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Abstract Three-dimensional cellulose-hydroxyap-

atite nanocomposite integrated with dexamethasone

loaded metal organic framework (HA/DMOF) has

been synthesized as a local drug delivery system for

bone tissue engineering. Initially, in situ dexametha-

sone encapsulated metal–organic frameworks

(DMOFs) were developed and characterized. The

synthesized DMOFs are 60–80 nm in size with

rhombohedral morphology. Results showed that

nearly 16% dexamethasone (Dex) was loaded in

DMOFs. These synthesized DMOF nanoparticles

were efficiently integrated with carboxymethyl cellu-

lose-hydroxyapatite nanocomposite for the develop-

ment of three dimensional localized drug delivery

system, namely, HA/DMOF. The synthesized HA/

DMOF nanocomposite was structurally characterized

using various techniques. The mechanical properties

of HA/DMOFs were also measured by means of

compression test. It was found that the compressive

strength and compressive modulus of HA/DMOF

nanocomposite are 16.3 ± 1.57 MPa and

0.54 ± 0.073 GPa respectively, which are in the

range of cancellous bone. In-vitro release behaviour

of Dex from both DMOFs and HA/DMOFs was

examined in phosphate buffered solution. It was found

that Dex molecules have been released very slowly

from HA/DMOF nanocomposite compared to DMOF

nanoparticles, and it was sustained for 4 weeks.

Cytocompatibility of HA/DMOF nanocomposite was

evaluated against pre-osteoblast MC3T3 cells. It was

found that the synthesized HA/DMOF nanocomposite

is compatible to MC3T3 cells. Moreover, the ALP

activity and extracellular mineralization capability of

cells were enhanced when cultured with HA/DMOF

nanocomposite. Results showed that the synthesized

HA/DMOF nanocomposite is a promising material for

possible therapeutic as well as load-bearing orthope-

dic applications.
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Introduction

Nowadays, bone defect reconstruction is a prime

concern in orthopedics due to wide range of popula-

tion affected by bone related diseases and deformities.

It increases the demand of advance material that can

be used as bone substitutes. Biopolymer and its

derived composites have been extensively used as

biomaterials for the fabrication of medical devices due

to their excellent biocompatibility, tunable chemical

composition and good biological recognition (Wu

et al. 2014). Cellulose is one of the most abundant,

renewable biopolymer available worldwide. It is

extensively used in cosmetic, pharmaceutical and

food industries mainly as surfactants, stabilizers,

thickener, emulsifier, binding agents and films. On

increasing industrial demand, different types of cellu-

lose derivatives were developed (Mondal 2019;

Klemm et al. 2005). One of them is carboxymethyl

cellulose (CMC), which one is Food and drug

administration (FDA) approved hydrophilic and

anionic derivative (Varma et al. 2014; Kumar et al.

2010). Moreover, it is usually added to formula for

increasing the bioavailability of drug, and sometime

used as filler with active ingredients in the tablet

(Azzaoui et al. 2017; Qi et al. 2018). It is also used for

treating dry eye after phacoemulsification, hemostatic

material and also wound dressing as an adhesion-

preventing material (Mondal 2019; Pei et al. 2015).

Presently, it is used in tissue engineering field

particularly for cartilage and skin regeneration (Varma

et al. 2014; Basta et al. 2016).

On material point of view, CMC is considered as an

excellent matrix material due to their extraordinary

supramolecular structure, effective directionality and

inherent rigidity (Garai and Sinha 2014; Rubler et al.

2011; Liuyun et al. 2009). Basically, cellulose-based

composites are usually biocompatible, environmen-

tally friendly, low cost, and also possess good

mechanical properties. These composites are gener-

ally used for the manufacture of medical, electro-

chemical and bioenergy-storage devices (Nishio 2006;

Cherian et al. 2011; Rubler et al. 2011; Adeosun et al.

2012; Guo et al. 2015; Gupta and Santhiya 2017;

Narwade et al. 2017). In the biomedical field, cellu-

lose-hydroxyapatite nanocomposites are extensively

investigated (Hammonds et al. 2012; Garai and Sinha

2014; Azzaoui et al. 2015; Joshi et al. 2016; Park et al.

2017; Azzaoui et al. 2017). Because, hydroxyapatite is

a calcium phosphate ceramic; which is chemically

resembles with inorganic component of natural bone

(Gouma et al. 2012). Nano-dimension of hydroxyap-

atite imparts good osteoconductivity and bone bond-

ing ability to the composite (Gouma et al. 2012; Favi

et al. 2016). However for better functioning, osteo-

genic compounds like growth factors and therapeutic

molecules are combined with osteoconductive bioma-

terials and that combined system possesses properties

analogous to autogenous bone (Martin and Betten-

court 2018). So, the current strategy in bone tissue

123

7254 Cellulose (2019) 26:7253–7269



engineering is to design growth factors or therapeutic

molecules loaded composite as local delivery system.

