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Abstract
The development of injectable and biocompatible vehicles for delivery, retention, growth, and
differentiation of stem cells is of paramount importance for regenerative medicine. For cell
therapy and the development of clinical combination products, we created a hyaluronan (HA)-
based synthetic extracellular matrix (sECM) that provides highly reproducible, manufacturable,
approvable, and affordable biomaterials. The composition of the sECM can be customized for use
with progenitor and mature cell populations obtained from skin, fat, liver, heart, muscle, bone,
cartilage, nerves, and other tissues. This overview describes the design criteria for “living” HA
derivatives, and the many uses of this in situ crosslinkable HA-based sECM hydrogel for three-
dimensional (3-D) culture of cells in vitro and translational use in vivo. Recent advances allow
rapid expansion and recovery of cells in 3-D, and the bioprinting of engineered tissue constructs.
The uses of HA-derived sECMs for cell and molecule delivery in vivo will be reviewed, including
applications in cancer biology and tumor imaging.
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1. Why clinical-grade biomaterials are important
Hyaluronic acid (HA) is a non-sulfated, linear polysaccharide with the repeating
disaccharide, β-1,4-D-glucuronic acid - β-1,3-N-acetyl-D-glucosamine. This ubiquitous and
highly hydrated polyanion occurs in sizes ranging from 100 kDa in serum to 8,000 kDa in
the vitreous. HA is an essential component of the ECM and its structural and biological
properties mediate cellular signaling, wound repair, morphogenesis, and matrix organization
[1]. HA and its derivatives have been clinically used as medical products for over three
decades [2]. In the past decade, HA has become recognized as an important building block
for the creation of new biomaterials for use in cell therapy, three-dimensional (3-D) cell
culture, and tissue engineering [3-7].

Chemical modification of HA alters its material and biological properties [8, 9], and target
three functional groups: the glucuronic acid carboxylic acid, the primary and secondary
hydroxyl groups, and the N-acetyl group (following deamidation). As shown in Figure 1, the
resulting HA derivatives are categorized as “monolithic” or “living” [10]. Monolithic HA
derivatives are “terminally modified” forms of HA that do not form new chemical bonds in
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the presence of added cells or molecules, while living HA derivatives can form new covalent
bonds in the presence of cells, tissues, and small or large molecules. Living HA derivatives
are generally needed for clinical and preclinical uses in 3-D cell culture and in vivo cell
delivery [11].

The chemical, mechanical, and biological criteria for clinical and preclinical biomaterials are
design constraints that must be incorporated into the biomaterial design [4, 11]. One must
build in versatility (user control of stiffness and composition), simplicity (ease of use by
researchers or physicians), manufacturability, approvability, and cost-effectiveness into the
initial design to achieve success as a drug evaluation tool or a clinical biomaterial. One
source of clinical biomaterials based on living HA derivatives meet these criteria is
Glycosan Biosytems (www.glycosan.com). This overview summarizes the research leading
to the development of these HA-based biomaterials and subsequent uses by researchers
studying a wide range of primary and progenitor cells.

2. Why living hydrogels are important
Modular HA-based synthetic extracellular matrices (sECMs) were developed for use in drug
evaluation and regenerative medicine [12, 13]. As shown in Figure 2, the sECMs were based
on modification of the carboxylate groups of glycosaminoglycans (GAGs) and proteins such
as gelatin using hydrazides containing disulfides [14, 15]. The resulting thiol-modified
biopolymers slowly crosslinked in air to a hydrogel, this gel could be lyophilized to produce
a macroporous sponge [16]. More importantly, in vivo-injectable cell suspensions in the
sECM macromonomers can be crosslinked with cytocompatible bifunctional polyethylene
glycol (PEG) derived crosslinkers [17]. The mechanical properties and rates of
biodegradation could be altered by several varying parameters [18]: (i) molecular weight of
starting HA employed; (ii) percentage of thiol modification; (iii) concentrations of thiolated
HA and thiolated gelatin; (iv) molecular weight of the crosslinker poly(ethylene glycol)
diacrylate (PEGDA); and (v) ratio of thiols to acrylates. Detailed osmotic and neutron
scattering studies of this process were performed using hydrogels with PEGDA crosslinking
ratios from 0.15 to 1.0 and thiolated HA concentrations from 0.5 to 3.2% (w/w) [19]. The
shear modulus was strongly dependent on pre-gel concentration while osmotic mixing
pressure was the mainly affected by crosslink density. Moreover, the thermodynamic
properties of the composite sECM hydrogels such as HyStem are governed primarily by
total polymer concentration; that is, specific interactions between the PEGDA and thiolated
HA (CMHA-S) chains are not important.

