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ABSTRACT

Vascularization is critical to the survival of engineered tissues. This study combined biophysical and bio-
active approaches to induce neovascularization in vivo. Further, we tested the effects of engineered vascu-
larization on adipose tissue grafts. Hydrogel cylinders were fabricated from poly(ethylene glycol) diacrylate
(PEG) in four configurations: PEG alone, PEGwith basic fibroblast growth factor (bFGF), microchanneled
PEG, or both bFGF-adsorbed and microchanneled PEG. In vivo implantation revealed no neovasculariza-
tion in PEG, but substantial angiogenesis in bFGF-adsorbed and/or microchanneled PEG. The infiltrating
host tissue consisted of erythrocyte-filled blood vessels lined by endothelial cells, and immunolocalized to
vascular endothelial growth factor (VEGF). Human mesenchymal stem cells were differentiated into adipo-
genic cells, and encapsulated in PEG with both microchanneled and adsorbed bFGF. Upon in vivo implan-
tation subcutaneously in immunodeficientmice, oil redOpositive adipose tissuewas present and interspersed
with interstitial fibrous (IF) capsules. VEGF was immunolocalized in the IF capsules surrounding the engi-
neered adipose tissue. These findings suggest that bioactive cues and/ormicrochannels promote the genesis of
vascularized tissue phenotypes such as the tested adipose tissue grafts. Especially, engineered microchannels
may provide a generic approach for modifying existing biomaterials by providing conduits for vasculari-
zation and/or diffusion.

INTRODUCTION

ADIPOGENESIS IS A COMPLEX and yet often understudied

biological process. Duringdevelopment,adipocytesdif-

ferentiate from the mesenchymal lineage, the same progen-

itors from which osteoblasts, chondrocytes, myoblasts, and

fibroblasts are derived.1–5 Adipocytes synthesize lipid vac-

uoles that are stored intracellularly, providing adipose tissue

with unique properties and texture for a variety of physio-

logical functions.6 Across mammalian species, adipose tissue

serves to retain body heat and is important for fatty acid

metabolism. Soft tissue defects are prevalent in chronic dis-

eases, tumor removal, trauma, and congenital anomalies. For

example, breast and facial cancers are life threatening, and

once resected, leave patients with soft tissue defects and dis-

figuration. Mastectomy and tumor resection surgeries are ex-

amples of nonelective surgical procedures that subsequently

mandate the replacement of lost soft tissue, and the resto-

ration of the physical shape and physiological function.7–9

Trauma occurs in burns, war, or peacetime accidents, leading

to soft tissue injuries in addition to skeletal fractures.10–12

In congenital anomalies such as hemifacial microsomia

(one half of the face underdeveloped relative to the other

half), a considerable amount of soft tissue is missing and

needs to be reconstructed.13 In the majority of soft tissue

defects, the bulk of the missing soft tissue is subcutaneous
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adipose tissue.14–17 Currently, autologous soft tissue grafts

and synthetic materials are predominant clinical practice.