Through this kind of system, the therapeutic molecules

or growth factors directly release at the defect sites and

induce osteogenesis (Mourino et al. 2013; Porter et al.

2009; Martin and Bettencourt 2018; Mourino and

Boccaccini 2010). However, the cellulose-hydroxya-

patite nanocomposite has been less studied in the drug

delivery field. Till now, limited research groups have

explored the applications of cellulose-hydroxyapatite

nanocomposites in drug/growth factor delivery. Sal-

ama et al. (2016) synthesized carboxymethyl cellulose

grafted poly(dimethylaminoethyl methacrylate)/hy-

droxyapatite composite for protein delivery. Recently,

Fu et al. (2018) fabricated cellulose/hydroxyapatite

nanocomposite by sonochemical method for pro-

tein/drug delivery. In those reports, it was noticed

that cellulose-hydroxyapatite nanocomposites were

synthesized in hydrogel (Salama et al. 2016) and sheet

(Fu et al. 2018) forms/types for the delivery of

protein/drug. Although, three dimensional nanocom-

posites can only be used as bone substitute/bone graft

material. So, researchers have also synthesized three

dimensional cellulose-hydroxyapatite nanocompos-

ites for load bearing orthopedic applications (Garai

and Sinha 2014; Joshi et al. 2016). However, the

contribution of three dimensional cellulose-hydrox-

yapatite nanocomposite in drug delivery field has not

been reported till now. Present study aimed to

synthesize a three-dimensional cellulose-hydroxyap-

atite nanocomposite as local drug delivery system for

therapeutic as well as load-bearing orthopedic

applications.

Dexamethasone (Dex), a bioactive glucocorticoid

steroid is a hydrophobic therapeutic molecule. This

drug molecule has been widely studied in bone tissue

engineering field, because it stimulates the up-regula-

tion of bone-related genes such as alkaline phos-

phatase, osteocalcin, bone sialoprotein during

osteogensis; and helps in differentiating stem cells to

osteoblastic lineage (Xu et al. 2014; Silva et al. 2015;

Qiu et al. 2016; Amjadian et al. 2016). However, Dex

has very short biological half-life (\ 4 h). Sometimes,

it shows adverse effects on cells/tissues for long-time

exposer with high concentration (Ali et al. 2013; Hur

et al. 2016; Lim et al. 2016). For improving the

bioavailability and maintenance of the Dex concen-

tration during the treatment, researchers have incor-

porated Dex loaded carriers in hydroxyapatite

composites for localized sustained delivery (Son

et al. 2011; Zhou et al. 2015; Ghorbani et al. 2016;

Gentile et al. 2016; Rumian et al. 2016; Leena et al.

2017; Zhang et al. 2018). Generally, polymeric

microspheres and porous nanocarriers are used as

drug delivery agent (Ali et al. 2013; Fratoddi et al.

2012; Bharti et al. 2015; Subhapradha et al. 2018).

Though, the drug loading content and release is

commonly depended on the nature of the carrier into

which the drug is loaded. In this sense, porous

materials are considered as a more advantageous drug

carrier, because of having high specific surface area,

and controllable pore size with well-ordered porous

structure (Bharti et al. 2015). As an ultra-porous

material, metal organic frameworks have drawn

considerable attention in drug delivery due to their

ultrahigh porosity (pore volume * 1.04–4.40

cm3g-1), large surface areas (1000–7000 m2g-1),

ease of formation and tunable functionality (Wuttke

et al. 2017).

So, metal organic framework has been chosen as

drug carrier in this study. Zeolitic imidazolate frame-

work (ZIF-8) is a type of metal organic framework

which is usually made up with zinc (Zn2?) ion and

imidazolate group (Chen et al. 2014). Here, Dex

loaded ZIF-8 nanoparticles (DMOFs) were synthe-

sized by a single step method and those synthesized

DMOF nanoparticles have efficiently been integrated

with cellulose-hydroxyapatite nanocomposite by a

facile process. In-vitro release behavior of Dex from

DMOFs and DMOFs integrated cellulose-hydroxyap-

atite nanocomposite (HA/DMOFs) was separately

examined in phosphate buffered solution. It was found

that Dex molecules have been released very slowly

from HA/DMOF nanocomposite compared to DMOF

nanoparticles. Furthermore, the mechanical properties

of synthesized nanocomposite (HA/DMOF) are anal-

ogous to human cancellous bone. In in vitro cell study,

it was observed that MC3T3 cells adhered well on the

surface of HA/DMOF nanocomposite and proliferated

with time. Moreover, MC3T3 cells showed high ALP

activity and mineralization ability in presence of HA/

DMOF nanocomposite. It shows that the synthesized

HA/DMOF nanocomposite has great potential to be

used as local drug delivery system for therapeutic as

well as load-bearing orthopedic applications.
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Materials and method

