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Abstract

Timely tissue vascularization and integration of engineered tissues into a patient plays an
important role in the successful translation of engineered tissues into clinically relevant therapies.
To decrease the time needed to vascularize an engineered adipose tissue, suitable local
microenvironments provided by hydrogels to support cell-based functional vascular network
formation have been investigated. Using the same biomolecule in solution two types of hydrogels
can be obtained: a “physical hydrogel” which is thermal-induced self-assemble fibril initiation and
growth, due to amino and carboxyl telopeptides on collagen chains, and a “chemical hydrogel”
which results from the covalently cross-linking of the side chains induced by one step enzyme
mediation in aqueous solution. In this paper, we compare the capability of engineering vascular
network and large-sized vascularized adipose tissue /n vivo in different types of collagen
hydrogels, physical and chemical crosslinking. The relationships between vascular network
formation and hydrogel properties for the two types of hydrogels are discussed. Finally, we
successfully engineered a vascularized adipose tissue construct (~877.6 adipocytes/mm?; 94% area
of a construct) in the absence of exogenous cytokines in chemical covalently crosslinking cell-
laden hydrogel. These results show manipulating the polymerized methods of a hydrogel could not
only modulate vascular network formation, but also regenerate adipose tissue /n vivo.
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1. Introduction

Current clinical treatments for large-volume adipose tissue reconstruction, specifically for
breast tissue, rely on transplanting autologous tissue flaps or relocating autologous fat (i.e.
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so-called lipofilling) as a free graft [1]. The major drawback for these techniques is the
unpredictable resorption rate of newly-formed fat tissue due to the delayed vascularization
associated with subsequent cell necrosis, fibrosis, and graft volume loss at the recipient site
[2]. After the procedure, resorption generally occurs within 4-6 months [3], and the rate of
resorption can reach 90 % in experimental studies but is limited to 40-60 % in clinical trials
[4]. Although lipofilling is well accepted in daily clinical treatment, a high percentage and
variable amount of fat resorption reduces the clinical efficacy of this procedure and often
results in the need for further grafting [4]. In this context, integrating functional vasculature
may offer valuable solutions for engineering larger and functional constructs, in addition to
further enhancing adipose tissue engraftment and maintenance, in which nutrient and
oxygen diffusion is limited by distance and metabolism after transplantation [2, 5].

The importance of vascularization is widely recognized and cannot be overstated. The
methods available for achieving vascularization of engineered tissues over time are limited
and depend on the scaffolds/hydrogels, cells, and exogenous growth factors/cytokines used.
The most common strategy is the use of a suitable hydrogel as scaffold incorporated with
growth factors including vascular endothelial growth factors (VEGF) and fibroblast growth
factors (FGF-1/2) [6, 7, 8]. This mimics the natural extracellular matrix (ECM) and could
also provide timely, necessary nutrients and oxygen needed for cells embedded in the whole
tissue construct through a self-assembling vascular network [9, 10, 11, 12]. The drawback
associated with exogenous growth factors is that they do not stimulate vascularization over
time when applied in large grafts. Therefore, co-cultures of mesenchymal stem cells (MSC)
and endothelial cells (EC) have been used as a model of vasculogenesis, because MSC act as
pericytes that provide paracrine cell signaling over time to promote endothelial-mediated
vessel formation and maturation that successfully shorten the time that is needed to
vascularize an engineered tissue [13, 14, 15, 16, 17]. Endothelial colony-forming cells
(ECFC), a subpopulation of endothelial progenitor cells, are readily attainable, easily
isolated, high proliferative, so are a promising source of EC for future vascular therapeutic
applications[13, 14, 15, 16, 17].

Pure collagen hydrogels are an ideal injectable material in EC/MSC-mediated vascular
network formation (80-100 lumens/mm?) because of their natural biocompatibility,
similarity to native ECM, and self-assembly gelation through physical crosslinking. Varying
the collagen concentration of collagen hydrogels formed via physical crosslinking
simultaneously alters the stiffness and fibril density of the hydrogel, which has been shown
to influence the size and length of endothelial cell-lined lumens [18, 19, 20, 21, 22, 23].
Material properties of physically crosslinked collagen hydrogels are highly interdependent,
so it is difficult to understand the effect of a specific material property on blood vessel
formation by using this gel system. In addition, its thermal instability, extensive contraction
after being mixed with cells, mechanical weakness, and rapid degradation limit its practical
applications in vascularized bioengineering of adipose tissues [24, 25]. In response to these
limitations, covalently chemical cross-linked collagen hydrogels by conjugating functional
groups to collagen molecules or adding cross-linkers has been developed [20, 21, 26].
Previous studies have shown that controlling the crosslinking degree and concentration of
various chemicals in chemical crosslinked hydrogels could effectively control endothelial
cell-mediated angiogenesis and vasculogenesis /n vitro [20, 21]. Previous work[26] in our
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lab has shown that human ECFC-lined vascular networks can be generated and form
functional anastomoses with the existing vasculature to further support the survival of host
muscle tissues inside chemical cross-linked collagen-phenolic hydroxyl hydrogels. After 7
days, only fewer perfused blood vessels are observed (<80 lumens/mm?) and mainly
distributed on the border region of the enzymatically cross-linked cell-laden implants
comparing with that in physical cross-linked collagen hydrogels due to the slow degradation
rate of these chemical cross-linked hydrogels. In most studies, the specific crosslinking
method with various crosslinking conditions of hydrogels was chosen to demonstrate the
effects of certain material properties on angiogenesis or vasculogenesis. Few studies put
emphasis on the effect of crosslinking methods to polymerize hydrogel on EC-pericytes-
mediated functional blood vessels formation, and if it’s further determine the success for
creating large-sized vascularized live tissue /n vivo. In the current study, we sought to
compare collagen hydrogel having somewhat similar chemical and physical characteristics
but with different modes of cross-linking. The primary difference between the two-collagen
hydrogel materials is the nature of their cross-linking bonds, which also results in diffusion,
microstructure and mechanical differences, the covalently cross-linked hydrogel being less
permeable, dense and stronger network. The covalently and physical cross-linked collagen
hydrogels were systematically examined and compared side by side in capability of
engineering functional vascular network and large-size vascularized adipose tissues.

