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Engineering Photocrosslinkable Bicomponent Hydrogel
Constructs for Creating 3D Vascularized Bone

Mehdi Kazemzadeh-Narbat, Jeroen Rouwkema, Nasim Annabi,* Hao Cheng,
Masoumeh Ghaderi, Byung-Hyun Cha, Mansi Aparnathi, Akbar Khalilpour,
Batzaya Byambaa, Esmaiel Jabbari, Ali Tamayol,* and Ali Khademhosseini*

Engineering bone tissue requires the generation of a highly organized
vasculature. Cellular behavior is affected by the respective niche. Directing
cellular behavior and differentiation for creating mineralized regions sur-
rounded by vasculature can be achieved by controlling the pattern of
osteogenic and angiogenic niches. This manuscript reports on engineering
vascularized bone tissues by incorporating osteogenic and angiogenic
cell-laden niches in a photocrosslinkable hydrogel construct. Two-step
photolithography process is used to control the stiffness of the hydrogel and
distribution of cells in the patterned hydrogel. In addittion, osteoinductive
nanoparticles are utilized to induce osteogenesis. The size of microfabricated
constructs has a pronounced effect on cellular organization and function.

It is shown that the simultaneous presence of both osteogenic and
angiogenic niches in one construct results in formation of mineralized
regions surrounded by organized vasculature. In addition, the presence of
angiogenic niche improves bone formation. This approach can be used for
engineered constructs that can be used for treatment of bone defects.

1. Introduction

Even though bone tissue has a remarkable
regenerative capacity, large bone defects
are often unable to fully heal on their
own partially due to the destruction of
the local vascular network.!?l Traditional
approaches for treatment of large bone
defects include autologous bone transplan-
tation and cancellous bone allografts.!’!
Allografts carry the risk of immune rejec-
tion.7 Autologous bone grafts, particu-
larly vascularized grafts of the fibula and
iliac crest, are effective in the treatment
of large bone defects since they provide
both an osteogenic environment and a
vascular network.®l However, their short-
comings remain an obstacle, for example,
harvesting autografts is time consuming,
expensive, and associated with infection,
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pain, and hematoma and major microsurgical operative proce-
dures are required for transplantation of vascular autografts.>*!
Thus, a new paradigm is required for treatment of large bone
defects.

Tissue engineering strategies provide an alternative solution
for the treatment of large bone defects. According to preclin-
ical reports, cell-based tissue-engineered constructs are capable
of inducing more bone formation compared to acellular con-
structs.' By combining patient-derived cells with biomaterial
scaffolds and/or extracellular matrix (ECM) analogues, large
volumes of tissue analogues can be prepared.'!2l However,
these strategies have not been successful in accommodating
proper vasculature to compensate slow invasion/perfusion of
the host vasculature into the scaffold.'®1113] Poor vasculariza-
tion results in ischemia and subsequently poor cell survival and
function within days of implantation.'*' Thus, engineering
strategies to enhance vascularization has been the focus of
several studies.'>1>"1] The strategies followed in these studies
can be broadly divided into two groups: (1) engineering prevas-
cularized constructs so that they can develop angiogenic cues
through their encapsulated cells and (2) employing biological
processes for self-formation of effective vasculature.l'®] How-
ever, there are limitations to either of these approaches, such
as poor resolution of fabricated vascular patterns and inability
to direct the organization of the formed structures.') A prom-
ising approach to address these challenges is to engineer tissue
constructs with predefined spatial distribution of angiogenic
cues to direct the architecture of the formed vasculature.'®
Even though studies on prevascularized bone tissue engi-
neering have been successful in showing the potential of this
approach, parallel optimization of both osteogenesis and angio-
genesis is challenging.!'%2%21 The two tissue structures require
different microenvironments with regards to biomaterial
chemistry, matrix mechanical properties, and the availability
of morphogens and growth factors.%?2l This is unattainable
using standard tissue engineering approaches, where all cells
are mixed and therefore experience the same external cues. A
methodology that is capable of patterning local environments
within a single tissue construct would allow for the optimiza-
tion of conditions for both tissues, while still benefiting from
the interactions between different cell types. Approaches
where growth factors are patterned within hydrogels in order
to achieve vascularized bone tissue have for instance been
investigated.?*?* Coupling osteogenic and angiogenic cues in
a scaffold can potentially form an early vascular network by
encapsulated cells preventing an ischemic environment to sus-
tain cellular viability in nonhealing defects. An engineered bio-
material for this purpose should be able to mimic the natural
bone ECM to promote bone healing as well as enhance 3D vas-
cular network formation.?’]