Living hydrogels allow control of gel composition and mechanics, and permit incorporation
of cells and a wide variety of small molecules, large molecules, nanoparticles, and
microparticles. Moreover, living hydrogels can be processed using fabrication techniques
that include electrospinning, bioprinting, molding, or centrifugal casting.

3. Fabrication techniques using living hydrogels
3.1. Centrifugal casting

Endothelial cells encapsulated within an sECM was achieved by allowing crosslinking of
the living thiolated HA and gelatin to occur during axial spinning [20]. Since so many of the
human body’s tissues are tubular–from capillaries to bones, GI tract, kidney tubules,
genitourinary structures–centrifugal casting using living sECMs could play a major role in
engineering tissues [21].
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3.2 Electrospinning and electrospraying
The applications of electrospinning in tissue engineering were recently reviewed [22].
Included in these applications are the electrospinning of thiolated HA into three-dimensional
nanofibrous scaffolds; the fibers were crosslinked with PEDGA prior to removal of the
diluent. The scaffold was the coated with fibronectin and seeded with fibroblasts, which
attached and spread to a dendritic morphology [23].

However, a common drawback of electrospun scaffolds is that cells cannot infiltrate into the
dense nanofibrous structure. To address this, micron-sized fibers electrospun fibers were
combined with co-deposition of the thiolated HA-heparin product Heprasil. The resulting
mPCL/Col fibers were simultaneously electrosprayed with Heprasil, and the hybrid
construct showed optimal penetration of fetal osteoblasts [24].

3.3. Bioprinting
Robotic layer-by-layer fabrication of three-dimensional (3-D) constructs can create
functional living tissues by depositing “bio-ink” (cell aggregates or spheroids) and “bio-
paper” (scaffold materials)[25] into computer-designed 3-D assemblies [21, 26, 27]. The
success of bioprinting so far has been limited by the availability of extrudable,
cytocompatible, robust, degradable biomaterials that are compatible with printing devices.
Several new materials based on thiolated HA have begun to remedy this deficiency.

First, a four-armed polyethylene glycol 3400 tetracrylate, was used to crosslink thiolated HA
and gelatin derivatives into sECM hydrogels that could be extruded from capillaries [28].
High-density suspensions of NIH3T3 cells in a 2% (w/v) crosslinked hydrogel (25 million
cells/mL) were printed from microcapillaries into macroscopic filaments that retained their
shape during printing. In this way, cellularized tubular constructs were fabricated using a
rapid prototyping device, and these vessel-like structures were viable in culture for 4 weeks
[28].

In a second strategy, 24-nm gold nanoparticles (AuNP) were employed as multifunctional
crosslinkers for thiol-modified HA and gelatin. These AuNP-crosslinked sECM hydrogels
exhibited an unusual property that was designated “dynamic crosslinking” [29]. After 24 hr
to allow the formation of intra-gel crosslinks, robust hydrogel tubes were extruded and
layered in a computer-driven printer. Within hours, the extruded gel filaments formed inter-
gel crosslinks, leading to fusion of the macrofilaments. When cellularized AuNP-crosslinked
sECM hydrogels were bioprinted, the dynamic crosslinking allowed cell growth and
maturation within the printed constructs. After the constructs matured, N-acetyl-cysteine
(NAcCys) was added to dissolve the hydrogel, leaving only the cells and the cell-secreted
ECM.

4. Cell Delivery with sECMs
Autologous bone-marrow MSCs were delivered to full-thickness defects in the patellar
groove of rabbit femoral articular cartilage. Defects were completely repaired at 12 weeks
and the sECM was remodeled to trabecular bone and translucent zonated cartilage [30]. The
primary role of the sECM appeared to be cell retention, thereby enhancing the natural
biological repair processes mediated by endogenous cells. More recently, chondrogenic cells
derived from human embryonic stem cells (H9 hESCs) were encapsulated in Extracel and
used to repair an osteochondral defect. Spatiotemporally controlled remodeling took place
over 12 weeks and produced hyaline-like neocartilage integrated with existing cartilage and
regenerated subchondral bone [31].
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Injection of bone marrow-derived MSCs in Extracel into injured rat vocal folds led to
reduced scarring and favorable ECM production, HA metabolism, myofibroblast
differentiation, and TGF-β1 production [32]. Thus, grafting of MSCs in an sECM hydrogel
into injured vocal folds offers an attractive therapeutic strategy.