Materials used

Carboxymethyl cellulose as sodium salt (average Mw

250 kDa, degree of substitution 0.7), calcium nitrate

tetrahydrate, zinc nitrate hexahydrate, diammonium

hydrogen phosphate, methanol and ammonia were

procured from Merck, India. 2-methyl imidazole was

purchased from TCI chemicals. Fetal bovine serum

(FBS), dimethyl sulpho-oxide (DMSO), phosphate

buffered solution (PBS), a- minimum essential

medium (a-MEM) and dexamethasone (Dex) were

purchased from Himedia, India.

Synthesis of Dex loaded metal organic framework

(DMOF)

Drug loaded nanoscale zeolite imidazolate framework

(ZIF-8) has been prepared according to our previous

reported method with slight modification (Chowdhuri

et al. 2017). In brief, 150 mg zinc nitrate was added in

10 mL of methanol and stirred in magnetic stirrer. In

the meantime, 300 mg 2-methylimidazole and 4 mg

Dex were dissolved in another beaker containing

10 mL methanol. Then, Dex containing imidazole

solution was dropwise added to zinc nitrate solution

and stirred for 4 h. A milky white precipitate was

obtained, that was collected by centrifugation and

dried at 50 �C. The amount of Dex loaded in MOF

nanoparticles was quantified by measuring the absor-

bance at 242 nm using UV–Vis spectrophotometer

(Shimadzu 1800). Bare ZIF-8 nanoparticles were also

prepared by the same procedure except the addition of

Dex and labeled MOF.

Synthesis of three dimensional cellulose-

hydroxyapatite nanocomposite supplemented

with Dex loaded metal organic frameworks (HA/

DMOFs)

Three-dimensional cellulose-hydroxyapatite

nanocomposite enriched with Dex loaded metal

organic frameworks was synthesized by following

few simple steps. Initially, 0.5 g carboxymethyl

cellulose was completely dissolved in 200 mL water.

Afterwards, 50 mL aqueous calcium solution

(0.99 M) was mixed with polymer solution. The pH

of the mixed solution was maintained 10 by adding

ammonia solution and aged overnight at normal

temperature (25–30 �C). Next day, 100 mL aqueous

phosphate solution (0.56 M) was mixed to the above

solution and maintained pH 10. The whole mixture

(slurry) was aged at normal room temperature for one

week. After that, the slurry was washed with water.

Meantime, 1.5 g DMOFs was ultrasonically dispersed

in 80 mL water and added dropwise into washed slurry

of cellulose-HA with continuous stirring. At the end, it

was dried in an oven at 55 �C. Finally, three dimen-

sional HA/DMOF nanocomposite was obtained. For

comparative study, three-dimensional cellulose-hy-

droxyapatite nanocomposite was also prepared by

following same procedure without the addition of

DMOFs, and labelled HA. Millipore water has been

used in each step.

Characterization

X-ray diffractions of synthesized nanoparticles and

nanocomposites were collected using X-ray diffrac-

tometer [Phillips PW-1710]. Fourier transform infra-

red (FTIR) spectrometer [Agilent Carry 660

instrument] was used for recording the FTIR spectra

of synthesized nanoparticles/nanocomposites. The

surface morphology and microstructure of synthesized

nanoparticles/nanocomposites were observed in scan-

ning electron microscope (SEM) [Zeiss, Supra 55].

The particle size and the morphology of the synthe-

sized nanoparticles/nanocomposites were character-

ized using Transmission electron microscopy (TEM)

[JEM 2010 Electron Microscope JEOL] at 200 kV.

The mechanical properties of synthesized nanocom-

posites (* 8 mm 9 4 mm 9 4 mm) were evaluated

using universal testing machine [Tinius Olsen

(H25KS), ASTM D695]. In order to estimate the

content of Dex in DMOF nanoparticles, thermogravi-

metric analysis of ZIF-8, Dex and DMOFs was carried

out in Netzsch STA 449 C instrument at 10 �C min-1

heating rate in argon.

In-vitro drug loading and release study

To estimate the Dex loading content, DMOF nanopar-

ticles were dissolved in 0.1 M aqueous solution of

hydrochloric acid, and then the supernatant was

analysed with a UV–Vis spectrophotometer (Shi-

madzu 1800). The weight of Dex in DMOF nanopar-

ticles was determined using a standard curve method.
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The Dex loading content (%) has been calculated by

given equation

DLC %ð Þ ¼ Weight of drug in nanoparticles

Weight of nanoparticles taken
� 100

The absorbance of acid treated MOF nanoparticles

was also measured.