Co-culture of osteogenic and endothelial cells has also shown
that these systems result in an upregulation of both osteogen-
esis and angiogenesis, due to interactions between the two
cell types.[192021] These synergistic interactions between osteo-
blasts/osteogenic precursors and endothelial cells significantly
improve the development of a vascular network that serves as a
template for later ossification.?®! Apart from that, mesenchymal
stem cells (MSCs), which are generally used as osteoprogenitor
cells in these systems, can differentiate toward smooth muscle
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cells or pericytes and can stabilize the formed vascular struc-
tures when cultured in direct contact with endothelial cells in
defined conditions.'®21%7] Correia et al. showed that the vas-
cular structures formed by human umbilical vein endothelial
cells (HUVECs) were only stable when they were co-cultured
with human MSCs (hMSCs).2% In vivo studies have shown
that endothelial cells co-cultured with hMSCs generate more
robust vascular networks that can anastomose to the host vas-
culature.l?® Our group previously demonstrated that the co-cul-
ture of endothelial cells with hMSCs in a hydrogel significantly
enhanced the formation of stable capillaries.?%3%

Due to recent advances in microfabrication approaches, it
is possible to integrate microvasculature in engineered tissues
with spatial and temporal control over micropatterns.?!! Photo-
crosslinkable hydrogels provide flexibility to enhance architec-
ture of the micropatterns.?233 Gelatin methacryloyl (GelMA)
is a noncytotoxic and biodegradable hydrogel modified with
methacryloyl groups, which has attracted significant attention
in tissue engineering due to its photocrosslinkable properties
and tunable mechanical robustness while retaining cell-binding
motifs.?233-3] Interestingly, GelMA can be polymerized in vivo,
allowing for the creation of vascular networks in situ.3% GelMA
constructs have been photopatterned to generate highly organ-
ized 3D vasculature through HUVECs encapsulation in the
hydrogel prepolymer. It was shown that varying the width and
height of beams could significantly alter HUVEC alignment
within the micropatterned.’”! Although, an organized vascu-
lature was formed by using this method, the potential of inte-
grating the engineered vascular network with another tissue
construct (e.g., bone) to engineer a vascularized tissue was not
explored.

The objective of this work was to engineer a 3D construct
with tunable angiogenic and osteogenic niches using photo-
lithography and to study its potential for formation of vascu-
larized bone tissue. This in vitro model enables investigating
the effect of micropatterning of two different cell types in one
construct and obtains further information on vascularization/
bone tissue formation together in vitro.

2. Results and Discussion

2.1. Fabrication of Cell-Laden Micropatterned Constructs

Native bone tissue receives nutrients and oxygen through an
organized vasculature. Therefore, engineering a functional
bone tissue requires the formation of a biomimetic and organ-
ized vasculature.>!®! We hypothesized that engineering a con-
struct that permits simultaneous osteogenesis and angiogenesis
in predefined patterns would address this challenge.[*1? In this
study, GelMA, which is a photopolymerizable hydrogel com-
prised of modified natural ECM components, was used as a
material for both osteogenic and angiogenic niches. GelMA
can be micropatterned using photolithography into a variety of
shapes and configurations, without reducing cellular viability
and function.[3338-41]

A two-step photolithography process was used in this work
to form spatially organized vascular networks inside an osteo-
genic niche (Figure 1).*2 Micropatterned vascular networks

Adv. Healthcare Mater. 2017, 6, 1601122
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Figure 1. The application of photolithography technique to engineer photocrosslinkable three-component hydrogel constructs for creating 3D vascu-
larized bone tissues. a) Schematic representation of cell-laden micropatterned vascular networks and osteogenic niche fabricated using direct poly-
merization through photomasks, b) micropatterned GelMA hydrogel containing HUVECs/hMSCs (1:1), c) actin filaments and DAPI stained HUVECs/
hMSCs (1:1) encapsulated in unpatterned GelMA hydrogel, d) combined angiogenic niche containing HUVECs/hMSCs (1:1) co-culture in 5% GelMA
and osteogenic niche containing POBs in 8% GelMA. The acronyms stand for: 3-(trimethoxysilyl) propyl methacrylate (TMSPMA), gelatin methacryloyl
(GelMA), poly(ethylene glycol) diacrylate (PEGDA), mesenchymal stem cells (MSCs), human umbilical vein endothelial cells (HUVECs), tricalcium

phosphate (TCP), and preosteoblasts (POBs).

were formed by encapsulating endothelial and MSCs inside
GelMA in a precise and concentric fashion, strengthened by
a secondary crosslinking step forming the osteogenic niche in
GelMA (Figure 1). Although numerous approaches have been
developed to create vascularized bone constructs,?**3! relatively
few studies have created biomimetic 3D bone architecture by
forming endothelial cord-like vasculature within the bone
forming hydrogel microstructure.

