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Abstract: Expansion of mesenchymal stem cells (MSCs)

and maintenance of their self-renewal capacity in vitro

requires specialized robust cell culture systems. Conventional

approaches using animal-derived or artificial matrices and a

cocktail of growth factors have limitations such as consistency,

scalability, pathogenicity, and loss of MSC phenotype. Herein,

we report the use of all-carbon 3-D single- and multiwalled car-

bon nanotube scaffolds (SWCNTs and MWCNTs) as artificial

matrices for long-term maintenance and expansion of human

MSCs. Three-dimensional SWCNT and MWCNT scaffolds were

fabricated using a novel radical initiated thermal cross-linking

method that covalently cross-links CNTs to form 3-D macropo-

rous all-carbon architectures. Adipose-derived human MSCs

showed good cell viability, attachment, proliferation, and

infiltration in MWCNT and SWCNT scaffolds comparable to

poly(lactic-co-glycolic) acid (PLGA) scaffolds (baseline control).

ADSCs retained stem cell phenotype after 30 days and satisfied

the International Society for Cellular Therapy’s (ISCT) minimal

criteria for MSCs. Post expansion, (1) ADSCs showed in vitro

adherence to tissue culture polystyrene (TCPS); (2) MSC sur-

face antigen expression [CD14(2), CD19(2), CD34(2), CD45(2),

CD73(1), CD90(1), CD105(1)]; and (3) trilineage differentiation

into osteoblasts, adipocytes, and chondrocytes. Results show

that cross-linked 3-D MWCNTs and SWCNTs scaffolds are suit-

able for ex vivo expansion and maintenance of MSCs for thera-

peutic applications. VC 2017 Wiley Periodicals, Inc. J Biomed Mater

Res Part A: 00A:000–000, 2017.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent nonhemato-
poietic stem cells capable of direct multilineage differentiation
into mesodermal cell lineages such as osteoblasts, adipocytes,
chondrocytes, and connective stromal cells and transdifferen-
tiation into ectodermal and endodermal cell types such as
neurons and muscle cells.1 MSCs show promise for several
therapeutic applications including regenerative medicine,
drug discovery, cellular therapy, and disease modeling.

Conventional approaches for expansion of stem cells and
maintenance of their self-renewal capacity employ in vitro
2-D systems consisting of tissue culture polystyrene flasks
and dishes along with animal derived or artificial matrices
and a cocktail of growth factors. These 2-D systems have sev-
eral limitations such as consistency, scalability, and pathoge-
nicity (risk of infection).2 Additionally, MSCs, upon expansion
during prolonged culture on 2-D tissue culture substrates,
undergo significant changes in phenotype such as diminished
proliferation potential, senescence or loss of “stemness,” and
genomic alterations.3–5

Three-dimensional culture systems have been recom-
mended to overcome the limitations of 2-D systems.3,6,7

Three-dimensional cell cultures allow high cell densities and
maintain a greater pool of stem cells. Furthermore, 3-D cul-
ture systems provide a better understanding of cellular mech-
anisms that guide stem cell behavior.8 Several approaches
utilizing 3-D culture systems for stem cell expansion in vitro
have been developed. These approaches can be classified into
3 categories: (1) MSCs cultured as cell aggregates.9,10 Expan-
sion of MSCs as 3-D aggregates is usually associated with
spontaneous differentiation and demands efficient down-
stream approaches to purify cultures into a desired cell
type.11 (2) MSCs expanded in 3-D gel-based microcapsules12

and microcarriers.13,14 MSCs encapsulated in 3-D porous
microcarrier beads are protected from shear stresses,
although diffusion of oxygen and nutrients within beads can
be limited. Furthermore, one challenge associated with micro-
carrier culture is optimization of cell-harvesting protocols to
guarantee efficient cell-bead separation and high cell recovery
without compromising viability or functionality.15,16 (3) MSCs
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cultured on 3-D matrices fabricated using polymers,8,17

ceramic materials,18,19 or decellularized matrices.3,20 Limita-
tions associated with 3-D porous scaffolds are hypoxia and
inefficient retrieval or recovery of cells after long-term expan-
sion.21,22 Although enzymatic (e.g., using trypsin) dissociation
approaches are efficient for recovery of cells in the scaffold’s
periphery, it is difficult to isolate cells from the central regions
of the scaffolds due to low enzymatic penetration as a result
of limited passive diffusion.

