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Abstract

Among conventional fabrication techniques, freeze-drying process has widely been

investigated for polymeric implants. However, the understanding of the stem cell pro-

genitor-dependent cell functionality modulation and quantitative analysis of early

osseointegration of highly porous scaffolds have not been explored. Here, we devel-

oped a novel, highly porous, multimaterial composite, chitosan/hydroxyapatite/poly-

caprolactone (CHT/HA/PCL). The in vitro studies have been performed using

mesenchymal stem cells (MSCs) from three tissue sources: human bone marrow-derived

MSCs (BM-MSCs), adipose-derived MSCs (AD-MSCs), and Wharton's jelly-derived

MSCs (WJ-MSCs). Although cell attachment and metabolic activity [3-4,5-

dimethylthiazol-2yl-(2,5 diphenyl-2H-tetrazoliumbromide) assay] were ore enhanced in

WJ-MSC-laden CHT/HA/PCL composites, scanning electron microscopy, real-time

gene expression (alkaline phosphatase [ALP], collagen type I [Col I], osteocalcin [OCN],

and bone morphogenetic protein 4 [BMP-4]), and immunostaining (COL I, β-CATENIN,

OCN, and SCLEROSTIN [SOST]) demonstrated pronounced osteogenesis with terminal

differentiation on BM-MSC-laden CHT/HA/PCL composites only. The enhanced cell

functionality on CHT/HA/PCL composites was explained in terms of interplay among

the surface properties and the optimal source of MSCs. In addition, osteogenesis in

rat tibial model over 6 weeks confirmed a better ratio of bone volume to the total

volume for BM-MSC-laden composites over scaffold-only and defect-only groups. The

clinically conformant combination of 3D porous architecture with pore sizes varying

in the range of 20 to 200 μm together with controlled in vitro degradation and early

osseointegration establish the potential of CHT/HA/PCL composite as a potential

cancellous bone analog.
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1 | INTRODUCTION

Ultrastructurally, bone is an extracellular matrix (ECM) comprising of

hydroxyapatite (HA) [Ca10(PO4)6(OH)2] as mineral phase and type I

collagen, as the organic phase.1 Taking cues from the bone nanostruc-

ture, composite materials, such as polymer/ceramic composites, have

emerged as potential scaffolds possessing appropriate mechanical

properties and cytocompatibility.2,3 Polycaprolactone (PCL) is a bio-

compatible polymer with slow degradation rate and is blended with

other polymers, such as chitosan (CHT),4 polylactic acid,5 and gelatin6

to improve stress crack resistance, flexibility, wettability, and biodeg-

radation. CHT is preferred owing to its biodegradable, biocompatible,

nontoxic nature and reactive functional groups.7 Addition of CHT

results in enhanced wettability, accelerated degradation of PCL, and

improved cytocompatibility in composites.4 Despite promising data,

studies investigating PCL/CHT composites are still in their nascent

state.

Potential scaffolds designed for bone applications must take

into consideration the load-bearing function of bone to withstand

large forces (equivalent to or greater than body weight)8 and to pro-

mote osseointegration at early stages of implantation to prevent

implant loosening and rejection. Ceramic particles like HA are added

to composites in order to promote early bone integration.9 HA

nanoparticles act as centers of calcification; akin to natural bone

structure, reinforce the material strength and promote direct and

rapid bonding to the surrounding host bone matrix. Physical param-

eters, like scaffold porosity, pore size, and 3D geometry also play an

integral role in deciding the efficacy of the scaffolds to be used for

bone regeneration. Pore sizes, ranging from micro- to macropore,

appropriately mimic the stochastic model of natural bone. Well-

interconnected pores support better cell penetration, neotissue

ingrowth, faster nutrient diffusion, neovascularization, and waste

removal,4 thereby making porous polymer/ceramic composites ideal

for bone substitution.

Besides the material, choice of correct cell type is imperative

to the process of bone formation, especially in the case of critical-

sized defects. To restore large clinical defects, surgeons often har-

vest a part of the patient's marrow from the iliac crest and add

them to bone graft substitutes prior to implantation. Among all the

available sources, bone marrow-derived mesenchymal stem cells

(BM-MSCs) and adipose-derived MSCs (AD-MSCs) are popular cell

choices for bone regenerative applications.10,11 Although BM-

MSCs have proven clinical advantages, AD-MSCs possess some

attractive characteristics, such as abundant stem cell source from

lipoaspirates, faster proliferation rate and lesser discomfort, and

morbidity to the patient.12 However, their osteogenic potential is

still somewhat debated. Wharton's jelly-derived MSCs (WJ-MSCs)

are a relatively new source of MSCs. They have garnered interest

owing to their high cell yield and easy isolation from amniotic

membranes, which are a biological waste, hence making the collec-

tion process pain-free and easy.13 But comprehensive understand-

ing of the stem cell progenitor-dependent cell functionality

modulation has not been well investigated. To this end, one of the

primary aims of this study was to compare the extent of osteo-

genic differentiation in vitro between the three tissue-specific

human MSCs (hMSCs) as a function of their origin.14,15 The study

was intended to provide answers to some clinically relevant ques-

tions around appropriate combinations of synthetic bone substi-

tutes and cells for translational therapy.

Herein, we have developed porous 3D CHT/HA/PCL composite

to test its potential in bone regeneration. We have attempted to

address the following unanswered questions: Whether CHT/HA/

PCL composites are suitable candidates for bone formation? This

includes learning about early osseointegration potential of CHT/HA/

PCL and their potential to withstand load-bearing in situ. Which

source of MSCs (BM vs AD vs WJ) is most suitable for bone differ-

entiation on these composites? Whether cell-laden CHT/HA/PCL

composites can facilitate terminal differentiation of stem cell pro-

genitors towards mature bone phenotype? The in vitro

cytocompatibility assessment was conducted using cytotoxicity

analysis, cell attachment, gene expression profiling, and immuno-

staining. Subsequently, in vivo biocompatibility in rat orthotopic

load-bearing defects was evaluated at a relatively early time point,

that is, week 6 using microcomputed tomography (micro-CT) analy-

sis and histology. The present study generated significant insights

into the choice of cell type and the physical parameters of the 3D

porous composite that guides cellular differentiation of hMSCs

towards mature, osteogenic lineage on CHT/HA/PCL matrices, both

in vitro and in vivo.

