount of

reinforcement agents increased, which could be attributed to the enhancement of stress transfer from

NCS-1 scaffold to NCS-4 scaffold [40].

The value of Young’s modulus is different for all scaffold samples due to the variable amount

of GO. Collectively, the incorporation of GO on the mechanical properties of scaffolds imparted

chemical interaction (as mentioned in Figure 2 (Left side)) that increased the mechanical strength of

the nanocomposite scaffolds. It was worth noting, however, that HAp and GO were homogeneously

mixed with a polymeric solution; this implies that HAp and GO were uniformly hybridized with the

polymer phase at the molecular stage [41]. GO may also generate additional physical crosslinking

due to possible H-bonding among polymeric matrix and nHAp, and can serve as an efficient physical

cross-linking agent. This might have contributed to microstructural improvements, and provided

a close packaging to strengthen the nanocomposite scaffolds. Nonetheless, such nanocomposite

scaffolds can be a potential biomaterial and might provide a similar mechanical strength as of human

trabecular bone [38]. Henceforth, we could conclude that the mechanical properties of the porous

composite scaffolds were optimal and can be applied in tissue engineering to treat bones with different

mechanical strengths.
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Figure 6. Presents (A) mechanical behavior of the nanocomposite scaffolds at room temperature, (B) the

biodegradation under standard in-vitro conditions at different temperatures, and (C,D) the swelling of

nanocomposite scaffolds at different temperatures and in different media.

4.5. In-Vitro Biodegradation

An ideal biomaterial for bone tissue corresponds to mechanical strength for host bone tissue

with controllable degradation and resorption rate that creates space to facilitate bone growth [42].

The biodegradation of nanocomposite scaffolds was conducted under standard in-vitro condition using

PBS solution for 35 days (Figure 6B). The nanocomposite scaffolds exhibited different degradation

behavior due to different incorporated amounts of GO, and the mass loss profile was found to be

linear as the time increases. The sample NCS-1 demonstrated maximum degradation at elevated

temperature and NCS-4 presented the least degradation after 30 days. The degradation behavior of

the nanocomposite scaffolds is dependent upon the hydrophobic behavior of polymeric matrix and

crystallinity characteristics due to nHAp. The degradation of NCS-1 for 30 days was considerably

greater than NCS-4, which confirms that the lower GO content leads to a faster scaffold degradation.

Since GO has several oxygen-based functional groups that facilitated more H-bonding, and therefore

the behavior of GO could be considered as a crosslinker. Therefore, we can conclude that GO content

controlled the degradation of the scaffolds by improving matrix properties [43,44]. Biodegradation of

polymeric-based scaffold or implants is an important issue in tissue engineering. The quick in-vivo

degradation was reported due to the strong autocatalytic effect that produced acidic degradation

products. These products are accumulated by the medium surrounding the implants. By changing

frequent PBS media for in-vitro degradation can minimize the autocatalytic effect and the absence

of certain enzymes helps to estimate in-vivo degradation behavior [45]. Monireh and colleagues

have reported 10–12 weeks as the normal period for bone tissue integration [46]. The spinal fusion

takes 9 months and cranio-maxillofacial takes 3–6 months as reported by Susmita and coworkers [1].

Therefore, the scaffolds with different degradation rates can be applied to different defective bone

sites. Hereafter, we conclude that bone degradation can be controlled by regulating the amount of

GO, which corresponds to the rate of formation of new bone tissue. After implantation of a porous

scaffold, scaffold material should support the host bone mechanically by retaining structural integrity

on degradation into a complex in-vivo environment.
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4.6. Swelling Analysis

The swelling behavior of well-dried nanocomposite scaffolds was performed in phosphate-buffered

saline (PBS) and aqueous media at room temperature (Figure 6C,D). An increase in fast swelling was

found at the beginning of 5–7 h, then became stable as it attained an equilibrium state after 12 h.

It was observed that an increasing amount of GO caused the swelling due to its water-loving nature,

which facilitated H-bonding with water molecules. Swelling is an important property of scaffolds that

helps to regulate the exchange of gases and waste, and nutrients transported during metabolism [47].