Autologous grafts are immune compatible, but necessitate

donor-site trauma and morbidity. Following mastectomy, au-

tologous soft tissue grafts are prepared from the patient’s

abdomen or back for the reconstruction of the lost breast

tissue. Another drawback of autologous tissue grafting is

postsurgical volume reduction, as high as 70%.18–24 Volume

reduction may be due to the apoptosis of the transplanted

mature adipocytes, their low tolerance to ischemia, and/or

slow revascularization rate.21,25–28 Synthetic materials that

have been utilized for soft tissue reconstruction include sil-

icone gel implants. Despite various levels of reported clinical

success, synthetic implants can fail unpredictably and with

severe clinical consequences as exemplified by the reported

negative sequelae of silicone breast implants such as leakage,

foreignmaterial reaction, capsular contraction, extrusion, and

dislocation.29–31

Tissue engineering approaches have been utilized toward

adipose tissue regeneration. Preadipocytes are considered

advantageous in comparison to mature adipocytes because

preadipocytes can proliferate to a certain extent ex vivo.26,32–34

Several preadipocyte cell lines, such as 3T3-L1 and 3T3-

F442A, have been used in engineering adipose tissue in

biomaterials such as polyglycolic acid (PGA) meshes.35–37

These adipogenic cell lines, despite their considerable value

for in vitro studies, are immortalized and thus not as valuable

as primary adipogenic cells for in vivo adipose tissue engi-

neering. Primary preadipocytes seeded in porous polylactic

acid (PLA) scaffolds generate adipose tissue upon in vivo

implantation.26 Peptide-linked alginate implants support the

adhesion and proliferation of sheep preadipocytes, and adi-

pose tissue formation.38 Exposure of human and murine

preadipocytes to basic fibroblast growth factor (bFGF) pro-

motes adipogenic differentiation and adipose tissue forma-

tion in collagen or Matrigel scaffolds.33,39,40 However, the

yield of preadipocytes is often low, likely due to cell damage

during aspiration and/or liposuction.21,32 At this time, it is

uncertain whether preadipocytes can be expanded to suffi-

cient numbers in vitro for the healing of large soft tissue

defects. We recently demonstrated that adipogenic cells

derived from human mesenchymal stem cells (MSCs) can

be encapsulated in native or synthetic polymers, such as

collagen or poly(ethylene glycol) diacrylate (PEG), toward

the in vitro and in vivo regeneration of adipose tissue.41–44

The phenotypic differentiation of hMSC-derived adipocytes

is maintained after subcutaneous implantation in vivo in the

dorsum of immunodeficient mice, and resulted in engineered

adipose tissue that consisted of oil red O positive lipid vac-

uoles and expressed an adipogenic transcriptional factor,

PPAR-g2.41–44 In comparison with end-stage adipocytes

with a limited capacity for self-replication,26,32 MSCs are

capable of self-replenishing and generating a continuous

supply of adipogenic cells.1,3,4,41,43,44

A critical and unmet challenge in adipose tissue engineer-

ing is suboptimal angiogenesis. Neovascularization becomes

increasingly crucial as engineered adipose tissue is scaled

up for clinical applications. A preadipocyte cell line, 3T3-

F442A cells, has been injected subcutaneously in nude

mice to generate fat pads.37 Neovascularization in the fat

pad is derived from the host mice and not induced by the

delivered 3T3-F442A cells.37 However, previous work has

rarely addressed the engineering of angiogenesis in large

adipose tissue grafts. Especially lacking is to engineer

angiogenesis-promoting features such as physical channels

in biomaterials capable of serving as conduits for neovascu-

larization in adipose tissue grafts. We report below that en-

gineered microchannels and/or delivered bFGF promote

in vivo angiogenesis and host tissue ingrowth, providing

the basis for inducing neovascularization in adipose tissue

grafts. Human MSCs were differentiated into adipogenic

cells and encapsulated in PEG hydrogel. Upon in vivo im-

plantation subcutaneously in the dorsum of immunodefi-

cient mice, oil red O positive adipose tissue was present

and interspersed with interstitial fibrous (IF) capsules. Vas-

cular endothelial growth factor (VEGF) was immunoloca-

lized to IF capsules interposing the engineered adipose

tissue. Taken together, these data demonstrate a potential

for engineering vascularized adipose tissue grafts with

biophysical design and/or the delivery of bioactive cues.

MATERIALS AND METHODS

The present animal protocol was approved by the insti-

tutional animal care and use committee. All numerical data

were treated with analysis of variance (ANOVA) and Bon-

ferroni tests to determine any significant differences among

and between groups at an a level of 0.05.

Cell-free PEG hydrogel preparation

with microchannels and/or bFGF

PEG (MW3400; Nektar, Huntsville, AL) was dissolved in

phosphate-buffered saline (PBS) (6.6% w/v) supplemented

with 133 units/mL penicillin and 133mg/mL streptomycin

(Invitrogen, Carlsbad, CA). A photoinitiator, 2-hydroxy-1-

[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (Ciba,

Tarrytown, NY), was added at a concentration of 50mg/mL.

The resulting PEG cylinders were photopolymerized with

ultraviolet (UV) light at 365 nm for 5 min (Glos-Mark, Upper

Saddle River, NJ). A total of four PEG hydrogel configu-

rations were fabricated: (1) PEG hydrogel alone, (2) a to-

tal of three microchannels (diameter: 1mm) (Fig. 1A),

(3) 0.5mg/mL bFGF adsorbed in PEG hydrogel without

microchannels (Fig. 1B), and (4) a combination of 0.5mg/mL
bFGF and microchannels in PEG hydrogel (Fig. 1C). The

rationale for selecting bFGF over VEGF is primarily be-

cause that bFGF promotes both angiogenesis and adipogen-

esis.33,39,40 In addition, bFGF and VEGF promote different

phases of engineered angiogenesis.45
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In vivo implantation of cell-free PEG hydrogel

with microchannels and/or bFGF

Male severe combined immune deficiency (SCID) mice

(strain C.B17; 4–5 weeks old) were anesthetized with intra-

peritoneal injection of ketamine (100mg/kg) and xylazine

(4mg/kg). The mouse dorsum was clipped of hair and placed

in a prone position, followed by disinfection with 10% povi-

done iodine and 70% alcohol. A 1-cm-long linear cut was

made along the upper midsagittal line of the dorsum, fol-

lowed by blunt dissection to create subcutaneous pouches.