Muscle-derived stems cells (MDSCs) from rat anterior tibialis were cultured in vitro in a
95% collagen-5% HyStem-HP gel combination at densities of 2.2, 3.3, and 4.4 million cells/
ml. At the higher concentrations, the scaffold collapsed from traction forces within 48 h, but
the lowest concentration gave an intact construct stable for 21 days. Balancing scaffold
composition and cell density was particularly critical to create MDSC-seeded scaffolds
suitable for implantation [33].

In order to maintain the undifferentiated phenotype, the stem cell microenvironment requires
careful control [6]. In one example, encapsulation of embryonic endothelial progenitor cells
(murine eEPC) into the sECM HyStem-C created a bioartificial stem cell niche.[34]
Implantation of the eEPC-hydrogel into the ears of mice with drug-induced nephropathy or
renal ischemia allowed hyaluronidase-mediated eEPC mobilization to injured kidneys and
improved renal function. HA hydrogels with eEPCs supported renal regeneration in
ischemic and cytotoxic nephropathy, and promoted neovascularization in an ischemic hind
limb model [34].

An sECM hydrogel composed of crosslinked thiol-modified heparin, gelatin, and HA
(HyStem-HP) significantly promoted the survival of two neural progenitor cell (NPC) lines
in vitro under conditions of stress, and in vivo delivery into the cavity of a stroke-infarcted
brain [35]. Cell survival was improved, glial scar formation was reduced, and local
inflammation was minimized for HyStem-delivered cells in comparison to NPCs delivered
in buffer only. Thus, stem cell transplantation into the infarct cavity within a pro-survival
hydrogel matrix may provide a translational therapy for stroke recovery [35]. In a separate
model, axonal sprouting after stroke was enhanced by delivery of a Lingo1 function
blocking protein encapsulated in Extracel-HP in the peri-infarct cavity [36].

When human MSCs encapsulated in Extracel-X were injected subcutaneously into nude
mice, those MSCs engineered to produce an anti-tumor antibody showed dramatic reduction
of HCT-116 tumor volume. Interestingly, tumors produced after 40 days in which wild-type
MSCs were co-cultured with HCT-116 colon cancer cells were over twice as large as tumors
obtained from HCT-116 cells alone in Extracel-X [37].

5. Matrix stiffness of sECMs affects cell phenotype
Both composition and gel stiffness can be controlled by varying the ratios of thiolated HA,
thiolated gelatin, and crosslinker. The mechanical properties of the sECM largely
determined cell phenotype. From shear moduli ranging from 11 Pa to 3500 Pa, the
concentration of the thiolated HA and the cross-linking density were the main determinants
of gel stiffness. In essence, addition of thiol-modified gelatin reduced gel stiffness by
diluting the thiolated HA concentration [18]. One standard sECM, HyStem-C, has an elastic
modulus in the 200 Pa range, and has been found suitable for the formation of acini by
encapsulated canine kidney MDCK cells (Figure 3). Primary adult human hepatocytes
retained a rounded morphology when encapsulated in Extracel (HyStem-C) and cultured for
5 days, as illustrated by the SEM image in Figure 4.

Using a physiologically relevant ECM mimic containing covalently bound fibronectin
domains, adult human dermal fibroblasts modified their mechanical response in order to
match substrate stiffness. Cells on stiffer substrates had more organized actin cytoskeletons
and more extended phenotype.[38] Similarly, migration of human dermal fibroblasts (HDFs)
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was examined with the same HA-fibronectin hydrogels. Traction stresses correlated to the
stiffness of the hydrogel sECM, and high stresses led to nuclear distortion [39].

Human bone-marrow-derived multipotent MSCs were cultured on Extracel at elastic moduli
that matched muscle or brain tissue elasticity. Over ninety MSC-secreted cytokines and
growth factors were assayed, and many exhibited elasticity-dependent expression.
Importantly, IL-8 was up-regulated almost 100-fold on hard surfaces relative to soft surfaces
[40].

Young and Engler found that the time-dependent stiffening of thiol-modified HA hydrogels
enhanced cardiomyocyte differentiation in vitro [41]. The increase of the elastic modulus
was tuned to mimic the increase in modulus as the heart developed during embryogenesis,
suggesting that temporally-changing material properties could enhance cell maturation in
engineered tissues.

