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Microcarriers have been successfully used for many years for growing anchorage-dependent cells and as a
means of delivering cells for tissue repair. When cultured on microcarriers, the number of anchorage-depen-
dent cells, including primary cells, can easily be scaled up and controlled to generate the quantities of cells
necessary for therapeutic applications. Recently, stem cell technology has been recognized as a powerful
tool in regenerative medicine, but adequate numbers of stem cells that retain their differentiation potential
are still difficult to obtain. For anchorage-dependent stem cells, however, microcarrier-based suspension
culture using various types of microcarriers has proven to be a good alternative for effective ex vivo expan-
sion. In this article, we review studies reporting the expansion, differentiation, or transplantation of functional
anchorage-dependent cells that were expanded with the microcarrier culture system. Thus, the implementa-
tion of technological advances in biodegradable microcarriers, the bead-to-bead transfer process, and appro-
priate stem cell media may soon foster the ability to produce the numbers of stem cells necessary for cell-
based therapies and/or tissue engineering.
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INTRODUCTION cells with identical properties (36,87). The key to suc-
cessful large-scale and long-term cell culture is a well-
defined and controlled bioreactor design. Stirred bio-Cell transplantation has been widely used in regener-

ative medicine or tissue engineering applications for many reactors (for suspension culture) can overcome several
drawbacks of static cultures, including the presence ofyears (32,37,57,100). The most well-established thera-

peutic applications of cells grown in suspension are concentration gradients and difficulties in monitoring
and control. Except for hematopoietic cells (38), how-blood transfusion and transplantation of hematopoietic

stem cells (52,58,66). The key to successful transplanta- ever, mammalian cells are usually expanded as anchor-
age-dependent cells, and therefore development of a cul-tion using cell-based technologies is the preparation of

large enough numbers of high-quality cells. Similar to ture system with suitable support is necessary. The
stirred microcarrier culture system can facilitate thecells grown in suspension, anchorage-dependent cell-

based transplantation, such as the use of islet cells for expansion of cells that require attachment, and provides
an environment that can easily be controlled and moni-diabetes (6,78), bone marrow cells for myocardial in-

farct (31,47,79), or critical limb ischemia (3), requires tored.
In addition, owing to their capacity for self-renewalat least 1–2 × 109 cells for an adult patient (50–100 kg).

Thus, the development of a practical and scalable bio- and differentiation, stem cells such as embryonic stem
cells (ESCs), induced pluripotent stem cells (iPSCs),process that allows expansion and transplantation of

functional cells would potentiate cell-based therapies. mesenchymal stem cells (MSCs), and other adherent
stem/progenitor cells have been recognized for theirMany culture systems have been designed to expand
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great potential in regenerative medicine. To realize the In this article, the microcarrier culture systems used
for primary cells, adult stem cells, and embryonic stempotential of stem cell-based therapies, however, techni-

cal improvements in the large-scale expansion of stem cells are reviewed as follows.
cells and their differentiated progeny are required. Mi-

PRIMARY CELLScrocarriers may be an alternative culture system for pro-
ducing significant quantities of cells that are required for Microcarriers have the benefit of delivering cells to

damaged or degenerated tissue for repair and restorationfuture clinical product development.
of function. Several studies have shown that primary

MICROCARRIERS cells cultured on microcarriers and implanted into ani-
mal models can cure several disorders for many years.The microcarrier culture system was introduced by

van Wezel in 1967 and has been applied successfully to Table 1 summarizes a number of examples of microcar-
riers that have been used in animal models. These stud-the growth of anchorage-dependent cells for the produc-

tion of vaccines or pharmaceuticals, and to expand cell ies have provided crucial information about liver insuffi-
ciency (20–22), cartilage repair (35,49,85), skin repairpopulations (88). This culture system offers the advan-

tage of providing a larger surface area for the growth of (44,89,90), and Parkinson’s disease (12,14,73).
In 1986, Demetriou et al. first reported a new methodanchorage-dependent cells in a suspension culture sys-

tem, and overcomes several problems with static cul- for expansion of primary hepatocytes with Cytodex 3
(dextran matrix with a layer of collagen) and the subse-tures, including the requirement for large quantities of

culture media, space expense, inefficient gas–liquid ox- quent hepatocyte transplantation that results in pro-
longed hepatocyte viability and function in vivo (20,22).ygen transfer, presence of concentration gradients, and

difficulties in monitoring and control. In addition, transplantation of microcarrier-attached he-
patocytes had a curative effect and provided sufficientAlthough the microcarrier culture system has many

advantages, the limitation of cell attachment to the mi- metabolic support, detoxification of ammonia, and an
increase in the survival rates of liver-damaged ratscrocarrier surface depends on the carrier diameter (typi-

cally in the range of 100–400 µm), density (typically (54,98). Recently, Xu et al. described the positive effects
of intraperitoneal transplantation of Cytodex 3 microcar-between 1.02 and 1.10 g/ml), and chemical composition

(48). Today, microcarriers are commonly composed of rier-attached hepatocytes in rats with acute liver failure
induced by D-galactosamine (98). Additionally, a micro-a dextran matrix, with diethylaminoethyl (DEAE) anion

exchange groups being widely used. This group of mi- carrier-attached hepatocyte-based bioartificial liver also
facilitated metabolic support and modified the humoralcrocarriers includes CytodexTM 1, Cytodex 2, and Hil-

lexTM. In addition, Cytodex 3 is also a member of the response in an experimental therapy for liver failure
(81,97).DEAE-dextran family, but the Cytodex 3 microcarriers

are coated with a thin layer of collagen (48). The other For skin repair, Voigt et al. first reported that Cyto-
dex 3 microcarrier-attached keratinocytes provide a newmaterials that are used for microcarriers include plastic,

glass, and cellulose. However, the aforementioned mi- multilayered and keratinized epithelium in a full-thick-
ness wound healing model, but the microspheres couldcrocarriers are less amenable in tissue engineering or di-

rect transplantation because they cannot be decomposed not be degraded and induced an inflammatory response
(90). Therefore, this group investigated another biode-by the human body. Trypsin, collagenase, and dispase

have been used to retrieve viable cells from nonbiode- gradable substance, PLGA microcarriers, which were
coated with gelatin and recombinant human epidermalgradable microcarriers for use in cell-based transplanta-

tion studies. However, perfect separation of the cells growth factor. At 14 days posttransplantation, a new
stratified epithelium was detected in the full-thicknessfrom nonbiodegradable microcarriers after enzyme treat-

ment is still difficult. Therefore, development of micro- wound healing model (89). Recently, Liu et al. produced
autologous melanocytes, keratinocytes, and fibroblastscarriers composed of biodegradable chemicals may be

an ideal answer. on a large scale using the CultiSpher-G microcarrier cul-
ture system (41–44), and showed a decrease in the sizeRecently, microcarriers made of biodegradable sub-

stances including gelatin (CultiSpherTM family) (49), col- of recalcitrant venous leg ulcers using autologous kera-
tinocytes (44). Using the novel bioreactor microcarrierlagen (CellagenTM) (30), poly-lactic-co-glycolic acid

(PLGA) (85), poly-L-lactic acid (PLLA) (19), and hy- cell culture system (Bio-MCCS) of Liu et al., autologous
human keratinocytes can be rapidly expanded on onedroxyapatite (26) have raised great interest and been ex-

tensively studied for their clinical application in the field specific type of modified CultiSpher-G microcarriers,
which are first cultured with autologous dermal fibro-of regenerative medicine. In addition, cell-seeded micro-

carriers can be used to transport cells to the tissue(s) that blasts that are killed when they reach confluency (43).
For cartilage repair, Malda et al. reported that humanneeds to be repaired.
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Table 1. Microcarrier-Expanded Primary Cells for Transplantation

Cell Type Microcarrier Model Curative Effect Ref.

Hepatocytes
Rat CytodexTM 3 Liver insufficiency (rat) Transplantation of microcarrier-attached normal he- 22

patocytes reduces serum bilirubin levels of Gunn
rats.

Rat Cytodex 3 Liver insufficiency (rat) Plasma albumin concentration of albumin-deficient 20
rats progressively increases for 6 days and then de-
clines after transplantation of normal hepatocytes
that are microcarrier attached.