Several studies have shown that vascular endothelial growth
factor (VEGF) recognized as an angiogenic protein regulates
endothelial cell (i.e., HUVECs) proliferation and promote
osteogenesis by reciprocal regulation between osteoblasts and
endothelial cells.>'844 It has been reported that hMSCs exhibit
an angiogenic potential and considerable synergism when co-
cultured with endothelial cells. However specifically defined
media are essential to encourage hMSCs to differentiate into
mural cells and colocalize with capillary-like structures. In
terms of media ingredients, some studies have disputed VEGF
as the most important growth factor regulating this differen-
tiation.l'®%] Therefore the applied growth media in this work
contained VEGF, endothelial cell growth medium (EGM-2
BulletKit, Lonza) in order to enhance vascularization while
maintaining the growth of osteogenic cells. It has also been
reported that co-delivering VEGF and osteogenic agents within

Adv. Healthcare Mater. 2017, 6, 1601122
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separate niches enhances bone regeneration.*] Therefore,
the effect of loading both silicate nanoplatelets (Laponite) and
tricalcium phosphate (BTCP) nanoparticlesi*’! into the osteo-
genic niche to induce osteogenesis was studied (Figure 1). We
have previously reported that Laponite with large surface area
(>350 m? g7!) and =25 nm diameter and 1 nm thickness, pos-
sessing a negative face charge and a weak positive rim charge,
are able to induce osteogenic differentiation in the absence of
any additional osteoinductive factor.*?!

2.2. Development of the Angiogenic Niche

Encapsulated cells readily elongated, proliferated, and migrated
when embedded in microfabricated GelMA hydrogels, indi-
cating that the cells adhered to the hydrogel matrix. Cell
alignment plays a critical role in many components of tissue
microarchitecture. Several studies have reported cell alignment
through local tension lines and along free boundaries such as
grooved surfaces, microfibers, and micropatterns.?%#149->2
Here, we used a photomasking technique and micropatterned
geometric restriction to create an aligned 3D spatial organiza-
tion of vascular microstructures without the application of any
additional stimuli.

wileyonlinelibrary.com

(3 of 11) 1601122

-
G
-
-
>
v
m
~




-
™}
<
a
wl
wl
=
4

1601122 (4 of 11)

ADVANCED
HEALTHCARE
MATERIALS

ADVANCED
SCIENCE NEWS

www.advhealthmat.de

Fluorescence images of HUVECs and hMSCs exhibited
a rounded morphology of cells on day 1 and elongated and
spindle-like morphology aligned along the direction of the
micropatterns on day 3 (Figure 3a). On day 5 interconnection of
neighboring cells with the formation of cord-like structure was
observed on the patterned gels (Figure 1b). As expected, ran-
domly distributed cells were observed within the unpatterned
GelMA constructs (Figure 1c).

To investigate the effect of micropattern size on cellular
alignment, HUVEC/hMSC-laden micropatterned hydrogels
with varying beam widths (50, 150, and 300 um) were prepared
using photolithography. The size of beam widths were selected
based on the physiological size of small veins/large venules
or small arteritis/large arterioles, which have lumen ranging
about 50-300 um in diameter.’3->

Successful inclusion of homogeneously distributed cells
within the micropatterns was confirmed by fluorescence
microscopy. Within 5 d of culture, the microconstructs were
filled with cells which aligned along the direction of the pat-
terns which depended on the size of geometrical features, as
shown by filamentous actin and nuclear staining (Figure 2a).
It was observed that cellular alignment had an inverse relation-
ship with dimension of the patterns. High degrees of cell align-
ment was observed for 50 um (up to 80% * 7.6% for <10°), and
150 pm (up to 63% =+ 2% for <10°), while the 300 pm beam size
exhibited almost random orientation of cells and only those in
close proximity to the perimeter tended to align along the long
axis of the micropatterns (Figure 2b).

Confocal microscopy was used to assess 3D actin cytoskel-
eton organization and demonstrated that cells reorganized
toward the periphery of the hydrogel constructs and self-assem-
bled to form cord-like structures after 5 d of culture (Figure 2c).

50 um 150 um

(a)

www.advancedsciencenews.com

It should be noted that the structures as shown in Figure 2c are
filled with hydrogel and are therefore not perfusable as is. We
speculate that upon degradation of the hydrogel, open channels
surrounded by endothelial cells should be attained. Optimal 3D
cord and tubular structures with more circular cross-section
profiles were observed for 150 um beam size (Video S1, Sup-
porting Information). Therefore, constructs with 150 um geo-
metrical feature was chosen for experiments. Studies have
shown that when endothelial cells are patterned, mechanical
stresses generated by traction forces will cause a higher stress
concentrated on the periphery of the features. This in turn initi-
ates patterned proliferation, which triggers tube morphogenesis
during angiogenesis. This effect is critical after implantation as
the luminal structure can connect to vasculature of the patient
and contribute in nutrient transport and survival of the cells.>%

