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ABSTRACT: Tissue engineering holds an exciting promise in providing a long-term cure to bone-related defects and diseases. However,

one of the most important prerequisites for bone tissue engineering is an ideal platform that can aid tissue genesis by having biomi-

metic, mechanostable, and cytocompatible characteristics. Chitosan (CS) was chosen as the base polymer to incorporate filler, namely

beta-tri calcium phosphate (b-TCP). This research deals with a comparative study on the properties of CS scaffolds prepared using

micro- and nano-sized b-TCP as filler by freeze gelation method. The scaffolds were characterized for their morphology, porosity,

swelling, structural, chemical, biodegradation, and bioresorption properties. Rheological behavior of polymer and polymer-ceramic

composite suspensions were analyzed and all the suspensions with varying ratios of b-TCP showed non-Newtonian behavior with

shear thinning property. Pore size, porosity of micro- and nano-sized composite scaffolds are measured as 48–158 lm and 77% and

43–155 lm and 81%, respectively. The scaffolds containing nano b-TCP possess higher compressive strength (�2.67 MPa) and slower

degradation rate as compared to composites prepared with micro-sized b-TCP (�1.52 MPa). Bioresorbability, in vitro cell viability by

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, proliferation by Alamar blue assay, cell interaction by

scanning electron microscope, and florescence microscopy further validates the potentiality of freeze-gelled CS/b-TCP composite scaf-

folds for bone tissue engineering applications. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41025.

KEYWORDS: biodegradable; biomaterials; composites

Received 8 April 2014; accepted 13 May 2014
DOI: 10.1002/app.41025

INTRODUCTION

Osteo-chondral defects and diseases are one of the major con-

cerns faced by patients round the globe and known to cause

severe pain and finally loss of function. Scaffolds are three-

dimensional (3D) temporary polymeric matrices which nest the

cells by providing nourishment, direction, and thus facilitate the

cells to develop into a new tissue. Bone is a nanostructured

composite material which is arranged as an inorganic phase

embedded into a predominant organic matrix.1 The inorganic

part is comprised of nanohydroxyapatite crystals that follow a

discrete orientation within the organic matrix.1–3

Chitosan (CS), a linear polysaccharide obtained from deacetyla-

tion of chitin has been considerably used in tissue engineering

applications due to its high biocompatibility, biodegradability,

and intrinsic antibacterial property.4 The most important char-

acteristic of CS is, it can mold into different forms such as

porous structures, gels, thin films, membranes, fibers which are

favorable for cell growth.5 The ability of CS to bind to growth

factors makes it a competent candidate for scaffold material.

Furthermore, the knack of linking CS to DNA can bring about

a new hope in successful bone tissue engineering.6

Bone tissue engineering is mainly targeted at mimicking the

nano architecture of natural bone.7 It has been reported that

natural or synthetic polymers alone may not be able to meet all

the requirements of the budding bone cells.8 Recent research,

therefore, focuses on the development of artificial extracellular

matrix by addition of bioceramics to suitable biopolymers. Bio-

ceramics are light in weight, chemically stable, and composi-

tionally similar to the mineral phase of the bone and, therefore,

preferred as bone graft materials in hard tissue engineering.9 In

addition, these materials provide mechanical strength to the

natural/synthetic biopolymers used for developing scaffolds.10

Beta tricalcium phosphate (b-TCP) belongs to the calcium

phosphate ceramic group which falls under the category of bio-

active ceramics. Its excellent biocompatibility, bone bonding,

and bioresorption abilities single out b-TCP as a promising bio-

filler.11 The osteointegrative property of b-TCP further makes it

efficient to promote osteoblastic differentiation of stem cells.12

Nano-sized materials were reported to offer better adsorption of

selective proteins on the implant surface. The osteoblasts were

found to attach more on nano-sized ceramic incorporated

polymer-based composite scaffolds than microsized.13
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Fabrication of 3D scaffold that can resemble natural extracellu-

lar matrix by a suitable technique is of paramount importance.