Rat Cytodex 3 Acute liver insufficiency Significantly higher blood glucose levels are ob- 21
(rat) served compared to the levels in control rats that

receive injections of microcarriers, liver cells, or
medium alone.

Rat Cytodex 3 Acute liver ischemia (rat), A higher caffeine clearance, a higher urea produc- 13
Subtotal hepatectomy tion, and a significantly smaller loss in body
(rat) weight in comparison to sham-transplanted control

rats.

Rat Cytodex 3 Acute liver insufficiency Survival rate: microcarriers group > vacant micro- 98
(rat) carriers group

Chondrocytes
Human CultiSpherTM-G Cartilage repair (subcutane- Microporous gelatin microcarriers are effective ma- 49

ous dorsum) trices for nasal chondrocyte expansion while main-
(nude mice) taining the ability of chondrocyte differentiation.

Rabbits PLGA Cartilage repair (subcutane- Nine weeks after implantation of chondrocytes 35
ous dorsum) (mice) with PLGA microcarriers, solid or white cartilagi-

nous tissues form at subcutaneous dorsum.

Sheep PLGA Cartilage repair (nude mice) Chondrocytes cultured on PLGA microspheres 85
were further assessed for cartilage tissue formation
in collagen type I gels in nude mice.

Keratinocytes
Human Cytodex 3 Full-thickness wound heal- Transplantation of microcarrier-attached keratino- 90

ing model (nude mice) cytes results in a reconstituted epithelium that is
multilayered and keratinized.

Human PLGA Full-thickness wound heal- Approach to expand cultured human keratinocytes 89
ing model (nude mice) and reconstitute the epidermis in full-thickness

wounds using a new microspherical transport sys-
tem.

Human CultiSpher-G Skin transplants (human) Transplantation of microcarrier-attached keratino- 44
cytes decreases the size of recalcitrant venous leg
ulcers.

Human Cytoline 1TM (poly- Skin transplants (human) Wounds heal in a shorter time and a better condi- 9
ethylene and silica) tion is achieved with the treatment. Microcarriers

only do not have a curative effect.

Human CultiSpher-G Skin transplants (in vitro hu- Microcarrier-expanded keratinocytes seeded onto 11
man skin equivalent model) the 3D in vitro human skin equivalent model are

able to produce a viable epidermis. When keratino-
cytes are cocultured with feeder cells on microcar-
riers, a slightly greater cell yield is observed com-
pared to keratinocytes cultured on microcarriers
without feeder cells.

(continued)
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Table 1. Continued

Cell Type Microcarrier Model Curative Effect Ref.

Human/ PLLA Living skin replacement bi- Allogeneic and xenogeneic fibroblasts neither have 40
fibroblasts otherapy (pig) nor elicit any noticeable inflammatory or immune
(human and reaction during the 14-day experimental period.
porcine) Both porcine and human dermal living skin re-

placement provide cells and/or factors that acceler-
ate dermal tissue regeneration.

Fibroblasts
Human and rat Cytodex-3 Hemophilia B (gene ther- Intraperitoneal transplantation of microcarrier- 55

apy) (rat) attached transduced fibroblasts forms aggregates in
the peritoneal cavity and exhibits positive immuno-
histochemical staining for human factor IX up to 8
weeks following transplantation.

Adrenal chromaffin
cells

Rat Cytodex 3 glass Parkinson’s disease (rat) Microcarrier-attached cells maintain their effect in 16
beads reducing rotation for at least eight months, but ani-

mals implanted with cells alone show a reduction
in rotation that lasted less than 3 months.

Rat Cytodex 3 glass Parkinson’s disease (rat) Animals that receive adrenal chromaffin cells- 12
beads beads show significant behavioral recovery that is

sustained over the 12-month test period, but the
group that received adrenal chromaffin cells alone
only exhibited a significant reduction in the first
month.

Ventral mesen-
cephalon cells

Human and rat Cytodex microcar- Parkinson’s disease (rat) Microcarriers provide enhanced survival of both 73
riers (no article) rat allograft and human xenograft fetal mesence-

phalic cells in the rat striatum.
Retinal pigment

epithelial cells
Human Gelatin microcar- Parkinson’s disease (rat) These results further support the possibility that 14

rier implantation of cultured hRPE cells may be a
promising therapeutic option for patients with Par-
kinson’s disease.

PLLA, poly-L-lactic acid; PLGA, poly-lactic-co-glycolic acid; hRPE, human retinal pigment epithelium.

nasal chondrocytes could be expanded on CultiSpher-G and differentiation of anchorage-dependent cells (e.g.,
fibroblasts, osteoblasts, and MSCs), and may be usefulmicrocarriers, and that the collagen content of microcar-

rier-expanded chondrocytes 14 days after implantation in clinical regenerative medicine in the musculoskeletal
or dermatological fields (91,92).was slightly higher than T-flask-expanded cells (49). In

addition to expansion on gelatin-based microcarriers,
ADULT STEM CELLSexpansion of chondrocytes on PLGA microcarriers dem-

onstrated the feasibility of articular cartilage repair in a The technologies described above have encouraged
the use of the microcarrier culture system as a powerfulmouse model (35,85). In addition, gelatin microcarrier-

based cell delivery has shown positive clinical results in tool for expansion of stem cells for clinical use. More-
over, the use of microcarriers in expansion, differentia-Parkinson’s disease using human retinal pigment epithe-

lial cells (14,27,93). tion, and transplantation has only been explored to a
limited extent. Tables 2 and 3 list currently availableFurthermore, other biodegradable natural polysaccha-

rides and FDA-approved hydrogel-based microcarriers information about stem cells cultured on microcarriers.
Moreover, this system also makes possible the use ofhave been shown to facilitate adhesion, proliferation,
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Table 2. Expansion of Adult Stem Cells Using Microcarrier Culture

Microcarriers In Vitro
Cell Type (Bioreactor) Cell Recovery Differentiation Notes Ref.

Mesenchymal
stem cells

Human (bone CultiSpherTM-G Trypsin- Osteogenesis After 7 days of cultivation, a 10-fold increase in 95
marrow) (spinner flasks) EDTA viable cells is obtained in spinner culture. After mi-

crocarrier culture for 12 days, the MSCs maintain
surface antigens and osteo-lineage potential.

Porcine CytodexTM 1, Trypsin- Osteogenesis, Bead-to-bead transfer. Bead-to-bead transfer by 1: 29
(bone Cytodex 2, Cy- EDTA chondrogenesis 1 medium with beads after 14 days of cultivation.
marrow) todex 3 (spinner The osteogenic and chondrogenic differentiation of

flasks) MSCs was confirmed after enzymatic harvest from
microcarriers.

Human CultiSpher-G Collagenase, After microcarrier 71
(adipose) (spinner flasks) osteogenesis, culture for 1 week,

adipogenesis direct differentia-
tion to osteo-lin-
eage or adipo-lin-
eage cells on
microcarriers is
seen.

Rat (bone CultiSpher-S, Not tested Osteogenesis, Transplantation. Beads coated with 5 ng/ml fibro- 99
marrow Cytodex 1, Cy- chondrogenesis, nectin. Significantly less apoptosis in the short
stromal topore 2 (spin- adipogenesis term in vivo. After 3 weeks of microcarrier cul-
cells) ner flasks) ture, higher osteocalcin and alkaline phosphatase

gene expression of undifferentiated MSCs com-
pared to plate cultures. Induced bone formation in
vivo in the long term after direct subcutaneous
transplantation of BMMSCs-CultiSpher S.

Goat (bone Cytodex 1 Not tested Not tested Bead-to-bead transfer. Bead-to-bead transfer by 76
marrow) (spinner flasks) 30% medium with beads per 3 days.

Rat (outer CultiSpher-S Dispase Osteogenesis, Bead-to-bead transfer. Bead-to-bead transfer by 1: 75
ear) (spinner flasks) chondrogenesis, 1 medium with beads when MSC culture reached

adipogenesis confluence. Lower in vitro function for os-
teogenesis and adipogenesis compared to passage
0.