To further assess the behavior of HUVECs and hMSCs when
encapsulated individually or in co-culture in 150 um micro-
patterns, the cell filamentous actin and nuclei were stained after
1, 3, and 5 days of culture (Figure 3a). As shown in Figure 3b,c,
both mono- and co-cultured cells were highly aligned and elon-
gated in patterned GelMA hydrogel and no significant differ-
ence was observed between mono- and co-cultures. In patterned
constructs on day 5, more than 85% and 95% of co-cultured
cells were aligned at <10° and <20° deviation from the direc-
tion of the micropatterns axis, respectively. This result indicated
that micropatterning can significantly enhance the cell align-
ment and elongation on both mono- and co-cultures within the
hydrogel and form highly organized vascularized network. This
is consistent with other in vitro and in vivo studies indicating
the ability of MSCs to assist HUVECs in forming and main-
taining a vascular network when co-cultured with hMSCs in
a hydrogel. In a similar study by Tsigkou et al. much shorter

100
W50 um @150 um @300 pm

P =) o}
o o o

Normalized cell count (%) o
N
o

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90

Cell orientation (degree)

Figure 2. 3D cord formation and alignment of actin filaments (green) and DAPI (blue) stained HUVEC/hMSC in the micropattenred GelMA hydrogel.
a) Effect of pattern size on cell alignment using HUVEC/hMSC-laden GelMA gel with 50 and 150 um micropatterned beams. b) Quantification of cell
alignment at day 3 based on beam sizes. Error bars show the standard deviations between different trials. ) Representative confocal images (video can
be viewed in the Supporting Information) from the cross-section of actin filaments stained HUVECs/hMCSs-laden micropatterned GelMA constructs,
showing more stable 3D cord-like structure was created at 150 um (scale bars: 100 um).
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Figure 3. Cells cytoskeletal actin filaments alignment in 150 um micropatterned GelMA construct. Alignment analysis of cell within a) micropatterned
regions of 5% (w/v) GelMA hydrogel after 1, 3, and 5 days of co-culture as obtained by photomasking technique. Representative fluorescence images
demonstrate DAPI-stained cell nuclei with cytoskeletal actin filaments orientation within patterned regions of the hydrogel. b) Micropatterning signifi-
cantly enhanced cell alignment in co-culture, more than 85% and 95% of co-cultured cells were aligned at <10° and <20° angles deviation from the
direction of the micropatterns on day 5, respectively. c) Both mono- and co-cultured cells were aligned and elongated in patterned GelMA hydrogel

(scale bars: 100 um).

and wider multicellular cords were reported in mono-cultures
of HUVECs than those formed by hMSC-containing cultures.!

To investigate pattern fidelity, defined as the number of
cells migrating from micropatterns, three groups of cell-laden
samples were studied including mono-culture of green fluo-
rescent protein (GFP)-HUVECs, hMSCs labeled with DiD
(Vybrant, Thermo Fisher Scientific), and co-culture of GFP-
HUVECs/hMSCs. Consequently the amount of migrated cells
from micropatterns was calculated relative to the total number
of cells. It was observed that hMSCs and GFP-HUVECs had
the highest (=55%) and lowest (=10%) tendency to migrate
respectively, with an intermediate value for cell migration for
co-culture of GFP-HUVECs/MSCs (=30%) (Figure 4). Overall,
these data clearly indicate that the elongation, alignment, and
migration responses could be controlled and directed through
optimization of the micropatterning conditions and encapsu-
lated cells.

Maintaining normal cellular behavior in a 3D microenvi-
ronment is an important criterion for the fabrication of tissue
constructs.[*%7 The viability and proliferation of HUVECs and
co-cultures of HUVECs/hMSCs with and without VEGF within
micropatterns were assessed after 1, 3, and 5 days of culture.
High viability of encapsulated cells was observed in patterned
and unpatterned cell-laden GelMA and cells populated the con-
structs during the culture time. However, a significant increase
in cellular metabolic activity and proliferation in co-cultures
was observed as compared to HUVECs mono-cultures on day
5 as shown by a PrestoBlue assay (Figure 5b). This prolifera-
tion pattern was confirmed by measuring the total cell quan-
tification of 4’,6-diamidino-2-phenylindole (DAPI)-stained
cells (Figure 5c). Over 90% cell viability was observed within

Adv. Healthcare Mater. 2017, 6, 1601122
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the microconstructs by using a LIVE/DEAD assay as shown in
Figure 5a, confirming the cytocompatibility of the fabrication
process.