2. Experimental Section

Cell sourcing and culture

ECFCs isolated from human cord blood [14, 27, 28] were cultured in Endothelial Growth
Media-2 (EGM-2, Lonza) containing 20 % fetal bovine serum (FBS) (Hyclone),
SingleQuots (except for hydrocortisone) (Lonza), and 1 % penicillin/streptomycin (PS,
Invitrogen) on collagen type I (5 pg/cm?2, Corning)-coated tissue culture plates. MSCs
isolated from human bone marrow [14, 27, 28] were cultured in Mesenchymal Stem Cell
Growth Medium (MSCGM)(Lonza) supplemented with 10 % FBS, 1 % PS and 10 ng/mL
bFGF (Milipore) on uncoated plates. For experiments, human ECFCs and MSCs were used
between passages 8 and 10.

Extraction and characterization of collagen

The pieces of rabbit skin tissue were suspended into 95 % ethanol for 2 minutes, immersed
into 0.1M NaOH at 4°C for 24 hours, washed out with distilled water and then poured into
10 % Butanol at 4°C for 24 hours to remove debris and sterile skin tissue. Rabbit collagen
(collagen) was extracted with 0.5 M acetic acid at ratio of skin/ acetic acid=1 g: 9 ml at 4°C
for 4 days with continuously shaking. The supernatants of the extracted solutions were
collected by centrifugation at 11700 g for 10 minutes at 4°C, and then salted out by adding
NaCl to a final concentration of 3 M followed by centrifugation under the same conditions.
The pellet was re-dissolved in 0.5 M acetic acid, dialysed against 0.1 M acetic acid for 1 day
and against distilled water for another 1 day, and then lyophilised.
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Self-assemble collagen hydrogel formation

Freeze-dried collagen was dissolved in 0.05 M acetic acid by stirring at 4°C at indicated
concentration. Mixing of collagen solution with suitable amount of cooled calcium- and
magnesium-free Dulbecco’s phosphate-buffered saline (DPBS) and HEPES in an ice bath,
adjusting pH to 7.4-7.6 by 1M NaOH and incubating at 37°C initiated self-assembly
gelation process to form a collagen hydrogel.

Synthesis and characterization of collagen-phenolic (collagen-Ph) conjugates

The synthesis of the collagen-Ph conjugate was achieved through conjugating tyramine
hydrochloride to collagen. Collagen powder was dissolved at 0.0625 % (w/v) in 0.0125 M
HCI aqueous solution at 4°C overnight. Adding morpholinoethanesulfonic acid (MES) to
collagen solutions to reach 50 mM and then adjusting pH to 6 by adding 0.1 N NaOH
solutions at 4°C. To this solution, 0.135 g of EDC and 0.032 g of NHS were added. The
solution was stirred again overnight, dialyzed and freeze-dried to obtain the powder form of
collagen-Ph conjugates. Proton nuclear magnetic resonance (*H NMR) spectra were
recorded on a Bruker AV-400 (400 MHz) spectrometer at 4°C to characterize the
conjugation of phenol compounds of collagen-Ph conjugates (1 mg per ml in D,0). The
absorbance of collagen-Ph conjugates (0.1% (w/w)) was measured at 275 nm using a UV-
visible spectrophotometer to determine the phenol content of collagen-Ph conjugates. The
phenol content of each sample was estimated by using tyramine hydrochloride solutions
with various concentrations as standard curves. In the hemolysis assay, rabbit whole blood
and collagen-Ph conjugates (0.1 % (w/v)) were co-incubated in phosphate-buffered saline
(PBS) at 37°C under mild shaking for 1 hour. The samples were then centrifuged at 2000 g
for 5 minutes, and the concentration of hemoglobin with absorbance at 550 nm in the
supernatant was determined by UV-Vis spectroscopy.

Enzymatically cross-linked collagen-Ph hydrogel formation and characterization

80 pl of collagen-Ph aqueous solution was mixed well with adding 10 pl of enzyme
horseradish peroxidase (HRP) and hydrogen peroxide (H,O,) at the indicated concentrations
in DPBS to form 0.15-0.6 %(w/v) collagen-Ph hydrogels. Gelation was initiated by the
addition of aqueous hydrogen peroxide solution and determined in starting to go viscous and
ending of forming a definite shape. Rheological measurements and swelling tests of the
hydrogel formation were performed as described previously[29]. The diffusion test was
performed by cross-linking the collagen hydrogel (500 pl) into tubes with 5 mm in diameter
at desired conditions. 1 ml trypan blue solution was filled into the bottom of the tube at room
temperature. After 24 hours, measuring the height of absorbed trypan blue into the
hydrogels. Three-dimensional microstructural of collagen hydrogel was performed under the
confocal microscopy. Collagen hydrogels cross-linked at indicated conditions were
prepared. Atto 550 NHS ester (Sigma-Aldrich) was conjugated to collagen hydrogels
according to manufacture’s protocol by incubating at room temperature for overnight.
Fluorescence-labeled hydrogels were put into a cover glass-bottom confocal dish, overlaid
with PBS, and imaged on a multi-photon and confocal microscope system (TCS-SP5-X
AOBS, Leica, Germany). Images were collected from 4 random locations of 3 independent
hydrogels cross-linked at desired conditions. The fibrils mesh density and size, and pore
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density and size were calculated for each image using ImageJ software (1.47v, National
Institutes of Health).