Human (bone Gelatin-grafted- Not tested Osteogenesis Transplantation. The formation of osteogenic matri- 92
marrow) gellan (TriG) ces is better achieved in hydrogel-encapsulating

microcarriers cell-laden TriG microcarriers than in hydrogels.
(shaker)

Human (bone Plastic micro- Not tested Osteogenesis, adi- Microgravity. Microgravity inhibits osteogenic dif- 102
marrow) carriers (rotary pogenesis ferentiation of MSCs but induces adipogenic differ-

wall vessels) entiation.

Human (bone Plastic micro- Not tested Osteogenesis, Adi- Microgravity. Microgravity significantly reduces 51
marrow) carriers (rotary pogenesis RhoA activity and phosphorylation (osteogenesis),

wall vessels) but increases G-actin and cellular lipid content (ad-
ipogenesis).

(continued)
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Table 2. Continued

Microcarriers In Vitro
Cell Type (Bioreactor) Cell Recovery Differentiation Notes Ref.

Mesenchymal
progenitor
cells

Goat (bone Hydroxyapatite Not tested Not tested Transplantation. Subcutaneous implantation in 26
marrow) (bacteriological nude mice shows abundant bone formation after 4

grade 6-well weeks with a 212–300-µm diameter particle
plates) range, but no bone formation is apparent with the

500–706-µm diameter range particles.
Bone marrow

stromal
cells

Rat (bone Calcium tita- Not tested Osteogenesis Direct proliferation and osteo-differentiation of 7
marrow) nium phos- bone marrow stromal cells on calcium titanium

phate (un- phosphate microcarriers.
treated 96-well
plates)

Bone marrow
cells

Rat (bone Hydroxyapatite Trypsin Osteogenesis The cells on the hydroxyapatite microcarriers have 80
marrow) (spinner flasks) a higher glucose consumption than those grown in

T-flasks at the early stages of culture, and main-
tain the potential to differentiate into osteoblasts.

Chondro-
progenitor
cells

Bovine (carti- CultiSpher-G Not tested Chondrogenesis Bead-to-bead transfer. Bead-to-bead transfer by 1: 50
lage slices) (spinner flasks) 15 medium with beads after 5 days of cultivation.

Direct proliferation and chondro-differentiation of
chondro-progenitor cells on microcarriers.

Pancreatic stem
cells

Rat (exocrine Cytodex 1, Cy- Trypsin Adipogenic Cytodex 3 provides a better substrate for the pro- 39
pancreas) todex 3 (spinner motion of cell adherence and growth. After cells

flasks) are enzymatically harvested from the carriers, cells
maintain their adipo-lineage potential.

continuous bioprocesses to expand and recover human successful tissue engineering with MSCs (8,61,68), tech-
nological problems remain, such as a time- and money-stem cells for subsequent use in clinical cellular thera-

pies or tissue engineering. As illustrated in Figure 1, consuming expansion phase due to a long expansion
period and a labor-intensive process. Therefore, the de-there are three suitable bioreactors for stem cell expan-

sion or differentiation on microcarriers and three pro- velopment of bioreactors that allow monitoring, control,
and automation of the cell culture process will be deci-spective methods of stem cell recovery as well as direct

injection for the repair of tissues such as brain, skin, sively important.
The ability of MSCs to attach, proliferate, and differ-liver, bone, and cartilage.

entiate on macroporous microcarriers in spinner culture
Mesenchymal Stem Cells has been confirmed (71,95,99) (Fig. 2). The culture of

MSCs on microcarriers was first explored by Wu et al.Owing to their high plasticity (8,15,61,65,68,83),
high expansion capacity (65,82,83), and ability to avoid in 2003 (95); the results showed that 7 days of cultiva-

tion yielded a 10-fold increase in viable cells in spinnerrejection after transplantation (72), these adult stem cells
are likely to play a prominent role in regenerative medi- culture, and that the average lactate yield from glucose

consumption in the spinner culture was only 1.63, whichcine. Although some clinical studies have demonstrated
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Table 3. Expansion of Embryonic Stem Cells (ESCs) Using the Microcarrier Culture System

Microcarriers Cell In Vitro
ESC Cell Line (Bioreactor) Recovery Differentiation Notes Ref.

Mouse (CCE, Glass-coatedsty- Trypsin- Cardiomyogen- Feeder free. Developed microcarrier and aggregate 28
R1, M8, 9J) rene microcarri- EDTA esis, hematogenesis suspension culture systems for the propagation

ers, CytodexTM mESCs. Analysis of E-cadherin−/− and E-cadherin−/+

3 (spinner cells using both systems provides insight into the
flask) mechanisms behind the role of cell aggregation

control. After 3 days of culture, the ESCs can dif-
ferentiate via embryoid body formation.

Mouse (S25) Cytodex 3 Trypsin Neurogenesis Microcarriers were coated with collagen. Cells 1
(spinner flask) grown in spinner flasks consistently show high via-

bility (above 90%), and at three different cell seed-
ing densities, expansion is several fold higher than
on control plates. With addition of only 1 mM all
trans-retinoic acid at days 4 and 6 of culture, the
ESCs can be induced to differentiate into neural
precursors.

Mouse (46C- Cytodex 3, Cul- Collagenase Cardiomyogenesis Feeder free. ESCs expanded on macroporous mi- 24
GFP) tispherTM-S crocarriers using serum-free medium retain the

(spinner flask) pluripotency and neural commitment potential of
the expanded cells.

Human (ESI- Hillex IITM Collagenase Osteogenesis Microcarriers were pretreated with MEF-condi- 64
017) (spinner flask) tioned medium. Efficient expansion of cGMP-

grade and FDA-approved human fibroblasts s for
hESC ex vivo cGMP culture. Using fibroblast con-
ditioned medium, supported ESC growth
through >5 passages and retained their pluripo-
tency.

Human (ESI- Hillex-II (spin- Collagenase Not tested Feeder free. Tested the hESC aggregate and sin- 63
017), mouse ner flask) gle-cell culture together and also screened nine dif-
(R1pdx-laczKO) ferent microcarriers. ESCs are cultured on micro-

carriers for over five passages, and prolonged self-
renewal is observed.

Human (H9) Cytodex 3 Trypsin Osteogenesis, Feeder- and MatrigelTM free. After 14 days of culti- 25
(spinner flask) neurogenesis vation, a sevenfold increase in cell concentration

is obtained with the spinner culture. ESCs ex-
panded in stirred conditions using serum-free me-
dium retain their pluripotency and the ability to
commit to the neural lineage.

Human (H1, HyQSphereTM Collagenase Endoderm differ- Collagen-coated microcarriers were coated with 45
H9) (spinner flask) type IV entiation Matrigel. Definitive endoderm differentiation.

More than 80% of differentiated ESCs coexpress
endoderm markers (FOXA2 and SOX17).

Human (H1, Cytodex 3 Collagenase, Not tested The beads were coated with Matrigel or seeded 56
H9) (spinner flask) dispase mouse embryonic fibroblasts. Karyotype is nor-

mal. Screened 12 kinds of commercially available
suitable microcarriers and claimed hESC recovery
improves when cryopreserved on microcarriers.