Carbon nanomaterials can be divided into 3 classes: (1)
zero-dimensional fullerenes, (2) one-dimensional carbon
nanotubes (CNTs), and (3) two-dimensional graphene, all of
which have been used for several biomedical applica-
tions.23–31 CNTs are one-dimensional tubular nanofibers.
They are broadly classified as single-walled (SWCNTs),
double-walled (DWCNTs), and multiwalled CNTs (MWCNTs).
These CNTs have been deposited using CVD and vacuum fil-
tration on 2-D glass substrates for stem cell maintenance
and differentiation.32–37 Holy et al. have reported enhanced
cell adhesion and maintenance of pluripotent stem cells in
an undifferentiated state on MWCNT-coated glass sub-
strates.34 Brunner et al. have reported that altering the sur-
face roughness of MWCNT films can influence adhesion,
proliferation, and colony morphology of human embryonic
stem cells and envision the development of MWCNT-coated
films as tunable surfaces for the control of stem cell behav-
ior.33 Mooney et al. have reported the differentiation of
MSCs into osteoblasts, adipocytes, and chondrocytes on
COOH-functionalized MWCNT substrates.37 Recently, Pryzh-
kova et al. showed differentiation of human pluripotent
stem cells into all three embryonic germ layers that can be
controlled by the nanotopography and surface roughness of
CNT arrays.36 Although these studies are promising, to har-
ness the remarkable physiochemical properties of CNTs for
stem cell expansion and maintenance, it is critical to achieve
assembly into 3-D architectures. Recent 3-D all-CNT assem-
blies (fabricated using CVD or sacrificial template-transfer
methods) have been reported to be cytocompatible sub-
strates.38,39 However, the ability of fabrication methods to
control the porosity of 3-D CNT scaffolds or form covalent
bonds between CNTs (important for mechanical stability of
scaffolds for in vivo biomedical applications) still needs to
be demonstrated. Additionally, none of these 3-D substrates
to date has been reported to facilitate stem cell mainte-
nance and expansion.

We have employed radical initiated thermal cross-linking
and annealing of CNTs to fabricate chemically cross-linked
3-D macro-sized (>1 cm in all 3 dimensions), free-standing,
all-carbon scaffolds. This method can fabricate macroporous
(20 nm–300 lm pore sizes) 3-D all-carbon structures with
high porosities (�80–85%). The porosity of scaffolds can be
controlled by the amount of radical initiator used in the
cross-linking process, thereby allowing the fabrication of
porous all-carbon scaffolds tailored toward specific applica-
tions. This novel fabrication method is economical, facile,
and scalable, and shows potential to overcome limitations of
the above fabrication methods.40–42

In this study, we report the capability of these 3-D CNT
scaffolds to support MSC maintenance and expansion. We
investigated (1) the cell viability, attachment and prolifera-
tion of human adipose-derived stem cells (ADSCs) on
SWCNT and MWCNT scaffolds and (2) the plasticity or
“stemness” of ADSCs after long-term culture on 3-D SWCNT
and MWCNT scaffolds according to the International Society
for Cellular Therapy (ISCT) guidelines.43 ADSCs post-long-
term expansion on 3-D SWCNT or MWCNT scaffolds were
harvested and examined in vitro for (a) adherence to plastic
(TCPS), (b) MSC surface antigen expression [CD14(2),
CD19(2), CD34(2), CD45(2), CD73(1), CD90(1),
CD105(1)], and (c) in vitro trilineage differentiation into
osteoblasts, adipocytes, and chondrocytes. Porous 3-D poly-
meric scaffolds prepared using the FDA-approved biode-
gradable biocompatible polymer poly(lactic-co-glycolic acid)
(PLGA) were used as controls.

