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Objective. Design of bioactive scaffolds with osteogenic capacity is a central challenge in

cell-based  patient-specific bone tissue engineering. Efficient and spatially uniform seeding

of  (stem) cells onto such constructs is vital to attain functional tissues. Herein we  devel-

oped  heparin functionalized collagen gels supported by 3D printed bioceramic scaffolds,

as  bone extracellular matrix (ECM)-mimetic matrices. These matrices were designed to

enhance  cell seeding efficiency of mesenchymal stem cells (MSCs) as well as improve their

osteogenic  differentiation through immobilized bone morphogenic protein 2 (BMP2) to be

used for personalized bone regeneration.
e engineering

etic

g

ding

phogenic protein 2

Methods. A 3D gel based on heparin-conjugated collagen matrix capable of immobilizing

recombinant  human bone morphogenic protein 2 (BMP2) was synthesized. Isolated dental

pulp  Mesenchymal stem cells (MSCs) were then encapsulated into the bone ECM microen-

vironment  to efficiently and uniformly seed a bioactive ceramic-based scaffold fabricated

using  additive manufacturing technique. The designed 3D cell-laden constructs were com-
 thermogel prehensively  investigated trough in vitro assays and in vivo study.
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Results. In-depth rheological characterizations of heparin-conjugated collagen gel revealed

that  elasticity of the matrix is significantly improved compared with freely incorporated hep-

arin. Investigation of the MSCs laden collagen-heparin hydrogels revealed their capability

to  provide spatiotemporal bioavailability of BMP2 while suppressing the matrix contraction

over  time. The in vivo histology and real-time polymerase chain reaction (qPCR) analysis

showed  that the designed construct supported the osteogenic differentiation of MSCs and

induced  the ectopic bone formation in rat model.

Significance. The presented hybrid constructs combine bone ECM chemical cues with

mechanical  function providing an ideal 3D microenvironment for patient-specific bone tis-

sue  engineering and cell therapy applications. The implemented methodology in design

of  ECM-mimetic 3D matrix capable of immobilizing BMP2 to improve seeding efficiency of

customized scaffolds can be exploited for other bioactive molecules.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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There has been a great deal of interest in using mes-
enchymal stem cells (MSCs) for bone regeneration owing to
their ability to provide osteoinductive bone factors and dif-
ferentiation  to osteoblasts in vitro and in vivo [20,21]. It has
been  reported that engineering of bone tissue with enriched
delivery of MSCs is a promising approach to improve the
regeneration [22].

In  this view, forming MSCs laden collagen matrices within
supportive mineral-based 3D printed scaffolds promises an
ideal  biomimetic approach through harvesting the advantages
of  hydrogel-mediated efficient cell delivery and mechanically
robust scaffold. Several evidences have shown that MSCs
engineered with bone morphogenetic protein 2 (BMP2) more
effectively  induced bone formation than MSC  implantation
alone in both ectopic and orthotopic sites. Bone morpho-
genetic protein2 (BMP2) has been confirmed to promote
osteogenic differentiation of mesenchymal stem cells (MSCs)
as  well as ectopic bone formation [23,24]. In native ECM,
BMP2  exist in soluble as well as in matrix-bound forms
[25,26]. Although rhBMP2 has successfully been adminis-
tered  clinically through collagen-based carriers to stimulate
bone  regeneration, a high dose of rhBMP2 is required, likely
due  to its short half-life in vivo [27,28]. Several studies
demonstrated that bound growth factor to the ECM conveys
signaling by prolonged activation of receptors and differential
phosphorylation [24]. The major advantage of growth factor
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Scheme 1 – The schematic representation of the developed approach to enhance in situ seeding and osteogenesis of MSCs
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Table 1 – 3D printing parameters.
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ethanol solutions of 50, 60, 70, 80, 90 and 100%.
were gold sputter coated using a GSL-1100X-SPC12