In this context, freeze gelation is considered as a simple and

economical method for fabrication of porous scaffolds.14,15 This

method can be used for producing scaffolds in less time with

minimal energy requirement. In comparison with freeze drying,

these scaffolds also posses negligible residual solvent which is

favorable for cell culture, growth, and proliferation.16

Keeping in view of the above aspects, the present research work

focuses on the development of CS-based composite scaffolds

using b-TCP by freeze gelation method. There exists few reports

on CS-based freeze-gelled scaffolds, using TCP, Wollastonite,

and HAp as filler in micro dimension.16–18 To the best of our

knowledge, this is the first report on the usage of nano-sized

b-TCP for developing CS/b-TCP freeze-gelled composite scaf-

fold for bone tissue engineering. In this study, composite sys-

tems with varied ratios of micro- and nano-sized b-TCP fillers

were prepared to investigate their impact on CS scaffold proper-

ties. Microstructural properties in terms of morphology,

mechanical properties, and chemical properties have been inves-

tigated using these freeze-gelled scaffolds. Additionally, cyto-

compatability of these freeze-gelled scaffolds was evaluated to

justify their role as effective biomaterials with enhanced bone

tissue regeneration ability. The study has demonstrated the

advantages of nano-sized b-TCP as filler for enhanced mechani-

cal, decreased biodegradation rate, and increased biocompatibil-

ity over CS and micro-sized CS/b-TCP composite scaffolds.

EXPERIMENTAL

Materials

Chitosan, (CS- with a degree of deacetylation: �85) b-TCP

powder in microsize [b-TCP (l)] and nanosize [b-TCP (g)]

were purchased from Sigma Aldrich Chemicals. Acetic acid,

sodium hydroxide pellets, ethanol were procured from Merck

(India) and used for scaffold development without any further

purification. Dulbecco’s Modified Eagle’s medium (DMEM),

Penicillin, Fetal bovine serum (FBS), Phosphate buffer saline

(PBS) were purchased from Invitrogen and used for cell cul-

ture study. 5-dimethylthiazol-2-y1]-2, 5-diphenyl tetrazolium

bromide (MTT), Calcien-AM fluorescent dye for cell viability

assay, Alamar blue dye for proliferation assay and gluteraralde-

hyde for fixing the cells were procured from Sigma Aldrich

Chemicals.

Preparation of CS Scaffold

CS was dissolved in aqueous acetic acid (0.1M) solution to

form 2.5 wt % of CS polymer solution. The prepared CS poly-

mer solution was poured in Petri dishes and kept at 220�C for

6 h. The Petri dishes containing frozen CS solution was

immersed in a precooled gelation medium consisting of 70 : 30

(v/v) NaOH: EtOH.19 The Petri dishes were kept at 220�C for

6 h until gelation occurs below the freezing point of CS solu-

tion. The Petri dishes were removed from gelation medium and

vacuum dried (Daihan Labtech, Korea) for 6–8 h at 40�C. The

scaffolds were finally rinsed thoroughly with PBS and deionized

water thrice followed by drying. The scaffolds were cut into spe-

cific dimensions and made ready for different characterization

techniques.

Preparation of CS/b-TCP Composite Scaffold

b-TCP powder (microsize and nanosize) was added individually

to the prepared CS solutions in different weight ratios (CS:

b-TCP) as 90 : 10, 80 : 20, 70 : 30, 60 : 40, and 50 : 50. To

ensure a homogeneous solution, the mixture was stirred contin-

uously overnight, with a magnetic stirrer at room temperature.

Then, the above mentioned protocol (used for CS scaffold) was

followed for preparing CS/b-TCP composite scaffold. The com-

posite scaffolds were also cut into specific dimensions and used

for further experiments.

CHARACTERIZATION

Morphological Analysis

The morphology of the prepared CS and CS/b-TCP composite

scaffolds was analyzed by scanning electron microscope (SEM,

JEOL-JSM 6480LV, Japan). The traces of moisture present in the

scaffolds were completely removed by a vacuum drier for 2 h at

40�C. A platinum coater (Quorumtech, Q150RES, Czech

Republic) was used for coating the scaffolds for 60 s. A mini-

mum of 25 pores were considered for calculating the pore size

of scaffolds using IMAGE J software.