2 | MATERIALS AND METHODS

2.1 | Materials

The chitosan, CHT (weight average molecular weight, Mw 70 000-

90 000 Da, density 1.145 g mL−1 at 25�C, degree of deacetylation

90%), HA (Mw 502.31 Da and particle size <200 nm), PCL (Mw 48 000-

90 000 Da, melt index 1.8 g per 10 minutes, 80�C), 3-4,5-

dimethylthiazol-2yl-(2,5 diphenyl-2H-tetrazoliumbromide) (MTT),

dimethylsulfoxide, lysozyme, and osteogenic supplements (dexametha-

sone, ascorbic acid-2 phosphate, and β-glycerophosphate) were pro-

cured from Sigma-Aldrich (St. Louis, Missouri). Cell culture reagents

Significance statement

A porous, multimaterial composite was developed using an

easy and economical method, which mirrors the stochastic

geometry of bone. Three tissue-specific human stem cells of

clinical relevance (bone marrow-, adipose-, and fetal-derived

mesenchymal stem cells [MSCs]) evaluated for early

osseointegration revealed superior bone formation in bone

marrow MSC-laden composites in rat tibial defects.
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including low-glucose Dulbecco's modified Eagle medium (DMEM-LG),

fetal bovine serum (FBS), L-glutamine, penicillin/streptomycin and tryp-

sin-ethylenediaminetetraacetic acid (EDTA) were procured from Gibco,

Thermoscientific. Sodium hydroxide (NaOH), glacial acetic acid, and

other reagents were of analytical grade.

2.2 | Methods

2.2.1 | Scaffold fabrication and synthesis

The scaffolds were fabricated as previously described.16 Briefly, CHT/

HA/PCL in the ratio of 3:3:2 (wt/vol) was lyophilized (Coolsafe 110-4,

labogene, Lynge, Denmark). HA powder (3% wt/vol) was dispersed in

acetic acid (2 mM) to which CHT (3% wt/vol) was dissolved. PCL (2%

wt/vol) was added to CHT/HA solution, immediately casted into plastic

molds, and freeze-dried at −80�C for 48 hours. Freeze-dried composite

foams were soaked in NaOH (2 M) for 2 hours to neutralize the acid.

The scaffolds were punched into disks for further studies.

2.2.2 | Physicochemical characterization of
composites

SEM and energy-dispersive X-ray analysis

The morphology of CHT/HA/PCL was examined by Zeiss EVO18

scanning electron microscope (Cambridge Scientific Industries, Water-

town, Massachusetts). The average pore diameter was measured

using the NIH Image J software (Dr Wayne Rasband, National Insti-

tutes of Health, Bethesda, Maryland) across 300 pores in five ran-

domly selected images. For cell-laden CHT/HA/PCL composites

(n = 3), specimens were fixed, dehydrated, sputter coated, and imaged.

For energy-dispersive X-ray (EDX) analysis, samples were carbon-

coated and imaged.

Porosity

The porosity of CHT/HA/PCL was measured using liquid displace-

ment method17 as follows:

Degree of porosity %ð Þ=100× W1−W0ð Þ=ρV0,

where W0 and V0 are the initial weight and volume of composite,

respectively; W1 is the final weight of composite post-immersion; and

ρ represents the density of n-hexane.

In vitro degradation

Composites (n = 3) of 9 mm × 9 mm × 2 mm dimensions were

weighed (W0) and placed in glass vials with lysozyme solution

(100 mg L−1 lysozyme diluted in phosphate-buffered saline, PBS) in a

shaker at 37�C with solution changed twice a week. The samples were

removed at 1, 2, 3, 4, 5, and 6 weeks, respectively, rinsed, freeze-dried

for 36 hours, and weighed (Wt). The in vitro degradation of compos-

ites was monitored as the % loss in weight over time :

%Weight loss = W0−Wtð Þ=W0 ×100:

Static contact angle

A drop of deionized water (1 μL) was placed on the composite to

determine the water contact angle using a goniometer (LINOS, FLS

95-750 M, Germany).

Hydration efficiency

CHT/HA/PCL composites (n = 3) were immersed in 1× PBS, pH 7.4 at

37�C for 24 hours and their respective weights pre-immersion (W0)

and post-immersion (Ww) were recorded. The hydration efficiency

was determined as follows:

Hydration efficiency= Ww−W0ð Þ=W0 ×100:

Permeability

Qualitative estimation of permeability was performed on CHT/HA/PCL

(diameter = 1 cm, height = 4 and 8 mm) using trypan blue as a measure

of dye penetration. After allowing sufficient time (~2 minutes) for dye

penetration, composites were cross-sectioned and imaged.

X-ray diffraction

For X-ray diffraction (XRD) analysis, composites were scanned within

10� to 80� (2θ) range at a speed of 2� min−1 using a Siemens type F

X-ray diffractometer with Cu Kα radiation.

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried out within

400 to 4000 cm−1 at 4 cm−1 resolution with a total of 50 scans taken

using deuterated triglycine sulfate with IR detector (Spectrum BX

Series, Waltham, Massachusetts) .

2.2.3 | In vitro cytocompatibility analysis

Cell culture and seeding on composites

Cryopreserved human BM-MSCs, AD-MSCs, and WJ-MSCs were

revived, expanded and characterized as before.18 The study was per-

formed in accordance with the Institutional Review Committee guide-

lines at AIIMS, New Delhi, and informed patient consents were

obtained [IC-SCR/79/18(o)]. Cells were expanded in DMEM-LG sup-

plemented with 10% FBS, L-glutamine (2 mM), and 1% penicillin/

streptomycin at 37�C in 5% CO2 and 95% humidity. For cell culture,

sterilized composites were seeded with 5 × 104 cells/composite and

cultured for 21 days in osteogenic differentiation media.19

Cell attachment, live/dead staining, and cytotoxicity assessment

After 12 hours, cell-laden composites were trypsinized, trypan blue

stained, and counted to compute cell attachment.20 2D monolayer

culture served as controls. The data were expressed in terms of % live

cells. Live/dead staining (K501-100, Biovision, Milpitas, California) of
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BM-MSC-laden composites was performed at day 7 and imaged using

confocal laser scanning microscope (TCS SP5, Leica, Germany).

Cytotoxicity assessment of cell-laden composites for the three cell

types was performed using MTT assay up to 21 days,20 and read-

ings were obtained using plate reader (EL 800, Biotek, Winooski,

Vermont).