In the present study, we have investigated the

in vitro release behavior of Dex from both DMOF

nanoparticles and HA/DMOF nanocomposite. For

DMOFs, 10 mg DMOFs were dispersed in 10 mL of

PBS and incubated in shaking incubator at 37 �C for

2 weeks. Every day, 1 mL aliquot was withdrawn and

replenished with 1 mL fresh PBS. For HA/DMOF,

10 mg HA/DMOF nanocomposite was immersed in a

falcon containing 10 mL PBS and incubated at 37 �C.

After that, aliquots were collected by following same

procedure as in DMOFs, for maximum 4 weeks. The

Dex release was quantified by measuring the absor-

bance of collected aliquots at 242 nm using UV–Vis

spectrophotometer (Shimadzu 1800).

Cell culture

Preosteoblast MC3T3 cells were cultured in a-MEM

media supplemented with 10% FBS and 1% penicillin/

streptomycin in a humidified incubator at 37 �C with

5% CO2. The media was replaced with fresh media in

alternative days.

In-vitro cell viability test

The viability of MC3T3 cells were assessed by 3-[4,

5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-

mide (MTT) assay. In this assay, metabolically active

cells transform the tetrazolium salt to deep purple

colour formazan crystal. Thus, the absorbance of

solubilized formazan is fairly proportional to live

cells. In this study, 6 9 104 cells were cultured with

HA and HA/DMOFs extracts for different time

periods (1, 4 and 7 days). After incubation for desired

period, MTT assay was performed by subsequently

adding MTT solution [0.2 mg mL-1 in a-MEM] into

well plate to develop formazan crystals. After that,

crystals were solubilized by adding DMSO, and

absorbance was measured at 595 nm.

In-vitro cell adhesion test

Initially, MC3T3 cells (6 9 104 cells) were seeded

onto HA/DMOF nanocomposite (2 mm 9 2 mm 9

0.2 mm in size) and cultured for 1, 4 and 7 days

respectively. At desired time, images of cells around

HA/DMOF nanocomposite were captured using

microscope (MOTIC AE31). Afterward, cell seeded

samples were carefully rinsed with PBS, and cells

were fixed with p-formaldehyde on the surface of HA/

DMOF nanocomposite. Subsequently, cell fixed sam-

ples were carefully rinsed with PBS and dehydrated

with graded ethanol. The morphology of attached cells

on HA/DMOF nanocomposite was examined using

scanning electron microscope (SEM).

ALP activity assay

The activity of alkaline phosphatase (ALP) enzyme is

commonly measured for evaluating the osteogenic

properties of biomaterial (Sarkar et al. 2018; Kuo et al.

2016). In this work, ALP activity of MC3T3 cells was

quantified according the instruction given in ALP

estimation kit [CCK035] of HiMedia. MC3T3 cells

were cultured with synthesized nanocomposites (HA

and HA/DMOF) for 2 weeks. After incubation for

desired period, ALP assay was performed as per the

instruction given in the Kit and the absorbance was

measured at 405 nm. At final stage, ALP was

normalized with total protein content. Total protein

content was estimated by Bradford assay kit

(HTBC005), HiMedia.

In-vitro extracellular mineralization study

In-vitro extracellular mineralization is generally eval-

uated by two extensively studied methods alizarin red

(AR) staining and von kossa (VK) staining (Sarkar

et al. 2018; Kuo et al. 2016). We have investigated the

extracellular mineralization capability of MC3T3 cells

in presence of HA and HA/DMOF nanocomposites by

these methods. Initially, MC3T3 cells were cultured

with HA and HA/DMOF for 1 week, 2 weeks and

3 weeks. After desired period of incubation, MC3T3

cells were fixed with p-formaldehyde and washed with

biological water. For AR staining, 2 wt% alizarin

solution was added and kept it at room temperature for

half an hour. During this period, calcium ions of

mineralized nodules were bound with dye and stained
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with red color which was captured by MOTIC AE31

microscope. For VK staining, 1 wt% silver nitrate

solution was added and kept under UV light for half an

hour. Phosphate ions of mineralized nodules were

bound with silver and developed deep brown color

nodules which were captured by MOTIC AE31

microscope.

Statistical analysis

Statistical analyses of all quantitative assessments

were executed by student’s t test; the values are

significant at p\ 0.05. Data were presented as

mean ± standard deviation (n = 3).