Human (HES-2, Cellulose- TrypLE en- Cardiomyocytes The beads were coated with Matrigel. Authors 59
HES-3) coated Matrigel zyme, colla- have developed an easy and robust method for

(ultralow attach- genase, dis- maintaining undifferentiated ESCs in three-dimen-
ment six-well pensing and sional suspension cultures achieving two- to four-
plates) aspirating fold higher cell densities than those in two-dimen-

sional colony cultures.
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Figure 1. Schematic of stem cells grown in different microcarrier culture systems and the use of stem cell-seeded microcarriers.
After detachment from culture dishes or T-flasks, stem cells can be cultured on microcarriers in spinner flasks, a WAVE bioreactor,
or a microgravity system such as a rotary cell culture system (RCCS). After expansion or differentiation, cell-seeded microcarriers
can be directly injected into the human body, or cells can be enzymatically recovered from microcarriers for use in cell therapy or
tissue engineering. ESCs, embryonic stem cells; MSCs, mesenchymal stem cells.

is lower than that in stationary culture (2.44). Addition- hance the performance of tissue engineering approaches
for cartilage and bone repair. Rubin et al. reported aally, after growth in the spinner culture for 12 days, the

MSCs maintained the characteristics of stem cells (95). strategy for the proliferation and differentiation of adi-
pose-derived stem cells on CultiSpher-G microcarriersRecently, the effect of porcine bone marrow mesenchy-

mal stem cell (BMMSC) proliferation using three types that would allow induction of differentiation ex vivo,
precise placement of cells, and correct tissue architec-of commonly available Cytodex microcarriers was ex-

amined by Frauenschuh et al. The results showed that ture (71). In addition, Yang et al. reported that short-
term direct subcutaneous transplantation of BMMSCsCytodex 1 microcarriers promoted a higher level of cell

attachment and proliferation compared with Cytodex 2 expanded on CultiSpher-S microcarriers was associated
with significantly less apoptosis than trypsinized controland 3 (29). In addition, this group also demonstrated

increased colonization of microcarriers after carrier ad- cells, and that induction of de novo trabecular bone for-
mation in vivo occurred in the long term (99).dition in a 1:1 ratio after almost all microcarriers had

become confluent (bead-to-bead transfer) (29). Recently, In addition to the CultiSpher family, hydroxyapatite
microparticles—another type of biodegradable micro-the microcarrier culture scalability of ear MSCs was ex-

panded with bead-to-bead transfer, and cells maintained carrier that varies in size and microporosity—were eval-
uated in vitro and in vivo for their suitability for use astheir potential for differentiation (75). Also, addition of

30% fresh medium containing microcarriers every 3 a carrier in an injectable tissue-engineered bone filler.
Fischer et al. showed that both the size and microporos-days provided decreased production of lactate from glu-

cose and continuous proliferation of goat MSCs on mi- ity of nonporous hydroxyapatite microparticles affect in
vivo bone formation by cultured mesenchymal progeni-crocarriers (76). In addition, a more homogenous cell

distribution on the microcarriers was obtained as a result tor cells. The diameter particle size range of 212–300
mm is optimal for use as carriers of cultured goat mes-of bead-to-bead transfer (76). Based on the use of bead-

to-bead transfer, the available area can be extended and enchymal progenitor cells for the in vivo production of
bone tissue (26).the culture of anchorage-dependent cell can be pro-

longed by free cells colonizing from old beads to fresh In some specific cases, MSCs can be cultured on mi-
crocarriers in a microgravity environment modeled by abeads (60).

Recently, adult MSCs have been proposed as attrac- rotary cell culture system (51,102). Zayzafoon et al. first
indicated that microgravity modeled by a rotating walltive candidates for regenerative therapy of connective

tissues. MSC-seeded microcarriers may simplify and en- vessel bioreactor inhibits osteoblastic differentiation of
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human MSCs on plastic microcarriers and induces the the medium and inoculation conditions are critical for
robust cell proliferation. The best growth characteristicsdevelopment of an adipocytic lineage phenotype (102).

After 1 year, Meyers et al. confirmed that reduced osteo- for mammalian neural stem cells were obtained with a
pH range of 7.1–7.5, a high oxygen level (20%), andblastogenesis and enhanced adipogenesis of human

MSCs on plastic microcarriers in modeled microgravity low osmolarity of the medium (below 400 mOsm/kg).
Kallos and coworkers also proposed optimal serial pas-were mediated by RhoA and cytoskeletal disruption

(51). These reports suggest a possible reason for the re- saging protocols that would allow mammalian neural
stem cells to be grown effectively in suspension cultureduced bone mass of the human body after prolonged

time in space, but also imply that this culture system (34). For the first time, this group was able to grow
mammalian neural stem cells on a larger scale in suspen-cannot maintain the differentiation potential of MSCs.
sion culture and maintain their stem cell characteristics.

Neural Stem Cells
Pancreatic Stem CellsKallos and Behie first reported the growth and inocu-

lation conditions for the large-scale expansion of mam- Adult pancreatic stem cells can be grown for more
than 140 passages while maintaining the expression ofmalian neural stem cells in suspension bioreactors (33).

These investigators showed that optimization of pH of typical stem cell markers (39). Serra et al. evaluated two

Figure 2. The location and proliferation of BMMSCs on CultiSpher-G microcarriers after 7 days with an initial density of 5 × 104

cells/m and a microcarrier concentration of 3 g/L. Samples from (A, D) 5 h, (B, E) 1 day, and (C, F) 7 days stained with Hoechst
33342 dye (D, E, F). Starting on day 3, 50% medium changes were performed every 3 days. Scale bar: 500 µM. The alkaline
phosphatase (ALP) activity of bone marrow mesenchymal stem cells (BMMSCs) undergoing direct osteo-differentiation in stirred
microcarrier cultures under osteogenic conditions is shown by ALP staining (G). The lipid spheres in BMMSCs undergoing direct
adipo-differentiation in stirred microcarrier cultures under adipogenic conditions is shown with Oil Red O staining (H). Scale bar:
200 µM.
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different culture strategies, including cell aggregated well (67). In addition, recent studies have described the
successful use of feeder-free (with feeder-conditionedculture and the microcarrier culture system. The use of

a microcarrier support (Cytodex 1 or Cytodex 3) pro- medium but without feeder cell coculture) and feeder-
independent systems (without conditioned medium ormoted the expansion of cell populations that retained

their self-renewal ability, cell markers, and differentia- feeder coculture) with appropriate extracellular matrix
molecules, such as MatrigelTM, laminin, fibronectin, col-tion potential, allowing them to differentiate into adipo-

cytes (77). In addition, although both Cytodex 1 and Cy- lagen IV, and vitronectin, for human ESC culture
(4,5,46,69,96). Thus, the current methods for scaling uptodex 3 could sustain cell expansion, Cytodex 3 was a

better substrate for the promotion of cell adherence and ESC culture using microcarriers have focused on the ex-
tracellular matrix molecules present on the surface ofgrowth.
microcarriers.

Progenitor Cells In 2005, Fok and Zandstra first reported a method in
which glass-coated styrene microcarriers and Cytodex 3Melero-Martin et al. reported that the use of Culti

Spher-G microcarriers resulted in a 17-fold expansion of were used to establish a feeder-free microcarrier culture
system for mouse ESCs, which resulted in shorter dou-chondro-progenitor cells grown in batch cultures (50).

In addition, chondro-progenitor cells were capable of bling times than substrate-free aggregate cultures grown
in suspension (28). The effects of inoculation of mouseundergoing bead-to-bead migration, which allowed sub-

cultivation without a harvesting step. In addition to ESCs and the concentration of Cytodex 3 on cell growth
and metabolism were analyzed by Abranches et al. (1).chondro-progenitor cells, Sugo and Ogawa also reported

that rat bone marrow cells grown on hydroxyapatite mi- After seeding, the cells typically exhibited a growth
curve consisting of a short death or lag phase followedcrocarriers maintained the potential to differentiate into

osteoblasts, and the cell proliferation was more rapidly by an exponential phase leading to a maximum cell den-
sity of 2.5–3.9 × 106 cells/ml and a maximum specificin the case of the hydroxyapatite microcarrier than in the

case of hydroxyapatite disk or T75 flasks (80). Barrias et growth rate of 1.2 day−1 (1). In addition, 46C mouse
ESCs cultured on two different microcarriers were com-al. also reported that bone marrow stromal cells could

grow and differentiate into osteoblastic lineage cells pared by Fernandes et al. (24). The maximal fold in-
crease in the population of these mouse ESCs culturedwhen expanded on calcium titanium phosphate micro-

spheres (7). on macroporous CultiSpher-S was higher than that of
cells cultured on Cytodex 3, but the maximum specific

Hematopoietic Stem/Progenitor Cells growth rate was lower when cells were grown in serum-
containing conditions (24).Hematopoietic stem/progenitor cells have been ex-

panded or differentiated with or without coculture with It is possible to establish an economical and c-GMP-
compliant microcarrier system to produce human fibro-bone marrow cells grown in microcarrier cultures (23,