Quantification of bone-specific gene expression

After 21 days, quantitative real-time polymerase chain reaction

(qRT-PCR, Biorad-CFX96) was performed on cell-laden composites

(n = 3) containing the three hMSC types via 2 − (ΔΔc[t]) method.

RNA was isolated using trizol method and purity and concentration

was assessed (Nanodrop, Implen, Germany). First-strand cDNA syn-

thesis was performed as per manufacturer's instructions (Thermo

Scientific, Cat No. 4368814). SYBR Green Master Mix (KAPA Bio-

systems, Cat No. KK4601) was used. Osteogenic primers used were

collagen type I (Col I), alkaline phosphatase (ALP), osteocalcin (OCN),

and bone morphogenetic protein 4 (BMP-4) [sequences in Table S1].

Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was the

housekeeping gene. Data were normalized to their respective unin-

duced (without osteogenic medium) cell-laden composite cultures.

Uninduced groups refer to BM-MSC, AD-MSC, and WJ-MSC cul-

tured on composites under nonosteogenic conditions. For plotting

the graph, we have taken uninduced group as 1 and plotted others

as relative groups (BM-MSC, AD-MSC, WJ-MSC) cultured in osteo-

genic conditions on composites.

Immunofluorescence analysis

BM-MSC, AD-MSC, and WJ-MSC-laden composites were harvested and

stained for (a) anti-COL I (Invitrogen), (b) anti-β-CATENIN (Millipore), (c)

anti-osteocalcin (OCN, Invitrogen), and (d) anti-SCLEROSTIN (SOST, Invi-

trogen), followed by secondary antibody: Alexa Fluor 546 goat anti-

mouse IgG antibody-FITC (Fluorescein isothiocyanate) conjugate (Mil-

lipore) and Alexa Fluor 488 goat anti-mouse IgG antibody (Millipore).

Stage-specific staining was performed using COL I at day 7, β-CATENIN

and OCN at day 14, and SOST at day 21.1 Phalloidin staining was used to

visualize the cytoskeletal arrangement of seeded cells and 40,6-diamidino-

2-phenylindole (DAPI) for nuclei (Sigma-Aldrich). Imaging was done using

Leica TCS SP5 (Leica Microsystems) microscope.

2.2.4 | In vivo osseointegration

All animal surgeries were performed with prior approval from the

Institutional Animal Ethics Committee at AIIMS, New Delhi (41/IAEC-

1/2017). Briefly, 15 Wistar rats (male, 10-12 weeks old, 230-270 g)

were anesthetized (ketamine:xylazine) and a 3-mm load-bearing

defect was created using a trephine bur.21 Rats were categorized into

three groups (n = 5); CHT/HA/PCL dry, CHT/HA/PCL with

undifferentiated BM-MSCs cultured for 7 days in vitro, and defect

only. Rats were housed in clean cages with access to food and water

ad libitum. After 6 weeks, rats were euthanized and their tibiae were

harvested for micro-CT, histology, and immunofluorescence staining.

Micro-CT analysis

The micro-CT analysis for neobone formation around the composites

with respect to rat tibial bone (sham control) were accomplished using

X-ray micro-computed tomography (VersaXRM-500, Xradia, Zeiss,

Germany) of high resolution. The scanning was carried out at X-ray

beam energy = 70 kV, power = 7 W, and current = 87 μA. A 4 × objec-

tive with exposure time of 3 s was availed for image acquisition which

was totally dependent on samples. The alternance in the density of

host bone and the implant was the basis of extracting the 3D image

of the implant. Also, the obtained 3D images were acquired on the

basis distinction between VOI (volume of interest) and ROI (region of

interest). The complete timing of scan was 3 000 000 ms with the col-

lection of 2001 projection images. The standard beam hardening cor-

rection and Gaussian smoothening was used for reforming the 3D

tomogram from the transmission images with the help of XM Recon-

structor (Xradia, Zeiss, Germany). In order to assess the percentage

bone ingrowth inside the defect, the Avizo image-processing software

was used to get 3D images of the composite bone implant. A cylindri-

cal ROI in tibia bounded by the biomaterial phase was chosen for anal-

ysis from obtained CT scan database. This ROI was further optimized

for segmentation to get various sectioned images in all the dimen-

sions. The thresholds were appropriately applied to volume rendered

images of each sample in order to visualize and distinguish the neo

bone formation from the residual scaffold. The percentage of bone

ingrowth was measured as, bone volume (BV) to the total volume (TV)

ratio, also known as bone volume fraction (BV/TV). This was deter-

mined for different samples after thresholding and segmentation.

Bone volume (BV) and total volume (TV) was obtained by counting

the total number of bone voxels and total number of voxels (bone and

nonbone), respectively in images.

Histology

Formalin-fixed tibiae were decalcified, embedded in paraffin for

attaining 5 μm thick sections21 and stained for hematoxylin and eosin

(H&E) and Masson's trichrome.

2.3 | Statistical analysis

GraphPad Prism 5 was used for plotting data with results presented

as mean ± SD (for in vitro studies, n). Two-way analysis of variance

and Bonferroni post hoc tests were performed to compute statistical

significance, where probability (P) value of ≤ .05 was considered as

statistically significant.

3 | RESULTS

3.1 | Physicochemical characterization of hybrid
composites

The freeze-drying based processing approach allowed us to obtain

CHT/HA/PCL composites with large pore size distribution (Figure 1).
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Microparticles observed on the composite surface were PCL (Fig-

ure 1B3), with a relatively smoother appearance and HA (up to several

microns in diameter),22 with coarse texture (Figure 1B4). Ca/P ratio of

HA as determined by EDX was 1.99 (Figure 1F). A slight deviation

was obtained from the typical Ca/P ratio of HA, that is, 1.674 which

might be the effect of processing parameters used in the fabrication

of CHT/HA/PCL composite. The agglomeration of HA limits the use

of higher amount, which tend to settle unless constantly stirred.23 The

F IGURE 1 Physical characterization of CHT/HA/PCL. A, Digital image; B1-B4, SEM micrographs, B1,B2, depict morphology and pore
geometry of composite; B3, PCL; B4, HA; C, pore size distribution; D, degradation kinetics of CHT/HA/PCL in lysozyme; E, static contact
angle; F, EDX analysis showing the elemental distribution over the selected microstructural region (Ca-rich area); G, permeability assessed
by trypan blue penetration; H,I, physicochemical characterization of CHT/HA/PCL using, H, XRD patterns and, I, FTIR spectra. Data
represents mean ± SD of five independent experiments. CHT, chitosan; EDX, energy-dispersive X-ray; FTIR, Fourier transform infrared
spectroscopy; HA, hydroxyapatite; PCL, polycaprolactone; SEM, scanning electron microscopy; XRD, X-ray diffraction
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in vitro degradation after 6 weeks in lysozyme (Figure 1D) showed