In vivo biocompatibility, biodegradation and vasculogenesis assay of the hydrogels

BALB/cAnN.Cg-Foxnlnu/CrINarl nude mice supplied by National Laboratory Animal
Center, Taiwan were used at 6—-8 weeks of age. All the protocols were carried out according
to the recommendations of the National Tsing-Hua University manual entitled ‘Guide for the
Care and Use of Laboratory Animals’. Vasculogenesis was evaluated /n vivo using our
xenograft model as described previously [26, 28, 30, 31]. To demonstrate the /in situ
formation of gels /n vivo and to test for the presence of host immune reactions towards the
gels, 200 pL of a mixed solution of collagen-Ph, HRP and H,0, or collagen hydrogels
without or with cells (ECFCs and MSCs (2x10° total; 40:60= ECFCs: MSCs) was
subcutaneously injected into mice before gelation, using a 26-gauge needle, under anesthesia
with pentobarbital.

Histological and immunohistochemical analysis

Seven days after injection, each construct was excised, fixed overnight in 4 % neutral
buffered formalin, then embedded in paraffin and sectioned along its broad plane. Two 7 um
sections were taken from near the middle of the construct and stained with haematoxylin and
eosin (H&E). Density of murine myeloid (numbers/mm2), microvessel (vessels/mm?) and
adipocyte (adipocytes/mm?2) were reported as the average number in H&E staining slides
using ImageJ 1.47v software [26]. The entire area of each section was analyzed. For
immunohistochemistry, after deparaffinization and heat antigen retrieval, the sections were
cooled down to room temperature and incubated with human-specific CD31
(DakoCytomation) and veimentin (abcam) antibodies. Then, the slides were incubated with
biotinylated secondary antibody using an HRP detection system.

Statistical analysis

Three independent experiments were performed for each experimental condition with 3-5
replicates per experiment (n = 3-5) and results are presented as the mean + standard
deviation. Differences between the values were assessed one-way/two-way ANOVA. P-
values less than 0.1, 0.01, 0.001 were considered statistically significant and were labeled *,
** aﬂd***.

3. Results and Discussion

The gelation mechanism of hydrogel formation can be categorized into either physical
crosslinking (physical gelation) or chemical crosslinking (chemical gelation), resulting in
different properties: Physically crosslinked collagen hydrogels can be produced after
neutralization of the acid solution and subsequent heating to body temperature, i.e. self-
assembly of collagen hydrogels (collagen hydrogel, Figure 1a); Chemically crosslinked
collagen hydrogels can be achieved through the reaction of their -COOH carboxyl groups
with phenoalic group (Ph), cross-linkers catalyzed by hydrogen peroxide (H,O5) and
horseradish peroxidase (HRP), i.e. enzyme-catalyzed collagen-Ph hydrogels (collagen-Ph
hydrogel, Figure 1b). The primary difference between these two-collagen hydrogel materials
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is the nature of their cross-linking bonds, which also results in diffusion, microstructure and
mechanical differences, the covalently cross-linked collagen-Ph hydrogel being less
permeable, dense and stronger network under the same mechanical properties G’ (Figure 1c-
d). Our extracted collagen molecules were used as the starting materials to ensure equal
bioactivity of the two cross-linked collagen hydrogels. Next, physicochemical properties of
the physically (collagen) and chemically (collagen-Ph) cross-linked hydrogels were
determined after polymerization. Finally, the relationships among microstructure,
concentration, mechanical properties of the collagen hydrogels, and three-dimensional
engineered vascular network were investigated.

3.1. Physically cross-linked collagen hydrogels have limited tunable physicochemical
properties

Native collagen molecules are able to self-assemble into collagen fibrils and form hydrogels
through physical crosslinking at 37°C and near neutral pH /n vitro. The physicochemical
properties of collagen hydrogels are influenced by collagen concentration, polymerization
pH, and ionic strength during crosslinking [32, 33, 34]. Because altering the polymerization
pH and ionic strength would be harmful to the cells encapsulated inside hydrogels, collagen
concentration seems to be the only suitable parameter to alter the physicochemical
properties of collagen hydrogels [18, 23]. Here, pH 7.4 and 37 °C were selected as cross-
linking conditions to form collagen hydrogels, and the characterization of material
properties was performed as follows. With increasing concentration of collagen molecules,
the gelation time of the collagen hydrogel decreased from 73949 to 186+3 s while its
storage modulus (G’) similarly increased from 22.13 + 2.11 to 229.32+5.88 Pa, and the gels
turned more opaque (Figure 2a). Results show that the gelation time and storage modulus of
collagen hydrogels are somewhat tunable and are highly dependent on the concentration of
collagen molecules. The swelling ratio dramatically decreased from 170 to 50 % with
increasing concentrations between 0.15 and 0.6 % (Figure 2b), while the diffusion distances
always remained constant at ~4 mm (Figure 2c). The microstructure of collagen hydrogels
was investigated by confocal microscopy showing that varying the collagen concentration
significantly altered the density and diameter of local 3D fibrils (Figure 2d-f). Mesh volume
fraction (mesh density, MD) calculated from confocal microscopy images increased linearly
with increasing collagen concentration (C) and could be described by the following equation
MD=31159.7C-1283.26 (R°=0.945). The average mesh size (MS) increased slightly and
linearly with increasing collagen concentration by the equation MS=1062.3C-343.7 (R?=1).
Mechanical testing of the collagen hydrogels in oscillatory shear showed that G’ was
positively correlated with the collagen concentration and mesh density. G’ varied as a
function of collagen concentration and is described by the equation G’ = 453.7C-46.97 (R =
0.996). The Pearson correlation coefficient was utilized to quantify the relationships among
physicochemical properties of collagen hydrogel, namely G’, concentration of collagen
molecules (arginine-glycine-aspartic acid (RGD) and matrix metalloproteinases (MMP)),
swelling, diffusion, mesh size, and mesh density (Table 1a). The concentration of the
collagen hydrogel was highly and positively correlated with G’, mesh size, and density (| 7|
<0.7), but negatively correlated with swelling and diffusion (0.40 <| r|<0.69). Varying the
collagen concentration of physically cross-linked collagen hydrogels also alters gel stiffness,
swelling, diffusion, mesh size, and density simultaneously, so it is difficult to decouple the
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effects of stiffness and mesh structure from collagen concentrations on three-dimensional
vascular network formation using this physically cross-linked collagen hydrogel system.

