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Abstract In the present work, Co3O4 was prepared by

hydrothermal process, which is further used for the syn-

thesis of Co3O4–Fe3O4 hybrid nanoparticles. The forma-

tion of Co3O4–Fe3O4 nanoparticles was investigated by

transmission electron microscopy and physical property

measurement system. In the next step, the drug-loaded

novel nanohybrid porous scaffold based on chitosan-g-

glycolic acid and Co3O4–Fe3O4 nanoparticle was prepared

by freeze drying technique. The grafting of glycolic acid on

chitosan drug loading in porous scaffold was characterized

by Fourier transform infrared spectroscopy. The nanohy-

brid scaffolds were found to be stable regardless of the pH

of the medium and play an important role in cell adhesion,

proliferation, and migration. Co3O4–Fe3O4 hybrid nano-

particles’ reinforcement was found to control the drug

(cyclophosphamide) release rate in phosphate buffer saline

solution (pH 7.4). Therefore, Co3O4–Fe3O4 hybrid nano-

particles are viable additives for formulating sustained drug

delivery systems and could be applied in the field of

biomaterials.

Introduction

In the field of nanotechnology, polymer matrix-based

nanocomposites have become a prominent area of current

research and development. These materials exhibit unique

optical [1], thermal, electrical, and mechanical properties

due to the interaction of the polymer with the particle and

state of dispersion [2–4]. Transition metal nanoparticles are

one of the most studied systems due to their quantum size

effects [5–7], novel electronic [8], optical [9], magnetic

[10], and chemical properties. These metal nanoparticles

play an important role in many different fields of science

such as nanoelectronics, catalysis [11–13], and, recently, in

biomedical application [14–16]. Cobalt oxide and Fe3O4

nanoparticles are currently attracting enormous interest

owing to their unique size- and shape-dependent properties

and potential applications in the field of catalysis, sensors,

electrochemistry, magnetism, energy storage, etc. [17].

Here, we have demonstrated that Co3O4–Fe3O4 composite

magnetic nanoparticle-based materials can be use in the

field of controlled drug release and cell proliferation sys-

tems which are having major scientific applications in the

field of biomaterials [18].

A wide range of materials have been employed as drug

carriers such as lipids, surfactant, dendrimers, and natural

or synthetic polymers [19–22]. Chitosan has prompted the

continuous movement for the development of safe and

effective drug delivery systems because of its unique

physicochemical and biologic characteristics. Chitosan,

a (1–4) 2-amino-2-deoxy-b-D glucan, has structural char-

acteristics similar to glycosaminoglycans. This polycat-

ionic biopolymer is generally obtained by alkaline

deacetylation of chitin, which is the main component of the

exoskeleton of crustaceans [23] Chitosan is hydrophilic and

compatible with nanoparticle and has better processability
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due to the presence of amino group (pKa value is 6.2) in

the chain. Chemical modification of chitosan is useful for

the association of bioactive molecules to polymer and

controlling the drug release profile. The grafting of side

glycolic acid leads to marked changes in the chitosan

structure [24, 25]. Chitosan has amino and hydroxyl

functional group which act as potential site for altering the

polymers functionality [26–28].

In this paper, we have synthesised Co3O4–Fe3O4 com-

posite magnetic nanoparticles. These Co3O4–Fe3O4 com-

posite nanoparticles were dispersed into the matrix of

glycolic acid-grafted chitosan scaffolds, which are pre-

pared using lyophilizer by freeze drying. This novel

nanohybrid scaffold of chitosan-g-glycolic acid embedded

with Co3O4–Fe3O4 composite magnetic nanoparticles can

be used in the field of controlled drug delivery and tissue

engineering applications.

Experimental

Materials

Chitosan of low molecular weight (Mw = 1.5 9 105,

degree of deacetylation was 85 %), glycolic acid (99 %

pure), iron (0) pentacarbonyl (Fe(CO)5), oleic acid (OA),

oleylamine (OAM), cobalt acetate (Co(OAc)2), and citric

acid (C6H8O7) were obtained from Sigma-Aldrich. Lithium

chloride (LiCl), tri phenyl phosphate (TPP), pyridine (Py),

sodium hydroxide (NaOH), and phenyl ether were obtained

from M/s Sisco Research Laboratories, Mumbai. Deionised

water was used throughout the work, which is prepared by

Milli-Q-system.