Result and discussion

This work demonstrates a simple route to synthesize

three-dimensional cellulose-hydroxyapatite nanocom-

posite as local drug delivery system with the incorpo-

ration of drug loaded carriers. A schematic

presentation of synthesis procedure is given in Fig. 1.

Characterization of as-synthesized MOFs

and DMOFs

X-ray diffraction (XRD) was carried out to validate

the formation of zeolitic imidazolate framework, ZIF-

8. In the XRD patterns of MOFs and DMOFs (Fig. 2a),

the characteristic diffractions correspond to the plane

(011), (002), (112), (022), (013), (222), (114), (233),

(134), (044), (235) of ZIF-8 are present at 2h = 7.75�,
10.78�, 13.18�, 15.20�, 16.93�, 18.56�, 22.5�, 24.94�,
27.14�, 30.05�, 32.88� respectively (Chowdhuri et al.

2017; Ran et al. 2018). It indicates that the formation

of ZIF-8 has not been hindered in presence of Dex

molecules and, even, Dex loaded zeolitic imidazolate

frameworks (DMOFs) were successfully formed.

However, the characteristics peaks of Dex were not

found in the XRD pattern of DMOFs that may be due

to low content of Dex in ZIF-8 (Ran et al. 2018). It can

also be assumed that Dex is present as an amorphous

or disordered crystalline state inside the metal organic

frameworks. Here, Dex has been encapsulated in the

dissolved state or in form of molecular dispersion

during the DMOF formation. So, the absence of the

peaks distinctive to the Dex diffraction pattern

suggested that it is in an amorphous state and

molecularly dispersed in the metal organic frame-

works (Ali et al. 2013). The encapsulation of Dex

molecules in ZIF-8 was confirmed from UV–Vis

spectra.

The formation of ZIF-8 was further confirmed from

FTIR spectra (Fig. 2b). The FTIR spectra of as-

synthesized MOFs shows broad band in the range of

3500–3400 cm-1, assigned to N–H stretching of

2-methylimidazole of ZIF-8; whereas, two bands of

C–H stretching (alkene and alkane) of imidazole unit

are found at 3131 cm-1 and 2925 cm-1, respectively.

The C–N bands of ZIF-8 are found in the

1100–1400 cm-1 region. The band at 424 cm-1 is

associated with Zn–N stretching of ZIF-8. From these

characteristics bands, it can be confirmed that ZIF-8 is

formed. In the FTIR spectrum of DMOFs, all the

characteristics bands of ZIF-8 are found, and two new

bands are observed at 1666 cm-1 and 890 cm-1

assigned to –C=O stretching and –C–H bending of

Dex (Ran et al. 2018) respectively. Moreover, the N–H

stretching band of ZIF-8 in DMOFs has been shifted to

lower wavenumber at 3126 cm-1 that may be due to

some physical interactions/hydrogen bonding between

ZIF-8 and Dex. So, it has been concluded that Dex

loaded metal organic frameworks were successfully

formed by this one pot method.

The microstructure of as-synthesized MOFs and

DMOFs are presented in Fig. 3. In the SEM image of

MOFs (Fig. 3a), we can see that the nanoparticles are

in rhombic dodecahedral morphology. This structure

of MOF (ZIF-8) is due to the higher molar ratio of

metal ions and ligands i.e. �, that leads the formation

of rhombic dodecahedron crystals (Parulkar and

Brunelli 2017). In Fig. 3b, we can see that the

morphology of DMOFs is almost same as in MOFs,

did not found any major differences. Both nanoparti-

cles are 60–80 nm in size. Similar type of morphology

of MOFs and DMOFs was also observed in TEM

images (Fig. 3c, d). The size of MOF and DMOF

nanoparticles are 60 ± 10 nm and 60 ± 15 nm

respectively. This shows that the presence of DEX

molecule does not affect the formation and morphol-

ogy of DMOFs (Ran et al. 2018).

The formation of Dex loaded zeolitic imidazolate

frameworks i.e. DMOFs were confirmed from UV–

Vis spectral analysis. In Fig. 4a, the pure Dex

molecules exhibit an intense band at 242 nm whereas

MOF nanoparticles did not show any band. However,

DMOF nanoparticles give a band at the same region of
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Dex molecules i.e. 242 nm (Ran et al. 2018). It

indicates that Dex molecules have been successfully

encapsulated in ZIF-8 and showed a band at 242 nm.

Furthermore, the Dex loading content in DMOFs was

calculated, which is 16.6%.