 Plasma Sputtering Coater instrument, and then
by the scanning electron microscope (JEOL JSM-

ell  proliferation
 to examine the cell proliferation in �TCP/Col,
-Hep and �TCP/Col-Hep-rhBMP2 constructs aDNA
ation assay was conducted at 3, 7, 14 and 21 days. The
ntification was carried out by means of the Quant-
Green

®
dsDNA Assay Kit (Thermo Fisher Scientific)

 the manufacturer’s protocol. In Brief, constructs
t digested in 1 ml  of 4 M guanidine hydrochloride

 = 7.5). Afterward, 50 �l of samples or DNA standards
bated with 150 �l of 1 × PicoGreen reagents. Finally,

nce measurements (Ex 480 nm/Em 520 nm)  were per-
y a spectrophotometric plate reader (SynergyTM HTX
de  Microplate Reader, Bio-Tek Instrument).

ell  differentiation
tivity, immunocytochemistry, and Quantitative real-
ymerase chain reaction(qPCR) were performed to
e MSCs differentiation. The Alkaline Phosphatase

t (Abcam) was used according to the manufactures

teocalcin (OCN) immunocytochemistry, the samples
t fixed with 4% paraformaldehyde and then perme-
Afterward, the samples were incubated in primary
in antibody (1:100) and subsequently in anti-rabbit

 Alexa Fluor 647 (Abcam). The cells nuclei were then
sing DAPI.
er to perform qPCR assay, the scaffolds (n = 6) were

 at days 7 and 14, then pulverized. Total RNA
acted using Trizol reagent (Invitrogen) following
uctions provided. RNA (1 �g) was used to reverse
ed into complementary DNA (cDNA) (Invitrogen).
polymerase chain reaction (PCR), aliquots of syn-
cDNA were added to SYBR

®
Green PCR Master
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er. Primers for PCR were as follows: 1) Alkaline
tase (ALP) fwd  5′-ACGTGGCTAAGAATGTCATC-3′, rev:
AGGCGATGTCCTTA-3′, 2) Osteocalcin (OCN) fwd: 5′-
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or  simple
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GCCCTCACA-3′ rev: 5′-AGAGCGACACCCTAGAC-3′,
related transcription factor 2 (RUNX II) fwd: 5′-
AAATCCTCCCC-3′ rev: 5′-TGGATTAAAAGGACTTGG-
ACTIN fwd: 5′-AGCCATGTACGTTGCTA-3′ rev: 5′-
CTAGAAGCA-3′. All experiments were performed in

.

ubcutaneous  implantation  of  constructs

study, Male Fischer 344 rats with age: 7–8-week-old
d in our animal study based on a protocol approved
stitutional Animal Care and Use Committee (IACUC)
ette University. The rats were housed in a tem-
and humidity-controlled environment on a 12/12 h

k cycle, with food and water made available ad libi-
106 MSCs were encapsulated in heparin conjugated
hydrogels, heparin conjugated collagen hydrogels
zed with 25 �g/ml rhBMP2 or collagen hydrogels con-
5 �g/ml rhBMP2. The disk-like MSC-scaffolds with 7
)  × 2 (thickness) mm dimension were subcutaneously
d into the dorsum of animals. The constructs with-
P2 were used as negative controls. Five animals (n = 5)
roup were used with two transplants in each. The
d  MSCs were harvested six weeks post-surgery. For
cal  tissue processing, harvested samples were fixed
a formaldehyde (PFA) for 24 h and decalcified in 10%
4 ◦C for 6 weeks. Samples were then dehydrated in
nd embedded in paraffin. Sections (5 �m)  were cut
icrotome. The slides were then deparaffinized and
d  in a graded ethanol series (100%, 90%, and 70%
5 min  each; dH2O for 10 min) before being stained
atoxylin and eosin (H & E). In order to perform qPCR
sue was collected after 6 weeks, then pulverized
e total RNA was extracted using Trizol reagent (Invit-

ollowing the instructions provided. RNA (1 �g) was
everse transcribed into complementary DNA (cDNA)
n). For the polymerase chain reaction (PCR), aliquots
sized cDNA were added to with SYBR