74,101). Recently, Chiu et al. demonstrated that CD34+ blasts to support clinical-grade human ESC culture.
Phillips et al. recently demonstrated the efficient expan-human umbilical cord blood progenitors are capable of

transdifferentiation to yield a vascular endothelial cell sion of clinical-grade human fibroblasts on polystyrene-
based cationic trimethyl ammonium-coated microcarri-phenotype and that they could assemble into three-

dimensional tissue structures in rotary wall vessels when ers (Hillex II, SoloHill Engineering, Inc.) using c-GMP
reagents (64). Notably, while retaining pluripotency, theexpanded with or without microcarrier beads (17).
extended self-renewal and expansion (for more than five

EMBRYONIC STEM CELLS passages) of human ESCs were supported by microcar-
rier-expanded fibroblasts and their conditioned medium.Recently, owing to the pluripotent differentiation po-

tential of human ESCs that are derived from the inner The feeder-free microcarrier system can be used to ex-
pand human ESCs as well. Oh et al. demonstrated thatcell mass of blastocysts (86), many groups have sug-

gested that human ESCs have the potential to treat many Matrigel-coated cellulose microcarriers allow routine
passaging and stable propagation of human ESCs with-diseases, including myocardial infarct (53), diabetes

(62), and Parkinson’s disease (10,18,70). However, both out differentiation and maintenance of pluripotent mark-
ers such as oct-4, SSEA4, and TRA-1-60 (59). Recently,mouse and human ESCs are adherent cells and uniquely

grow as colonies. In addition, ESCs are typically grown Fernandes et al. established a feeder- and Matrigel-free
microcarrier system for growth of human ESCs withon a layer of inactivated mouse embryonic fibroblasts

(MEFs) that function as feeder cells and maintain the continuous agitation (25). This report describes a prom-
ising scale-up system for expansion of human ESCs forESCs in an undifferentiated state, so feeder cells are

commonly realized as necessary for ESC culture (86). use in clinical therapy and research. In addition, Lock et
al. established a Matrigel-coated HySphereTM (collagen-Replacement of MEFs with nonxenogeneic human fi-

broblasts was shown to support human ESC growth as coated microcarriers)-based microcarrier bioreactor for
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tions and strategies regarding islet transplantation: Meta-generating therapeutically useful quantities of endoderm
bolic data from the GRAGIL 2 trial. Transplantation 84:progeny including pancreatic islet cells and liver cells
89–96; 2007.

that were differentiated from human ESCs (45). 7. Barrias, C. C.; Ribeiro, C. C.; Lamghari, M.; Miranda,
Moreover, iPSCs derived from several differentiated C. S.; Barbosa, M. A. Proliferation, activity, and os-

teogenic differentiation of bone marrow stromal cellscell types via ectopic expression of transcription factors
cultured on calcium titanium phosphate microspheres. J.such as Oct4, Sox2, Klf4, and C-Myc have been devel-
Biomed. Mater. Res. A 72:57–66; 2005.oped over the past 3 years (84). Generally, these cells

8. Barry, F. P.; Murphy, J. M. Mesenchymal stem cells:
exhibit a normal karyotype, are similar to ESCs, and Clinical applications and biological characterization. Int.
maintain the potential to differentiate into lineages of all J. Biochem. Cell Biol. 36:568–584; 2004.

9. Bayram, Y.; Deveci, M.; Imirzalioglu, N.; Soysal, Y.;three germ layers (2). Recently, mouse iPSCs were used
Sengezer, M. The cell based dressing with living alloge-in an animal model of Parkinson’s disease (94). Al-
nic keratinocytes in the treatment of foot ulcers: A casethough there is no information regarding iPSCs cultured
study. Br. J. Plast. Surg. 58:988–996; 2005.

in the microcarrier system, ex vivo expansion of iPSCs 10. Ben-Hur, T.; Idelson, M.; Khaner, H.; Pera, M.; Rein-
using the microcarrier system for autotransplantation hartz, E.; Itzik, A.; Reubinoff, B. E. Transplantation of

human embryonic stem cell-derived neural progenitorsmay be possible.
improves behavioral deficit in parkinsonian rats. Stem

FUTURE DIRECTIONS AND CONCLUSION Cells 22:1246–1255; 2004.
11. Borg, D. J.; Dawson, R. A.; Leavesley, D. I.; Hutmacher,Microcarrier technology can be used to produce large

D. W.; Upton, Z.; Malda, J. Functional and phenotypic
numbers of functional cells that maintain desired proper- characterization of human keratinocytes expanded in mi-
ties. Based on the continuing study of biodegradable mi- crocarrier culture. J. Biomed. Mater. Res. A 88:184–194;

2009.crocarriers and continuous bioprocesses such as bead-to-
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J. R.; Doudet, D. J. Human retinal pigment epithelial cellvivo stem cell expansion for future autotransplantation
implants ameliorate motor deficits in two rat models ofapproaches.
Parkinson disease. J. Neuropathol. Exp. Neurol. 66:576–

ACKNOWLEDGMENT: This work was supported by grants 584; 2007.
from (GX 99-SC-03-CM) the Gwo Xi Stem Cell Applied Tech- 15. Chang, Y. J.; Liu, J. W.; Lin, P. C.; Sun, L. Y.; Peng,
nology, Co., Hsinchu, Taiwan, ROC. C. W.; Luo, G. H.; Chen, T. M.; Lee, R. P.; Lin, S. Z.;

Harn, H. J.; Chiou, T. W. Mesenchymal stem cells facili-REFERENCES tate recovery from chemically induced liver damage and
decrease liver fibrosis. Life Sci. 85:517–525; 2009.1. Abranches, E.; Bekman, E.; Henrique, D.; Cabral, J. M.

Expansion of mouse embryonic stem cells on microcarri- 16. Cherksey, B. D.; Sapirstein, V. S.; Geraci, A. L. Adrenal
chromaffin cells on microcarriers exhibit enhanced long-ers. Biotechnol. Bioeng. 96:1211–1221; 2007.

2. Amabile, G.; Meissner, A. Induced pluripotent stem term functional effects when implanted into the mamma-
lian brain. Neuroscience 75:657–664; 1996.cells: Current progress and potential for regenerative

medicine. Trends Mol. Med. 15:59–68; 2009. 17. Chiu, B.; Wan, J. Z.; Abley, D.; Akabutu, J. Induction of
vascular endothelial phenotype and cellular proliferation3. Amann, B.; Luedemann, C.; Ratei, R.; Schmidt-Lucke,

J. A. Autologous bone marrow cell transplantation in- from human cord blood stem cells cultured in simulated
microgravity. Acta Astronaut. 56:918–922; 2005.creases leg perfusion and reduces amputations in patients

with advanced critical limb ischemia due to peripheral 18. Cho, M. S.; Lee, Y. E.; Kim, J. Y.; Chung, S.; Cho, Y. H.;
Kim, D. S.; Kang, S. M.; Lee, H.; Kim, M. H.; Kim, J. H.;artery disease. Cell Transplant. 18:371–380; 2009.

4. Amit, M.; Margulets, V.; Segev, H.; Shariki, K.; Laev- Leem, J. W.; Oh, S. K.; Choi, Y. M.; Hwang, D. Y.;
Chang, J. W.; Kim, D. W. Highly efficient and large-sky, I.; Coleman, R.; Itskovitz-Eldor, J. Human feeder

layers for human embryonic stem cells. Biol. Reprod. 68: scale generation of functional dopamine neurons from
human embryonic stem cells. Proc. Natl. Acad. Sci. USA2150–2156; 2003.