3.2. Chemically cross-linked collagen-Ph hydrogels have highly tunable physicochemical

properties

The advantage of chemical cross-linking of hydrogels, i.e. photo- or enzyme-catalyzed, is
the capability to adjust G” and gelation time independently with protein concentration[13,
15, 17, 26, 35]. Here, using modified methods we successfully synthesize chemically cross-
linked collagen (collagen-Ph) hydrogels with higher tunable physicochemical properties and
lowest hemolysis (data not shown) as compared with previous study[26]. Figure 3a shows
that gelation time was tunable by altering HRP concentration at fixed H,O, or by altering
H»0, concentration with a fixed concentration of HRP. These results indicate that collagen-
Ph hydrogels can form within dozens of seconds, or within several minutes, by simply
controlling the concentrations of HRP and H,O,. From macroscopic images (data not
shown), there was no difference in the opacity of hydrogels with increasing protein
concentration, HoO5 concentration via HRP-catalysis, and synthesized pH values. Figure 3b
demonstrates that the rheological properties (G’) of collagen-Ph hydrogels were tunable,
ranging from 31.0 + 0.3 Pa to 623.9 Pa by modifying the amounts of HRP, H,O», and
collagen-Ph conjugates. Additionally, the freeze-dried collagen-Ph conjugates are easy to
transport and can be stored at room temperature.

To investigate the effects of microstructure, stiffness, and concentration of collagen
hydrogels independently on vascular network formation, collagen-Ph hydrogels with the
same concentrations (0.15, 0.3, and 0.6 %) and storage moduli (i.e. 50, 100 and 200 Pa) as
the collagen hydrogel were synthesized using suitable concentrations of HRP and H,0,. All
subsequent studies were performed with these particular formulations of collagen-Ph
hydrogels unless noted otherwise.

Collagen-Ph hydrogels possessed similar swelling properties, ranging from 154.21+50.41 to
72.86£21.95 % (Figure 3c), regardless of what collagen concentration and G’ we used.
Except for the 0.15 % collagen-Ph hydrogel with G’ of 50 and 100 Pa, all others possessed a
significantly lower diffusion distance (<2 mm, Figure 3d) compared with the collagen
hydrogels (>4 mm, Figure 2c¢). The microstructure of collagen-Ph hydrogels indicated a
submicro-porous nature when investigated by confocal microscopy (Figure 4). With
increasing G’ at a constant concentration, the pore density increased and the pore size
remained the same, with barely any pores seen in all 0.6 % collagen-Ph hydrogels. On the
other hand, with increasing concentration at a constant G’, the pore size significantly
decreased until becoming non-detectable (Figure 4b-c). Taken together, the honeycomb-like
microstructures of collagen-Ph hydrogels can be adjusted independently and individually by
either G’ or collagen concentration. The Pearson correlation coefficient was utilized to
quantify the relationship among physicochemical properties of the collagen-Ph hydrogel
(Table 1b). The concentration of the collagen-Ph hydrogel was not related to G* (r =0), had a
low strength of correlation with swelling and microstructures (] 7| <0.39), and was highly
negatively correlated with diffusion distance (| 7| >0.7).

Artif Cells Nanomed Biotechnol. Author manuscript; available in PMC 2019 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chuang et al.

Page 8

Using the above two collagen hydrogel systems allowed for the independent and individual
investigation of the effects of cross-linked microstructure, stiffness, and concentration of
collagen hydrogels on vascular network formation as follows: First, by using different
crosslinking mechanisms, the effects of hydrogel microstructure can be isolated while
stiffness and concentration were held constant. Then, the effects of stiffness and collagen
concentration on vascular network formation could be clarified by using collagen-Ph
hydrogels due to the fact that the concentration of the collagen-Ph hydrogels was not related
to stiffness (Table 1).

3.3 Cross-linking modulation of neovascularization

To determine whether controlling crosslinking methods of collagen hydrogel could
manipulate the formation of vascular networks /n vivo, the cell-laden construct formed by
adding human ECFCs and MSCs to a collagen pre-polymer solution was injected
subcutaneously into mice. Vascular network formation in collagen cell-laden constructs was
affected by collagen concentration, as the number of perfused blood vessels inside the
construct decreased with increasing collagen concentrations (0.15 %: 213 + 29 lumens/mm?;
0.6 %: 112 + 19 lumens/mm2, Figure 5,6a). There was no difference in the newly formed
lumen area in all collagen cell-laden hydrogels (Figure 6b). Nearly 66 % of newly formed
microvessels, identified by staining for hCD31+ (Figure 7), were human microvessels seen
within the 0.15 % collagen cell-laden hydrogels; this was followed by an increase to 100 %
in 0.3 and 0.6 % collagen cell-laden hydrogels. Additionally, there was an increase in the
weight of the engineered tissue construct observed with higher concentration of collagen
cell-laden hydrogels (Figure 6c).