Each SCID mouse received three PEG hydrogel implants:

PEG with microchannels but without bFGF, bFGF-adsorbed

PEG without microchannels, and PEG with both bFGF and

microchannels. The implantation of PEG hydrogel samples

with mixed conditions is advantageous by ensuring that vari-

ous experimental parameters are tested in the same animal,

and is based on our previous observation of a lack of sig-

nificant cross influences among various experimental groups

implanted in the same animal.42,46,47 The incision was closed

with absorbable plain gut 4-0 sutures. All PEG hydrogel cyl-

inders were implanted in vivo for 4 weeks.

Harvest of PEG hydrogel samples, histology,

and immunohistochemistry

Four weeks following subcutaneous implantation in the

dorsum of SCID mice, PEG hydrogel samples of all groups

were harvested. Following carbon dioxide (CO2) asphyxi-

ation, an incision was made aseptically in the dorsum of

the SCID mouse. Upon careful removal of the surrounding

FIG. 1. In vivo implantation of PEG hydrogel. PEG hydrogel was fabricated in four configurations: PEG alone, PEG with bFGF,

microchanneled PEG, or both bFGF-adsorbed and microchanneled PEG. (A) PEG hydrogel molded into 6�4mm (diameter�height)

cylinder (without either bFGF or microchannels). (B) PEG hydrogel with three microchannels. (C) PEG hydrogel cylinder with micro-

channels and adsorbed with both 0.5 mg/mL bFGF and three microchannels. Following in vivo implantation subcutaneously in the dorsum

of immunodeficient mice, the harvested PEG hydrogel samples showed distinct histological features. (A1) PEG hydrogel with micro-

channels but without bFGF showed host tissue infiltration primarily in the lumen of microchannels, and scarcely in the rest of PEG

hydrogel. The infiltrating host tissue includes erythrocyte-filled blood vessels that are lined by endothelial cells (arrow). (A2)

VEGF was immunolocalized only to host-derived tissue within the lumen of microchannels, indicating the vascular nature of the

infiltrating host tissue. Arrows point to microchannels and the infiltrating host tissue. (B1) PEG hydrogel with bFGF but without

microchannels showed apparently random and isolated islands of infiltrating host tissue (arrow). There is random infiltration of host tissue

into bFGF-adsorbed PEG hydrogel. The infiltrating host tissue includes vascular structures with erythrocyte-filled blood vessels that are

lined by endothelial cells (arrow). (B2) VEGF was immunolocalized to host-derived tissue within PEG hydrogel (without microchannels).

(C1) PEG hydrogel with both microchannels and bFGF showed host tissue infiltration only in the lumen of microchannels, but scarcely in

the rest of the PEG hydrogel. The infiltrating host tissue includes vascular structures with erythrocyte-filled blood vessels that are lined by

endothelial cells (arrow). (C2) VEGF was immunolocalized only to host-derived tissue within the lumen of microchannels. Since no cells

were delivered in any of the PEG hydrogel samples in this experiment, tissue infiltration following in vivo implantation must be derived

from the host. Arrows point to microchannels. Color images available online at www.liebertpub.com/ten.

VASCULARIZED ADIPOSE TISSUE GRAFTS 3

http://www.liebertonline.com/action/showImage?doi=10.1089/ten.2007.0078&iName=master.img-000.jpg&w=360&h=265


fibrous capsule, PEG hydrogel cylinders were isolated from

the host, rinsed with PBS, and fixed in 10% formalin for

24 h. The harvested samples were then embedded in paraffin

and sectioned in the transverse plane (transverse to micro-

channels, c.f., Fig. 1A) at 5 mm thickness. Paraffin sections

were stained with hematoxylin and eosin. Sequential ad-

jacent sections were prepared for immunohistochemistry.