The interconnected porosity and pore size increased, and surface area were observed to be increased

during swelling, which facilitated cell adhesion, proliferation, and migration to form new tissues.

The optimized swelling plays a vital role to enhance cell performance by controlled degradation of

scaffolds, which are essential for bone regeneration [48]. Swelling phenomena is different at different

temperatures (35 and 37 ◦C) and in different media (PBS solution and deionized water) due to the

polymeric matrix. It was found that the maximum degree of hydration was found in water media

at 37 ◦C for NCS-4. Hence, an increasing amount of GO increases swelling at all temperatures and

media [8]. Therefore, swelling of nanocomposite scaffolds confirmed the successful crosslinking and

role of GO.

4.7. Release of Silver Nanoparticles from Nanocomposite Scaffolds

The release of silver sulfadiazine under in-vitro conditions has been presented in the PBS (Figure 6.).

Silver-based nanocomposite scaffolds are significant in biomaterials, which release the silver over

time to clear the microorganisms at the implant site. The sustained and prolonged release of silver

is effective for antimicrobial activity [29]. The gradual release profile of silver from nanocomposite

scaffolds fulfills the antimicrobial behavior of nanocomposite scaffolds (Figure 7). The amount of silver

release was directly affected by the initial amount of silver doped inside the scaffolds. The linear release

profile of silver-sulfadiazine was observed as ~38.8% after 60 min and ~90.6% after 260 min, and then

the release of silver-sulfadiazine was reduced, whereas the release of silver-sulfadiazine from NCS-1

was observed to be ~11.3% after 60 min and ~47.5% after 260 min, and later it became continuous.

It is also observed that the release of silver-sulfadiazine becomes reduce release to continuous release

after 260 min from NCS-4 to NCS-1. The different silver-sulfadiazine release profile may be due to

different physicochemical behavior of the nanocomposite scaffolds. Since the polymeric matrix of

the nanocomposite scaffolds is similar to the extracellular matrix, and it interacted with the silver

sulfadiazine drug through hydrogen-bonding or via weak van der Waals forces of attraction [49].

The quick-release of silver-sulfadiazine may be due to increased swelling. It was found that, initially,

the release of silver is fast and later it became slow. The more release of silver ion facilitates in combating

severe disease-causing pathogens at the initial stage after bone grafts.
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Figure 7. The drug release profile of the nanocomposite scaffold (NCS-4) under the controlled

environment and physiological conditions.
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4.8. In-Vitro Activities

4.8.1. Cell Viability and Optical Density

In-vitro cell viability assay and optical density (Figure 8A,B) of nanocomposite scaffolds were

studied against MC3T3-E1 cell lines. Different concentrations of nanocomposite scaffolds were

prepared carefully (0.500, 1.000, 1.500, and 2.000 µm/mL) and viability was recorded at different

intervals (24, 48, and 72 h) after incubation under standard in-vitro conditions [50]. Maximum cell

viability and cell proliferation were recorded at 2 µg/mL for NCS-4 as it contains more GO contents.

GO imparts important physicochemical properties that facilitated cellular compatibility. However,

increasing extract concentration (2 µg/mL) was found to be more favorable for cell viability and optical

density. The developed nanocomposite scaffolds displayed their support for cell viability and increased

cell proliferation without causing any toxicity towards pre-osteoblast cells (Figure 8).
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Figure 8. Presents the cellular behavior of MC3T3-E1 against different concentrations (0.500, 1.000,

1.500, and 2.000 µg/mL) of nanocomposite scaffolds at different time intervals (24, 48, and 72 h) to

(A) determine cell viability (B) and optical density under standard in-vitro conditions.

4.8.2. Cell Morphology

The cellular morphology studies of MC3T3-E1 have been performed against nanocomposite

scaffolds to determine their behavior towards cell growth and morphology (Figure 9). Different factors

can influence cell differentiation by increasing biocompatibility over the surface of the substrate [51].