Finally, hESCs grown on Extracel-HP showed reduced vimentin levels relative to hESCs
cultured on Matrigel or on murine embryonic fibroblast layers. The expression of vimentin
exemplifies a stress-induced response by hESCs to growth on stiff substrata [42]. Proteomic
and morphological indicators characteristic of 3D culture were retained in these soft HA-
based hydrogels. Combining these observations with the techniques for cell expansion and
recovery discussed below suggests that soft HA-rich matrices have the potential for clinical-
grade stem cell expansion, differentiation, and implantation in regenerative medicine.

6. Molecule and particle delivery
6.1. Growth factor delivery

One common use of sECM hydrogels is to achieve spatiotemporal control of growth factor
(GF) release, accomplishing four main objectives: (i) prolonging biological activity in vivo,
(ii) protecting GFs from proteolysis, (iii) localizing GF release, and (iv) reducing GF
expense. Often, multiple GFs are required to recapitulate a desired biologic outcome. A
heparan sulfate-mimetic sECMs was prepared by co-crosslinking thiolated HA with thiol-
modified heparin [43]. Cell growth and rates of neovascularization were increased in this
sECM, which released basic fibroblast growth factor (bFGF) in vitro with a half-life of 4
weeks [43]. By varying the thiolated GAG composition and adding thiolated gelatin,
different release rates were realized for specific growth factors [44]. Co-release of VEGF
with bFGF, angiopoietin-1, or keratinocyte growth factor (KGF) increased microvessel
density and maturity using Extracel-HP [45, 46]. Optimal vascularization and vascular
maturation using films implanted in mouse ear pinnae in vivo was accomplished by dual
release of VEGF and KGF [45, 46].

Both GF release and the appropriate mechanical environment of the ECM are required for
vasculogenesis. For example, VEGF and substrate mechanics co-regulated tubulogenesis by
endothelial progenitor cells (EPCs) encapsulated in Extracel-HP. Higher VEGF
concentrations paired with softer gels promoted (i) EPC migration, (ii) increased cellular
elongation of EPCs, and (iii) formation of longer tubes with more defined lumens [47]. In a
separate study with EPCs, injection of human endothelial colony forming cells (ECFCs), a
type of EPC with growth factors and human adipose-derived stem cells into a depot adjacent
to the heart in a rat myocardial infarct model appeared to produce a human vasculature
connected to the rat circulatory system (Figure 5).

Endogenous stem cells and precursor cells can be attracted to a defect for de novo tissue
regeneration. For example, hepatocyte growth factor (HGF) induces migration of MSCs in
vitro but is rapidly degraded in vivo. Extended, localized delivery of HGF was achieved
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with Heprasil, resulting in controlled release of HGF coupled with migration of human bone
marrow MSCs into the hydrogel in vitro [48].

Using a hybrid biomaterial fabricated by electrospinning of poly (ε-caprolactone)-collagen
(PCL/Col) microfibers with concomitant electrospraying of Heprasil-entrapped VEGF165
and PDGF-BB were released over a five-week period in vitro. These hybrid meshes were
co-cultured with human umbilical vein endothelial cells (HUVECs) and lung fibroblasts,
thereby recapitulating a primitive vascular network within the scaffold [49].

6.2. Small molecule delivery
Small hydrophobic molecules, such as steroidal anti-inflammatory drugs, release over the
course of days to weeks. For PEG dialdehyde crosslinked adipic hydrazide modified HA
(HA-ADH), an inverse correlation between the hydrophobicity of steroid (log P for octanol
water partition coefficient) and the rate of release was observed [50]. The steroids were
encapsulated in the hydrogels as powders, so that release required both solubilization and
diffusion. Analogous results were obtained with thiolated HA hydrogels crosslinked with
PEGDA (X. Shu, G. D. Prestwich, unpublished results). In contrast, small water soluble
molecules rapidly diffuse out of the hydrogels, unless the small molecules are cationic and
retained by charge-charge interactions with the glucuronate residues.

6.3. Large molecule and particle delivery
For standard formulations of PEGDA-crosslinked HA hydrogels such as Extracel and
HyStem, large molecules, i.e., molecules >40,000 Da, are retained within the gel and
released only as the gel is degraded by hyaluronidase and/or collagenase. This allows co-
encapsulation of a variety of ECM proteins such as collagen, laminin, vitronectin, and
fibronectin in the hydrogel. It also permits entrapment of antibodies, DNA, siRNA, or
macroscopic particles within the gel, although to date few examples of these uses have been
described. Several are noted below.