®
Green PCR

ix (Applied Biosystems, USA) and cycled on a DNA
cycler. All experiments were performed in triplicate.

tatistical  analysis

 were expressed as mean ± standard deviation
D). The significance difference was calculated by
ANOVA complemented by Tukey’s multiple compar-
t. P-values < 0.05 were considered to be statistically
t.

esults

CM  mimetic  heparin  conjugated  collagen

ctural stability of heparin in collagen matrix incor-

either using preactivated by carbodiimide reaction

 mixing was measured based on Hep release over
ysiological pH (7.4). As shown in Fig. 1A, 51.9 ± 4.1%
0 �g ml−1 simply mixed Hep was released after
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Fig. 1 – (A) The release pattern of heparin incorporated in different forms (free and activated at 50 or 100 ng ml−1) from
various collagen-based matrices (Col and Col-Hep) at physiological condition (pH7.4, 37 ◦C). Scanning electron micrograph of
(B)  Col, and (C) Col-Hep matrix (scale bar is 100 �m).  (D) Differential scanning calorimetry thermograms of freeze-dried Col
and  Col-Hep matrices. (E) Fourier transform infrared spectra of Col, and Col-Hep matrices. (F) The storage modulus (G’), (G)
loss mod  37 ◦C

7 h incub
chemical
time  int
enhance
but  also 

lagen.  In

entr
acte
he  f
ulus (G′′), and (H) complex viscosity as a function of time at

ation, while just 16.3 ± 2.9% of the corresponding
ly activated Hep was washed out over the same
erval. Although the amount of immobilized Hep

conc
char

T

d with increasing its concentration to 100 �g ml−1,
led to rapid polymerization of the neutralized col-

 this view, Hep-conjugated collagen at 50 �g ml−1

acterized
microsco
sess  loca
.

ation, denoted as Col-Hep was selected for further
rizations.
reeze-dried Col and Col-Hep matrices were char-
 for their microstructure using scanning electron
py. As depicted in Fig. 1B–C, the Hep-Col matrix pos-
lly tighter microstructures likely due to Hep bound
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ains, while the collagen fibrils are more  uniformly
d into the pristine Col matrix. In the case of Col-Hep

he Hep chains bind to the amino groups of collagen
their activated carboxyl groups, which have resulted
d fibrils in variable arrangements.
er to examine the effect of Hep conjugation on
tion temperature of collagen chains, Col and Col-
rices were studied by means of differential scanning
try (Fig. 1D). The observed peaks are associated with
turation of collagen. The onset and denaturation tem-

 were measured as 169.6 and 194.1 ◦C for Col, where
 higher temperatures of 205.4 and 224.8 ◦C for Col-
ectively. The FT-IR spectra of freeze-dried Col and
atrices are shown in Fig. 1E. In Col spectrum, a broad

ociated with amine and carboxyl groups is observed
320 cm−1. The band at 1403 cm−1 is associated with
ic stretching vibrations of the carboxylate anions. As
en in the spectra, it is evident that Col-Hep sample
er intensities for carboxyl and amine relevant bands
rison with Col matrix, which corroborates conjuga-

ep chains onto the Col matrix.
F–H shows the evolution of the complex viscosity
ol/FreeHep, and Col-Hep matrices with its absolute

(�)| given by
∣
∣�*(ω)

∣
∣ = (G’2 + G’’

2
) 1/2/�, where G’ and

e storage and loss modulus, respectively. A Simi-
 of G’ was observed for the complex viscosity. As

 complex viscosity for Col-Hep is raising with time,
 Col and Col/FreeHep complex viscosity was found to

 after reaching a maximum value. Viscoelastic prop-
collagen and Col-Hep matrices were studied based
tory sweep rheological measurements. Thermal evo-

 the storage modulus for Col and Col-Hep solutions
urse of gelification are displayed in Fig. 2A and B,
ely. As seen, G’ for both Col and Col-Hep matrices
sing with raising temperature over the whole tem-
range up to 40 ◦C, while decreases at temperatures