The thermogravimetric (TG) curves of synthesized

nanoparticles were presented in Fig. 4b. In case of

MOFs, the major weight loss (36.1%) was occurred at

200–600 �C temperature range. This weight loss was

attributed to the oxidation of organic imidazole part of

ZIF-8 (He et al. 2014). The behaviour of TG curve in

DMOFs is almost similar with MOFs. However, the

weight loss of DMOFs is 42.6%, which is higher than

MOFs that may be due to decomposition of encapsu-

lated Dex molecule. Therefore, the content of encap-

sulated Dex in DMOFs was also determined from TG

curve by following simple calculation:

The weight loss %ð Þ of MOF i:e:ZIF-8 WlossðZIF�8Þ
� �

¼ 36:1

The weight loss %ð Þ of Dex WlossðDexÞ
� �

¼ 76:2

Suppose, 100 g DMOF nanoparticles contained X g

ZIF-8 and Y g Dex.

There existed two equations as follow

X þ Y ¼ 100

WlossðZIF�8Þ � X þ WlossðDexÞ � Y ¼ 42:6

X = 83.79% and Y = 16.21%

So, Dex content of the DMOF was 16.21%.

The Dex loading amount is nearly 16.2% which is

in good agreement with UV–Vis result.

Fig. 1 The possible formation mechanism of three-dimensional cellulose-hydroxyapatite nanocomposite enriched with Dex loaded

metal organic frameworks
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Characterization of as-synthesized HA and HA/

DMOF

The synthesized nanocomposites, HA and HA/DMOF

were also systematically characterized by different

techniques. The crystalline phases of synthesized

nanocomposites were identified by XRD (Fig. 5a).

In the XRD pattern of HA nanocomposite [in inset],

the characteristic diffractions correspond to the (002),

(102), (211), (202), (310), (222), (004), (213) and

(511) reflections of hydroxyapatite (JCPDS file:

09-0432) are found at 2h = 26�, 28�, 32�, 34�, 40�,
47�, 50�, 56�, 64� respectively (Zhang et al. 2018;

Salama et al. 2016). In HA/DMOF, the characteristics

peaks of both ZIF-8 and HA were found. It indicates

the presence of both crystalline nanoparticles. As

similar in Fig. 2a, no peak corresponds to Dex was

observed in the XRD pattern of HA/DMOF.

The interactions among the different phases of

nanocomposites were investigated by FTIR analysis

(Fig. 5b). In the spectrum of HA nanocomposite, the

strong bands at 1043 cm-1, 608 cm-1 and 568 cm-1

attribute the vibrations of PO4
3- group of hydroxya-

patite. An overlapped band at 3428 cm-1 arises from

the O–H stretching of hydroxyapatite and car-

boxymethyl cellulose. The bands at 1615 cm-1 and

1420 cm-1 assigned to asymmetric and symmetric

COO- stretching of carboxymethyl cellulose, respec-

tively (Garai and Sinha 2014; Sarkar et al. 2018).

These bands are also observed in the FTIR spectra of

HA/DMOF nanocomposite. Additionally, strong char-

acteristic bands of ZIF-8 at 2924 cm-1, 1306 cm-1

and 420 cm-1 were also found; indicate the presence

of ZIF-8. The representative band of Dex was found at

890 cm-1 in the spectrum of HA/DMOF nanocom-

posite. However, 1660 cm-1 band of Dex was not

identifiable in HA/DMOF spectrum that may be due to

the presence of other peaks at this region, and may also

be due to low level of Dex compared to other

components (Nadim et al. 2017). Noticeably, the OH

band of HA/DMOFs was broaden and shifted to lower

wavenumber that signify the interaction of hydroxyl

groups of cellulose with Zn of ZIF-8 (Liang et al.

2017).

The surface morphology and microstructure of as-

synthesized HA and HA/DMOF nanocomposites were

observed by scanning electron microscope (SEM) and

transmission electron microscope (TEM), which are

given in Fig. 6. In SEM image (Fig. 6a) of HA

nanocomposite, very small needle-like hydroxyapatite

nanoparticles were observed, almost 40–60 nm in

size. In HA/DMOF nanocomposite (Fig. 6b), similar

needle-like morphology of hydroxyapatite was

observed; in addition rhombic dodecahedral nanopar-

ticles of DMOF (60–80 nm in size) were also found. In

TEM image (Fig. 6c) of HA composite, we found

agglomerates of those needle-like hydroxyapatite

nanoparticles (almost 10 ± 3 nm in width and

40 ± 20 nm in length) due to cohesive interaction

between CMC and hydroxyapatite nanoparticle. In

Fig. 6d, we found DMOF nanoparticles in addition

with hydroxyapatite nanoparticles, as similar observed

in SEM image of HA/DMOF nanocomposites.