It is known that crosstalk between endothelial cells and
hMSCs can direct the differentiation of stem cells toward
smooth muscle cells that later wrap endothelialized channels to
form functional vessels. Thus, we performed immunostaining
against an endothelial marker (CD31) and a smooth muscle
marker (¢SMA). CD31, known as platelet endothelial cell adhe-
sion molecule 1, is expressed on the surface of endothelial
cell intercellular junctions. ¢SMA is a marker for mural cells
and is a major constituent of the contractile apparatus within
these cells. Contractile cytoskeletal protein aSMA is the ear-
liest marker of smooth muscle cell differentiation, which is
present in both small and large blood vessels. The micropat-
terned constructs were CD31 and oSMA positive at day 5 by
immunostaining (Figure 5d,e,f). The expression of SMA con-
firmed that hMSCs differentiated to mural cells to stabilize the
engineered vascular network. We have previously shown that
co-culturing of hMSCs and HUVECs in hydrogel resulted in the
formation of these stabilized vascular networks but the vascu-
lature was randomly generated in bulk GelMA hydrogel.”® To
further assess the vascular stability, the expression of endothe-
lial intercellular junctional protein VE-cadherin was examined
after two weeks of culture (Figure 6b). Visualization of CD31
and VE-cadherin within the micropatterned hydrogel con-
structs confirmed that the HUVECs co-cultured with hMSCs
formed vascular structures that exhibited mature intercellular
junctions. Thus, micropatterning enabled us to engineer more
organized vascular networks with the micropatterned HUVEC/
hMSC-laden GelMA gel.
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high Alizarin Red absorbance from samples
containing BTCP in comparison to Laponite
and control. However this difference was
expected due to the high concentration of
calcium in BTCP as confirmed by a control
with BTCP but without cells. Although min-
eralization was not significant in comparison
to the control but stronger POB osteoinduc-
tion was observed from silicate nanoparticles
(Laponite) in comparison to STCP nanopar-
ticles. Real-time polymerase chain reaction
(QPCR) analysis indicated that osteogenic
genes, such as osteocalcin (OCN), RUNX2,
osteopontin (OPN), and alkaline phosphatase
(ALP), were upregulated in the engineered
osteogenic-matrix after inclusion of BTCP or
Laponite at day 21. Significant upregulation
of OCN and OPN was observed in the osteo-
genic niche after combination of the angio-
genic niche and osteogenic niche (Combo)
(Figure 6Ge). This is consistent with previous
literature showing that co-cultures of hMSC

. | ——

and endothelial cells result in an increased
osteogenic differentiation due to growth

factor interactions.1%2021] The results indi-
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1 cated that while the HUVECs/hMSCs-laden
micropattered GelMA held a great potential
to generate highly organized and mature
vascular networks with a level of maturity
indicated by the presence of VE-Cadherin
between neighboring endothelial cells
(Figure 6b), the POB-encapsulated GelMA
could maintain their regular differentiation
functions (Figure 6e) and generate osteo-
genesis simultaneously in culture medium,
which does not contain osteogenic factors.

Figure 4. Cell migration from micropatterns. a) Cell migration after 1, 3, and 5 d. b) Quan-
tification of relative migrated cells after 3 d. Relative migration indicates the relative number

of migrated cells to the total number of cells. hMSCs and GFP-HUVECs showed the highest

3. Conclusions

(=55%) and lowest (=10%) tendency to migrate and GFP-HUVECs/MSCs coculture was

somewhat in between (=30%). Columns indicate the values from six experiments; bars, SD.

**P < 0.01 as compared (scale bars: 200 um).

2.3. Formation of the Vascularized Bone Tissue Constructs

Higher concentration of GelMA (8%(w/v)) was utilized to form
osteogenic constructs including preosteoblasts (POB)-laden
hydrogel around micropatterned vascular network. This results
in a higher stiffness for the osteogenic environment, which
has been shown to be beneficial for the osteogenic differentia-
tion of hMSC. The fabrication of combined angiogenic and
osteogenic niches was successfully achieved with a two-step
process, where HUVECs/hMSCs-laden micropattered GelMA
lines were covered with a layer of POB-encapsulated GelMA
hydrogel (Figure 6a). The construct was then cultured in the
EGM2 media for 21 d.

The osteogenic differentiation in the POB-laden GelMA
regions was confirmed by staining the calcified matrix with Aliz-
arin Red (Figure 6¢,d). This mineralization assay demonstrated

wileyonlinelibrary.com
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This study presents a method to pattern vas-
cular structures within a tissue engineered
bone construct using a two-step photopolym-
erization approach. This approach offers a high level of control
over the organization of the vascular structures, especially when
patterns with a width of 150 um or less are used. By adapting
the design of the photomasks used, this potentially enables the
design of complex vascular patterns resembling for instance a
vascular tree. hMSCs present in the angiogenic niche differen-
tiate toward mural cells and stabilize the vascular structures. By
adding Laponite silicate nanoparticles to the osteogenic niche,
MC3T3s in the osteogenic niche maintain their osteogenic
potential, even when cultured in media not supplemented
with osteogenic factors. The osteogenic differentiation is fur-
ther increased by the presence of angiogenic niche containing
endothelial cells.