To determine whether the different cross-linked bonds could control the formation of
vascular networks /in vivo, collagen-Ph cell-laden constructs with desired collagen
concentration and G’ (0.15%: 50 Pa; 0.3 %: 100 Pa; 0.6%: 200 Pa) were formed using the
appropriate concentrations of HRP and H,O,. H&E staining revealed less formation of
vascular networks in chemically cross-linked collagen-Ph hydrogels compared with
physically cross-linked collagen hydrogels at the same concentration and stiffness, while the
lumen area and weight of engineered tissue constructs showed no difference. Results showed
that different cross-linking methods did play an important role in the numbers of
microvessels formed, and in particular the self-assembled collagen hydrogels enhance and
support ECFC/MSCs to form engineered mature microvessels anastomosed with host blood
vessels.

To determine whether stiffness could control the formation of vascular networks /n vivo, we
implanted cell-laden collagen-Ph hydrogels at the same concentration and pore size but with
different stiffness into immunodeficient mice. Histological results show that a G” of 100 Pa
seems to be the most suitable condition compared to the other hydrogels with G’ of 50 Pa
and 200 Pa. There is no significant difference in the newly formed lumen area and weight of
engineered tissue constructs. The percentage of human microvessels (hCD31+) significantly
decreased with increasing stiffness at the same concentration, but the percentage is still
above 80 % within 0.15 to 0.6% collagen-Ph hydrogels with a G” of 50 and 100 Pa.
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To determine whether the collagen concentration could enhance the formation of vascular
networks /n vivo, we implanted cell-laden collagen-Ph hydrogels at the same stiffness and
pore size but with different collagen concentrations into immunodeficient mice. Results
show that increasing collagen-Ph concentrations from 0.15 to 0.6 % with the same G’
decreased the number of lumens inside the construct and resulted in an increase of the
weight of the engineered tissue constructs. Additionally, the weight of engineered tissue
constructs was highly related to collagen concentration in both collagen hydrogels and
collagen-Ph hydrogels. This implies that the concentrations of collagen (i.e. MMP and
RGD) did not support vascular formation in chemically cross-linked collagen hydrogels but
did influence the dimensions of the engineered construct.

2.4. Interaction between collagen hydrogel and host cells

We previously demonstrated that the recruitment of host myeloid cells is a necessary step in
ECFC/MSC-mediated neovascularization [13, 16, 36]. Here, we examined whether the
differences observed in micro-vascular density between constructs with various cross-
linking methods, stiffness, and collagen concentrations were associated with variations in the
recruitment of host cells (Figure 8). To this objective, we examined constructs from both
collagen hydrogel systems after 7 days /in vivo for biodegradation and histological analysis.
Our results revealed tunable biodegradation, as demonstrated by changes in the weight
percentage (Figure 8a) of explanted hydrogels with different crosslinking degrees and
methods. H&E staining of the explanted samples revealed that biodegradation of collagen
hydrogels enabled the ingrowth of predominantly non-inflammatory cells to different
degrees and the almost complete replacement of the hydrogel with autologous tissue. These
results confirmed that collagen hydrogels could be efficiently biodegraded /n vivo, through
the enzymatic hydrolysis of the collagen scaffold. The degradation was quantified by
measuring the loss of weight (Figure 8a). Both 0.15 and 0.3 % collagen hydrogels degrade
more than 95 % after 7 days, but increasing the concentration to 0.6 % slows degradation to
90 %. Regardless of G’, the same trend was observed in collagen-Ph hydrogels, i.e. all 0.15
and 0.3 % collagen-Ph hydrogels degrade more than 95 %, and increasing the concentration
to 0.6 % collagen-Ph also slowed down the degradation to ~90%. As expected, the
commercial control collagen gel degraded rapidly, at 96.89 %, which is almost the same
degradation rate as our extracted 0.3 % collagen hydrogels (96.68%). Results show that the
degradation is highly correlated with collagen concentration instead of crosslinking methods
in both collagen hydrogel systems.

H&E staining was also analyzed by calculating the number of leukocytes accumulated in the
boundaries between the hydrogel and the host tissue (Figure 8b) and infiltrated inside
hydrogels (Figure 8c). H&E images revealed no significant difference in the number of
leukocytes accumulated at the boundaries of both collagen and collagen-Ph hydrogels in all
crosslinking conditions. In contrast, more leukocyte infiltration was observed in collagen
hydrogels than collagen-Ph hydrogels with the same concentration of collagen. With
increasing concentration of collagen hydrogels, less leukocyte infiltration was observed, and
the same trend was observed in collagen-Ph hydrogels with increasing concentration at the
same stiffness. The rate of biodegradation for collagen hydrogels /n vivowas shown to be
modulated by variations in the concentrations of the collagen but not correlated with
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microstructure and crosslinking methods. However, the microstructure of hydrogels could
influence the number of infiltrating leukocytes. Therefore, it is possible to finely tune the
amount of time that the hydrogels remain associated with tissues to ensure proper
mechanical support and also to control the number of infiltrating host leukocytes to elicit a
complex physiological repair and regenerative response.

3.5 Correlation between physicochemical material properties, the extent of material-
mediated host immune response and engineered vascularized constructs