5. Amit, M.; Shariki, C.; Margulets, V.; Itskovitz-Eldor, J. 105:3392–3397; 2008.
19. Curran, S. J.; Chen, R.; Curran, J. M.; Hunt, J. A. Expan-Feeder layer- and serum-free culture of human embry-

onic stem cells. Biol. Reprod. 70:837–845; 2004. sion of human chondrocytes in an intermittent stirred
flow bioreactor, using modified biodegradable micro-6. Badet, L.; Benhamou, P. Y.; Wojtusciszyn, A.; Baert-

schiger, R.; Milliat-Guittard, L.; Kessler, L.; Penfornis, spheres. Tissue Eng. 11:1312–1322; 2005.
A.; Thivolet, C.; Renard, E.; Bosco, D.; Morel, P.; 20. Demetriou, A. A.; Levenson, S. M.; Novikoff, P. M.;

Novikoff, A. B.; Chowdhury, N. R.; Whiting, J.; Reisner,Morelon, E.; Bayle, F.; Colin, C.; Berney, T. Expecta-



60 SUN ET AL.

A.; Chowdhury, J. R. Survival, organization, and func- 34. Kallos, M. S.; Behie, L. A.; Vescovi, A. L. Extended
serial passaging of mammalian neural stem cells in sus-tion of microcarrier-attached hepatocytes transplanted in

rats. Proc. Natl. Acad. Sci. USA 83:7475–7479; 1986. pension bioreactors. Biotechnol. Bioeng. 65:589–599;
1999.21. Demetriou, A. A.; Reisner, A.; Sanchez, J.; Levenson,

S. M.; Moscioni, A. D.; Chowdhury, J. R. Transplanta- 35. Kang, S. W.; Jeon, O.; Kim, B. S. Poly(lactic-co-glycolic
acid) microspheres as an injectable scaffold for cartilagetion of microcarrier-attached hepatocytes into 90% par-

tially hepatectomized rats. Hepatology 8:1006–1009; tissue engineering. Tissue Eng. 11:438–447; 2005.
36. King, J. A.; Miller, W. M. Bioreactor development for1988.

22. Demetriou, A. A.; Whiting, J.; Levenson, S. M.; Chowd- stem cell expansion and controlled differentiation. Curr.
Opin. Chem. Biol. 11:394–398; 2007.hury, N. R.; Schechner, R.; Michalski, S.; Feldman, D.;

Chowdhury, J. R. New method of hepatocyte transplan- 37. Kobayashi, N.; Yuasa, T.; Okitsu, T. Regenerative medi-
cine for diabetes mellitus. Cell Transplant. 18:491–496;tation and extracorporeal liver support. Ann. Surg. 204:

259–271; 1986. 2009.
38. Koestenbauer, S.; Zisch, A.; Dohr, G.; Zech, N. H. Pro-23. Dowton, L. A.; Ma, D. D. A method for enriching my-

eloid (CFU-GM) and erythroid (BFU-E) progenitor cells tocols for hematopoietic stem cell expansion from umbil-
ical cord blood. Cell Transplant. 18:1059–1068; 2009.from human cord blood by accessory cell depletion. Pa-

thology 24:291–295; 1992. 39. Kruse, C.; Kajahn, J.; Petschnik, A. E.; Maass, A.; Klink,
E.; Rapoport, D. H.; Wedel, T. Adult pancreatic stem/24. Fernandes, A. M.; Fernandes, T. G.; Diogo, M. M.; da

Silva, C. L.; Henrique, D.; Cabral, J. M. Mouse embry- progenitor cells spontaneously differentiate in vitro into
multiple cell lineages and form teratoma-like structures.onic stem cell expansion in a microcarrier-based stirred

culture system. J. Biotechnol. 132:227–236; 2007. Ann. Anat. 188:503–517; 2006.
40. LaFrance, M. L.; Armstrong, D. W. Novel living skin25. Fernandes, A. M.; Marinho, P. A.; Sartore, R. C.;

Paulsen, B. S.; Mariante, R. M.; Castilho, L. R.; Rehen, replacement biotherapy approach for wounded skin tis-
sues. Tissue Eng. 5:153–170; 1999.S. K. Successful scale-up of human embryonic stem cell

production in a stirred microcarrier culture system. Braz. 41. Liu, J. Y.; Hafner, J.; Dragieva, G.; Burg, G. Bioreactor
microcarrier cell culture system (Bio-MCCS) for large-J. Med. Biol. Res. 42:515–522; 2009.

26. Fischer, E. M.; Layrolle, P.; Van Blitterswijk, C. A.; De scale production of autologous melanocytes. Cell Trans-
plant. 13:809–816; 2004.Bruijn, J. D. Bone formation by mesenchymal progenitor

cells cultured on dense and microporous hydroxyapatite 42. Liu, J. Y.; Hafner, J.; Dragieva, G.; Burg, G. High yields
of autologous living dermal equivalents using porcineparticles. Tissue Eng. 9:1179–1188; 2003.

27. Flores, J.; Cepeda, I. L.; Cornfeldt, M. L.; O’Kusky, J. R.; gelatin microbeads as microcarriers for autologous fibro-
blasts. Cell Transplant. 15:445–451; 2006.Doudet, D. J. Characterization and survival of long-term

implants of human retinal pigment epithelial cells 43. Liu, J. Y.; Hafner, J.; Dragieva, G.; Burg, G. A novel
bioreactor microcarrier cell culture system for highattached to gelatin microcarriers in a model of Parkinson

disease. J. Neuropathol. Exp. Neurol. 66:585–596; 2007. yields of proliferating autologous human keratinocytes.
Cell Transplant. 15:435–443; 2006.28. Fok, E. Y.; Zandstra, P. W. Shear-controlled single-step

mouse embryonic stem cell expansion and embryoid 44. Liu, J. Y.; Hafner, J.; Dragieva, G.; Seifert, B.; Burg,
G. Autologous cultured keratinocytes on porcine gelatinbody-based differentiation. Stem Cells 23:1333–1342;

2005. microbeads effectively heal chronic venous leg ulcers.
Wound Repair Regen. 12:148–156; 2004.29. Frauenschuh, S.; Reichmann, E.; Ibold, Y.; Goetz, P. M.;

Sittinger, M.; Ringe, J. A microcarrier-based cultivation 45. Lock, L. T.; Tzanakakis, E. S. Expansion and differentia-
tion of human embryonic stem cells to endoderm prog-system for expansion of primary mesenchymal stem

cells. Biotechnol. Prog. 23:187–193; 2007. eny in a microcarrier stirred-suspension culture. Tissue
Eng. Part A 15:2051–2063; 2009.30. Frondoza, C.; Sohrabi, A.; Hungerford, D. Human chon-

drocytes proliferate and produce matrix components in 46. Ludwig, T. E.; Levenstein, M. E.; Jones, J. M.; Berg-
gren, W. T.; Mitchen, E. R.; Frane, J. L.; Crandall, L. J.;microcarrier suspension culture. Biomaterials 17:879–

888; 1996. Daigh, C. A.; Conard, K. R.; Piekarczyk, M. S.; Llanas,
R. A.; Thomson, J. A. Derivation of human embryonic31. Janssens, S.; Dubois, C.; Bogaert, J.; Theunissen, K.;

Deroose, C.; Desmet, W.; Kalantzi, M.; Herbots, L.; stem cells in defined conditions. Nat. Biotechnol. 24:
185–187; 2006.Sinnaeve, P.; Dens, J.; Maertens, J.; Rademakers, F.;

Dymarkowski, S.; Gheysens, O.; Van Cleemput, J.; 47. Lunde, K.; Solheim, S.; Aakhus, S.; Arnesen, H.; Abdel-
noor, M.; Egeland, T.; Endresen, K.; Ilebekk, A.; Mang-Bormans, G.; Nuyts, J.; Belmans, A.; Mortelmans, L.;

Boogaerts, M.; Van de Werf, F. Autologous bone mar- schau, A.; Fjeld, J. G.; Smith, H. J.; Taraldsrud, E.;
Grogaard, H. K.; Bjornerheim, R.; Brekke, M.; Muller,row-derived stem-cell transfer in patients with ST-seg-

ment elevation myocardial infarction: Double-blind, ran- C.; Hopp, E.; Ragnarsson, A.; Brinchmann, J. E.;
Forfang, K. Intracoronary injection of mononuclear bonedomised controlled trial. Lancet 367:113–121; 2006.

32. Jung, M.; Kaszap, B.; Redohl, A.; Steck, E.; Breusch, S.; marrow cells in acute myocardial infarction. N. Engl. J.
Med. 355:1199–1209; 2006.Richter, W.; Gotterbarm, T. Enhanced early tissue regen-

eration after matrix-assisted autologous mesenchymal 48. Malda, J.; Frondoza, C. G. Microcarriers in the engineer-
ing of cartilage and bone. Trends Biotechnol. 24:299–stem cell transplantation in full thickness chondral de-

fects in a minipig model. Cell Transplant. 18:923–932; 304; 2006.
49. Malda, J.; Kreijveld, E.; Temenoff, J. S.; van Blitters-2009.