This study shows the potential of engineering a tissue con-
taining two separate niches, which are optimized for their
respective function. By localizing tissue developmental cues, our

Adv. Healthcare Mater. 2017, 6, 1601122
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Figure 5. Cellular behavior in a 3D microenvironment. a) Live/dead cell viability assay shows >90% viability after 5 d. b) PrestoBlue metabolic assay
indicates significant proliferation of coculture. c) Total cell quantification of DAPI-stained cells confirms the high proliferation. d) Higher amount of
CD31 expression was observed in the coculture indicating higher endothelial activity. e) Effect of VEGF on 0~SMA expression (red) in HUVEC/hMSC
coculture; blue is showing cell nuclei. f) Quantification of relative 0-SMA shows higher expression of a-SMA, defined as the percentage of cell nuclei
that colocalize with positive staining for o-SMA. Columns indicate the values from six experiments; bars, SD. *p < 0.05 and **p < 0.01 as compared.

approach enables the formation of multiple tissue structures
within a single construct cultured in a single medium. This is an
important advancement for multistructural tissue engineering
where the inclusion of a vascular or neural network is essential.

4. Experimental Section

Synthesis of GelMA and Prepolymer: GelMA was synthesized according
to our previous work.3>%% Medium methacrylation degree of GelMA

Adv. Healthcare Mater. 2017, 6, 1601122
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(53.8% £ 0.5%) was selected due to its robust mechanical properties
and low mass swelling ratio at low UV exposure which provided high
cell viability.?*¢° Briefly, GelMA was produced by dissolving 10%
(w/v) type A gelatin derived from porcine skin (Sigma-Aldrich) into
Dulbecco’s phosphate buffered saline (DPBS) (GIBCO) by stirring
at 50 °C. Then 5 mL methacrylic anhydride (MA) (Sigma-Aldrich) was
added dropwise to the suspension at a rate of 0.5 mL min~' and allowed
to stir for 3 h at 50 °C. The addition of methacrylate groups to the amine-
side groups of gelatin created a photopolymerizable hydrogel.?*3
Subsequently, the reaction was stopped by diluting the solution fivefold
with Dulbecco’s phosphate-buffered saline (DPBS) at 50 °C. The GelMA
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Figure 6. Characterization of the engineered vasculo-osteogenic constructs. a) Schematic of vasculo-osteogenic construct. b) Expression of endothelial
intercellular junctional protein VE-cadherin after 2 weeks culture. c) Representative Alizarin Red images of POB-laden osteogenic GelMA constructs
with BTCP or Laponite. d) Significantly higher calcium deposition was observed in the samples with STCP (*P < 0.05), this difference was due to the
presence of calcium in STCP as confirmed by STCP sample without cells. €) gPCR analysis indicated that osteogenic genes OCN, RUNX2, OPN, and
ALP were expressed in the engineered osteogenic-matrix and significant upregulation of OCN and OPN was observed in the osteogenic niche after
combination of angiogenic niche and osteogenic niche (Combo) at day 21. The acronyms stand for: tricalcium phosphate (BTCP), preosteoblasts
(POBs), mesenchymal stem cells (MSCs), human umbilical vein endothelial cells (HUVECs), runt-related transcription factor 2 (RUNX2), osteocalcin

(OCN), osteopontin (OPN), and alkaline phosphatase (ALP).

solution was then dialyzed against distilled water for 10 d using a 12-14
kDa cutoff dialysis tube (Spectrum Laboratories) to remove salts and
unreacted MA. After freezing the GelMA solution at —80 °C, a white
GelMA foam was obtained by lyophilization and stored at —20 °C.
GelMA prepolymer solution was prepared by mixing freeze-dried GelMA
foam at concentrations of 5% and 8% (w/v) and the photoinitiator

[2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-methyl-1-propanone, Irgacure
2959] (CIBA Chemicals) in DPBS at 80 °C.

Micropatterning Process: A two-step microfabrication protocol was
developed with angiogenic and osteogenic niches in a single construct.
First, to make GelMA prepolymer adhere to the glass slides (1 cm?),
free methacrylate groups were created on the slides by treating the