Synthesis of cobalt oxide (Co3O4) nanoparticles

(CoNP)

CoNP were prepared by hydrothermal method. In which,

cobalt acetate, citric acid, and NaOH (1:1:2) ratio was put

into hydrothermal bomb containing 110 mL of water. The

hydrothermal bomb was screw tight and heated at 120 �C

for 40 h. The formed precipitate was centrifuged and

separated. Further, the precipitate was calcinated at 350 �C

for 24 h. After calcination, the precipitate was cooled at

room temperature.

Synthesis of Co3O4–Fe3O4 hybrid nanoparticles

(CFNP)

CoNP, 1-octadecene, OAM, and OA were heated to 120 �C

under argon atmosphere. At the temperature of 120 �C,

Fe(CO)5 was injected to the reaction mixture. The reaction

mixture was slowly heated to reflux (1 �C min-1) for 4.5 h.

After the completion of the reaction, it is cooled to room

temperature and stirred for 1 h, followed by precipitation

with acetone. The precipitate was then dried in air.

Grafting of chitosan with glycolic acid

Grafting of glycolic acid on chitosan was achieved by click

reaction. Chitosan (1 g) and glycolic acid (1 g) were taken

in a round bottom flask. TPP, LiCl, and Py in 1:1:1 ratio

was added to the round bottom flask. To the reaction

mixture, 12 mL of N-methyl pyrilidone (NMP) was added.

The reaction mixture was stirred and refluxed for 8 h at

120 �C. After 8 h, the viscous reaction mixture was cooled

to room temperature and precipitated with methanol. The

precipitate was dried at 70 �C for 10 h under reduced

pressure.

Preparation of nanohybrid scaffolds and drug loading

Glycolic acid-grafted chitosan (1 g) was dispersed in

deionised water (50 mL) and stirred for 1 h at room tem-

perature. After 1 h, Co3O4–Fe3O4 composite magnetic

nanoparticles (50 mg) were added to the solution and

stirred overnight at room temperature. The resulting solu-

tion was heated up to 80 �C with continuous degassing for

30 min. The resulting solution was cooled to room tem-

perature after degassing. The drug (CPA) (10 mg) was

added to the resulting solution and stirred for 5 h so that the

drug completely mixes with the solution. The drug-loaded

solution was poured in tissue culture plates (20 9 20 mm

diameter) and quenched in liquid nitrogen. The quenched

sample was freeze dried by lyophilization under -100 �C

temperature for 6 h. In lyophilization, the water molecules

were removed by freezing and sublimation of ice crystals,

which lead to the formation of pores. The formulation is

shown in the Table 1.

Characterizations

High resolution transmission electron microscopy

(HR-TEM model Technai TF30, 300 kV FEG) was used to

analyze the particle size, morphology, and Selected Area

Diffraction pattern (SAED) of Co3O4–Fe3O4 hybrid mag-

netic nanoparticles. The formation of Co3O4–Fe3O4 hybrid

nanoparticle was confirmed by measuring hysteresis loops

of the synthesised nanoparticles using a physical property

measuring system (PPMS) (quantum design Inc. San

Diego, USA) equipped with 7T superconducting magnet

and a vibrating sample magnetometer [29]. Attenuated

total reflectance Fourier transform infrared (ATR-FTIR)

Nicolet Nexus 870 FTIR spectrometer equipped with a

smart Endurance diamond accessory (64 scans, 4 cm-1

resolution, wave number range 4000–550 cm-1) was used
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to analyze fourier transform infrared spectra of neat

chitosan (CTS), chitosan grafted glycolic acid (CGCF-1),

nanohybrid scaffold (CGCF-(D)), and cyclophosphamide

(CPA) drug. XRD patterns of the samples were recorded on

X-ray Diffractometer (WAXRD—Rigaku (Japan)) with

Cu-ka radiation at a voltage of 50 kV. The scanning rate

was 4� min-1 and the scanning scope of 2h was from 2 to

80� at room temperature. Scanning electron microscopy

(SEM) (Model, JOEL Stereoscan 440, Cambridge) was

used to investigate the surface morphology of the porous

scaffolds. Before the observation, specimens were fixed on

the copper grid. The swelling behavior of porous scaffold

was determined by exposing them to media of different

pH—1 N HCl, 1 N NaOH, and simulated body fluid (SBF)