GO contains oxygen-based functional groups (–COOH, –OSO3, –H, and –OH) and these functional

groups are essential for H-bonding. An increasing amount of GO enhances surface properties

and functionalities that encourage cell adherence, differentiation, and growth [52,53]. The surface

morphology of NCS-4 is much rougher, better interconnected, and more porous than all nanocomposite

scaffolds. The NCS-4, therefore, demonstrated more and clearer cell spreading over time. The cell

adhesion can be regulated by integrin binding over a modified surface [54]. Literature reports also

support increasing functionalities modulate fibronectin adsorption and integrin-binding in the order,

OH > COOH > NH2 > CH3 [55]. The substantial change in absorbance was observed at different

time intervals (24, 48, and 72 h). NCS-3 and NCS-4 present excellent cylindrical cell morphology

as compared to control due to hydrophilic nature. Hydrophilic behavior facilitates communication

of substrate; hosts bone DNA that promotes cell adherence and proliferation to encourage bone

regeneration. Moreover, after 48 h, the cell spreading is quicker in cylindrical morphology, and,

after 72 h, no considerable difference was found among all samples especially NCS-3 and NCS-4.

This was due to a high GO content that enhanced their physicochemical characteristics than in the rest

of the samples. It can be explained by the hydrophilic surface characteristics, which is the necessary
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behavior of biomaterials in tissue integration. NCS-4 is more hydrophilic that supported cell adherence

through H-bonding that facilitated cell proliferation (Figure 5). It may be possible that increasing

incubation time may increase the cell proliferation to the grown new bone that can repair and regenerate

the fractured bone [56,57].

 

 

Figure 9. The cell morphology of MC3T3-E1 against all nanocomposite scaffolds and +ive control

under different times (24, 48, and 72 h). The red arrows are presenting the proper adherence and

cylindrical shapes of the cells in all scaffold samples (NCS-1, NCS-2, NCS-3, and NCS-4) under standard

in-vitro conditions.

4.8.3. SEM Analysis of Cell Culture and Attachment

The Figure 10 presents the morphology of MC3T3-E1 cell adhered to the surface of all samples of

nanocomposite scaffolds after 72 h of cell culture. It was found that cell adherence was increased as the

amount of GO increased from NCS-1 to NCS-4. The culture cells spreading was found over the surface

in cylindrical or polygonal form and also found in the pores of the scaffolds. Increasing cell culture

time covered the surface and penetrated pores after culturing of 72 h, as observed in all scaffolds

(presented by red arrows). The increasing cell adherence can be explained by increasing hydrophilic

character that facilitated adherence of cells over the surface through hydrogen bonding [58]. It also

can be explained by rough morphology obtained due to porosity and owed to GO-sheets that have

several oxygen-based functional groups, readily available for H-bonding [59]. Thus, increasing time

may increase the gene expression for cell adherence and proliferation for reconstruction and growth of

new bone tissue.

 

 

 

 

Figure 10. Presents the SEM analysis of cell culture and adherence for all nanocomposite scaffolds

against MC3T3-E1 after 72 h and red arrows are indicating the culture and adherence of osteoblast cells.
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5. Conclusions

The novel porous foam-like nanocomposite scaffolds were fabricated through freeze drying

from nanocomposite materials and coated with silver-sulphadiazine to deal with antibacterial

activities. These nanocomposite materials revealed interesting bone-scaffold regeneration properties

porous morphologies, hydrophilicity, and controlled biodegradation with worthy swelling behavior.

The physicochemical properties of developed materials make them suitable to treat and repair

fractured bone by enhanced osteo-regeneration and found to be biocompatible as depicted by in-vitro

studies. The increasing amount of GO has improved physicochemical and biomechanical properties.

The scaffolds sample NSC-4 with the maximum amount of GO exhibited a considerable cell adherence

with cylinder interconnected cell morphology. The release of the antibacterial drug was found to

be sustainable to address bacterial action after implantation. These nanocomposite scaffolds exhibit

different mechanical properties that can be applied to repair fractured bone with different mechanical

behavior. Hence, it can be concluded that these nanocomposite scaffolds (NSC-4) could serve as a

potential biomaterial to repair fractured bone with load-bearing application in bone tissue engineering.
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