G′ was found to be higher for Col-Hep compared to
x over the whole studied temperature range. The loss

 for Col and Col-Hep matrices at various tempera-
he course of gelification is displayed in Fig. 2C and D,
ely.  As shown, a similar trend as that of for storage

 is observed. Fig. 2E and F displays the temperature-
evolution of the viscoelastic damping factor (tanı)
nd Col-Hep matrices. According to the methodol-
loped by Chambon and Winter [41], the gel point is
ed  based on a frequency-independent value of loss

(tan ı = G”/G’) obtained from a multi-frequency plot
rsus temperature [13]. As displayed in Fig. 2E and F,
alized Col and Col-Hep solutions to the pH 7.4 does

 gelation behavior from a rheology point of view,
sification because of corresponding associations. We

 that the inclusion of activated Hep chains into the
ix strengthen the corresponding associations. Fig. 2E
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pared with the Col-Hep matrix. The Col matrix was
 contract to 47.9 ± 5.8% and 34.5 ± 3.8% of its initial

 after 12 and 72 h, while Col-Hep matrices showed
 lower contraction. The matrix contraction results
that Col-Hep reaches to 76.2 ± 6.6 and 59.4 ± 6.1 of its
meter after 12 h and three days, respectively.
etermination of in vitro release profiles disclosed

 immobilization of Hep moieties into the colla-
ix have effectively retarded the release kinetics of
over an extended period of time of three weeks

 Further, it was found that the amount of rhBMP2
 is remarkably decreased from the Col-Hep matrix.
t shown in Fig. 3B exhibits Col-Hep matrix sig-

 reduced rhBMP2 washout to 91.5 ± 27.7 ng/ml in
on  with 438.4 ± 130.3 ng/ml for the Col matrix. The
of MC3T3 cells encapsulated in Col-Hep matrices
ng rhBMP2 was compared with the corresponding

 in the absence of rhBMP2. The results of live/dead
shown in Fig. 3C-F present the viability and prolif-
f MC3T3 cells in the Col-Hep matrix over one week.

 seen in Fig. 3E and F, the immobilization of rhBMP2
ol-Hep matrix increased the proliferation of MC3T3.

thy to note that the incorporated rhBMP2 into the
ix also provides increased MC3T3 cells proliferation
n a less pronounced manner. Alkaline Phosphatase
ctivity, as an early osteoblastic differentiation marker

 investigated to evaluate the bioactivity of Col and
matrices comprising rhBMP2. As can be seen in
he Col-Hep-rhBMP2 matrix showed superior APase

D  printed  ˇTCP  based  scaffolds

m phosphate (TCP) based bioceramic scaffolds with
ible  microstructure were fabricated using the addi-
r manufacturing technique. The microstructure of
folds was shown in Fig. 4 A, B. The measured
tandard deviation of pore size of the scaffolds

 ± 18 �m and 416 ± 23 �m before and after sinter-
ectively. The strand thickness was 514 ± 7 �m,  and
sity of scaffolds was 47.5 ± 3.4%. The compres-

ngth of �-TCP based scaffolds was measured to be
6 MPa. The compressive modulus for the scaffolds
sured to be 85.9 ± 4.8 MPa.

ell  seeding  strategies

ing efficacy of MSCs through the gels was 100%, how-
irectly seeding the MSCs on the 3D printed scaffolds,
% of MSCs was attached to the scaffolds. The viabil-
c  seeded directly on the 3D printed �-TCP scaffold
pared to MSCs laden constructs over two weeks. The
emonstrate significantly improved proliferation of
ded into the gels and seeded on the constructs com-

th MSCs directly seeded on the �-TCP scaffold. The
ession of MSCs loaded into the gels and seeded on 3D

 was found to be significantly higher than the other
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Fig. 2 – Rheological characterization of Col and Col-Hep matrices: storage modulus (G′) as a function of temperature at the
indicated frequencies for (A) Col, and (B) Col-Hep matrices. Thermal evolution of the loss modulus (G′′) for (C) Col, and (D)
Col-Hep  loss
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matrices. Temperature-induced evolution of the viscoelastic