33. Kallos, M. S.; Behie, L. A. Inoculation and growth con- wijk, C. A.; Riesle, J. Expansion of human nasal chon-
drocytes on macroporous microcarriers enhances redif-ditions for high-cell-density expansion of mammalian

neural stem cells in suspension bioreactors. Biotechnol. ferentiation. Biomaterials 24:5153–5161; 2003.
50. Melero-Martin, J. M.; Dowling, M. A.; Smith, M.; Al-Bioeng. 63:473–483; 1999.



MICROCARRIER CULTURE FOR REGENERATIVE MEDICINE 61

Rubeai, M. Expansion of chondroprogenitor cells on Simonetti, D. W.; Craig, S.; Marshak, D. R. Multilineage
potential of adult human mesenchymal stem cells. Sci-macroporous microcarriers as an alternative to conven-

tional monolayer systems. Biomaterials 27:2970–2979; ence 284:143–147; 1999.
66. Revoltella, R. P.; Papini, S.; Rosellini, A.; Michelini, M.;2006.

51. Meyers, V. E.; Zayzafoon, M.; Douglas, J. T.; McDon- Franceschini, V.; Ciorba, A.; Bertolaso, L.; Magosso, S.;
Hatzopoulos, S.; Lorito, G.; Giordano, P.; Simoni, E.;ald, J. M. RhoA and cytoskeletal disruption mediate re-

duced osteoblastogenesis and enhanced adipogenesis of Ognio, E.; Cilli, M.; Saccardi, R.; Urbani, S.; Jeffery,
R.; Poulsom, R.; Martini, A. Cochlear repair by trans-human mesenchymal stem cells in modeled micrograv-

ity. J. Bone Miner. Res. 20:1858–1866; 2005. plantation of human cord blood CD133+ cells to nod-
scid mice made deaf with kanamycin and noise. Cell52. Mukhopadhyay, A.; Madhusudhan, T.; Kumar, R. Hema-

topoietic stem cells: Clinical requirements and develop- Transplant. 17:665–678; 2008.
67. Richards, M.; Tan, S.; Fong, C. Y.; Biswas, A.; Chan,ments in ex-vivo culture. Adv. Biochem. Eng. Biotech-

nol. 86:215–253; 2004. W. K.; Bongso, A. Comparative evaluation of various
human feeders for prolonged undifferentiated growth of53. Mummery, C.; Ward-van Oostwaard, D.; Doevendans,

P.; Spijker, R.; van den Brink, S.; Hassink, R.; van der human embryonic stem cells. Stem Cells 21:546–556;
2003.Heyden, M.; Opthof, T.; Pera, M.; de la Riviere, A. B.;

Passier, R.; Tertoolen, L. Differentiation of human em- 68. Ringe, J.; Kaps, C.; Burmester, G. R.; Sittinger, M. Stem
cells for regenerative medicine: Advances in the engi-bryonic stem cells to cardiomyocytes: Role of coculture

with visceral endoderm-like cells. Circulation 107:2733– neering of tissues and organs. Naturwissenschaften 89:
338–351; 2002.2740; 2003.

54. Nagaki, M.; Kano, T.; Muto, Y.; Yamada, T.; Ohnishi, 69. Rosler, E. S.; Fisk, G. J.; Ares, X.; Irving, J.; Miura, T.;
Rao, M. S.; Carpenter, M. K. Long-term culture of hu-H.; Moriwaki, H. Effects of intraperitoneal transplanta-

tion of microcarrier-attached hepatocytes on D-galactos- man embryonic stem cells in feeder-free conditions. Dev.
Dyn. 229:259–274; 2004.amine-induced acute liver failure in rats. Gastroenterol.

Jpn. 25:78–87; 1990. 70. Roy, N. S.; Cleren, C.; Singh, S. K.; Yang, L.; Beal,
M. F.; Goldman, S. A. Functional engraftment of human55. Neuzil, D.; Holzman, M.; Rozga, J.; Levine, J.; Mosci-

oni, A. D.; Demetriou, A. A. Fibroblast transplantation ES cell-derived dopaminergic neurons enriched by co-
culture with telomerase-immortalized midbrain astro-in rats: Transduction and function of foreign genes. J.

Surg. Res. 54:631–637; 1993. cytes. Nat. Med. 12:1259–1268; 2006.
71. Rubin, J. P.; Bennett, J. M.; Doctor, J. S.; Tebbets,56. Nie, Y.; Bergendahl, V.; Hei, D. J.; Jones, J. M.;

Palecek, S. P. Scalable culture and cryopreservation of B. M.; Marra, K. G. Collagenous microbeads as a scaf-
fold for tissue engineering with adipose-derived stemhuman embryonic stem cells on microcarriers. Biotech-

nol. Prog. 25:20–31; 2009. cells. Plast. Reconstr. Surg. 120:414–424; 2007.
72. Ryan, J. M.; Barry, F. P.; Murphy, J. M.; Mahon, B. P.57. Nolan, K.; Millet, Y.; Ricordi, C.; Stabler, C. L. Tissue

engineering and biomaterials in regenerative medicine. Mesenchymal stem cells avoid allogeneic rejection. J. In-
flamm. (Lond.) 2:8; 2005.Cell Transplant. 17:241–243; 2008.

58. Nordon, R. E.; Schindhelm, K. Ex vivo manipulation of 73. Saporta, S.; Borlongan, C.; Moore, J.; Mejia-Millan, E.;
Jones, S. L.; Bonness, P.; Randall, T. S.; Allen, R. C.;cell subsets for cell therapies. Artif. Organs 20:396–402;

1996. Freeman, T. B.; Sanberg, P. R. Microcarrier enhanced
survival of human and rat fetal ventral mesencephalon59. Oh, S. K.; Chen, A. K.; Mok, Y.; Chen, X.; Lim, U. M.;

Chin, A.; Choo, A. B.; Reuveny, S. Long-term microcar- cells implanted in the rat striatum. Cell Transplant. 6:
579–584; 1997.rier suspension cultures of human embryonic stem cells.

Stem Cell Res. 2:219–230; 2009. 74. Sardonini, C. A.; Wu, Y. J. Expansion and differentiation
of human hematopoietic cells from static cultures through60. Ohlson, S.; Branscomb, J.; Nilsson, K. Bead-to-bead

transfer of Chinese hamster ovary cells using macropo- small-scale bioreactors. Biotechnol. Prog. 9:131–137;
1993.rous microcarriers. Cytotechnology 14:67–80; 1994.

61. Otto, W. R.; Rao, J. Tomorrow’s skeleton staff: Mesen- 75. Sart, S.; Schneider, Y. J.; Agathos, S. N. Ear mesenchy-
mal stem cells: An efficient adult multipotent cell popu-chymal stem cells and the repair of bone and cartilage.

Cell Prolif. 37:97–110; 2004. lation fit for rapid and scalable expansion. J. Biotechnol.
139:291–299; 2009.62. Phillips, B. W.; Hentze, H.; Rust, W. L.; Chen, Q. P.;

Chipperfield, H.; Tan, E. K.; Abraham, S.; Sadasivam, 76. Schop, D.; Janssen, F. W.; Borgart, E.; de Bruijn, J. D.;
van Dijkhuizen-Radersma, R. Expansion of mesenchy-A.; Soong, P. L.; Wang, S. T.; Lim, R.; Sun, W.; Colman,

A.; Dunn, N. R. Directed differentiation of human em- mal stem cells using a microcarrier-based cultivation sys-
tem: Growth and metabolism. J. Tissue Eng. Regen.bryonic stem cells into the pancreatic endocrine lineage.

Stem Cells Dev. 16:561–578; 2007. Med. 2:126–135; 2008.
77. Serra, M.; Brito, C.; Leite, S. B.; Gorjup, E.; von Brie-63. Phillips, B. W.; Horne, R.; Lay, T. S.; Rust, W. L.; Teck,

T. T.; Crook, J. M. Attachment and growth of human sen, H.; Carrondo, M. J.; Alves, P. M. Stirred bioreactors
for the expansion of adult pancreatic stem cells. Ann.embryonic stem cells on microcarriers. J. Biotechnol.