Phase Analysis

The phase analysis of CS and CS/b-TCP composite scaffolds

was performed by X-ray Diffractometer (PANalytical, X’pert

Philips) using Cu-Ka radiation in a step-scan mode in the 2h
range of 10–80� with a scanning speed of 2� per minute at 30

kV and 30 mA.

Structural Analysis

Fourier transform infrared spectroscopy (FTIR) was performed

to evaluate the structural property of the prepared CS and CS/

b-TCP composite scaffolds using Infrared Microscope (Shi-

madzu AIM-8800, Japan). Hydraulic press was used to pelletize

the samples by mixing with dry KBr powder.20 The machine

was operated in transmittance mode in a scanning range of

500–4000 cm21 with a resolution of 8 cm21.

Rheological Behavior

The viscosity of the prepared CS solution and CS/b-TCP com-

posite suspensions was analyzed by rotational cone

(diameter 5 30 mm; angle 5 5.4�) and plate viscometer (Bohlin

Visco-88, Malvern, UK). A constant gap of 0.15 mm was main-

tained between cone and the plate throughout the study. The

variable shear rate applied was in the range of 20–100 s21 for

16 min.21 All the samples were analyzed at room temperature.

Rheological data were analyzed and apparent viscosity was cal-

culated using cross model (Bohlin visco-8 software).

Porosity Measurement

The porosity of CS and CS/b-TCP composite scaffolds was

measured by mercury intrusion porosimeter (Poremaster-33,

Quantachrome). The bulk density of the scaffolds was measured

by liquid displacement method. The percentage porosity was

calculated from intrusion data according to Washburn equation,

D5ð1=PÞ4cðcos uÞ. The various parameters of the equation are:

D is the pore diameter, c is surface tension of mercury, u is the

contact angle between mercury and the pore wall, and P is the

applied pressure.22 All the experiments were performed in

triplicates.
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Swelling Study

Swelling study was performed on CS and CS/b-TCP composite

scaffolds in deionized water at room temperature until they

reach equilibrium, that is, reaching a constant wet weight.

Excess water present on the scaffold surface was wiped out and

dry weight was noted.23 The percentage swelling was calculated

by the following formula using Mathtype 5.0

%Swelling 5ðWETwt 2DRYwt Þ=DRYwt 3100 (1)

Mechanical Property

Compressive strength of developed CS and CS/b-TCP compos-

ite scaffolds was analyzed by Universal testing machine (H10KS,

Tinius Olsen). The compression test on scaffolds (10-mm diam-

eter 3 8-mm thickness) was performed with a crosshead speed

of 0.01 mm/s. Compression values were obtained from the ini-

tial slope of stress strain plot. Three parallel samples were eval-

uated for each kind of scaffold.24

In vitro Biodegradation Study

In vitro biodegradation of developed CS and CS/b-TCP com-

posite scaffolds were performed in simulated body fluid (SBF)

following the procedure described elsewhere.6 The dry weight of

the scaffold sample was weighed and designated as WI. The

sample was immersed in a beaker containing 15 mL of SBF,

kept oscillating at 37.0 6 0.5�C. After soaking for 1, 7, 14, 21,

and 28 days, sample was withdrawn from SBF, gently rinsed

with deionized water and weighed after freeze drying. The

weight of the resulted sample is noted as WF. The remaining

weight percentage (WR) was calculated according to the formula

(using Mathtype 5.0) given below. All the experiments were per-

formed in triplicates.

WR5
WF

WI

3100 (2)

Bioresorption Analysis

To evaluate the bioactivity of the composite scaffolds in vitro,

1 g of scaffold was immersed in 15 mL SBF and incubated at

37�C for 1, 7, 14, and 21 days following standard protocol.25

After each time point, the scaffold was taken out, rinsed with

distilled water, freeze dried, and finally observed for the mor-

phology of crystals formed on the surface using a SEM (JEOL-

JSM 6480LV, Japan).

Cell Culture and Cell Seeding

Mesenchymal stem cells (MSCs) were isolated from umbilical

cord blood and cultured in an expansion medium consisting of

90% DMEM, 10% FBS, and 1% antibiotic solution.26 Media

was changed every alternate day and the cells were subcultured

up to fourth passage. Scaffolds were sterilized prior to cell seed-

ing by 70% ethanol treatment for 2 h, followed by PBS wash.