that degradation of CHT only was greater than CHT/HA/PCL. The

blending of HA and PCL with CHT significantly decreased the weight

loss, in vitro. Hydrophilicity of CHT leads to an increased water

absorption, resulting in hydrolytic degradation.4 Hydration efficiency

of the composite was high corresponding to 205.28% ± 6.43%

(Table S2). The water contact angle on CHT/HA/PCL was 61.2�

(Figure 1E), which is significantly lesser than that of pure PCL (110�-

150�). This indicates that the mixing of CHT and HA to PCL makes

the scaffold hydrophilic.24,25 The increased hydrophilicity may be

attributed to the presence of reactive functional groups of CHT7 and

HA.24,26 Increased hydrophilicity facilitates more transport efficiency

of the construct for higher cell attachment and tissue regeneration;

however, excessive hydration may affect structural integrity. Perme-

ability test (Figure 1G) showed that trypan blue dye conspicuously

covered the cross-sectional region of composites indicating efficient

fluid infiltration, but only in samples measuring up to 4 mm in height.

XRD of CHT/HA/PCL exhibited characteristic peaks at 31.8� and

25.8� indicating (211) and (002) planes of HA, as depicted in Fig-

ure 1H.22,27 CHT, being a polymer, produced a diffraction halo

between 15� and 25�.28 For PCL, the primary peak at (110) plane cor-

responded to 2θ = 21.6� and the weaker peak (200) was found at

2θ = 23�, attributing to its semicrystalline character.29 A small shoul-

der peak is present at 2θ = 23� suggesting the blending of PCL/

CHT.29

Attenuated total reflection-FTIR (ATR-FTIR) absorbance spectra

were studied to determine the molecular interactions among CHT,

HA, and PCL (Figure 1I). HA showed characteristic peaks22 at 471,

565, and 602 cm−1 corresponding to O-P-O bending and at

1029 cm−1 for P-OH stretching. The presence of hydroxyl (OH−)

ions, indicated by the presence of IR band at 632 cm−1 was missing.

This is common with poorly crystallized apatites.26 The bands at

3360,30 2929, 1630, 1367, and 1157 cm−1 were attributed to

CHT.28,31 Slight shift in the peak for N H bending (1565 to

1602 cm−1; red shift) was attributed to electrostatic interactions

between CHT and HA.32,33 The band at 2999 cm−1 (C H stretching)

and 1306 cm−1 indicated crystalline phase of PCL.30 The peak at

1727 cm−1 (carbonyl stretching) was not present which may be due

to masking by CHT. Overall, PCL and CHT retained their native

polymer properties.34

3.2 | In vitro cytocompatibility

3.2.1 | Cell attachment

Cell attachment for the three tissue-specific hMSC-laden composites

on day 1 were in the order of WJ-MSCs (85.7%) > BM-MSCs (79%)

> AD-MSCs (74%). 2D cell culture was taken as positive control.

3.2.2 | Cell viability

BM-MSC-laden composites monitored using live/dead assay (Figure 2)

revealed that 87.5% of the total cell population stained live (green

fluorescence) after 7 days. MTT assay performed over 21 days

showed an increasing trend of cell activity in all three cell-laden com-

posites in the order of AD-MSCs < BM-MSCs < WJ-MSCs. The maxi-

mal cell metabolic activity of WJ-MSCs by day 21 (P ≤ .01) may be

attributed to their neonatal source of origin.35,36

3.2.3 | Cellular morphology

Interestingly, SEM micrographs revealed drastic variation in the

morphology of the three tissue-specific hMSCs, cultured on the

composites for 21 days (Figure 3A). In BM-MSC-laden composites,

typical fibroblastic cellular morphology within the range of 20-

100 μm37 was evident by day 7. By day 14, cells appeared to shrink

in size (20-30 μm) displaying numerous protrusions (yellow arrow-

head) acquiring a stellate-shaped morphology. These are character-

istic of terminal osteocytic differentiation, which represents the

primary (90%-95%) resident cell population of cortical bone.38 EDX

demonstrated Ca/P ratio of 1.31 (Figure 3B). By day 21, several

osteocyte-like cells were evident, establishing close networks

within the ECM.

F IGURE 2 Cell metabolic activity
of the three MSC-laden composites
assessed using MTT assay up to
21 days in vitro. Significance of
probability is represented as follows:
**P ≤ .01. The adjacent image shows a
representative confocal micrograph of
live/dead (green/red) staining
performed on BM-MSC-laden
composite at day 7. BM-MSC, bone
marrow-derived MSCs; MSC,
mesenchymal stem cell; MTT, 3-4,5-
dimethylthiazol-2yl-(2,5 diphenyl-2H-
tetrazoliumbromide)
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AD-MSCs attained a similar fibroblastic morphology by day 7

with subsequent encapsulation of cells within a dense ECM. No

noticeable evidence of mineralization was observed on AD-MSC-

laden composites.

WJ-MSCs demonstrated dense matrix formation on the com-

posite surface that resembled more of a confluent cell sheath rather

than a cell-synthesized matrix due to faster proliferation of WJ-

MSCs (Figure 3A). WJ-MSC-laden composites typically demonstrated

cell clusters, with few areas where single cells were identified (inset)

with minimal attachment to the composite surface, suggesting weak

cell-matrix interactions.

On the other hand, all three hMSCs were cultured on tissue

culture plastic to validate the differentiation status of cells, in

parallel experiments. BM-MSCs and AD-MSCs showed distinct

signs of matrix synthesis and cellular differentiation up to day 21,

with little osteogenic differentiation in WJ-MSCs (Figure S1).

Overall, superior osteogenic phenotype of BM-MSCs over

other cells was marked by (a) mature and phenotypically stable

cells, (b) strong cell-matrix interactions, and (c) matrix synthesis

and mineralization.