138:24–32; 2008. Anat. 191:104–115; 2009.
78. Shapiro, A. M.; Lakey, J. R.; Ryan, E. A.; Korbutt, G. S.;64. Phillips, B. W.; Lim, R. Y.; Tan, T. T.; Rust, W. L.;

Crook, J. M. Efficient expansion of clinical-grade human Toth, E.; Warnock, G. L.; Kneteman, N. M.; Rajotte, R. V.
Islet transplantation in seven patients with type 1 diabe-fibroblasts on microcarriers: Cells suitable for ex vivo

expansion of clinical-grade hESCs. J. Biotechnol. 134: tes mellitus using a glucocorticoid-free immunosuppres-
sive regimen. N. Engl. J. Med. 343:230–238; 2000.79–87; 2008.

65. Pittenger, M. F.; Mackay, A. M.; Beck, S. C.; Jaiswal, 79. Silva, S. A.; Sousa, A. L.; Haddad, A. F.; Azevedo, J. C.;
Soares, V. E.; Peixoto, C. M.; Soares, A. J.; Issa, A. F.;R. K.; Douglas, R.; Mosca, J. D.; Moorman, M. A.;



62 SUN ET AL.

Felipe, L. R.; Branco, R. V.; Addad, J. A.; Moreira, R. C.; 91. Wang, C.; Gong, Y.; Lin, Y.; Shen, J.; Wang, D. A. A
novel gellan gel-based microcarrier for anchorage-depen-Tuche, F. A.; Mesquita, C. T.; Drumond, C. C.; Junior,

A. O.; Rochitte, C. E.; Luz, J. H.; Rabischoffisky, A.; dent cell delivery. Acta Biomater. 4:1226–1234; 2008.
92. Wang, C.; Gong, Y.; Zhong, Y.; Yao, Y.; Su, K.; Wang,Nogueira, F. B.; Vieira, R. B.; Junior, H. S.; Borojevic,

R.; Dohmann, H. F. Autologous bone-marrow mononu- D. A. The control of anchorage-dependent cell behavior
within a hydrogel/microcarrier system in an osteogenicclear cell transplantation after acute myocardial infarc-

tion: Comparison of two delivery techniques. Cell Trans- model. Biomaterials 30:2259–2269; 2009.
93. Watts, R. L.; Raiser, C. D.; Stover, N. P.; Cornfeldt, M. L.;plant. 18:343–352; 2009.

80. Sugo, K.; Ogawa, T. Three-dimensional culture of rat Schweikert, A. W.; Allen, R. C.; Subramanian, T.;
Doudet, D.; Honey, C. R.; Bakay, R. A. Stereotaxic in-bone marrow cells using htdroxyapatite microcarrier.

Tissue Cult. Res. Commun. 26:125–131; 2007. trastriatal implantation of human retinal pigment epithe-
lial (hRPE) cells attached to gelatin microcarriers: A po-81. Suh, K. S.; Lilja, H.; Kamohara, Y.; Eguchi, S.; Arkado-

poulos, N.; Neuman, T.; Demetriou, A. A.; Rozga, J. Bio- tential new cell therapy for Parkinson’s disease. J.
Neural. Transm. Suppl. 65:215–227; 2003.artificial liver treatment in rats with fulminant hepatic

failure: Effect on DNA-binding activity of liver-enriched 94. Wernig, M.; Zhao, J. P.; Pruszak, J.; Hedlund, E.; Fu,
D.; Soldner, F.; Broccoli, V.; Constantine-Paton, M.;and growth-associated transcription factors. J. Surg. Res.

85:243–250; 1999. Isacson, O.; Jaenisch, R. Neurons derived from repro-
grammed fibroblasts functionally integrate into the fetal82. Sun, L. Y.; Hsieh, D. K.; Lin, P. C.; Chiu, H. T.; Chiou,

T. W. Pulsed electromagnetic fields accelerate prolifera- brain and improve symptoms of rats with Parkinson’s
disease. Proc. Natl. Acad. Sci. USA 105:5856–5861;tion and osteogenic gene expression in human bone mar-

row mesenchymal stem cells during osteogenic differen- 2008.
95. Wu, Q. F.; Wu, C. T.; Dong, B.; Wang, L. S. Cultivationtiation. Bioelectromagnetics 31:209–219; 2010.

83. Sun, L. Y.; Hsieh, D. K.; Yu, T. C.; Chiu, H. T.; Lu, S. F.; of human mesenchymal stem cells on macroporous Culti
Spher G microcarriers. Zhongguo Shi Yan Xue Ye XueLuo, G. H.; Kuo, T. K.; Lee, O. K.; Chiou, T. W. Effect

of pulsed electromagnetic field on the proliferation and Za Zhi 11:15–21; 2003.
96. Xu, C.; Inokuma, M. S.; Denham, J.; Golds, K.; Kundu,differentiation potential of human bone marrow mesen-

chymal stem cells. Bioelectromagnetics 30:251–260; P.; Gold, J. D.; Carpenter, M. K. Feeder-free growth of
undifferentiated human embryonic stem cells. Nat. Bio-2009.

84. Takahashi, K.; Yamanaka, S. Induction of pluripotent technol. 19:971–974; 2001.
97. Xu, Q.; Yu, D.; Qiu, Y.; Zhang, H.; Ding, Y. Functionstem cells from mouse embryonic and adult fibroblast

cultures by defined factors. Cell 126:663–676; 2006. of a new internal bioartificial liver: An in vitro study.
Ann. Clin. Lab. Sci. 33:306–312; 2003.85. Thissen, H.; Chang, K. Y.; Tebb, T. A.; Tsai, W. B.;

Glattauer, V.; Ramshaw, J. A.; Werkmeister, J. A. Syn- 98. Xu, Z.; Bai, X.; Teng, G. Experimental study on the ef-
fects of intraperitoneal transplantation of microcarrier-thetic biodegradable microparticles for articular cartilage

tissue engineering. J. Biomed. Mater. Res. A 77:590– attached hepatocytes for treating rats with acute liver
failure. Gan Zang 8:27–30; 2003.598; 2006.

86. Thomson, J. A.; Itskovitz-Eldor, J.; Shapiro, S. S.; Waknitz, 99. Yang, Y.; Rossi, F. M.; Putnins, E. E. Ex vivo expansion
of rat bone marrow mesenchymal stromal cells on micro-M. A.; Swiergiel, J. J.; Marshall, V. S.; Jones, J. M. Em-

bryonic stem cell lines derived from human blastocysts. carrier beads in spin culture. Biomaterials 28:3110–
3120; 2007.Science 282:1145–1147; 1998.

87. Ulloa-Montoya, F.; Verfaillie, C. M.; Hu, W. S. Culture 100. Yu, S. J.; Soncini, M.; Kaneko, Y.; Hess, D. C.; Parolini,
O.; Borlongan, C. V. Amnion: A potent graft source forsystems for pluripotent stem cells. J. Biosci. Bioeng.

100:12–27; 2005. cell therapy in stroke. Cell Transplant. 18:111–118;
2009.88. van Wezel, A. L. Growth of cell-strains and primary

cells on micro-carriers in homogeneous culture. Nature 101. Zandstra, P. W.; Eaves, C. J.; Piret, J. M. Expansion of
hematopoietic progenitor cell populations in stirred sus-216:64–65; 1967.

89. Voigt, M.; Andree, C.; Kalt, T.; Dormann, S.; Schaefer, pension bioreactors of normal human bone marrow cells.
Biotechnology (NY) 12:909–914; 1994.D. J.; Walgenbach, K. J.; Stark, G. B. Human recombi-

nant EGF protein delivered by a biodegradable cell trans- 102. Zayzafoon, M.; Gathings, W. E.; McDonald, J. M. Mod-
eled microgravity inhibits osteogenic differentiation ofplantation system. Tissue Eng. 8:263–272; 2002.

90. Voigt, M.; Schauer, M.; Schaefer, D. J.; Andree, C.; human mesenchymal stem cells and increases adipogen-
esis. Endocrinology 145:2421–2432; 2004.Horch, R.; Stark, G. B. Cultured epidermal keratinocytes

on a microspherical transport system are feasible to re-
constitute the epidermis in full-thickness wounds. Tissue
Eng. 5:563–572; 1999.