D  Printed  reinforced  Col-Hep  matrix

 micrographs of Col-Hep and Col-Hep-rhBMP2 matri-
psulating MSCs, which were supported by the 3D

was
elem
TCP,
MSC
-TCP scaffolds are shown in Fig. 4C, D. As seen, the
einforced Col-Hep-rhBMP2 matrix shows improved
tion of 3D cultured MSCs. The DNA PicoGreen assay

it  was fo
cantly  hi
to  Col/�-
 tangent (tanı) for (E) Col, and (F) Col-Hep matrices.

 to assess the combinatorial effects the triad key
 of scaffold, cells and the growth factor in Col/�-
Hep/�-TCP and Col-Hep-rhBMP2/�-TCP constructs.
liferated in all three groups up to 21 days. Further,
und that the proliferation rate of MSCs was signifi-
gher in Col-Hep-rhBMP2/�-TCP constructs compared
TCP and Col-Hep/�-TCP after 3, 7, 14 and 21 days
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Fig. 3 – (A) Matrix contraction for Col and Col-Hep matrices over three days. (B) The release pattern of rhBMP2 from Col and
Col-Hep matrices over three weeks (The inset shows the rhBMP2 washout from Col and Col-Hep matrices after 4 h). Viability
of MC3T3 encapsulated in Col-Hep matrix after (C) 3 days, and (D) 7 days. Viability of MC3T3 encapsulated in Col-Hep
matrix comprising rhBMP2 after (E) 3 days, and (F) 7 days. (G) APase activity of 3D cultured MC3T3 in Col-Hep, Col/rhBMP2,
and Col-
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ts of combined scaffold, cells and growth factors.
est APase activity was observed for the Col-Hep-
-TCP (P < 0.01). The APase activity of cells was found

se for 21 days in all three groups. Col-Hep-rhBMP2/�-
truct showed significant greater cells proliferation
Pase activity compared to Col/�-TCP, Col-Hep/�-TCP

ts after 3, 7, 14 and 21 days. Fig. 5 A–D, shows the
fluorescent images of osteocalcin marker for encap-

SCs into Col-Hep and Col-Hep-rhBMP2 matrices
d by the 3D printed �-TCP scaffolds after 14 and 21

 images demonstrate that OCN marker is higher in
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nce of rhBMP2 after 14 and 21 days. Quantitative
 PCR analysis for RUNX-2, OCN and ALP of MSCs cul-
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with  con
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ating  the
tissue  in
nted in Fig. 5G–H. The qPCR analysis showed that
A  expressions of RUNX-2, OCN and ALP were signif-
igher in the immobilized rhBMP2 group after 7 and
P < 0.01). The expressions of RUNX-2, OCN and ALP
egulated 1.2 fold, 2.4 and 2.3 fold at day 14 (P < 0.01),
ely.

ubcutaneous  implantation  of  constructs

tion was uneventful in all of the subcutaneous sur-
s. Neither severe inflammation nor foreign body

was seen in any of the tissue evaluated (Fig. 6). In all
ts,  the newly created tissue varied in size, comprising
ieces of mineralized tissue and large marrow spaces

nective tissue cells and occasional hematopoietic
oidal osteoblast-like cells were found to be regener-

 constructs to varying degrees along the mineralized
 all of the groups. More obvious findings of miner-
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Fig. 4 – 3D laser scanning micrographs of the 3D-printed �-TCP scaffold (A, B), Scanning electron micrographs of (C),
Col-Hep and (D), Col-Hep-rhBMP2 matrices encapsulating MSCs filled into the 3D printed �-TCP scaffolds after 21 days (A, B:
scale bar
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 expression level of osteogenic related genes includ-
II, OCN, and ALP, were evaluated by qPCR and showed
t  differences between the BMP2 containing groups,