Sections were deparaffinized, washed in PBS, and digested

for 30 min at room temperature with bovine testicular hy-

aluronidase (1600U/mL) in sodium acetate buffer at pH 5.5

with 150mM sodium chloride. All immunohistochemistry

procedures followed our previous methods.42,46,47 Briefly,

sections were treated with 5% bovine serum albumin for

20 min at room temperature to block nonspecific reactions.

The following antibodies were used: anti-VEGF (ABcam,

Cambridge, MA), and biotin-labeled lectin from tritium vul-

garis (wheat germ agglutinin) (WGA) with or without its

inhibitor, acetylneuraminic acid (Sigma, St. Louis, MO).

WGA binds to carbohydrate groups of vascular endothelial

cells rich in a-D-GlcNAc and NeuAc.48,49 After overnight

incubation with primary antibodies in a humidity chamber,

sections were rinsed with PBS and incubated with IgG anti-

mouse secondary antibody (1:500; Antibodies, Davis, CA)

for 30min. Sections were then incubated with streptavidin-

horseradish peroxidase (HRP) conjugate for 30min in hu-

midity chamber. After washing in PBS, the double-linking

procedure with the secondary antibody was repeated. Slides

were developed with diaminobenzadine solution and counter-

stained with Mayer’s hematoxylin for 3 to 5min. Counter-

stained slides were dehydrated in graded ethanol and cleared

in xylene. The same procedures were performed for negative

controls except for the omission of the primary antibodies.

Isolation and culture expansion of human bone

marrow–derived MSCs (hMSCs)

Human MSCs were isolated from fresh bone marrow

samples of two anonymous adult donors (AllCells, Berke-

ley, CA), per our previous methods.3,50–52 After transfer-

ring bone marrow sample to a 50mL tube, a total of 750 mL
of RosetteSep was added (StemCell Technologies, Van-

couver, Canada) and incubated for 20 min at room tem-

perature. Then 15mL of PBS in 2% fetal bovine serum

(FBS) and 1mM ethylenediaminetetraacetic acid (EDTA)

solution was added to the bone marrow sample to a total

volume of approximately 30mL. The bone marrow sam-

ple was then layered on 15mL of Ficoll-Paque (StemCell

Technologies) and centrifuged 25 min at 3000 g and room

temperature. The entire layer of enriched cells was removed

from Ficoll-Paque interface. The cocktail was centrifuged

at 1000 rpm for 10min. The solution was aspirated into

500 mL Dulbecco’s modified Eagle’s medium (Sigma-

Aldrich, St. Louis, MO) with 10% FBS (Atlanta Biologi-

cals, Lawrenceville, GA) and 1% antibiotic-antimycotic

(Gibco, Carlsbad, CA), referred to as basal medium there-

after. The isolated mononuclear cells were counted, plated

at approximately 0.5–1�106 cells per 100-mm Petri dish,

and incubated in basal medium at 378C and 5% CO2. After

24 h, nonadherent cells were discarded, whereas adherent

mononuclear cells were washed twice with PBS and incu-

bated for 12 days with fresh medium change every other

day.4 Upon 90% confluence, cells were removed from the

plates using 0.25% trypsin and 1mM EDTA for 5 min at

378C, counted, and re-plated in 100-mm Petri dishes, re-

ferred to as passage 1 cells.

Differentiation of human MSCs into adipogenic cells

Second- and third-passage hMSCs were induced to dif-

ferentiate into adipogenic cells by exposure to adipogenic

medium consisting of basal medium supplemented with

0.5 mM dexamethasone, 0.5 mM isobutylmethylxanthine,

and 50 mM indomethacin, per our prior methods.3,41,43,44

A subpopulation of hMSCs was continuously cultured in

basal medium also in 95% air and 5% CO2 at 378C with

medium changes every other day. Oil red O staining (Sigma-

Aldrich) was used to verify adipogenesis (lipid formation).

For in vitro assessment of adipogenic differentiation, hMSCs

were treated with adipogenic medium for up to 5weeks.

Monolayer cultured hMSCs with or without adipogenic

differentiation were fixed in 10% formalin and subjected

to oil red O staining. Glycerol content was quantified by

enzyme-linked immunosorbent assay (ELISA) per our pre-

vious methods and per manufacturer’s protocol (Sigma

FG0100).42,46,47,52 Glycerol content was calculated perDNA

content (ng of DNA/mg dw of the hydrogel) using Hoechst

33258 per our previous methods.52 The rationale for quan-

tifying glycerol content is that glycerol is synthesized by

mature adipocytes and therefore a valid indication of adi-

pogenesis from stem cells.