In order to demonstrate how and why physicochemical properties of collagen hydrogels
regulate the extent of the ECFC-MSC based vascular network formation, the perfused
functional lumen density and size, weight of engineered vascularized constructs, and
percentage of human cells (hCD31+) within the lumen were plotted against the hydrogel
properties (G’, concentration of RGD and MMP, swelling, diffusion, mesh size, mesh
density, and /n vivo bio-degradation) and host immune response (murine leukocytes
surrounding and inside the hydrogel constructs) of the self-assembled collagen hydrogels
(Table 2a), enzymatically cross-linked collagen-Ph hydrogels (Table 2b), and collagen
hydrogels (i.e. no matter which crosslinking methods used, Table 2c). Correlation was
assessed using linear regression and the r(correlation coefficient) value. In physically cross-
linked collagen hydrogels, the lumen density is proportional to the diffusion rate (r =1%*%)
and number of murine leukocytes inside gels (r=0.89*%* Table 2a). These results revealed
that the extent of vascular network formation is highly dependent on the diffusion of gels
and the number of infiltrating host leukocytes observed inside gels. High concentration
collagen gels were stiffer with less swelling and diffusion properties, higher mesh density
and diameter, and resulted in less infiltrating murine leukocytes, showing that these
constructs have less microvessel density and smaller lumens. These observations are in line
with recent reports [15, 17, 18, 21, 29] that correlate ECM mechanical properties and
capillary cell shape and function. On the other hand, in collagen-Ph hydrogels (Table 2b),
diffusion (r=0.46%), in vivo degradation (r=0.50%), and the number of murine leukocytes
inside gels (r=0.57*%) also play an important role in lumen formation within the construct. A
higher diffusion and biodegradation rate of collagen-Ph hydrogels resulted in more
infiltrating murine leukocytes, illustrating that these constructs have higher microvessel
density and smaller lumens; these results are in line with our previous studies [26, 29] and
recent research [15, 17, 21, 29] that correlate ECM mechanical properties and capillary cell
shape and function. Regardless of which cross-linking methods (Table 2c) were used to
polymerize collagen, the lumen density inside collagen gels is proportional to the diffusion
property of gels (r=0.75*%) and the degree of infiltration by murine leukocytes (r=0.88%*%.
Moreover, the weight and diameter of engineered collagen tissue constructs are highly
proportional to the concentration of collagen instead of the crosslinking methods and
stiffness. Taken together, to engineer a large vascularized tissue construct within 7 days, an
ideal vascularized hydrogel that can integrate structure with functionality should have
several important characteristics, namely, high collagen concentration (RGD/MMP),
diffusion properties, and capability to host infiltrating leukocytes, and should be designed to
regulate angiogenesis and vasculogenesis.
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3.6. Crosslinking modulation of tissue-engineered vascularized adipose tissue
constructs in vivo

Next, in order to examine the capability of creating large adipose tissues /n vivo through
simultaneous creation of an intrinsic vascular network with blood supply, collagen and
collagen-Ph hydrogels with the same collagen concentration and G’ of 50 Pa in the absence
of any exogenous cytokines were selected. MSCs and ECFCs were encapsulated into the
above indicated collagen hydrogels before gelation, and then injected subcutaneously into
nude mice for long-term observation. After one month, the commercial rat-tail collagen gel
(typel, Corning, USA) serving as the control was completely degraded with no sign of the
implants at the implantation site. Meanwhile, histological examinations of explanted
constructs showed less adipose tissue formation (~27.6 adipocytes/mm?; ~18% area of
construct) inside collagen gels (Figure 9), in contrast to the extensive adipose tissue (~877.6
adipocytes/mm?; 94% area of construct) present inside collagen-Ph constructs (Figure 10).
The white adipose tissue observed in both collagen hydrogels was derived from invading
host cells rather than implanted cells (h-vimentin-negative), while some hCD31+ ECFC-
lined blood vessels (Figure 9c, black arrows) were only observed in collagen-Ph hydrogels.
Adipocyte density in cell-laden collagen-Ph constructs was significantly higher than in
collagen constructs and even higher than native white adipose tissue (~600 adipocytes/mm?).
The size of adipocytes in cell-laden collagen-Ph constructs is similar to native adipocytes.
Additionally, the weight of this engineered white adipose tissue construct using cell-laden
collagen-Ph hydrogels was ~25 mg, which is equal to 5 % (w/v) of the mass of whole white
fat pads in a mouse. Taken together, we successfully engineered a white adipose tissue
construct /n7 vivo by controlling the cross-linked methods of collagen hydrogels embedded
with ECFCs and MSCs. These results indicate that the polymerized mechanism of the
collagen hydrogel could be used to modulate not only the extent of hCD31+ ECFC-lined
vascular network formation, but also the regenerative capacity of white adipose tissue in
cell-laden constructs /n vivo.

3. Conclusion

In this study, we developed an injectable cell-laden collagen hydrogel platform for creating
live adipose tissue through manipulating vasculogenesis and angiogenesis. By varying
polymerization, we fabricated collagen hydrogels with independently tunable
microstructure, concentration, and stiffness, and the individual and combined effects of these
properties on the short-term extent of vascular network formation were demonstrated. With
such a prevascularized tissue approach, results also suggested the polymerized
microstructure of cell-laden collagen hydrogels provides a functionalized niche to modulate
the long-term regenerative capacity of adipose tissue in such cell-laden constructs /n vivo.
This study emphasizes the importance of the ECM in providing the appropriate architecture
for recruitment of host myeloid cells to improve ECFC/MSC-mediated vascular formation,
which is critical for the earliest and necessary step of adipogenesis to engineer large-size
adipose tissues.
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Figure 1.
Formation of (a) physical cross-linked collagen hydrogels and (b) chemical cross-linked

collagen-Ph hydrogels. The difference in (c) diffusion property and (d) energy of
crosslinking bonds performed by differential scanning calorimetry on collagen and collagen-
Ph hydrogels with same collagen concentration of 0.3 % and storage modulus of 100 Pa.
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Physical properties of physical cross-linked collagen hydrogels vary with collagen
concentration with limited tunability. (a) Gelation time decreased and shear storage modulus
(G”) increased with increasing collagen concentration. (b) Swelling properties decreased
with increasing collagen concentration. (c) Diffusion properties of 3D collagen hydrogel
remains the same with increasing collagen concentration. (d-f) Mesh density increased
linearly with collagen concentration as shown in (d) 3D confocal microscopy images. (e-f)
Summarized data of 0.15, 0.3, and 0.6 % collagen hydrogels. P-values less than 0.1 and
0.001 were considered statistically significant and were labeled * and *** compared with the

0.15 % collagen hydrogel.