The scaffolds were incubated in culture medium prior to cell

seeding. Cells were seeded on the scaffolds with a pay load of

5 3 104 cells/mL by static method.

Metabolic Activity and Proliferation Assay

Cell seeded scaffolds were incubated at 37�C under 5% CO2 for

3, 5, and 7 days. The metabolic activity of composite scaffolds

was analyzed by MTT ([5-dimethylthiazol-2-y1]-2, 5-diphenyl

tetrazolium bromide) assay following the procedure reported

earlier.27 Briefly, 10 lL of MTT solution (5 mg/mL) was added

and to the cell suspension and culture plates were incubated at

37�C for 4 h. DMSO of 100 lL was used to solubilize formazan

and absorbance was measured at 595 nm in a microplate reader

(2030 multi label reader Victor X3, Perklin Elmer). Pure CS

scaffold was used as control.

Proliferation of hMSCs on CS/b-TCP freeze-gelled composite

scaffolds was examined by Alamar blue dye reduction assay at

time intervals of 3, 5, and 7 days. The change in color is attrib-

uted to the reduction of dye by mitochondrial enzymes.28 Hun-

dred microliter of Alamar blue was added to the scaffolds in

1 mL of media and incubated for 5 h at 37�C. The absorbance

was measured at 570 nm using a multiplate reader (2030 multi

label reader Victor X3, Perklin Elmer). The proliferation rate

was calculated according to the manufacturer’s protocol.

Cell Attachment and Florescence Microscopy

Cell attachment on scaffolds was evaluated by observing mor-

phology of the constructs with the help of SEM (JEOL-JSM

6480LV, Japan). Gluteraldehyde solution [2% (v/v)] was used

for fixing the cultured cells. Samples were rinsed with wash

buffer thrice and a series of ethanol wash was done and finally

the samples were air dried.22 The scaffold samples were stained

with calcein-AM and incubated for 30 min.29 PBS was used for

washing of the stained samples and morphology of cell scaffold

construct was observed under fluorescence (Carl Zeiss, Axiovert

40CFL) microscope.

Statistical Analysis

Most of the results were obtained from triplicate samples. A sta-

tistical difference was established for P< 0.05, P< 0.02, and stu-

dent t test was used for statistical analysis.

RESULT AND DISCUSSION

Development of Scaffolds

Scaffolds were prepared by freeze gelation method which is eco-

nomical, takes less time, and minimal energy.14 Sodium hydrox-

ide (NaOH) present in the gelation mixture aids in neutralizing

the acidic effects of acetic acid and prevents the formation of

surface skin.19 The developed scaffolds were labeled as—pure

CS scaffolds:-CS, composite scaffolds with b-TCP is in micro-

size and nanosize were labelled as CTM and CTN, respectively.

The composite scaffolds with varied micro- and nano-TCP

weight ratios were CTM90 : 10, CTM80 : 20, CTM70 : 30,

CTM60 : 40, and CTM50 : 50 and CTN90 : 10, CTN80 : 20,

CTN70 : 30, CTN60 : 40, and CTN50 : 50, respectively.

Morphological Analysis

It has been reported that adequate pore size and interconnectiv-

ity of pores in scaffolds are vital factors for transport of oxygen

and nutrients to the cells.30 SEM images were used to visualize

these features. Figure 1(a,b) illustrates excellent interconnected

pores in pure CS scaffold with 61–171 lm pore size range. In

case of scaffolds consisting of nano b-TCP, the pores are regular

[Figure 1(e,f)] with a pore size range of 43–155 lm. Uniform

distribution of nano TCP is observed on the pore walls of com-

posite scaffolds as shown in Figure 1 (e,f). The pore size

obtained with micro b-TCP is in the range of 54–158 lm. Fur-

thermore, agglomeration (represented in arrow marks) of micro

b-TCP is found to occur beyond a certain limit (weight ratio)
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as shown in Figure 1(c,d). The pore size range obtained with

various ratios of micro and nano b-TCP is shown in Table I.