3.2.4 | Gene expression analysis

ALP is a distinct marker for bone mineralization in situ.39 Comparative

analysis shows the highest ALP expression for AD-MSC and lowest for

WJ-MSC-laden composites, as reported earlier.13 Significantly higher

ALP in AD-MSCs over BM-MSCs was observed. Previous studies have

reported that with increased osteocytic phenotype, ALP expression

level decreases,40 which explains the decreased ALP activity in BM-

MSC-laden composites over AD-MSC-laden composites by day 21.

Col I is an early stage osteogenic marker responsible for extracellu-

lar matrix formation (ECM).1 Trend shows that expression of Col I was

highest in BM-MSC-laden composites after 21 days showing approxi-

mately two times increase over AD-MSCs (Figure 4A); this is in accor-

dance with previous in vitro41 and in vivo42 findings. A negligible level

F IGURE 3 A, SEM micrographs
of the three tissue-specific hMSCs
cultured over CHT/HA/PCL over the
21-day culture period. The yellow
arrowhead in BM-MSC-laden
composite at day 14 points toward
the cellular protrusions arising from
the transition of osteoblast to
osteocyte phenotype. B. EDX

analysis showing the elemental map
to determine the overall composition
of the biomineralized surface on the
BM-MSC-laden composites. The area
selected for EDX analysis is
represented by the adjacent (left)
SEM micrograph. CHT, chitosan; BM-
MSC, bone marrow-derived MSCs;
EDX, energy-dispersive X-ray; HA,
hydroxyapatite; hMSCs, human
MSCs; MSCs, mesenchymal stem
cells; PCL, polycaprolactone; SEM,
scanning electron microscopy
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F IGURE 4 A, Real-time gene
expression profiles of osteogenic
markers expressed in the three tissue-
specific hMSCs cultured on CHT/HA/
PCL composites for 21 days.

Significance of probability is
represented as follows: *P ≤ .05;
**P ≤ .01; ***P ≤ .001. Values are
expressed as mean ± SD, with n = 3
per group. B, Confocal micrographs of
the tissue-specific hMSCs cultured on
CHT/HA/PCL composites stained for
COL I (green) at day 7, OCN (red),
β-CATENIN (green) at day 14, and
SOST (green) at day 21 of osteogenic
differentiation. DAPI (blue) was used
for nuclear staining.
Scalebars = 10 μm. COL I, collagen
type I; CHT, chitosan; DAPI, 40 ,6-
diamidino-2-phenylindole; HA,
hydroxyapatite; hMSCs, human MSCs;
MSCs, mesenchymal stem cells; OCN,
osteocalcin; PCL, polycaprolactone;
SOST, sclerostin
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of expression was noticed in WJ-MSC-laden composites in terms of fold

change. Being an early marker, Col I usually peaks during the first week

of culture (as evident from the discrete florescence staining in Figure 4B),

and the expression levels decline thereafter20,43; therefore, the relatively

lower gene expression pattern of Col I in our study was due to the late

time point (day 21) of analysis.

OCN, indicative of bone mineralization, showed statistically signif-

icant increase in BM-MSC-laden composites over AD-MSCs after

21 days. This was further confirmed by immunostaining (Figure 4B).

BMP-4, an osteogenic signaling molecule, having critical role in bone

development,44 was majorly expressed in BM-MSC-laden composites.

WJ-MSCs showed minimal osteogenic expression for all markers

tested. Our results are largely in accordance with the literature in

terms of the extent of osteogenesis reported in the order of BM-

MSCs > AD-MSCs > WJ-MSCs (Figure 4B).14,45,46

3.2.5 | Immunofluorescence analysis

Markers spanning the different stages of osteogenesis, including

early (COL I), mid (β-CATENIN), late (OCN, and osteocytic (SOST)

differentiation, were analyzed for protein synthesis in cell-laden

composites using immunofluorescence staining (Figure 4B).

Phalloidin staining demonstrated extensively elongated stress

fibers of BM-MSCs (Figure 4B), suggesting enhanced cell-material

interactions. By day 7, COL I staining revealed that matrix syn-

thesized by BM-MSCs was typically collagen type I; the most

abundant ECM protein in bone.1 β-CATENIN staining (green) in

BM-MSC-laden composites indicated involvement of Wnt/

β-catenin signaling in directing cellular differentiation. Discrete

patches of OCN (red) provided strong evidence of mineralization.

SOST staining, suggesting mature osteocytic cell phenotype, was

only evident in BM-MSC-laden composites. The background

staining observed in some images was due to the material

interference.

In the case of AD-MSCs, all osteogenic markers were less dis-

crete as compared to BM-MSCs (Figure S2). Although AD-MSC-

laden composites synthesized abundant COL I the intensity of

β-CATENIN and OCN was noticeably reduced. In WJ-MSCs, most

of the COL I was visible mainly due to clumping of the cells (cell-cell

interaction), indicating lesser affinity of cells toward the scaffold

surface (cell-matrix interaction). Negligible staining for OCN,

β-CATENIN, and SOST were observed in WJ-MSC-laden compos-

ites (data not shown).

2D fluorescence micrographs of the respective hMSCs when cul-

tured on tissue culture plastic demonstrated a similar order of cellular

F IGURE 5 A, Surgical scheme for developing rat tibial defect model. B, Micro-CT images depict the region of interest (red dotted lines) with
the defect created at day 0 in trans-axial slice and frontal frame, respectively. Gross examination of ex vivo samples of rat tibiae harvested
6 weeks post surgery. The composite appears to be well integrated inside the bone defect. Control or defect-only tibiae show a slight dent on the
external surface. Red dotted circles indicate the region of interest. Micro-CT, microcomputed tomography
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differentiation, with BM-MSCs > AD-MSCs > WJ-MSCs, as shown by

COL I staining (Figure S2).

3.3 | In vivo evidence of bone formation

Based on the in vitro screening data, we selected BM-MSC-laden

CHT/HA/PCL composites for the in vivo study. The detailed surgical

scheme is depicted in Figure 5A. Ex vivo scans at day 0 displayed a

uniform, circular defect, spanning the medial wall of tibia (Figure 5B).

After 6 weeks of implantation in rats, gross examination of ex vivo

samples showed complete integration of the composites inside the

defect site (Figure 5C). In the control defects, a slight dent in the bone

was observed in the defect site due to partial healing of the tibia in

6 weeks.