(pH 7.4) solutions. The shape retention of porous scaffold

was determined by measuring the change in its diameter of

scaffold as a function of time in the media. The drug-

loaded nanohybrid scaffold (CGCF-(D)) was immersed in

aliquots of 0.1 M sodium phosphate buffer (pH 7.4) and

incubated at 37 �C. An aliquot of 3 mL from the specimen

was withdrawn after specific time interval and immediately

fresh medium is added to it. The ‘‘CPA’’ content in the

aliquot was investigated using UV–vis spectrophotometer

(UV-NIR- PL Lamda 950) at 180 nm. In vitro cell culture

was carried out using L929 cell. These cells are derived

from mouse fibroblast cell line and are internationally

recognized cells which are routinely used in in vitro

cytotoxicity assessments. The scaffold was sterilised by

putting it in 6-well tissue culture plate containing isopro-

panol (5 mL) and exposed to UV radiation for 4 h. L929

cells were further seeded on nanohybrid scaffold placed in

6-well plate at a density of 5 9 103 cells/well and incu-

bated at 37 �C, 5 % CO2, and 95 % humidity incubation

conditions. The tissue culture plate containing only cells

were used as control. To study the cell proliferation on

different substrates, cell proliferation was determined by

the colorimetric MTT assay. MTT assay is based on the

reduction of yellow 3-(4,5 dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) salt in MTT to form

purple formazan by dehydrogenase enzymes secreted from

the mitochondria of metabolically active cells. The amount

of formazan formed is directly proportional to the number

of viable cells. After 2, 4, 6, 24, 48, and 72 h, the cell

solution (100 lL) was transferred to an ELISA microplate

and optical density (OD) was measured at 540 nm by the

spectroscopic method [30]. The relative cell growth was

compared to the control cells, which exhibit cell culture

medium without chitosan. It was calculated by the given

Eq. (1)

Table 1 Formulation of cyclophosphamide (CPA)-loaded nanohy-

brid of chitosan-g-glycolic acid and Co3O4–Fe3O4 hybrid magnetic

nanoparticles

S. no. Grafted

chitosan (g)

Co3O4–

Fe3O4 (mg)

CPA (%) Drying

process

Sample

code

1 1 – – Vacuum CGCF-1

2 1 50 – Vacuum CGCF-2

3 1 50 – Freeze CGCF (S)

4 1 50 10 Freeze CGCF (D)

Fig. 1 a TEM image Co3O4–

Fe3O4 hybrid nanoparticles;

b HRTEM image of Co3O4–

Fe3O4 hybrid nanoparticles

(white line delineate distance

between two lattice plane in

Co3O4 domain and Fe3O4

domain); c SAED pattern of

Co3O4–Fe3O4 hybrid

nanoparticles; d TEM-EDAX of

Co3O4–Fe3O4 hybrid

nanoparticles
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% Livecell ¼ 100� ðC � TÞ
ðC � BÞ � 100

� �
ð1Þ

C = OD of control, T = OD of test sample, B = OD of

blank, OD = optical density.

All the in vitro tests were done in triplicate and the

results were reported as an average value.

Results and discussion

TEM analysis of Co3O4–Fe3O4 hybrid nanoparticles

The TEM image of Co3O4–Fe3O4 composite magnetic

nanoparticles (Fig. 1a) exhibits uniformly spherical

morphology almost same overall size. Figure 1b shows the

high resolution TEM image of these composite magnetic

nanoparticles, which are crystalline as shown in the

selected area diffraction (SAED) pattern Fig. 1c. The dis-

tance between the two adjacent lattice planes in Co3O4

domain is 2.31 Å, which is close to the reported value of

2.33 Å for (2 2 2) plane [28], and that in Fe3O4 domains

4.85 Å, which is close to the literature value of 4.88 Å for

(1 1 1) plane. TEM-EDAX also confirms the formation of

Co3O4–Fe3O4 hybrid nanoparticles (Fig. 1d).

Physical property measurement system (PPMS)

analysis

The magnetic properties of the hybrid nanoparticle were

investigated to evaluate the influence of the diamagnetic

Co3O4 on the Fe3O4 domains. Figure 2 shows the magnetic

hysteresis loops recorded at 300 k of Co3O4–Fe3O4 hybrid

nanoparticle with Fe3O4 nanoparticle of size 5–10 nm.

Hybrid nanoparticles are super paramagnetic; however, the

saturation magnetization increases with Co3O4 particles

[29]. The decrease in the magnetization of Co3O4–Fe3O4

hybrid nanoparticle confirms the formation of Co3O4–

Fe3O4 hybrid nanoparticles.