Published reports suggest that the pore size of scaffolds should

be in the range of 65–300 lm for bone tissue engineering appli-

cations and result obtained in our study matches with the

reported pore size range.31,32 Thus, the developed freeze-gelled

CS and CS/b-TCP composite scaffolds had the required mor-

phological necessity for the cell growth and proliferation of

osteocytes.

Phase Analysis

Pure CS scaffold showed a dome shaped curve which indicates

its amorphous nature whereas in composite scaffolds, the CS

peak was completely dominated by incorporation of ceramic

which is attributed to high crystalline nature of b-TCP. Pure CS

showed a prominent peak at 2h 5 20.8, where as two prominent

peaks of b-TCP were found at 31.5 which confirms the presence

b-TCP in the composite.8 Thus, it is established that the

crystallinity of the composite scaffold is much higher than the

pure CS scaffold due to addition of b-TCP which is shown in

Figure 2(a).

Structural Analysis

An infrared spectrum represents a fingerprint of a material with

absorption peaks. Thus, infrared spectroscopy can provide a

positive identification of every different constituent present in

the composite. IR analysis of CS and CS/b-TCP scaffolds was

done to reveal the interactions between the individual compo-

nents present and to confirm the presence of chemical constitu-

ents in the scaffold. The peaks generated as a result of chemical

interactions is shown in Figure 2(b). Pure CS scaffold showed

peaks around 897 and 1154 cm21 of assigned saccharide struc-

ture and the characteristic peaks of NAH bending of CS was

observed at 1560 cm21.33 The peak range typical for tetrahedral

anions is from 790 to 1190 cm21. Our analysis demonstrated

PO4
23 peaks at 1040, 1122, 610, and 551 cm21 fall within the

Figure 1. Morphology of pure CS (a, b) and CS/b-TCP composite [CTM 70 : 30 (c, d)], [CTN 80 : 20 (e), 70 : 30 (f)] freeze-gelled scaffolds. Agglomer-

ates of b-TCP (c, d) are represented with white color arrow marks. Uniform distribution of nano b-TCP (e, f) on pore walls of scaffolds is shown with

white color arrow marks.
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reported range.34 Reports suggest peak shifts and formation of

new peaks due to interaction of ceramic with the polymer func-

tional groups.35 IR analysis proved a slight peak shift and for-

mation of new peaks due to presence of b-TCP in composite

scaffolds. The peaks ranging from 1560 to 1587 cm21 NAH

bending has been shifted to 1556–1573 cm21 which may corre-

spond to the interaction of b-TCP with CS. The peaks around

1000–1300 cm21 were due to the interaction of phosphate with

oxygen and nitrogen of pure CS. Furthermore, there is no dif-

ference is observed in the peaks of composite scaffolds with the

varying amount of b-TCP as reported earlier.36

Rheological Behavior

The flow behavior of a polymer solution has been reported to

depend on the composition and stability of the composite suspen-

sions.34 Viscosity was, therefore, analyzed for both polymer and

polymer-ceramic suspensions under varied shear stress. All the

solutions have shown non-Newtonian behavior with shear thin-

ning property as illustrated in Figure 3.21,37 CS solution has lower

viscosity (1.21 Pas) in comparison to CS/b-TCP composite solu-

tions (1.24–1.99 Pas). CS solution with micro b-TCP as filler has

shown higher viscosity (1.31–1.42 Pas) when compared to nano

TCP (1.24–1.36 Pas). It is further observed that as the concentra-

tion of bioceramic increased in polymer, viscosity has been gradu-

ally increased in a linear fashion as illustrated in Figure 4(b). The

homogenity of composite solution is observed to decrease as TCP

concentration increases. As a result, the layers in the composite

suspension begun to show restricted movement cumulating in

increased viscosity.34,38 As such, there is no direct correlation

between final scaffolds with non Newtonian behavior of CS solu-

tion and CS/b-TCP suspension, an alteration in viscosity of poly-

mer ceramic composite suspension is found to have an impact on

pore size of the developed scaffolds. The pore size of composite

scaffolds is less than pure CS scaffold. This decrease in pore size is

due to the reduced mobility of high viscous CS/b-TCP composite

suspensions. The ice crystal mobility responsible for pore diameter

Table I. Pore Size, Porosity, and Mechanical Strength of Chitosan and

Chitosan/b-TCP Freeze-Gelled Scaffolds with Different Ratios

Scaffold
type

Pore
size
(lm) % Porosity

Compressive
strength
(MPa)