Encapsulation of hMSC-derived adipogenic cells

in PEG hydrogel and in vivo implantation

Aqueous PEG was dissolved in sterile PBS supplemented

with 100U/mL penicillin and 100 mg/mL streptomycin

(Gibco) to a final solution of 10% w/v. The photoinitia-

tor, 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-

propanone (Ciba), was added to the PEG solution. After

1week of adipogenic differentiation or culture in basal

medium, hMSCs or hMSC-derived adipogenic cells were

removed from the culture plates with 0.25% trypsin and

1mM EDTA for 5 min at 378C, counted, and resuspended

separately in PEG polymer/photoinitiator solutions at a

density of 3�106 cells/mL. An aliquot of 75mL cell/polymer/

photoinitiator suspension was loaded into sterilized plastic

caps of 0.075mL microcentrifuge tubes (6�4mm, diame-

ter�height) (Fisher Scientific, Hampton, NH), followed by

photopolymerization with long-wave, 365-nm UV lamp

(Glo-Mark) at an intensity of approximately 4mW/cm2 for

5min. The constructs were transferred to 12-well plates

in corresponding media. A total of 0.5 mg/mL bFGF was
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adsorbed in PEG hydrogel prior to photopolymerization.

The creation of three microchannels followed the approach

as described above. Twelve weeks following subcutaneous

implantation in the dorsum of immunodeficient mice (n¼ 5),

PEG hydrogel samples of all groups were harvested. All tis-

sue processing, histological, and immunohistochemical pro-

cedures were the same as described above.

RESULTS

Upon 4-week in vivo implantation in the dorsum of SCID

mice, the implanted PEG hydrogel samples were well in-

tegrated with surrounding host subcutaneous tissue. It re-

quired effort to surgically isolate the implanted samples

from the surrounding tissue and the removal of the fibrous

tissue capsule. PEG hydrogel with microchannels but with-

out bFGF demonstrated host tissue infiltration only in the

lumen of microchannels, but not in the rest of PEG (Fig.

1A1). This is verified by immunolocalization of VEGF to

host-derived tissue in the lumen of microchannels in PEG

hydrogel, and the scarcity of host tissue infiltration in the

rest of the PEG hydrogel (between microchannels) (Fig.

1A2), indicating that the infiltrated host tissue is vascular-

ized. In contrast, PEG hydrogel adsorbed with bFGF but

without microchannels demonstrated apparently random

and isolated areas of host tissue infiltration, but nonetheless

consisted of blood vessel–like structures as shown in Figure

1B1. Immunolocalization of VEGF again was positive in

the infiltrating host tissue, indicating its vascular nature

(Fig. 1B2). Interestingly, PEG hydrogel with both micro-

channels and bFGF demonstrated host tissue ingrowth only

in microchannels, but scarcely in the rest of PEG hydrogel

between microchannels (Fig. 1C1). The infiltrating host tis-

sue was also immunolocalized positively to VEGF (Fig.

1C2). PEG hydrogel lacking both microchannels and bFGF

showed no host tissue infiltration (data not shown), consis-

tent with our previous reports showing a lack of host tissue

infiltration into PEG hydrogel.41,43,44 Given that no cells

are delivered in PEG hydrogel with or without bFGF and/or

microchannels in this experiment, any and all infiltrating

tissue into PEG hydrogel must be host derived.