FTIR analysis

Fourier transform infrared (FT-IR) spectra reveals infor-

mation about the structure of neat chitosan (CTS), chitosan

grafted glycolic acid (CGCF-1), nanohybrid scaffold

(CGCF-(D)), and drug (CPA) (Fig. 3). The characteristic

peaks in the FTIR spectrum of CTS include 1633 cm-1

(–NH stretching) and 3500 cm-1 (–OH stretching). The

presence of extra peak in CGPF-1at 1730 cm-1 corre-

sponds to –C=O stretching of anhydride bond which is

formed due to the polycondensation between the glycolic

acid molecules during grafting process. Shifting of peak

(–NH stretching) toward the lower frequency region

(1568 cm-1) confirms the interaction of glycolic acid with

NH2 group of chitosan. The grafting of glycolic acid on

chitosan was confirmed by the formation of amide (–NH–

C=O) linkage between amine (–NH2) group of chitosan and

–C=O group of glycolic acid. The FTIR spectra of CPA

include peaks at 1237 cm-1 (–P=O stretching) and

1652 cm-1 (–NH stretching). The FTIR spectra of CGCF-

(D) include shift in peaks 1067 cm-1 (–P=O stretching)

and 3214 cm-1 (–OH stretching), which may be due to the

interaction of Co3O4–Fe3O4 hybrid nanoparticles with

–P=O group of drug molecule and –OH group of chitosan

via metallic bond. The peak at 1568 cm-1 in CGCF-(D) is

attributed to the shift in –C=O stretching toward lower

frequency region, which may be due to the interaction of

Fig. 2 Magnetic hysteresis curve recorded at 300 k for Co3O4–Fe3O4

hybrid nanoparticle (CoFNP) with Fe3O4 nanoparticles (FeONP)

Fig. 3 FTIR spectra of neat chitosan (CTS), grafted chitosan (CGCF-

1), grafted chitosan, and Co3O4–Fe3O4 hybrid nanoparticle-based

nanohybrid scaffold (CGCF-(D)) and drug cyclophosphamide (CPA)
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CPA with –C=O group of grafted glycolic acid via

H- bonding (Scheme 1).

XRD analysis

Figure 4a illustrates the X- ray diffraction pattern of

neat chitosan (CTS) and glycolic acid-grafted chitosan

(CGCF-1). It was observed that neat chitosan (CTS) shows

the characteristic peaks at 10.9� and 19.8�, which corre-

spond to a hydrated crystalline structure and an amorphous

structure of chitosan, respectively [31–33]. Grafting of

chitosan with glycolic acid (CGCF-1) resulted in a shift of

peak from 10.9� to 10.1� and from 19.8� to 20.6�, con-

firming the interaction of chitosan with glycolic acid.

These peaks were shifted from 10.1� to 8.1� and from 20.6�
to 22.5�, showing the interaction of Co3O4–Fe3O4 hybrid

nanoparticles with the grafted chitosan (CGCF-2) as shown

in Fig. 4b.

SEM observation of scaffolds

The SEM image (Fig. 5a, b) reveals the morphology of

nanohybrid scaffold before drug loading and after drug

addition (Fig. 5c, d). It is observed that the pore size of

scaffold before drug addition was ranging from 30.10 to

40.10 lm; however, upon the addition of drug, pore size

decreases and lies in the range of 12.87–11.07 lm. The

decrease in the pore size may be due to the incorporation of

drug molecule in the pores of scaffold. The peaks of cobalt

(Co), iron (Fe), and oxygen (O) in SEM-EDAX of scaffold

(CGCF-(D)) were observed, which confirms the incorpo-

ration of Co3O4–Fe3O4 hybrid nanoparticles in nanohybrid

(Fig. 5e).

Drug delivery study

Figure 6 shows the cumulative drug release versus

immersion time of drug-loaded scaffold (CGCF-(D)).

In vitro drug release shows the burst effect [34] which was

examined with SBF (pH 7.4) at temperature 37 �C. The

release media was quantified by UV–visible spectral

absorbance values. From the figure, it was observed that

the drug release follows the first order release kinetics

which states that the drug release rate depends on its

Scheme 1 Grafting of glycolic acid on chitosan, formation of CS-g-

glycolic acid and Co3O4–Fe3O4 hybrid nanoparticle-based nanohy-

brid scaffold, and the interaction between chitosan-g-glycolic acid,

drug, and Co3O4–Fe3O4 hybrid nanoparticles

Fig. 4 a X-ray diffraction spectra of neat chitosan and grafted

chitosan. b X-ray diffraction spectra of CS-g-glycolic acid and

Co3O4–Fe3O4 hybrid nanoparticle-based nanohybrid scaffold
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concentration. Initially, the rate of the release of drug was

high and it decreases with time because the drug which is at

the surface of scaffold is released much faster than the drug

incorporated deeply into the pores of the scaffold. The

effect of incorporation of Co3O4–Fe3O4 hybrid nanoparti-

cles can be significantly observed as reduced rate of release

Fig. 5 a, b SEM image of grafted chitosan and Co3O4–Fe3O4 nanohybrid scaffold without drug; c, d SEM image of grafted chitosan and