l-BMP2 + MSCs and �TCP/Col-Hep BMP2 + MSCs, and
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 immobilized BMP2, �TCP/Col-Hep BMP2+ MSCs, and
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zation  leads to a significant increase in RNA expres-
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iscussion

ized bone defects typically fail to regenerate spon-
y  through endogenous healing process [1]. Stem

appr
fabr
deliv
leng
an  i
relea
and  

Rese
stem
harn
shou
well
as  se

In
sis  o
by  a
to  e
colla
biliz
d  bone tissue engineering strategies are very promis-
ach aims to regenerate critical size defects through
g a triad of elements: scaffolds, growth factors,
/progenitor cells [20,43,44]. Many conventional

osteogen
ceramic 

forming  
es, including implantation of MSCs loaded on pre-
d  scaffolds or developing of injectable growth factors
systems, have been explored to address clinical chal-
5–47]. However, there are still challenges in design of
scaffold as the cell delivery vehicle with controlled
f growth factors with proper anatomical geometries
ical properties to engineer new bone tissue [10,48,49].
ers are investigating different approaches to utilize
ls for bone tissue regeneration; however, in order to
the full potential of stem cell therapy, the scaffold
tain stem cells at the target site after implantation as
reserve the critical characteristics of stem cells such
newal and support them to differentiate [10,50,51].

 article, a combinatorial approach consisting synthe-
MP2 immobilized collagen-heparin matrix supported

 printed bioactive ceramic scaffold was proposed
ntly deliver MSCs. In the proposed methodology,
3D matrix was functionalized with heparin to immo-
MP2 to offer a 3D microenvironment for harnessing

ic capacity of MSCs. Furthermore, the supportive bio-
scaffold play the essential roles of reinforcing and
the biomimetic gel into desired scaffold constructs.
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Fig. 5 – (A-D) The immunofluorescent images of osteocalcin marker for encapsulated MSCs into �-TCP/Col-Hep and
�-TCP/Col-Hep-rhBMP2 matrices scaffolds after 21 days scale bar is 500 �m).  (A-B) for �-TCP/Col-Hep, and (C-D) for
�-TCP/Col-Hep-rhBMP2. (E) DNA quantification of MSCs cultured �-TCP/Col, �-TCP/Col-Hep and �-TCP/Col-Hep-rhBMP2
constructs.  (F) Alkaline phosphatase (APase) activity of MSCs cultured �-TCP/Col, �-TCP/Col-Hep and
�-TCP/Col-Hep-rhBMP2 constructs. Quantitative real-time PCR analysis for RUNX-2, OCN and ALP of MSCs cultured
�-TCP/Co ) an
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 direct fabrication of ceramic biomaterials with
metric complexity [4,5]. However, this approach
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entional prefabricated scaffolds suffers from rela-

 cell seeding efficiency and cell retention with cell
epth limitations [52]. Herein we  designed a bone
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d 14 days (H).

ported by a 3D printed reinforced porous bioceramic
In other words, in order to tackle seeding-depth

ns and cell retention the collagen hydrogel with
ated MSCs were injected into the predesigned scaf-

 vitro and in vivo results detailed in this article showed

essful combination of the benefits of heparin func-
d  collagen to deliver the MSCs and immobilized the
e collagen type I is the main constituent of natural
; however, reconstituted collagen matrix has a low
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Fig. 6 – Hematoxylin and eosin staining of sections from decalcified scaffolds loaded with cells (A–C), �TCP/Col-Hep + MSCs
(D–F), �TCP/Col-BMP2 + MSCs and (G–I), �TCP/Col-Hep BMP2+ MSCs scaffolds after 6 weeks of subcutaneous implantation (J)
Quantitative real-time PCR analysis for RUNX-2, OCN and ALP of MSCs cultured �-TCP/Col-Hep and �-TCP/Col-Hep-rhBMP2
constructs after 6 weeks of subcutaneous implantation.
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cal property and shows relatively high gel contrac-
vercome contraction shortcoming of collagen gel and
he availability of BMP2, the collagen matrix was mod-
ugh chemical functionalization with heparin (Hep)