1601122 (8 of 11) wileyonlinelibrary.com © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2017, 6, 1601122
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glass with 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) (Sigma)
according to a previously described protocol.?3) TMSPMA-treated
slides were sterilized by UV light prior to experiments. To generate
the micropatterned angiogenic niche, 20 uL GelMA 5% (w/v) solution
containing GFP-HUVECs and hMSCs at a cell densities of 2.5 x 10°
and 2.5 x 10° cells mL™", respectively, was added between the 150 um
spacers on a petri dish and covered with a TMSPMA-treated glass
slide. To create an organized array of GelMA micropatterns on the
glass, a photomask with 475 um spacing and 50, 150, and 300 pm
beam size (designed by AutoCAD software) was positioned on top of
the slide and the cell-encapsulated GelMA was photocrosslinked with
UV light positioned beneath the device (OmniCure Series 2000) with
100 mW cm™2 for 35 s. A photomask is a 2D pattern printed onto a
transparent sheet, designed such that light only passes through the
mask in specific patterns (Figure 1).*2 The osteogenic niche was
overlaid on the micropatterned GelMA on TMSPMA glass as a layer of
POB laden GelMA 8% (w/v) at a cell density of 5 x 10° cells mL™" with
300 um spacers and polymerized with UV light with 100 mW cm~2 for
35 s. The GelMA/POB layer filled the spaces between the micropatterned
angiogenic lines intended for bone formation and generated a construct
for osteogenesis through differentiation of POB to mature osteoblasts in
the presence of optimized endothelial cell growth media (Figure 1). The
construct was then cultured in the EGM-2 media.

Cell Culture: GFP-expressing HUVECs (Lonza) were cultured in basal
medium (EBM-2; Lonza) and supplemented with endothelial growth
BulletKit (EGM-2; Lonza). Human bone marrow-derived mesenchymal
stem cells (hMSCs) (Lonza) were cultured in minimum essential
medium alpha (MEM Alpha, Life Technologies) and supplemented with
2 x 107 m L-glutamine (Life Technologies), 0.2 m ascorbic acid (Life
Technologies), 1 ng mL™' basic fibroblast growth factor (bFGF, Life
Technologies), 10% fetal bovine serum (FBS, Life Technologies), and
1% antibiotic-antimycotic (Gibco). MC3T3 preosteoblast cells (POBs)
were cultured using the growth media, containing minimum essential
medium alpha supplemented with 10% fetal bovine serum and 1%
antibiotic-antimycotic. The cells with passage numbers between 3 and
6 were used in the experiments. The media were changed every 2 d and
the cells were passaged at 80% confluency. For cell encapsulation, the
cells were trypsinized, counted, and homogenously mixed with 37 °C
GelMA solution and used immediately.

Quantification of Cellular Alignment: The cell-laden hydrogels were fixed
in 4% paraformaldehyde solutions in DPBS and stained with phalloidin
(Alexa-Fluor 488, Invitrogen) and DAPI (Invitrogen) according to the
manufacturer’s instructions. Briefly, the specimen were permeabilized
with 0.3% (v/v) Triton X-100 for 15 min and blocked by using 5% (w/v)
bovine serum albumin (BSA) for 60 min before staining. Alignment
analysis was performed using fluorescent images with an inverted
fluorescence microscope (Nikon TE 2000-U, Nikon instruments, USA)
to reveal filamentous actin and cell nuclei. The cellular alignment within
patterned regions of the hydrogels was quantified based on cytoskeletal
actin filaments-stained fluorescent images according to a previously
described procedure.l*05181 To quantify the overall cellular alignment
for each sample, the alignment of actin filaments in the encapsulated
was grouped in 10° increments and the alignment distributions were
normalized to the respective preferred orientation to defined mean
orientation. The measurements were performed using the built-in
functions of Image] software (National Institutes of Health (NIH)) (six
images for each sample) (Figure 2). Confocal microscopy was used to
evaluate actin cytoskeletal organization of the micropatterns (Video ST,
Supporting Information).

Cell Viability and Proliferation Assay: In vitro qualitative analysis of
viability of the encapsulated cells in GelMA constructs was performed
using the fluorescence-based LIVE/DEAD viability/cytotoxicity assay kit
(Invitrogen) consisting intracellular green-fluorescent calcein AM and
red-fluorescent ethidium homodimer. Initially a solution containing
two components at 0.5 uL mL™ of calcein and 2 puL mL™" ethidium
homodimer was dissolved in DPBS, respectively. At each time point the
media were removed and the hydrogels covered with cells were rinsed
with DPBS and subsequently 1 mL of the solution was added to each
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sample. After incubation for 30 min at ambient condition, the samples
were imaged with 10x magnifications using an inverted fluorescent
microscope (Nikon TE 2000-U, Nikon instruments, USA). Total number
of cells (red and green) and number of live cells (green) were counted
using Image) software (NIH). Finally, cell viability was quantified by
dividing the number of live cells by total number of cells. The calculations
were based on three independent samples and reported based on
the mean * standard deviation (SD) (Figure 3). Cell proliferation was
assessed using resazurin-based PrestoBlue assay (Invitrogen), a
nontoxic metabolic indicator for viable cells. Briefly, after each time point
the culture medium was removed and the samples were rinsed with
DPBS. Subsequently the medium containing 10% PrestoBlue reagent
was added to each well and incubated at 37 °C for 1 h. The samples
with reagent but no cells served as the blank control. The fluorescence
of the reduced PrestoBlue dye was read at 570 (excitation) and 600 nm
(emission) with a microplate reader (Biotek, USA), and all values were
corrected based on blank control. Three replicates were analyzed for 1,
3, and 5 days and growth was plotted based on the mean * standard
deviation (six images for each sample).