CS 61–171 87 6 3.21 0.19 6 0.05

CTM [90 : 10] 48–158 80 6 2.33 0.51 6 0.09

CTM [80 : 20] 54–154 79 6 4.96 0.74 6 0.06

CTM [70 : 30] 58–148 77 6 3.21 1.52 6 0.09

CTM [60 : 40] 64–143 75 6 6.1 1.39 6 0.05

CTN [90 : 10] 43–155 85 6 2.65 1.76 6 0.11

CTN [80 : 20] 45–149 81 6 3.43 2.67 6 0.13

CTN [70 : 30] 46–141 79 6 2.87 2.49 6 0.19

CTN [60 : 40] 49–136 73 6 3.6 2.16 6 0.21

Abbreviations: CS, chitosan; CTM, chitosan micro b-TCP scaffold; CTN,
chitosan nano b-TCP scaffold.

Figure 2. X-ray diffraction (XRD) (a) and Fourier transform infrared (FTIR) (b) patterns of CS and CS/b-TCP freeze-gelled scaffolds. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4102541025 (5 of 10)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


is reduced in high viscous suspensions39 and hence a decrease in

pore size of composite scaffold is observed when compared to

pure CS scaffolds.

Porosity

The porosity of scaffold is an important parameter which

decides not only the transport of materials necessary for cell

nutrition, but also the cell attachment and migration.40 Pure CS

scaffold has shown a porosity of 87 6 3.21%. A slight decrease

in porosity is observed with composite scaffolds having micro

b-TCP and nano b-TCP as 77–80% and 79–85%, respectively.

The % porosity of all other samples with varied ratios of b-TCP

were measured and depicted in Table I. Furthermore, nano

b-TCP particles are observed to be homogenously distributed in

the polymer matrix, where as micro-sized particles are found to

agglomerate. The agglomeration was reported earlier with

hydroxy apatite reinforcement.10 Because of this unique distri-

bution of b-TCP in the polymer matrix there exists a gradation

in the % porosity. The trend observed is illustrated in Figure

4(a).

Swelling Study

The ability of the scaffolds to swell represents their hydrophilic

nature. Swelling behavior of CS and CS/b-TCP composite scaf-

folds is presented in Figure 3(c). The scaffolds show a saturated

swelling state during initial hours of soaking in deionized water

without showing any disintegration or dissolution, thus preserv-

ing physical integrity. The scaffolds [Figure 4(c)] have shown a

rapid swelling indicating their excellent hydrophilic nature.35

Among the developed scaffolds, pure CS scaffold shows a higher

swelling percentage (�326%) than that of CS/b-TCP composite

scaffolds. Furthermore, the swelling property decreases with

Figure 3. Rheological behavior of CS and CS/b-TCP blend solutions.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Porosity (a), viscosity (b), and swelling behavior (c) of CS and CS/b-TCP freeze-gelled scaffolds. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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increase in ceramic content. The decrease in swelling observed

with composite scaffolds is mainly due to the incorporation of

b-TCP in the polymer matrix which ultimately lead to a

decrease in diffusion of water as reported earlier when wollas-

tonite was used as filler.17 The composite scaffolds with nano b-

TCP shows an increase in swelling rate (�190–275%) than the

scaffolds loaded with micro b-TCP (�155–212%) as filler. The

swelling behavior of the scaffolds matches with the previously

reported data.41 Thus, the study confirms the desirable hydro-

philic nature of the prepared composite scaffolds.