Fig. 2 a XRD patterns and b FTIR spectra of MOF and DMOF

nanoparticles
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Mechanical properties of HA and HA/DMOF

nanocomposites

It is necessary to evaluate the mechanical properties of

three-dimensional drug loaded composite for possible

load-bearing orthopedic application. In this study, the

mechanical properties of HA and HA/DMOF com-

posites were evaluated by compression test. The

stress–strain curves of HA and HA/DMOF are shown

in Fig. 7. Both the composites visco-elastically

deformed under compression; this type of deformation

generally found in human bone (Fayyazbakhsh et al.

2017). It was also noticed that the compressive

strength of HA (16.2 ± 1.83 MPa) and HA/DMOF

(16.3 ± 1.57 MPa) nanocomposites are almost same;

whereas the modulus of HA/DMOF composite

(0.54 ± 0.073 GPa) is slightly higher than HA

composite (0.36 ± 0.067 GPa). It attributes the inter-

action between ZIF-8 nanoparticles and cellulose, is

one of the reasons for the enhancement of compressive

modulus of HA/DMOF nanocomposite (Liang et al.

2017). However, the compressive strength and com-

pressive modulus of both the composites are in the

range of cancellous bone (Fayyazbakhsh et al. 2017).

In-vitro Dex release study

The release behaviour of Dex from DMOF nanopar-

ticles and HA/DMOF nanocomposite were examined

in PBS (pH-7.4) at 37 �C and presented in Fig. 8. The

cumulative release of Dex from DMOFs was checked

for 2 weeks (Fig. 8a). Nearly 28%, 60%, 77% and

89% Dex was released from DMOFs at day 1, day 3,

day 7 and day 14 respectively. However, Dex was

released from HA/DMOF nanocomposite in more

controlled manner (Fig. 8b) and sustained for

4 weeks. About 8%, 16%, 35% and 60% Dex was

released at day 1, day 3, day 7 and day 14 respectively.

Fig. 3 SEM and TEM images of MOF (a, c) and DMOF (b, d) nanoparticles
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Almost 75% Dex was released at day 28. It can be seen

that less amount of Dex was released from HA/DMOF

composite compared to DMOF at each time interval.

Moreover, the behaviour of drug release curve of HA/

DMOF nanocomposite is slightly different from

DMOF nanoparticles (Fig. 8). DMOF curve exhibits

slight burst release in the initial stage as a result of

concentration gradient difference. After that a sus-

tained release of Dex was observed up to day 14,

whereas, the initial release of Dex from HA/DMOF

nanocomposite was slow or more controlled. This is

due to the less availability of DMOF nanoparticles in

the surface part of HA/DMOF nanocomposite. After

that, Dex was released from HA/DMOF nanocom-

posite at an intermediate rate, when the PBS reaches to

the DMOF nanoparticles located at the inner core part

of the HA/DMOF nanocomposite. Hence, the average

diffusion path length of Dex molecule was increased

in the case of HA/DMOF nanocomposite. Thus, HA/

DMOF nanocomposite exhibited longer Dex release

period than DMOF nanoparticles. It indicates that the

Dex release from HA/DMOF nanocomposite was

controlled by a combination of diffusion and transport

mechanism (Son et al. 2011).

Compared with other reports, three dimensional

Dex loaded nanocomposite (HA/DMOF) exhibits

longer Dex release period and more controlled Dex

release behaviour. In Son et al. report, 90% Dex was

released from immobilized DEX-loaded PLGA micro-

sphere on hydroxyapatite scaffold at day 28 (Son et al.

2011). Qiu et al. (2016) report, almost 75% Dex was

released within 5 days from Dex loaded mesoporous

silica nanoparticles incorporated poly lactic acid/poly

caprolactone composite scaffold. In Yao et al. (2016)

report, almost 73% Dex was released in PBS at day 6

with initial burst release. However, the behaviour of

Fig. 4 a UV–Vis spectra b TG curves of Dex, MOF

nanoparticles and DMOF nanoparticles
Fig. 5 a XRD patterns and b FTIR spectra of HA and HA/

DMOF nanocomposites
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Dex release curve of HA/DMOF is similar with the

nature of dexamethasone loaded biphasic calcium

phosphate nanoparticles/collagen composite in Chen

et al. (2018) report, where almost 83% Dex was

released at Day 35.