Human MSCs were differentiated into adipogenic cells

in vitro, as demonstrated in Figure 2, over the observed

35 days in ex vivo culture. In comparison with hMSCs with-

out adipogenic differentiation (Fig. 2A–E), hMSC-derived

adipogenic cells reacted positively to oil red O staining, and

progressively so over the tested 35 days (Fig. 2F–J). This is

consistent with our previous data showing the expression of

PPAR-g2 by hMSC-derived adipogenic cells following less

than 2weeks of treatment in adipogenic medium,41 and

further indicates that hMSCs are capable of continuous

adipogenic differentiation. The average glycerol content of

hMSC-derived adipogenic cell samples was significantly

higher than that of hMSCs (without adipogenic differenti-

ation) at 28 and 35 days in culture, suggesting that hMSC-

derived adipogenic cells gradually accumulate intracellular

lipid vacuoles in vitro (Fig. 3). As we previously demon-

strated, glycerol content is a reliable marker for distinguish-

ing stem and progenitor cells from adipocytes, whereas of

PPAR-g2 is a critical transcriptional factor in the process of

engineered adipogenic differentiation.4,41,52

In a parallel experiment to utilize the above-described

model system of microchannels and bioactive factor in PEG

hydrogel, we encapsulated hMSCs and hMSC-derived adi-

pogenic cells separately in PEG hydrogel samples and at-

tempted to determine whether the engineered microchannels

and bFGF promoted vascularized adipogenesis. Following

12-week in vivo implantation subcutaneously in the dorsum

of immunodeficient mice, the implanted PEG hydrogel sam-

ples with microchannels and bFGF were well integrated with

surrounding host subcutaneous tissue. As in our previous

studies,42–44 PEG hydrogel was not permissive to host cell

infiltration (Fig. 4A, A’). However, PEG hydrogel with

FIG. 2. Adipogenic differentiation of human mesenchymal stem cells (hMSCs) in oil red O staining for lipid vacuoles. Top row (A–E):

hMSCs without adipogenic differentiation over 35 days. Bottom row (F–J): hMSCs in adipogenic induction medium over 35 days. Oil

red O staining is negative for hMSCs during 35 days of culture. In contrast, hMSCs treated in adipogenic medium showed gradually intense

oil red O staining over the observed 35 days. Color images available online at www.liebertpub.com/ten.
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engineered microchannels and adsorbed bFGF showed not

only darker color, but also three red circles in the transverse

plane (Fig. 4B, B’). Further, PEG hydrogel with both

microchannels and bFGF, and seeded with hMSC-derived

adipogenic cells showed not only darker color but also red

circles (Fig. 4C, C’). Upon histological and immunohisto-

chemical examination, PEG hydrogel encapsulating hMSC-

derived adipogenic cells with built-in microchannels and

bFGF showed islands of adipose tissue formation (Fig. 5A).

The engineered adipose tissue was interposed by IF capsules

(Fig. 5A). Multiple islands of the engineered adipose tissue

were oil red O positive, shown as a representative in Figure

5B, suggesting the presence of engineered adipogenesis.

Anti-VEGF antibody showed positive staining in the IF

capsules (Fig. 5C), and anti-WGA lectin antibody was lo-

calized to the vicinity of engineered adipose tissue (Fig. 5D),

suggesting that engineered neovascularization has pro-

moted adipogenesis. In contrast, PEG hydrogel with ad-

sorbed bFGF and microchannels but encapsulating hMSCs

(without adipogenic differentiation) showed negative oil

red O staining (data not shown).

DISCUSSION

The present data demonstrate not only a novel approach

to induce host-derived vascularization in vivo, but also

original findings that physical microchannels and/or a bio-

active factor, bFGF, promotes vascularized adipogenesis

FIG. 3. Glycerol content of hMSCs and hMSC-derived adipo-

genic cells. Glycerol content was quantified by ELISA per our pre-

vious methods. Glycerol content of hMSC-derived adipogenic cells

was significantly higher than hMSCs at days 28 and 35, suggesting

that hMSC-derived adipogenic cells continue to mature into adi-

pocytes with the capacity to synthesize glycerol.

FIG. 4. In vivo implantation of bFGF and microchanneled PEG hydrogel loaded with adipogenic cells derived from hMSCs. Diagrams

(top row) and corresponding representative photographs at the time of harvest of in vivo samples. (A) PEG hydrogel molded into

6�4mm (width�height) cylinder (without either bFGF or microchannels). (B) PEG hydrogel cylinder loaded with both 0.5 mg/mL bFGF

and three microchannels, but without the delivery of cells. (C) PEG hydrogel cylinder loaded with both 0.5 mg/mL bFGF and three

microchannels, in addition to the encapsulation of adipogenic cells that have been derived from human mesenchymal stem cells at a cell

seeding density of 3�106 cells/mL. Following in vivo implantation subcutaneously in the dorsum of immunodeficient mice, the

harvested PEG hydrogel samples showed distinct histological features. (A’) PEG hydrogel cylinder without either microchannels or

bFGF showed somewhat transparent appearance. (B’) PEGhydrogel cylinderwith bothbFGFand threemicrochannels, butwithout delivered

cells, showed darker color and a total of three openings of microchannels (arrows) that are confirmed to be areas of host cell infiltration

histologically (c.f., Fig. 1A1, 1A2). (C’) PEG hydrogel cylinder with both microchannels and bFGF in addition to encapsulated hMSC-