Mechanical Property

The scaffolds must possess enough strength to withstand the

force exerted by newly formed tissue under in vitro stage to in

vivo handling.20 It has been reported that, incorporating biocer-

amic will enhance the mechanical strength of polymeric scaf-

folds.17,39 We observed a similar trend in compressive strength

of CS/b-TCP composite scaffolds. Compressive strength of CS

scaffolds with micro-sized b-TCP is shown to increase with

increase in b-TCP content up to 30% (CTM70 : 30) beyond

which a decline in compressive strength is observed. This

unusual phenomenon is due to the agglomeration of b-TCP in

the polymer matrix which resulted in decreased reinforcing abil-

ity of the filler and hence compressive strength. When the parti-

cle is in nanosize, the reinforcement effect is better on a

comparative scale with micro.42 The high surface-to-volume

ratio of nanosize particle and unusual chemical synergistic

effects resulted in improved mechanical properties of

Figure 5. Compressive strength (a) and degradation pattern (b) of CS and CS/b-TCP freeze-gelled scaffolds. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Apatite crystal formation on CS/b-TCP [CTM70 : 30(a) and CTN 80 : 20(b)] freeze-gelled scaffolds in SBF immersion for 3 weeks.
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bioceramics as reported earlier.18 The compressive strength of

the scaffolds with nano b-TCP has been increased up to 20%

(CTN80 : 20) and maintained till 40% (CTN60 : 40) which

meets the desired compressive strength of cancellous bone 2–10

MPa. In previous reports, the compressive strength of CS gel

and 3D CS scaffold has been increased to 0.8 and 1.8 MPa,

respectively, by incorporating micro b-TCP.16,39 It is quite inter-

esting to note that, a drastic increase in compressive strength of

2.67 MPa is achieved in our study using nanosize b-TCP. The

compressive strength of all other scaffolds with varied ratios of

b-TCP was shown in Table I. Figure 5(a) depicts the observed

compressive strength pattern of scaffolds with varied ratios of

b-TCP.

In Vitro Biodegradation Study

The rate of biodegradadation is vital to restore the entire tissue

structure. So, adequate control over the rate of degradation

plays a major role to be on par with the growth rate of newly

formed tissue.15 Biodegradation of the prepared CS and CS/

b-TCP composite scaffolds was performed in SBF for 4 weeks.

Pure CS sample found to degrade faster than (40% of its initial

weight) any of the composite scaffolds prepared with varying

ratios of b-TCP. The degradation pattern of the scaffolds is

shown in Figure 5(b). The best result in terms of reduced deg-

radation rate is achieved with the ratio (CTN80 : 20) as it

found to degrade only �20% of its initial weight, where as the

other composite scaffolds are found to degrade as follows;

CTM90 : 10 (�30%) CTM 80 : 20 (�30%), CTM70 : 30

(�25%), and CTN90 : 10 (�30%), and CTN70 : 30 (�22%).

Similar trend in decreased degradation rate was also observed

when hydroxy apatite was incorporated in CS matrix as

reported earlier.43 The results further reveal that addition of

nano-sized b-TCP decelerates the rate of degradation than CS/

micro b-TCP and pure CS scaffold.

Bioresorption Analysis

The composite scaffolds (CTM70 : 30 and CTN80 : 20) were

analyzed for their in vitro bioactivity. Composite scaffold types

Figure 7. Metabolic activity (a) and cell proliferation (b) of hMSCs on CS and CS/b-TCP freeze-gelled scaffolds (CTM 70 : 30,CTN 80 : 20) after 3, 5,

and 7 days of cell seeding. Each point represents the mean 6 SD (n 5 3). ** and *** shows significant differences between groups at P< 0.02 and 0.05,

respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. SEM images of cell attachment on CS/b-TCP freeze-gelled scaffold (CTN 80 : 20) surface on 3, 5, and 7 days.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4102541025 (8 of 10)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


CTM70 : 30 and CTN80 : 20 were selected among various scaf-

folds prepared based on higher mechanical strength and slower

degradation rate. Formation of apatite layer on the surface of

composite scaffold was found to be initiated after 7 days of

soaking in SBF. Further, the amount of apatite formed was

gradually increased with time and the entire surface area of the

scaffold was coated with apatite after 18 days. The result is in

good agreement with previous reports which suggest that cover-

ing of apatite over the entire scaffold surface takes 14–21 days.17

Furthermore, more dense layers of apatite were formed on the

surface of composite scaffolds as shown in Figure 6. The

amount of apatite formed on the composite scaffold CTN80 :