In a mouse model for control of axonal sprouting after stroke, Nogo signaling was by
blocked by delivery of Lingo1 function blocking protein (Lingo1-Fc) encapsulated in
Extracel-HP injected into the peri-infarct cavity [36]. This resulted in enhanced forelimb
motor cortical connections, similar to those in Nogo receptor knock-out mice.

Using nanoporous 10 μm microparticles of crosslinked of HA-aldehyde - HA-ADH, a
perlecan domain containing HS chains was coupled to the pendant hydrazides [51]. The
perlecan domain-conjugated HA hydrogel particles were used to release bone
morphogenetic protein 2 (BMP-2), which stimulated the production of cartilage-specific
ECM.

Finally, Bae and coworkers used Extracel to deliver three types of magnetic resonance
imaging (MRI) contrast agents to localize them subcutaneously in mice. Superparamagnetic
gadolinium-labeled magnetite nanoparticles (GMNPs) were prepared as dual-contrast agents
for both T1 and T2-weighted MRI. Extracel-delivered Feridex was dark in T1, while
Magnevist and GMNPs were bright in both T1 and T2 relaxivity images [52].

7. Cell expansion and recovery
In order to recover cells after expansion without using enzymatic treatment to disrupt cell-
matrix interaction, disulfide groups were introduced into the PEGDA crosslinkers [53]. One,
two, or three disulfide blocks were introduced; PEGSSDA contained a single disulfide-
containing block. Cells were released from PEGSSDA crosslinked sECMs using a thiol-
disulfide exchange reaction; e.g., a 1-h incubation with 25 mM NAcCys dissolved the
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sECM, permitting cell recovery under non-enzymatic conditions. Fibroblasts, hepatocytes,
bone marrow-derived MSCs, and HUVECs were recovered by gentle centrifugation and
their viability established by re-culturing the cells on Extracel.

It is also possible to coat an sECM Extracel onto porous crosslinked dextran beads [54]. In
this case, the hydrogel was crosslinked by disulfide bond formation. Cells were allowed to
proliferation in 3-D in a rotating wall vessel (RWV) bioreactor that recapitulated the low
fluid shear stress environments in the body. One cell type, human intestinal epithelial cells
(Int 407), formed multilayered cell aggregates on the sECM beads. The cell clusters were
released by dissolving the gel with NAcCys, and the cell aggregates were further expanded
in a scaffold-free manner in the RWV bioreactor to produce spheroidal microtissues. Such
tissue spheroids can be used to investigate host-pathogen interactions, evaluate new
therapeutic agents, and creating clusters for bioprinting or cell therapy [54].

Human hepatoblasts (hHBs) and human hepatic stem cells (hHpSCs) were maintained on
thiol-modified HA hydrogels mixed containing ECM proteins such as type I collagen and
laminin. Both hHpSCs and hHBs survived and expanded for more than 4 weeks in a soft,
disulfide-bonded Glycosil (thiolated HA) hydrogel. The hHpSCs in hydrogels were
differentiated into hHBs that expressed α-fetoprotein, albumin, and urea [55]. In a related
study, human fetal liver cells were embedded in soft, disulfide-crosslinked Glycosil, and the
hydrogel was placed within the capillary system of a 3-D perfusion bioreactor. This system
was optimized for liver cell survival and differentiation [56]. In earlier preliminary studies,
we had found that primary rat hepatocytes cultured in Extracel retained cytochrome P-450
activity, a key metabolic function for testing hepatic function and hepatotoxicity [12].

8. Drug evaluation and tumor models
The strategy of “tumor engineering” involves injection of cancer cells in Extracel into
orthotopic locations of immune compromised mice and is a versatile method to harness 3-D
cell culture for studying tumor biology and for evaluating new anti-cancer drugs [57].
Engineered tumors showed improved “take” for hard-to-culture and poorly tumorigenic cell
lines. The 3-D injection in Extracel allows experimental control of important xenograft
parameters: (i) more consistent tumor size, (ii) better tissue integration and vascularization,
(iv) reduced necrosis, (iv) control of tumor location, and (v) generally improved animal
health compared with tail vein or intraperitoneal injection of cells injection in medium [57].
Tumor growth and metastasis were also enhanced in a pancreatic adenocarcinoma model
[58], in which RFP-modified MiaPaCa-2 cells injected into the pancreas created both a
primary tumor and distant metastases (Figure 6). As noted above, mice implanted with
tumors in which wild-type human MSCs were co-injected with HCT-116 colon cancer cells
in Extracel-X produced larger tumors in 40 days compared to mice receiving an Extracel-
HCT-116 suspension without MSCs [37].