derived adipogenic cells showed the opening of microchannels (red color and pointed with arrows) that are confirmed to be areas of host

cell infiltration histologically in Figure 5. Color images available online at www.liebertpub.com/ten.
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in vivo from human MSCs. This study is a continuation

of our ongoing work in the direction of engineering adi-

pose tissue from MSCs.41,43,44,52 The critical difference of

this study from our previous work is the addition of ap-

proaches that promote vascularization. Angiogenesis is nec-

essary for the survival and maintenance of the majority of

engineered tissues. In comparison with previous approaches

in the attempt to vascularize engineered adipose tissue, the

novelty of the present approach is in the creation of micro-

channels, which provide conduits for ingrowing tissue and

vascular-like structures, and a demonstration that a combi-

nation of MSCs seeded in hydrogel with microchannels and

bFGF generates vascularized adipose tissue grafts. In con-

junction with positive staining by oil red O, a typical adi-

pogenesis marker, we showed the vascular characteristics

of the engineered adipose tissue by VEGF and WGA immu-

noblotting. Ongoing work is characterizing the vascularized

adipogenic tissue using additional vascular endothelial

markers such as PECAM, CD31, CD34, CD144, Flk-1, and

von Willebrand factor. Additional attempt also focuses on

the creation of increasingly finer microchannels so that vas-

cularization and perfusion are further enabled in the PEG

hydrogel and more in the vicinity of the seeded hMSC-

adipogenic cells. A further alternative is to isolate and study

the involvement of endothelial progenitor cells, for exam-

ple, from bone marrow or peripheral blood, in engineered

angiogenesis.

In the present work, microchannels and bFGF have been

shown to induce vascularization in PEG hydrogel with a

molecular weight of 3400 and the level of cross-linking that

otherwise does not permit host cell infiltration or host-

derived vascularization upon in vivo implantation, as in

previous work.41,43,44 Previous meritorious approaches have

functionalized PEG with molecular motifs such as RGF

peptides.53–56 Our approach of adsorption of bioactive cues

and especially microchanneling in PEG hydrogel provides

a parallel approach to Arg-Gly-Asp (RGD) tethering. The

present approach of microchanneling with or without the

adsorption of bioactive cues provides alternatives for induc-

ing host cell infiltration. Creation of microchannels in Food

and Drug Administration (FDA)–approved materials, such

as PEG, has the potential for relatively expedited regulatory

pathways. In addition to its angiogenic effects, bFGF has

been found to promote adipogenesis,57–59 and our data are

consistent with these previous findings. Also, we previously

showed that adipogenesis could be induced in vivo in three-

dimensional hydrogel from human MSCs.41 MSCs may

offer a unique advantage over adipocytes or preadipocytes

in adipose tissue engineering in which MSCs are capable

of continuously self-replicating and differentiating into

adipogenic cells, thus potentially providing a continuous

supply of adipose tissue–forming cells.1,3 Since our previ-

ous work,41 there have been additional reports of the use of

MSCs toward adipose tissue engineering.43,44,57 Regardless

of cell source being adipocytes, preadipocytes, or MSCs,

cell density is likely a central issue and as a function of the

regenerative outcome.60–62 In this study, 3 million MSC-

derived adipogenic cells per mL were utilized and yielded

in vivo adipogenesis. This represents a slight reduction from

our previous work of 5 million cells per mL41 and was

intended to determine whether in vivo adipogenesis can be

accomplished with a smaller cell seeding density, which

equates to shorter ex vivo cell expansion time and is desir-

able for translational approaches. However, there is likely

a threshold cell seeding density below which adipogenesis

is compromised. A factor that compensates for the present

lower cell seeding density (3�106 cells/mL) is the proba-

bility of host cell infiltration via microchannels and for

bFGF in PEG hydrogel. We are in the process of labeling

cells that are to be delivered in vivo with a specific goal to

determine the relative contribution to adipogenesis by de-

livered cells versus host cells. In the experiment to encap-

sulate hMSC-derived adipogenic cells in bFGF-adsorbed

and microchanneled PEG hydrogel, there is a possibility

that hMSCs or hMSC-derived adipogenic cells are also

responsible for host-derived angiogenesis. This needs to be

studied also by in vivo cell labeling and cell tracking.