Co3O4–Fe3O4 nanohybrid scaffold with drug; e EDAX of nanohybrid scaffold (CGCF-(D))
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at initial stage of immersion (up to 200 min). Initially, the

specimen is solvated, which facilitates the lateral diffusion

of drug after 250 min [35]. The rate of release of drug

decrease over the time, which may be due to the interaction

of Co3O4–Fe3O4 composite nanoparticles and grafted gly-

colic acid chains with the loaded drug [31]. The release of

drug at different temperature and pH is shown and dis-

cussed in Supplementary material (Fig. S1a, b, c, d, e, f).

Swelling behavior

In general, the swelling of chitosan involves the proton-

ation of amino/imine groups and the mechanical relaxation

of coiled chitosan chain [33, 36]. Shape retention was

studied by measuring the change in the diameter as a

function of immersion time in the media [37]. Swelling

behavior of scaffold strongly depends upon the pH of the

implantation site for their practical use in tissue engineer-

ing. It was investigated by exposing it to the media at

different pH—1 N HCl (pH 1.2), 1 N NaOH (pH 14), and

simulated body fluid (SBF) (pH 7.4) solutions for 24 h. The

in vitro cell culture studies indicate that initial swelling is

desirable [38, 39], but continuous swelling reduces the

mechanical integrity and leads to the generation of com-

pressive stress to the surrounding tissue. It is observed that

scaffold CGCF (S) dissolve completely in the HCl solution

within 2.5 h of immersion, whereas the rate of swelling is

very low in NaOH and reached the plateau level around 3 h

of immersion; however, the increase in size of scaffold is

observed within 6 h in SBF solution. In the case of scaffold

CGCF-(D), its complete dissolution was observed in HCl

solution within 2.5 h of immersion, whereas slight swelling

was observed in SBF within 3.5 h. These results showed

that nanohybrid scaffold is stable toward the SBF and

higher pH solution (Fig. 7).

Cell viability study

MTT assay was carried out to evaluate the proliferation of

L929 on (CGCF-(D)). It is observed that cell viability on

scaffold is decreased during first the 2 h. It may be because

during proliferation cells have occupied all the available

spaces on the scaffold [40]. Present study implies that the

cell proliferation is not affected by the incorporation of

Co3O4–Fe3O4 composite nanoparticles into glycolic acid-

grafted chitosan [36]. This may be due to the enhanced

interaction between Co3O4–Fe3O4 composite nanoparticles

and growing cells on the biopolymer matrix (Fig. 8a).

These results of improved cell proliferation and cell

adherence on scaffold was mainly due to the presence of

reactive groups on the polymer surface and improved

hydrophilicity after hydrolysis, similar to those reported by

other researchers [41]. It is observed that during the cell

viability study, the morphologies of the cells are not

changed much (Fig. 8b). The Co3O4–Fe3O4 composite

nanoparticles may develop London–van der Waals forces

with cells. These Co3O4–Fe3O4 composite magnetic

nanoparticles can act as adhesives between biopolymer and

cells through hydrogen bonding between the hydroxyl

groups of chitosan and slight hydrophilic behavior of

Co3O4–Fe3O4 composite magnetic nanoparticles .

Conclusion

The present study examined the potential use of hybrids of

chitosan-g-glycolic acid and Co3O4–Fe3O4 composite

magnetic nanoparticles as biomaterial. The FTIR con-

firmed the interaction of cationic chitosan with

Fig. 6 Cumulative drug release profile from the prepared nanohybrid

scaffold (CGCF-(D)) at pH = 7.4 and at temperature T = 37 �C

Fig. 7 Shape retention of scaffolds prepared from grafted chitosan

and Co3O4–Fe3O4 nanohybrid
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Fig. 8 a Cell viability study

done by MTT assay of cultured

cells. b Cell morphology at

different time interval
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Co3O4–Fe3O4 composite nanoparticles via metallic bond

and linkage of drug with the polymer matrix via H-bond.

The nanohybrid scaffolds are stable regardless of the pH of

the medium. The nanohybrid scaffold possess porous

morphology. The porous nanohybrid scaffolds have shown

faster and higher drug release. The incorporation of

Co3O4–Fe3O4 composite nanoparticles was observed to

control the initial release of drug. From the results, we

conclude that the prepared nanohybrid scaffold is bio-

compatible and also Co3O4–Fe3O4 composite magnetic

nanoparticles are viable additives for formulating sustained

drug delivery systems and could be applied in the field of

biomaterials.
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