Novel cell types and cell aggregates have been produced using Extracel. In one study,
tumor-like stem cells derived from human keloid (keloid precursor cells, KPCs) were
suspended in Extracel-HP containing IL-6 or IL-17 and implanted subcutaneously in
immune compromised mice. This inflammatory niche contributed to a benign tumor-like
stem cell phenotype of the KPCs characterized by uncontrolled self-renewal and increased
proliferation. Modification of this pathological stem cell niche with anti-cytokine antibodies
had an anti-tumor effect [59].

Using cells isolated from human placentas, placenta-derived adherent cells (hPDACs)
prevented bone loss, stimulated bone formation, and suppressed growth of multiple
myeloma in preclinical models [60]. HyStem-C encapsulated hPDACs survived
subcutaneously for 8 weeks in immunocompromised mice, while hPDACs injected into
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tumor lesions or into bone were cleared within 3 weeks. Only intrabone injections were
effective as cytotherapy for myeloma.

Finally, engineered tumors have been employed to explore stabilized lipids that modulate
the lysolipid signaling [61]. First, a novel dual function bromophosphonate analog of LPA,
BrP-LPA, was identified as a dual activity LPA antagonist/ATX inhibitor (LPAa/ATXi).
Intraperitoneal injection of BrP-LPA inhibited growth and angiogenesis in MB-231 breast
tumors grown in Extracel [62]. Second, addition of GFs to Extracel-HP allowed tumorigenic
expansion of A-549 non-small cell lung carcinoma (NSCLC) cells in vivo [63].
Reproducibly-sized subcutaneous lung tumors were formed, and growth and vascularization
were inhibited by the BrP-LPA. Third, injection of a suspension of HCT-116 colon cancer
cells in Extracel directly into the liver of a nude mouse, created vascularized colon tumor
grafted onto the liver, mimicking a colon cancer metastasis site.[61] BrP-LPA also
significantly reduced tumor growth and angiogenesis in this model. Taken together, these
improved, more realistic xenografts show considerable utility for evaluating the potential of
novel anti-metastatic, anti-proliferative, and anti-angiogenic compounds.

9. Conclusions
Simple, manufacturable ECM-mimetic hydrogels based on HA have broad utility in wound
repair [64], drug evaluation [12], stem cell niche engineering [6], and regenerative medicine
[4]. The concentrations, compositions, and mechanics of these HA-based sECMs can be
experimentally optimized for primary and stem cells for both ex vivo and in vivo uses.
Moreover, sECMs can be used for delivery of growth factors, small molecules, antibodies,
microparticles and nanoparticles. Meeting the initial design criteria for clinical biomaterials
is now facilitating the translation of HyStem and Extracel into preclinical, veterinary, and
human clinical applications.
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Figure 1.
Sample chemical substructures of monolithic (top) and living (bottom) chemical
modifications of hyaluronic acid.
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Figure 2.
Formation of the crosslinked synthetic ECM Extracel from thiol-modified HA, thiol-
modified gelatin, and poly(ethylene glycol) diacrylate.
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Figure 3.
Culture of the canine kidney MDCK cell line in HyStem-C, supplemented with 100 μg/mL
mouse laminin, leads to formation of acinar structures. Key: green, Alexa 488 phalloidin for
actin; blue, Draq-5 for cell nuclei. Image courtesy of Glycosan Biosystems, Y. Qui, R.
McCall, V. Mironov, X. Wen.
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Figure 4.
Scanning electron micrograph of human hepatocytes encapsulated in Extracel and cultured
for 5 days. Image obtained by G. Yang and provided by Glycosan Biosystems.
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Figure 5.
Subcutaneous injection of Endgenitor human endothelial colony forming cells (ECFCs) with
human adipose-derived stem cells and a cocktail of growth factors in Extracel-HP after 1
week. An anastomosed human vasculature (red-stained endothelium by anti-human CD31
and brown nuclei stained with anti-human nuclear matrix protein) is visible in the presence
of rat cells (blue) and rat blood (uncolored in red-lined blood vessels). Image courtesy of
Glycosan Biosystems and R. I. Grove (Endgenitor).
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Figure 6.
Injection of MiaPaCa-2 cells labeled with red fluorescent protein as an Extracel suspension
into the pancreas of a nude mouse. After 4 weeks, the tumor mass is visible as a large orange
mass (lower center); individual metastases are visible as red foci in the intestinal folds and
elsewhere in the abdomen. Image courtesy of Jill Shea.
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