The seeded cells in the present study likely represent a

heterogeneous population of hMSCs and hMSC-derived

adipogenic cells. It is probable that the in vivo harvested

FIG. 5. Histological and immunohistochemical characterization

of vascularized adipose tissue from human mesenchymal stem

cells. (A) Hematoxylin and eosin staining revealed IF tissue inter-

posing between foam-like space labeled with A for adipose tissue.

The presence of adipose tissue is confirmed in (B), showing sub-

stantial oil red O positive staining in PEG hydrogel encapsulating

hMSC-derived adipogenic cells, in addition to bFGF and built-in

microchannels. In contrast, there is no evidence of adipogenesis in

PEG hydrogel with bFGF and built-in microchannels, but with

hMSCs (without adipogenic differentiation). (C) Positive immu-

nolocalization of VEGF antibody in the IF tissue interposing areas

of adipogenesis, indicating the presence of vascular supply.

(D) Positive immunolocalization of lectin WGA in the interstitial

fibrous tissue interposing areas of adipogenesis, serving as further

indication of the presence of vascular endothelial cells. Color im-

ages available online at www.liebertpub.com/ten.
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samples of the engineered adipose tissue also contain

hMSCs, hMSC-derived adipogenic cells, or preadipocyte,

in addition to mature adipocytes. Our in vitro data of con-

tinuing adipogenic differentiation of hMSCs provide some

support of this assertion. Whereas some of the hMSC-

derived adipogenic cells are end-stage adipocytes with ac-

cumulating oil red O positive intracellular lipid vacuoles,

others are adipogenic cells and/or hMSCs with the capacity

for proliferation.1,3,43 Continuous proliferation of hMSCs

and hMSC-derived adipogenic cells likely replenishes the

supply of adipose tissue–forming cells. However, terminally

differentiated adipocytes are not anticipated to further pro-

liferate.28 Also in this study, histological sections reveal the

presence of fibroblast-like cells in the IF tissue that inter-

poses the oil red O positive adipose tissue, which is char-

acteristic of the native adipose tissue.

A critical aspect of reconstructive and plastic surgeries is

the maintenance of shape and dimensions. Hypothetically,

a successfully tissue-engineered kidney from stem cells,

when realized, does not necessarily need to have the pre-

cise shape as the patient’s original kidney so long as the

engineered kidney fulfills physiological functions in vivo.

In contrast, soft tissue reconstruction or augmentation must

maintain the desired shape and dimensions, in addition to

appropriate physiological functions. Current soft tissue re-

construction procedures suffer from postoperative volume

reduction, as severe as up to 70% over time.15,21,26 Volume

maintenance of alginate gel constructs seeded with preadi-

pocytes is between 19% and 88% after 8weeks of subcu-

taneous implantation in rats.63 As quantified in our previous

work,42–44,46,47 volume retention of the engineered adipose

tissue grafts in this work is virtually 100%. The mainte-

nance of predefined shape and dimensions can be attributed

to at least the following two factors. First, the slow degra-

dation rate of PEG hydrogel must have contributed to di-

mension maintenance. Second, hMSC-derived adipogenic

cells encapsulated in PEG hydrogel in this study are likely

still heterogeneous, containing a percentage of hMSCs and

potentially other cells. Since PEG hydrogel implants with

bFGF and/or seeded with cells were implanted in immuno-

deficient animals, it is unknown whether shape maintenance

is facilitated by presumed attenuation of inflammatory re-

sponse of the host. This needs to be studied in nonimmu-

nodeficient animal models. The encapsulated hMSCs may

undergo adipogenic differentiation in vivo or remain MSCs.

Either way, the native adipogenesis process is simulated in

the sense that whereas the majority of the cells in adipose

tissue are adipocytes at various stages of maturation, there

are fibroblasts and adipose progenitor cells in the intersti-

tial tissue.6 A recent in vitro study showed that insertion of

laminin-binding or other peptides in PEG hydrogel has

effects on preadipocyte adhesion and proliferation.53 It

would be of interest to study whether insertion of peptides

affects the adhesion and proliferation of MSCs.

The regeneration of soft tissue defects resulting from

trauma, congenital anomalies, chronic diseases, and tumor

surgery relies primarily on adipose tissue, in addition to

fibroblastic capsules and vascularized structures that provide

conduits for nutrient supply and perfusion. Taken together,

the present study represents a critical step forward from our

previous work and demonstrates that adipose tissue with

predefined shape and dimensions can be engineered from

adult human stem cells with host-derived vascularization.
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