Artif Cells Nanomed Biotechnol. Author manuscript; available in PMC 2019 August 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Chuang et al.

—~
-]
-

Gelation time (s)

~
<)
N’

Page 17
800 @ collagen-Ph HRP 78 unit/ml ‘ (b)ﬁw - JA
B & @ 0.15 % HRP 78 unit/ul
A collagen-Ph HRP 9 unit/ml = §-0.3% HRP 39 wnitiyl
Y 5001 A 0.6% HRP 39 unit/ul
600 4= ‘ P 0.6 % HRP 156 unit/pl
= 4004
= ‘
i A - A
4004+ A = £ 300+ o
g‘ﬁ L
£ 2004 ° s}
2
200 - @ o
® 1004 .
[ o ° -
01—@ ] ® 1 . L 0 ' . :
9 19 39 78 156 312 M H:()2 9 19 39 78

collagen-Ph hydrogel collagen-Ph hydrogel

300
L Storage modulus
0T [ 150Pa
3 i | 2221 100Pa
s ™71 [ 200Pa
3 150 T
£ : #
s T 1 I
= 1004
L ! 1 |
50 4 ]
0 + } ‘ t
0.15% 0.3 % 0.6 %
collagen-Ph hydrogel
@ T p
T
at 1

—

Diffusion distance (mm)

w
[y
*
L

N
b i k% #
2
1 ] xxx
[ B -
1
0 & 1 =

0.15 % 0.3 % 0.6 %
collagen-Ph hydrogel

Figure 3.
Tunable physical properties of chemical cross-linked collagen-Ph hydrogels varied with

HRP, H,0,, and collagen-Ph concentration. (a) Gelation time was adjustable by HRP
concentration. (b) Shear storage modulus (G’) increased with increasing collagen
concentration and H,O» concentration with a suitable amount of HRP. (c) Swelling
properties remained constant with increasing collagen-Ph concentration or increasing G’. (d)
Diffusion properties of collagen-Ph hydrogel as a function of collagen-Ph concentration and
G’. Diffusion distances are larger than 3 mm for 0.15 % collagen-Ph hydrogels with G’=50
and 100 Pa, whereas others are below 2 mm. P-values less than 0.01 and 0.001 were
considered statistically significant and were labeled ** and *** compared with the 0.15%
collagen-Ph hydrogel with the same G’. P-values less than 0.1 were considered statistically
significant and were labeled # compared with the collagen-Ph hydrogel with G” of 50 Pa at
the same concentration.
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Figure 4.
Collagen-Ph hydrogel microstructure as a function of collagen-Ph concentration and G’. (a)

3D confocal microscopy images and (b-c) summarized data for pore density and pore size
are shown. P-values less than 0.01, 0.001 were considered statistically significant and were
labeled ** and *** compared with the 0.15 % collagen-Ph hydrogel with the same G’. P-
values less than 0.1, 0.01, 0.001 were considered statistically significant and were labeled #,
##, and ###, respectively compared with the collagen-Ph hydrogel with G’ of 50 Pa at the
same concentration.
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collagen-Ph hydrogel

Figure 5.
Crosslinking modulation of vascularized collagen constructs containing human ECFCs and

MSCs collagen or collagen-Ph explanted after 7 days /n vivo. H&E-stained images of
vascularized collagen constructs with different cross-linking methods, G’, and protein
concentrations, showing erythrocyte-filled lumens. The insets in the top panels show
macroscopic views of the explants (scale bar 5 mm).
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Figure 6.

(a) Lumen density, (b) lumen area, and (c) weight of engineered cell-laden collagen (left) or
collagen-Ph (right) tissue constructs were quantified. P-values less than 0.1, 0.01, 0.001
were considered statistically significant and were labeled *, **, and *** compared with the
0.15 % collagen-Ph hydrogel with the same G’. P-values less than 0.1, 0.01, 0.001 were
considered statistically significant and were labeled #, ##, and### compared with the
collagen-Ph hydrogel with G” of 50 Pa at the same concentration.
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Figure 7.
Crosslinking modulation of human ECFCs-MSC-mediated vascular network formation in

collagen (left) or collagen-Ph (right) hydrogels after 7 days /n vivo. Representative images
of sections stained with human CD31+ ECFCs identified by immunohistochemistry shown
in (a) collagen and (b) collagen-Ph hydrogels at various conditions. (c) The extent of human
vascular network formation was quantified by counting erythrocyte-filled lumens, showing
the percentage of the total blood vessels expressing human CD31. In collagen hydrogels, P-
values less than 0.001 were considered statistically significant and were labeled ***
compared with the 0.15% collagen hydrogel. In collagen-Ph hydrogels, P-values less than
0.01 were considered statistically significant and were labeled ** compared with the 0.15%
collagen-Ph hydrogel with the same G’. P-values less than 0.1 and 0.001 were considered
statistically significant and were labeled # and ### compared with the collagen-Ph hydrogel
with G’ of 50 Pa at the same concentration.
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Figure 8.