bilize rhBMP2. In order to achieve efficient binding
 into the collagen matrix, the carboxyl groups of Hep
ated via carbodiimide chemistry prior to reaction

agen chains. It was demonstrated that the chemi-
ionalization of activated Hep onto collagen chains
polymerization provides proper localization of the
eties for efficient immobilization of rhBMP2. Further,

 that such an ECM-mimetic approach also offers
tly reduced contraction of collagen matrix, while
g  its viscoelastic features. Col matrix is composed of
stributed fibrils, whereas fibrillar associations were
become locally interlocked after inclusion of heparin
ol-Hep matrix. Besides covalent bonds, the structural
of Hep in collagen matrix depends on other inter-
ncluding electrostatic, hydrophobic, and hydrogen
ntributing to the integrity of collagen suprastructure.
ssed below, these interactions reduce the collagen
ntraction, which is vital to provide a robust 3D cul-
oenvironment for the encapsulated cells.
ignificantly lower contraction of Col-Hep compared
l matrices originates from the associations developed
ol fibrillar network through incorporated Hep chains

ve carboxyl moieties (refer to discussions related to
 viscoelastic features of Col matrix after inclusion
ains). The mechanisms behind lower contraction of

 Col-Hep matrices can be described based on the
in collagen fibril polymerization and organization in
nce of heparin. In the course of Col matrix gelifica-
collagen fibrils gradually surround the cells. During
cess, one or more  collagen chains can bond to the
ce, followed by their reorganization in microdomains

 to the cells. Such molecular reorganizations in
ity of cells occur through cytoskeleton-dependent
ment of actin filaments [56]. Subsequently, inter-
r  associations among collagen fibrils are stabilized
intra- and intermolecular noncovalent interactions
th Col-Hep covalent bindings. It can be inferred that
rlocked microdomains have preserved the integrity
l-Hep matrix over time against cellular mechanical
d enzymatic activities. These findings resemble the
le  amount of heparin found in fibrous tissues and
ich has been understood to interrupt the ability of
s  to remodel the synthesized collagenous matrix [57].
al denaturation of collagen fibrils take place due

ular conformational changes triggered by cleavage
olecular bonds including glycosylation of lysine,

ysine residues and disulfide bonds [53]. Hence, the
d  denaturation onset and peak temperatures for Col-
rix implies that the Hep conjugation has hindered
ation of the collagen chains through formation of
s  which stabilize the fibrillar ultrastructure [54].
eological properties of Col-Hep matrices were also
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collagen chains including electrostatic, hydrophobic
ogen bonds. The Col-Hep matrix showed significantly

 elasticity. This finding confirms an important role
hains with activated carboxyl groups to chemically

o collagen chains and form bridges among fibrillar
s to strengthen the Col-Hep network. It is worth to
t such covalent bonds are also responsible for the
ion of the Col-Hep matrix beyond gelification, and

 the syneresis effect as well. Such interactions in Col-
lt in considerably reduced matrix contraction. The
rease in complex viscosity for Col-Hep matrix is asso-
th collagen fibril formation along with intermolecular
ion of Hep chains. In other words, multi-site cova-
s among collagen and preactivated Hep chains play
inant role in the Col-Hep matrix strength.

igher elasticity of Col-Hep compared with Col matrix
s from intermolecular crosslinking among Hep com-
ctivated carboxyl moieties with amine groups on
chains. In contrast to Col-Hep matrix which showed
g  network elasticity over time, the observed decrease

lex viscosity and elasticity of Col and Col/FreeHep
 after an initial increase could be attributed to the

 effect. Furthermore, the drop-in elasticity of the net-
elevated temperature range is due to conformational
f collagen chains along with screening of the hydro-
ed water molecules stabilizing them. It should be
t although activated Hep chains have effectively con-
to an increase in elasticity of the Col matrix, they

 postpone disintegration of the network. Accordingly,
red that the Hep chains are locally conjugated to the
fibrillar network and are not percolated due to limited
ted Hep content (50 mg  ml−1), which was intended
it macro phase separation while maintaining proper