Immunostaining: The angiogenic activity of HUVECs/hMSCs coculture
was investigated using fluorescent microscopy to assess CD31 and
0-SMA expression. The samples were rinsed in DPBS and fixed in
4% paraformaldehyde solution in DPBS for 20 min. Subsequently the
cell membranes were permeabilized in 0.1% Triton X-100 in DPBS
for 15 min and washed with DPBS for three times. The samples were
then blocked with 1% (w/v) BSA in DPBS for 1 h, followed by primary
antibody staining with 1/40 dilution of rabbit monoclonal anti-CD31
antibody (Abcam) and 1/100 dilution of mouse monoclonal antialpha
smooth muscle actin antibody (Abcam) in 0.1% BSA blocking solution
overnight at 4 °C. The samples were washed in DPBS three times with
1 h intervals in between the washing steps. After primary antibody
staining, the samples were incubated in 1/200 dilution of Alexa Fluor-
488 conjugated goat antirabbit (Abcam) and 1/200 dilution of Alexa
Fluor-594 conjugated goat antimouse secondary antibodies (Abcam)
in 0.1% BSA in DPBS for 2 h at ambient condition. Subsequently, the
samples were washed in DPBS three times with 1 h intervals in between
the washing steps, followed by 1/1000 dilution DAPI staining for 5 min.
After rinsing the samples with DPBS, fluorescent images were taken.
The relative surface area of coverage for stains was quantified with the
Image) software (NIH). The images for the expression of VE-cadherein
(Abcam) as the primary antibody within the micropatterned regions of
GelMA hydrogel constructs were assessed after 21 days culture using
the same protocol as described above.

Mineralization: The cell-laden constructs were fixed using
4% paraformaldehyde for 30 min at room temperature after washing
twice with PBS. Subsequently, the samples were stained for 10 min
with 2% Alizarin Red (Sigma-Aldrich) solution of which the pH was
adjusted to 4.1-4.3 using ammonium hydroxide. The samples were
then washed with distilled water several times to remove all untreated
reagents. Stained slides were visualized by phase microscopy using an
inverted microscope (Nikon). To quantify mineralization, the sample
were dissolved in 200 uL ammonia solution (10%) and kept overnight.
Following vortexing, the solution was heated at 80 °C for 10 min and
centrifuged at 20 000 x g for 15 min. Afterward 75 pL of 10% ammonia
solution was added to each solution and the absorbance was read at
405 nm.

RNA Isolation and Quantitative Real-Time PCR (qPCR): Total RNA
was extracted from samples using TRIzol (Invitrogen) and 1 ug of total
RNA was used for cDNA synthesis with SuperScriptTM Il First-Strand
Synthesis SuperMix (Invitrogen). For quantitative real-time PCR analysis,
gene-specific primers were designed to amplify mouse RUNX2, OPN,
OCN, ALP, and the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Primer pairs are as follows: RUNX2 (5"-AGG
TTG GAG GCA CAC ATA GG-3’, 5-TTG ACC TTT GTC CCA ATG C-3)),
OPN (5"-AAG CAT CCT TGC TTG GGT TT-3, 5-CAG GCT TAC CTT
GGCTGG TTT-3"), OCN (5’-ATT TAG GAC CTG TGC TGC CC-3’, 5"-GCA
GAG AGA GAG GAC AGG GA-3"), ALP (5-CAG GCC GCC TTC ATA AGC
A-3’, 5-AAT TGA CGT TCC GAT CCT GC-3’), and GAPDH (5"-ACA CAT
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TGG GGG TAG GAA CA-3, 5-AAC TTT GGC ATT GTG GAA GG-3).
All amplifications were performed in a final reaction mixture (20 uL)
containing 1 final concentration of Bio-Rad SYBR Green Master Mix
(Bio-Rad, Hercules, CA), 500 nmol L' of gene-specific primers, and
1 uL of template, using the following conditions: an initial denaturation
at 95 °C for 1 min, followed by 45 cycles of 95 °C for 15 s, 56 °C for
15 s, and 72 °C for 15 s, with a final extension at 72 °C for 5 min. After
amplification, the baseline and threshold levels for each reaction were
determined using CFX Manager™ Software (Bio-Rad). For validation of
polymerase chain reaction (PCR), amplified products were separated
on 1% agarose gels and visualized by ethidium bromide staining. The
relative quantification in gene expression was determined using the
272ACt method. [

Statistical Analysis: The statistical significance was determined by an
independent Student t-test for two groups of data or analysis of variance.
Data were calculated as mean + standard deviation for six replicates and
p-values were presented as statistically significant and highly significant
as *p < 0.05, **p < 0.01, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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