F IGURE 6 A, Microcomputed
tomographs showing series of 3D
reconstructions of rat tibial bone (a,
b,g,j) with locations of sagittal (Y-Z
plane) sections (b,e,h,k) and trans-
axial (X-Y plane) sections (c,f,i,l)
before and after implantation of the
composite. The imaging was
performed after 6 weeks of BM-
MSC-laden CHT/HA/PCL
composite implantation. Scale bar is
500 μm. B, Representative images
showing 3D reconstruction of rat
tibia after various image-processing
steps showing three-dimensional
morphologies of (a) unoperated
bone, (b) defect only, (c) composite
only, and (d) composite with
undifferentiated BM-MSCs after
implantation of 6 weeks. Bone
volume to total volume ratio (BV/
TV) was calculated after volume
rendering and thresholding. Scale
bar is 500 μm
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3.3.1 | Micro-CT data

The representative images of micro-CT of rat tibiae following

6 weeks of implantation are illustrated in Figure 6. The quantita-

tive analysis of the micro-CT results has been done mentioning

bone volume to the total volume ratio (BV/TV), also known as

bone volume fraction, which is the most relevant morphologic

value in the characterization of trabecular bone (Figure 6B). In Fig-

ure 6A, from top to bottom, transects shown in the 3D images

denote a longitudinal and a transverse section of the same tibia at

6 weeks of unoperated leg (a-c), defect only (d-f ), composite only

(g-i), and BM-MSC-laden composite (j-l), respectively. Bone is very

much compact with full trabecular thickness in unoperated leg

(Figure 6A,a-c). An unoperated tibia was scanned as a positive

control that showed a full-thickness cortical bone in the ROI with

BV fraction percentage (BV/TV%) of 32 (Figure 6B,a), whereas,

sham control was taken as tibia without composite. The micro-CT

images indicate the morphological features of intramedullary rat

F IGURE 7 Histology micrographs
of ex vivo samples of BM-MSC-laden
CHT/HA/PCL implanted rat tibiae
harvested 6 weeks post surgery. The
left side panel depicts H&E staining
and Masson's trichrome staining is on
the right side panel. CHT, chitosan;
HA, hydroxyapatite; H&E,
hematoxylin and eosin; PCL,
polycaprolactone
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tibial control defect which is of a 3 mm size (without implanted

biomaterial) with minimal evidence of osseointegration (Figure 6A,

d-f ). For comparison, the as-synthesized composite without stem

cells is also taken in our in vivo study (Figure 6A,g-i). After 6

weeks of healing, the obtained micro-CT images indicated that

bone regeneration was marginally greater in quality as well as

quantity in both the groups (composite only and BM-MSC laden

composite), when compared to control group. But the micro-CT

images show greater trabecular construction with more organized

supporting bone around the BM-MSC-laden composite (Figure 6A,

j-l). Rats implanted with composite only showed 16% increase in

the trabecular BV/TV with 0.22 value when compared with that of

rats with defect only (BV/TV% of 19) (Figure 6B,b). The ossifica-

tion occurred in the form of small islands of mineralized tissue for-

mation, which appeared as high contrast particles in the micro-CT

data. When the composites were implanted with BM-MSCs, not

much difference was observed in terms of total bone formation,

based on qualitative examination. However, quantitatively, the BV

fraction got elevated by 21%, when compared to defect-only

group (Figure 6B). A clear examination of high-resolution 3D

images acquired from micro-CT clearly indicated significantly faster

bone regeneration at 6 weeks for both composite-only group and

BM-MSC-laden composite group.

3.3.2 | Histological evaluation of constructs

Unoperated leg, without defect, served as positive control for histol-

ogy showing mature tibial bone. The control group, without compos-

ite, depicted thin septa of immature bone formation in 6 weeks

(yellow arrow). In the composite only group, H&E staining showed

small bony islands inside the defect area (Figure 7). Neo-bone formed

in close association with the composite, as also indicated by micro-CT

(Figure 6). Large fragments of composite remained occupying majority

of defect area suggesting controlled degradation up to 6 weeks. Mas-

son's Trichrome staining of the composite only group revealed imma-

ture bone formation (Figure 7). When BM-MSC-laden composites

were implanted, improved bone formation was evident as compared

to the composite-only group. The fragments of the composite (Fig-

ure 7; yellow asterisk) were significantly less evident, with more

neobone occupying the defect area. The presence of the cells on the

surface of the composite was conspicuous in several places (Figure 7;

black arrow).

4 | DISCUSSION

Osteogenic regeneration using hMSC progenitors in the form of

direct cell injections suffer from major limitations such as hetero-

geneous cellular differentiation, and leakage into other sites. This

has triggered the need for biomaterials to serve as bone substi-

tutes offering biocompatibility with desired mechanical properties

mimicking the target tissue. Medical-grade PCL and associated

composites (such as HA) have received FDA approval and are

extensively used in bone tissue engineering.47 Therefore, tuning

PCL-based materials to improve upon the existing material proper-

ties will yield a composite with higher chances of clinical accep-

tance.4,16,48 Bioactive composites of PCL have demonstrated

osteopromotive properties towards bone formation compared to

hydrogels and ceramics.49,50 Our earlier studies demonstrated that

a multimaterial composite of PCL, CHT, and HA facilitated osteo-

genic differentiation of seeded BM-MSCs in vitro, and ectopic

implantation in subcutaneous rat model revealed calcification

around the implant.16,48 However, the composite failed to demon-

strate mature differentiation of seeded progenitors toward pheno-

typically stable osteocytes. These findings intrigued us to design

an improved composite with better biocompatibility to guide cell

differentiation. This study focuses on a slightly modified ratio of

the composite (3:3:2 ratio of CHT/HA/PCL) and tests its potential

towards inducing mature osteogenic differentiation in vitro and in

an orthotopic load-bearing defect model in vivo. These aspects

were not studied before. We further conducted a comparative

analysis of the three most promising tissue-specific hMSCs, that is,

BM-MSCs, AD-MSCs, and WJ-MSCs for in vitro bone regenera-

tion. Only few studies have reported direct comparison of the

osteogenic potential of the three MSC sources on 3D compos-

ites.51 Therefore, we believe that this is the first, concrete evi-

dence dictating superior osteogenesis in BM-MSC-laden

composites to fabricate phenotypically stable bone tissue con-

structs. CHT/HA/PCL composites mitigate the lack of adequate

osteoconductivity associated with PCL-only scaffolds, weaker

mechanical properties of CHT and brittleness of pure HA, while

rendering ease of fabrication and, customizability together with

better biocompatibility.