Crgosslinking modulation of biodegradation and host cell recruitment. Collagen and collagen-
Ph solutions were subcutaneously injected into nude mice and polymerized to form collagen
(left) and collagen-Ph (right) hydrogels. Constructs were evaluated after 7 days /n vivo. (a)
Modulation of /n vivo degradation profiles on collagen hydrogels and collagen-Ph hydrogels
with various amounts of collagen-Ph and G’. Quantification of total murine myeloid cells (b)
surrounding host tissue and (c) inside the hydrogel constructs. In collagen hydrogels, P-
values less than 0.01 and 0.001 were considered statistically significant and were labeled ##
and ### compared with the 0.15% collagen hydrogel. In collagen-Ph hydrogels, P-values
less than 0.1, 0.01, 0.001 were considered statistically significant and were labeled *, **,
and *** compared with the 0.15% collagen-Ph hydrogel with the same G’. P-values less
than 0.1 were considered statistically significant and were labeled # compared with the
collagen-Ph hydrogel with G’ of 50 Pa at the same concentration.
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Figure 9.
Crosslinking modulation of vascularized adipose tissue graft in cell-laden collagen

hydrogels. 0.6 % Collagen pre-polymer solutions with ECFCs and MSCs in the absence of
any exogenous cytokines were subcutaneously injected into nude mice and formed cell-
laden collagen hydrogels. Constructs were evaluated after 1 month in vivo. (a) The
macroscopic view (inset, scale bar 5 mm) and representative H&E-stained section of entire
cell-laden collagen constructs are shown (scale bar 1 mm). (b-d) High magnification of
selected regions show some murine adipocytes (human-vimentin-negative) with murine
vessels (human CD31-negative, blue arrows) carrying erythrocytes.
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Figure 10.
Crosslinking modulation of vascularized adipose tissue graft in collagen-Ph hydrogels. 0.6%

Collagen-Ph pre-polymer solutions with ECFCs and MSCs in the absence of any exogenous
cytokines were subcutaneously injected into nude mice and formed cell-laden collagen-Ph
hydrogels under suitable concentrations of HRP and H,0O,. Constructs were evaluated after
1 month /n vivo. (a) The macroscopic view (inset, scale bar 5 mm) and representative H&E-
stained section of entire cell-laden collagen-Ph constructs are shown (scale bar 1 mm).
Adipose tissue covers entire construct. (b-d) High magnification of selected regions shows
some murine adipocytes (human vimentin-negative) with some human vessels (human
CD31-positive, black arrows)/murine vessels (human CD31-negative, blue arrows) carrying
erythrocytes.
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Table 1.

Pearson coefficients of correlation (/) among various physicochemical properties, i.e. G’, concentration of
collagen (RGD and MMP), swelling, diffusion, mesh size, and mesh density of the (a) physical crosslinked
collagen hydrogel and (b) chemical crosslinked collagen-Ph hydrogel. High correlation (in red): | 7|>0.70;
medium correlation (in blue): 0.40 <| r|<0.69; low correlation (in black): | r| <0.39.

(a)Rb-collagen [RGD], [MMP] G' swelling diffusion meshsize mesh density
[RGD], [MMP] 1

G 0.98 1

swelling -0.69 -0.72 1

diffusion -0.68 -0.55 0.93 1

mesh size 0.99 0.99 -0.91 -0.68 1

mesh density 0.99 0.99 -0.85 -0.59 0.99 1
(b) Rb-collagen-Ph  [RGD], [MMP] G" swelling diffusion poresize pore density
[RGD], [MMP] 1

G 0.00 1

swelling 031 -0.22 1

diffusion -0.76  -0.23 -0.49 1

pore size 020 -0.69 0.68 -0.30 1

pore density 0.31 0.88 0.27 -0.43 -0.36 1
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Pearson coefficients of correlation (7) among various physicochemical material properties (G’, concentration
of collagen (RGD and MMP), swelling, diffusion, mesh size, mesh density, and /n vivo bio-degradation), host
immune response (murine myeloid cells surrounding and inside the hydrogel constructs), and properties of
engineered vascularized construct (weight of engineered construct, lumen density, lumen size, and percentage
of engineered human lumen) of the (a) physical cross-linked collagen hydrogels, (b) chemical cross-linked
collagen hydrogels, and (c) collagen hydrogels (i.e. no matter which crosslinking methods used). High
correlation (in red): | 7|>0.70; medium correlation (in blue): 0.40 <| r|<0.69; low correlation (in black): | 7|

<0.39.

Enginnered tissue construct
(a)Rb-collagen hydrogel
weight lumen density lumenarea hCD31+
[RGD], [MMP] 0.99 -0.48 -0.44 0.73
G 0.98 -0.29 -0.41 0.61
swelling -0.60 0.18 0.90 -0.95
materials properties  diffusion -0.60 1.00 0.97 -1.00
mesh size 0.99 -0.62 -0.49 0.74
mesh density 1.00 -0.53 -0.38 0.65
in vivo degradation -0.98 0.34 0.43 -0.65
immune inside hydrogel -0.80 0.89 0.32 -0.94
response surrounding hydrogel -0.41 0.63 -0.48 -0.67
Enginnered tissue construct
(b)Rb-collagen-Ph hydrogel
weight lumen density lumenarea hCD31+
[RGD], [MMP] 0.98 -0.42 0.45 -0.29
G 0.02 -0.30 -0.23 -0.87
swelling 0.41 0.18 0.10 -0.40
materials properties  diffusion -0.75 0.46 -0.34 0.16
pore size 0.21 0.27 0.18 0.06
pore density 0.32 0.05 0.12 -0.95
in vivo degradation -0.74 0.50 -0.54 -0.01
immune inside hydrogel -0.58 0.57 -0.36 -0.07
response surrounding hydrogel 0.41 0.40 0.49 -0.44
Enginnered tissue construct
(c)collagen hydrogel
weight lumen density lumenarea hCD31+
[RGD], [MMP] 0.95 -0.32 0.33 -0.29
G 0.24 -0.34 -0.18 0.23
swelling -0.02 0.24 0.16 -0.74
materials properties  diffusion -0.66 0.75 -0.39 0.06
pore size -0.10 0.62 -0.26 0.33
pore density 0.23 -0.47 0.24 -0.39
in vivo degradation -0.78 0.45 -0.45 -0.32
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Enginnered tissue construct

(c)collagen hydrogel
weight lumen density lumenarea hCD31+

immune inside hydrogel -0.55 0.88 -0.28 -0.31
response surrounding hydrogel 0.29 0.29 0.40 -0.43
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