 of the Col-based matrix.
dy the gelation behavior, the temperature sweeps
quency plot of damping factor for the neutralized
Col-Hep solutions does not show gelation behavior.
he observed gelification for such systems is due to
erature induced association of self-assembled colla-
s into fibrillar structures. At the physiological pH (7.4)
erature (37 ◦C), collagen chains undergo axial align-

d connectivity among neighboring collagen triple
s established [55]. The damping factor was found

er for Col-Hep in comparison with Col matrix in
e of temperature triggered gelification process. This
terfibrillar connectivity and percolation of the colla-

s which have been facilitated in the presence of Hep

l  animal and clinical studies have confirmed that
of MSCs embedded in scaffolds in the presence of
uctive growth factors results in higher bone healing
d  to cell delivery alone. Bone morphogenic proteins
e the most osteoinductive growth factors; however,
ical administration has been limited by their short
rapid distribution by body fluids and large doses
[24,27]. Although BMP2 delivery using various car-

ms especially polymeric materials has been shown
l pre-clinical and clinical studies, it is still chal-
o succeed a controlled introduction of BMP2 while
g  its bioactivity and reducing the applied quantity
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h factors. Therefore, in this study we intended to
 bone-engineered hybrid constructs with consistent
ic ability to accommodate MSCs with the capability
ing spatiotemporal bioavailability of rhBMP2.
dering the rapid release of biomacromolecules

 growth factors from gel-like matrices [56,57], we
thesized a collagen based matrix modified with hep-
ieties to achieve sustained release of rhBMP2. In

 conjugation of Hep moieties enhances the affin-
l matrix to achieve enhanced controlled release
2. The electrostatic interactions between positively

amino groups of rhBMP2 and negatively charged sul-
ps in heparin, in addition to the strong binding of the
al  segments in BMP2 to heparin provides its reten-

 sustained release [26]. Heparin chains are known
s higher negative charge density compared to other
molecules comprising sulfate and carboxyl groups
her, it has been found that in the presence of hep-
radation of rhBMP2 can be inhibited by reducing
n with its noggin [59]. Thus, the rhBMP2 activity
ged in the presence of heparin. Consistent with

y, Lin et al. showed BMP2 immobilized in heparin-
ed demineralized bone matrix increase the APase
nd calcification [60].
inding of BMP-2 to its receptors on MSCs is of high
ntal and clinical interest. which provokes the MSCs
iation into osteoblasts [61]. Our alkaline phosphatase

 results obtained after in vitro culturing of the MSCs
utaneous implantation of the scaffolds showed that
tion of BMP2 specially in the form of immobiliza-
s to a significant increase in RNA expression toward
esis. The qPCR assessment was used to analyze the
ression levels of terminal osteogenesis related mark-
qPCR analysis showed that the mRNA  expression
-2, OCN and ALP were significantly higher in the
zed rhBMP2 group after 7 and 14 days. Our results
sting with other published article on positive effects

 immobilization. In rat ectopic model, Chen et al.
ed that treatment with immobilized BMP2 resulted
lation of osteogenic markers including Runx2 OPN

 Our results on in vitro and in vivo characterization
p-rhBMP2 matrices encapsulating MSCs supported

inted �-TCP scaffolds suggest that the implemented
logy provide promising integration of growth factors

 cells toward personalized engineering of bone tissue.

onclusion

tudy presents a combinatorial bone tissue engineer-
gy to develop an ECM-mimetic 3D gel to enhance the

efficiency and osteogenesis activity of MSCs trough
d scaffolds. The developed constructs were consisted
n conjugated collagen hydrogel immobilizing BMP2,
as reinforced by 3D printed �-TCP-based bioceramic
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bility and differentiation toward bone regeneration.
o histology and real-time polymerase chain reaction
alysis showed that the designed construct supported
genic differentiation of MSCs and induced the ectopic

ation in the rat model. It is worth to note that the
 methodology can be established to integrate other
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edicine applications.
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