20 is higher [Figure 6(b)] than that on CTM70 : 30 [Figure

6(a)]. The increase in apatite formation achieved with CS/nano

b-TCP is due to uniform distribution of nano-sized bioceramic

which enhanced nucleation sites in the CS polymer.20

Metabolic Activity and Proliferation Assay

The metabolic activity and proliferation of the scaffold types

CS, CTM70 : 30, and CTN80 : 20 were evaluated by MTT and

alamar blue assay, respectively. Figure 7(a,b) illustrates the

experimental results. CS scaffold has shown lesser optical den-

sity (MTT value) and percentage of alamar reduction through-

out the assay than CTM70 : 30 and CTN80 : 20 composite

scaffolds. Incorporation of bioceramics not only improved the

mechanical strength but also biocompatibility of CS scaffolds as

reported earlier.3,13

The better cell compatibility and proliferation of composite

scaffold CTN80 : 20 may be attributed to homogenous distribu-

tion of nano b-TCP in the CS matrix which in turn allows uni-

form nutrient permeation through the scaffold architecture.30

The other reason for better cellular proliferation on composite

scaffolds is due to the presence of Ca ions in b-TCP which trig-

gers the proliferation of seeded cells as observed earlier with

keratinocyte proliferation.44 Results of CTM70 : 30 and CTN80

: 20 show a significant difference at P< 0.02, whereas CTN80 :

20 and CS scaffolds at P< 0.05 for both MTT and proliferation

assay. Thus, this study proves that, the particle size of

bioceramic has a direct effect on scaffold biocompatibility and

proliferation.

Cell Attachment and Florescence Microscopy

Cell viability depends on scaffold architecture especially pore

size, porosity, and interconnectivity, as reported earlier.45 In our

study, cytocompatibility of the freeze-gelled scaffolds was eval-

uated by culturing hMSCs up to 7 days. SEM micrographs

revealed excellent cell adherence on the developed freeze-gelled

scaffolds after 3, 5, and 7 days of culture as shown in Figure 8.

The arrow marks in Figure 8 well depicts the attachment and

spreading of cells over the scaffold surface. By Day 3, the cells

found to acclimatize to scaffold environment and are found to

be round in shape with slow spreading. By fifth and seventh

day, spreading is profuse around the surface area of the scaffold

which affirms their compatibility to the scaffold environment.

The distribution and infiltration of cells on the scaffold surface

and in pore walls is clearly seen with calcein staining. Third,

fifth, and seventh day florescent images are shown in Figure

9(a–c), respectively. The florescent images also illustrate the pro-

liferation and increase in cell number from Day 3 to Day 7 as

reported earlier on 3D cryogels.28 Cell attachment by SEM and

florescent images confirm the biocompatibility of developed

freeze-gelled scaffold.

CONCLUSIONS

CS and CS/b-TCP composite scaffolds were successfully pre-

pared by freeze gelation method. Both pure CS and composite

scaffolds have porous network with an excellent pore intercon-

nectivity and desired porosity. The compressive strength of the

CS scaffold was increased with the addition of b-TCP and maxi-

mum compressive strength of 2.67 6 0.13 MPa is achieved with

CTN80 : 20. Bioactive nature of the developed scaffolds has

been confirmed by the deposition of apatite layers on their sur-

face after 3 weeks of incubation. The cytocompatability of scaf-

folds was confirmed by MTT assay and proliferation by Alamar

blue assay. Morphological analysis by SEM and fluorescence

microscopy revealed that hMSCs were attached and well prolif-

erated on the developed composite scaffolds. Thus, the addition

Figure 9. Florescence images of hMSCs seeded cell scaffold (CTN 80 : 20) construct after third (a), fifth (b), and seventh day. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of nano b-TCP has enhanced the mechanical strength, biocom-

patibility, bioresorption, and decreased the degradation rates

which are favorable scaffold characteristics for bone tissue

regeneration. Further, CS/nano b-TCP composite scaffold is

superior than composite scaffolds prepared with micro b-TCP.

Hence, the developed CS-based freeze-gelled composite scaffold

is proved to be a potential candidate for bone tissue engineering

applications.
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