4.1 | In vitro stem cell progenitor-dependent
osteogenesis modulation

Unlike BM-MSCs, which generally differentiate more readily into skel-

etal tissues (bone and cartilage), the osteogenic capacity of AD-MSCs

and WJ-MSCs is less evident. Having relatively more convenient and

patient-friendly processing parameters, the clinical field will highly

benefit if such cell sources become mainstay in orthopedic surgeries.

This limitation motivated us to perform studies that seek to evaluate

the osteogenic potential of AD-MSCs and WJ-MSCs in 3D scaffolds.

Here, we showed that all three MSC types adhered to the composite

surface exhibiting increased viability over the 21-day culture period.

Marked increase in cell density, followed by a thick layer of Col I in all

the three MSC-laden cell constructs was observed, though to variable

extents. Maximal ECM was noted in BM-MSC- and AD-MSC-laden

composites. Further analysis of the composites by immunostaining

confirmed mineralization (OCN, Figure 4B) and EDX showed the ratio

of Ca/P as 1:3, lesser than pure HA (Figure 3B). Due to complete cell

coverage and the presence of HA particles on the composite surface,

it was possible to obtain only overall Ca/P ratio. Moreover, BM-MSCs
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seeded on the composite showed phenotypic transition into mature

osteocytes, marked by shape modulation (fibroblastic to stellate

shaped) (Figure 3A) and positive expression of SOST,1 marker for

mature osteocytes (Figure 4B). In native bone, osteocytes form primar-

ily after the mineralization stage, and get encapsulated within the calci-

fied matrix of cortical bone as terminally differentiated bone cells.

These cells play critical role in mechanosensing, ion transportation, and

maintaining bone homeostasis.52 While most studies related to bone

tissue engineering demonstrate cytocompatibility and calcification by

seeded bone cells, there is limited literature available on the propensity

of such composites to drive cells towards terminally differentiated phe-

notype.1,20 Relatively inferior bone differentiation in AD-MSCs and

WJ-MSCs in vitro was marked by lack of phenotypic transition into

mature cells, both morphologically (Figure 3A) and at the molecular

level (Figure 4). The combination of the morphology of cells, mineral

formation, gene expression profile coupled with positive staining for

bone markers and the Ca/P ratio indicate that the matrix produced by

the BM-MSC-laden composites had mineralized and the cells were ter-

minally differentiated, in vitro.

It is known that canonical Wnt/β-catenin signaling is imperative

in dictating the fate of MSCs.53 MSCs proliferating in low Wnt/

β-catenin conditions trigger increased pluripotency genes (Oct-4, Sox-

2, and Nanog),54,55 whereas high Wnt/β-catenin conditions tend to

differentiate cells towards a more committed osteoblast-like stage.

WJ-MSCs displayed decreased cellular senescence in vitro (Figure 2),

increased cell viability and reduced differentiation (Figures 3,4), as

reported before by others.56 These could be explained, at least partly,

by the aberrant expression of β-catenin signaling in WJ-MSCs. Two

other genes associated with the canonical Wnt signaling, AXIN2, and

porcupine homolog 1, are significantly downregulated in WJ-MSCs,56

inhibiting cellular differentiation. On the other hand, β-CATENIN syn-

thesis was more promising in BM-MSCs than AD-MSCs, after 14 days

of in vitro culture. Concurrently, BM-MSCs also demonstrated an

increase in BMP-4 mRNA levels. Previous reports have associated this

synergistic interaction between β-CATENIN and BMP-4 expression

levels in BM-MSCs seeded on 3D gelatin foams (incorporated with

Ca2+ ions) to calcium-dependent signaling effect that induces an

increased osteogenic outcome.57 The Ca2+ ions in our study origi-

nated from the HA component. AD-MSCs and WJ-MSCs, on the con-

trary, failed to express significant levels of BMP-4 and β-CATENIN

(BM-MSCs > AD-MSCs > WJ-MSCs). These findings are in accor-

dance with previous reports indicating reduced osteogenic differentia-

tion capacity of WJ-MSCs and AD-MSCs in comparison to BM-

MSCs.15,58 While comparisons between cell cycle-related genes of

WJ-MSCs with other MSC types (such as BM-MSCs) is done before,56

their tendency to differentiate into osteogenic lineage on a 3D sub-

strate with appropriate milieu gave further insights into their slower

clinical progression towards regenerative therapy. Co-delivery of addi-

tional osteogenic moieties may be effective in inducing differentiation

of fetal WJ-MSCs, which are of primitive origin as compared to the

more specialized BM-MSCs and AD-MSCs. BM-MSCs, so far, pro-

vided consistent data for osteogenic differentiation, which have been

effectively put to use in clinical therapy.

4.2 | Early osseointegration in rat model

Based on the in vitro screening data, the CHT/HA/PCL scaffolds

were evaluated in vivo with and without BM-MSCs where our

data demonstrated partial bone healing of rat tibial defects within

6 weeks (Figures 5-7). The added advantage of coupling

undifferentiated hMSCs to 3D composites has previously been

reported.59 Kang et al reported significantly higher mRNA levels of

OCN and ALP when undifferentiated MSC-laden poly(lactic-co-

glycolic acid)/HA (PLGA/HA) composites were implanted in vivo as

compared to differentiated MSC-laden scaffolds.59 From the clinical

perspective, added advantage of using undifferentiated MSC popu-

lation with bone constructs is reduced culture period resulting in

lesser waiting time for patients and avoiding the use of additional

chemicals such as dexamethasone, which may administer cytotoxic

effects in the patient's body.

The defect model chosen was a subcritical defect, which will

automatically repair within 12 weeks.21 The time point of 6 weeks

was primarily chosen to identify the early phase responses of the

material-bone integration. There was good material-bone contact

and the composites seemed to be strongly integrated within the

defect site, as observed at the time of tibial harvestation. This was

further corroborated with quantitative micro-CT analysis (Figure 6).