Cytocompatibility test

It is known that Dex has adverse effects on cells, when

it is supplied at high doses for long periods of time

(Espanol et al. 2016). The cytocompatibility of

synthesized nanocomposites was quantitatively deter-

mined by MTT assay and represented in Fig. 9a. The

test was carried out for different time periods i.e. 1, 4

and 7 days. It was observed that none of the composite

shows any toxic effect, even the absorbance was

Fig. 6 SEM and TEM images of HA (a, c) and HA/DMOF (b, d) nanocomposites

Fig. 7 Compressive stress versus strain curve of HA and HA/

DMOF nanocomposites
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increased with culture time. It indicates that the cells

are proliferated in presence of HA/DMOF nanocom-

posite, that can be further confirmed from Fig. 9b. In

phase contrast images, we can see that the number of

cells around the HA/DMOF composite was increased

with culture time. We found the similar trend in SEM

images where cell density on the surface of HA/

DMOF nanocomposite was also increased with culture

time. In addition, cells were appeared in fusiform and

polygonal morphology with spicular-like pseudopodia

indicated good cellular activity. From this observance,

it was proved that Dex had no adverse effect on cell

growth and cell attachment. Moreover, sustained

release of Dex from HA/DMOF nanocomposite

increased the activity of cells to proliferate (Son

et al. 2011).

In-vitro cell differentiation study

In osteogensis, cell differentiation is a follow up phase

after cell proliferation. Once the osteoblasts com-

pletely proliferate, they secrete collagen in the inter-

cellular region and form collagenous matrix. Those

extracellular collagenous matrices are mineralized by

osteoblasts, hence, new bone tissue form (Silva et al.

2015). To investigate the osteogenic differentiation of

MC3T3 cells in presence of HA and HA/DMOF

nanocomposites, we have assessed the ALP activity of

cells and in vitro mineralization by AR staining and

VK staining. ALP is an enzyme secreted by cells

during early matrix formation and maturation period

(Kuo et al. 2016). Here, the ALP enzyme activity of

cells was quantitatively measured and presented in

Fig. 10a. It was found that the ALP activity of cells in

presence of HA/DMOF nanocomposite is significantly

higher than that of HA, both in first week and second

week. This growing trend of ALP activity of cultured

cells may be due to the combined effect of Dex and

hydroxyapatite nanoparticles in HA/DMOF

nanocomposite.

In-vitro extracellular mineralization was examined

for 1 week, 2 weeks and 3 weeks by AR staining and

VK staining (Fig. 10b). In HA/DMOF, red stained

mineralized nodules (AR staining) of newly deposited

calcium phosphate were found in first week. But, in

HA composite, it was found in second week. The area

of red stained mineralized nodule was increased with

time in both the nanocomposites. However, in HA/

DMOF, the color was more intense, indicating that the

calcium phosphate was deposited more. This may be

due to high ALP activity of cells in presence of HA/

DMOF nanocomposite, promotes more mineraliza-

tion. In VK staining, the phosphate groups of deposits

are specifically stained with deep brown colour. The

result of VK staining is reliable with AR staining

shows dense brown mineralized nodules after 3 weeks

cultured with HA/DMOF nanocomposite. These

observations indicated that the sustained release of

Dex from HA/DMOF system promotes cells for higher

ALP activity and calcium deposition compared to HA

composite. It may be due to synergetic effect of Dex

and hydroxyapatite nanoparticles on the cell behavior

that corresponds to more cell differentiation in pres-

ence of HA/DMOF nanocomposite (Amjadian et al.

2016).

Fig. 8 In-vitro Dex release profile of a DMOFs and b HA/

DMOFs
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Conclusion

The aim of this work was to synthesize three-

dimensional cellulose-hydroxyapatite nanocomposite

as local drug delivery system for therapeutic as well as

load-bearing orthopedic applications. For this, in situ

Dex encapsulated nanosized drug carrier, ZIF-8 has

been synthesized by single step method. Those

synthesized nanoparticles (DMOFs) were efficiently

incorporated into cellulose-HA composite by simple

mixing. In this way, three-dimensional cellulose-

hydroxyapatite nanocomposite enriched with dexam-

ethasone loaded metal–organic frameworks was suc-

cessfully synthesized by a simple process. Moreover,

it was found that the original shape and size of Dex

encapsulated nanosized drug carrier were not

disturbed after mixing; even the original shape i.e.

rhombic dodecahedral of ZIF-8 was maintained in the

composite. Drug release study showed that the Dex

molecules were released in a sustained manner from

synthesized nanocomposite throughout 4-week

immersion period. In-vitro cell study showed that the

synthesized nanocomposite is compatible to MC3T3

cells, and accelerates cells for proliferation and

differentiation. Furthermore, the drug loaded cellu-

lose-hydroxyapatite composite has compressive

strength and modulus comparable to human cancel-

lous bone. It shows the potential of Dex loaded

cellulose-hydroxyapatite composite in localized drug

delivery application particularly in load-bearing

region. This study also opens up new scope in

Fig. 9 a MTT assay;

b phase contrast images and

SEM images of MC3T3

cells cultured with HA/

DMOF nanocomposite
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therapeutic field for the delivery of other drugs or

growth factors.
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