The present results are in accordance with the study of Duan

et al.60 who have also reported that the BM-MSC sheets com-

bined with titanium implants showed improved implant

osseointegration in an ovariectomized rat model of osteoporosis.

In their study, micro-CT indicated that BV/TV (%) of BM-MSC-

implant test group (30.7) was significantly higher than implant-

only, without BM-MSC incorporation (12.8). This result clearly

demonstrated quantitative evidence of greater trabecular construc-

tion over a healing period of 8 weeks, when compared with those

in the control group (9.76).60 Similar to this, our results also indi-

cated the efficacy of porous composites for bone regeneration,

that is, osteogenesis due to infiltration of BM-MSCs. The BV/TV

values for rat tibia for various implant constructs are comparable

with those shown by Duan et al.60

Furthermore, one important observation is that the extent of

bone growth is nonidentical in different animal species even if

the implantation site is same. For example, BV/TV observed

around the implants in rat tibial defects is lower than those con-

ducted on rabbit model. The rate of bone colonization or bone

ingrowth is dependent upon various critical parameters in the

implantation sites which includes bone architecture and biome-

chanical forces with initial bone–implant contact.61 In one of our

earlier in vivo studies in a rabbit model, we have reported a sig-

nificant increase in the BV/TV ratio from 0.62 to 0.81 and 0.77

to 0.80 in rabbit femur around LG26Sr (glass ceramic) and HA-

based bioglass, respectively from 4 to 12 weeks.62 BV/TV ratio

shown in rabbit model is higher than those observed in rats. This

clearly shows that the bone ingrowth at the implantation site is

not only dependent on the animal model, but also the architec-

ture of the host bone. Furthermore, Guehennec et al.61 have
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reported a comparative study in rats and rabbits (two different

animal species), on the bone colonization of a macroporous

biphasic calcium phosphate ceramic implanted in different sites

such as femur, tibia, and calvaria. Bone growth was observed in

all the implantation sites, that is, femur, tibia, and calvaria of rats

but the bone colonization has been reported statistically elevated

in the femur of rabbits than in the tibial and calvarial areas. Also,

the bone growth has been reported higher in rabbits than in rats,

which might be attributed due to the large bone surface area in

contact with the samples.61

4.3 | Scaffold structure and composition-
dependent biocompatibility

Another interesting observation was that the cell-laden composites

appeared more degraded, compared to composite-only group after

6 weeks of implantation. BM-MSCs, either secrete cytokines that aid

in bone formation or directly differentiate into osteoblasts. In addi-

tion, they are capable of differentiating into endothelial cells to

enhance the functionality of new bone.63 Zhang et al64 demonstrated

that porous silk-based scaffolds could promote enhanced bone

healing in rat cranial defects, only when seeded with cells. Only silk

scaffold did not demonstrate bone formation in vivo. On the contrary,

PCL-based scaffolds have previously failed to retain cells on the scaf-

fold surface within weeks of implantation, which may be attributed to

the inadequate surface chemistry of the scaffold.65 Whereas, in our

study, the amount of bone ingrowth was significantly higher for BM-

MSC-laden composites, indicating that the composites were indeed

successful in retaining the cells on the surface, which aided in superior

bone formation.

Besides cellular cues, physical cues have also attracted signifi-

cant attention due to their ability to alter cell shape, gene expres-

sion through ECM-cell interactions and lineage commitment of the

cells. Interactions between the biological fluid and the material sur-

face are often mediated by proteins adsorbed from the fluid. Creat-

ing surface topographies with features mimicking the size of

proteins enhance the rate of adsorption. A study reported an

increased osteoblast adherence up to three-fold on the surface of

nanosized titanium particles in comparison to conventional titanium

particles.66 In addition, surface roughness (in the range of nano- to

microscale) are critical in promoting osteogenesis.67 Hence, the

presence of HA in the composite is an important determinant of

protein and cellular adsorption due to hydrophilicity, rougher sur-

face, and source of Ca and P ions for osteoinduction.68 Formation

of biological carbonated apatite layer, facilitated by HA-fluid interac-

tion triggers stem cells either to directly differentiate along the bone

lineage or to trigger the release of biological factors to facilitate the

process. Next, adequate porosity (80%-90%) and pore size

(>100 μm) are crucial for scaffolds in order to allow sufficient vascu-

larization and fluid exchange throughout the composite, which our

composite seems to satisfy.69 In a slightly different in vitro setup,

Ardeshirylajimi et al demonstrated an increased expression of

osteogenic markers (ALP, Runx2, Osteonectin, OCN) over 21-day cul-

ture period in freeze-dried 3D porous CHT-based scaffolds seeded

with AD-MSCs with 10% porosity and pore size of 80 ± 20 μm, as

opposed to 15% and 20% porosities, respectively. CHT, with lesser

rigidity than PCL, may not be able to render comparable

mechanosensing required for osteogenic differentiation of cultured

cells. This response will further weaken as the porosity is increased.

Therefore, the choice of a different base substrate may not allow

appropriate comparison between the two studies.70 The preliminary

permeability tests conducted on our composite with varying heights

(4 and 8 mm) provided evidence of restricted fluid flow with an

increase in height of the composite. This may subsequently result in

necrotic core, a problem prevalent in clinic with most critical-sized

defects.71 However, it is noteworthy that in vivo bone microenvi-

ronment is dynamic in nature with constant fluid flow. Therefore,

future studies should emphasize on the presence of dynamic testing

conditions for the scaffolds; akin to in vivo physiological bone

model.

5 | CONCLUSIONS

Though several commercial biomaterials (such as PCL) have

benefited patients, but even after decades, the production of ana-

tomical-sized constructs for large bone defects remains a challenge.

We successfully demonstrated that 3D porous CHT/HA/PCL can

serve as a potential bone analog. Clinicians often combine biomate-

rials with autologous stem cells for fully vascularized bone healing.

However, using optimal cell source and modulating the stem cell

behavior towards achieving maximal differentiation can significantly

alter the extent of osteogenesis under clinical settings. Though our

ultimate aim was to provide a comparable clinical alternative to the

popular BM-MSCs using lesser invasive tissue sources, BM-MSCs

seemed to behold unmatched osteogenic properties marked by ter-

minal bone differentiation, distinct gene expression, and strong

bone-material interface for early bone formation. The study war-

rants further investigation into the material using higher-order ani-

mal models for validating their osteogenic potential in critical-sized

defects.
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