MATERIALS AND METHODS

Fabrication and characterization of MWCNT,
SWCNT, and PLGA scaffolds
MWCNTs (Sigma–Aldrich, NY, USA), SWCNTs (CheapTubes
Inc., NY, USA), PLGA (Polysciences Inc., PA, USA), benzoyl
peroxide (BP, Sigma–Aldrich, NY, USA), and chloroform
(CHCl3, Fisher Scientific, PA, USA) were used as purchased.
Porous PLGA scaffolds with �85% porosity were fabricated
using a thermal cross-linking particulate leaching technique
using NaCl as the porogen as described previously.44

MWCNT and SWCNT scaffolds were fabricated by mixing
nanomaterials with BP at a mass ratio of MWCNT/
SWCNT:BP5 1:0.05 as described previously.40 Detailed pro-
tocols on the characterization of scaffolds using scanning
electron microscopy (SEM), micro-computed tomography
(micro-CT), Brunauer–Emmett–Teller (BET) surface area and
pore size distribution, and SEM image processing are
included in the Supporting Information.

Cell culture
Human ADSCs were purchased from Lonza Walkersville
Corp. (MD, USA). ADSCs were grown in Lonza’s ADSC
human Adipose Derived Stem Cell Growth BulletKitTM

Medium containing 10 vol % fetal bovine serum (FBS, Gibco
Life Technologies, NY, USA) and 1 vol % antibiotics (penicil-
lin–streptomycin, Gibco Life Technologies, NY, USA). Media
was changed twice a week, and cells were maintained at
378C in a humidified environment of 5% CO2–95% O2. For
cytocompatibility studies, purified MWCNT and SWCNT
scaffolds were prepared as described in the Supporting
Information.

Lactate dehydrogenase (LDH) assay
Lactate dehydrogenase was performed to assess the mem-
brane integrity of ADSCs cultured on PLGA, MWCNT, and
SWCNT scaffolds. Briefly, after each time point (1, 3, and 5
days), 50 lL media was collected from each well of the
24-well plate (n5 6 for each scaffold group) and transferred
to a fresh 96-well plate. A total of 100 lL of LDH assay mix-
ture was added to each well and incubated in dark for 45
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min. To stop the reaction, 1 N HCl (10% volume) was added
to each well. Absorbance values were recorded using a 96-
well-plate reader (Molecular Devices, CA, USA) at 490 nm.
Positive control cells (100% dead) were prepared by incu-
bating ADSCs grown on tissue culture polystyrene with lysis
buffer for 45 min before centrifugation. Cells cultured on
PLGA scaffolds served as the baseline control. Total LDH
release (% of positive control) was expressed as the per-
centage of (ODtest 2ODblank)/(ODpositive 2ODblank), where
ODtest is the optical density of cells cultured on PLGA,
MWCNT, or SWCNT scaffolds; ODblank is the optical density
of 96-well plate without cells; and ODpositive is the optical
density of positive control (100% dead cells). Absorbance of
blank culture media was measured for baseline correction.

Calcein-AM fluorescence imaging
Calcein-AM imaging was performed to stain live cells on
PLGA, MWCNT, and SWCNT scaffolds. Calcein-AM dye is
internalized by living cells and converted to green fluores-
cent calcein upon hydrolysis by intracellular esterases.
Therefore, calcein-AM is used to selectively stain live, meta-
bolically active cells. Briefly, after 1, 3, 5, 15, and 30 days of
ADSC culture on PLGA, MWCNT, and SWCNT scaffolds,
media was removed and scaffolds were washed with PBS.
One milliliter of Calcein-AM dye (4 lM) was added to each
well and incubated at 378C in dark for 20 min. The scaffolds
were transferred to 35-mm glass-bottom dishes (Mattek
Corporation, Ashland, MA) and imaged by a confocal laser-
scanning microscope (Zeiss LSM 510 Meta NLO Two-
Photon) using Zeiss LSM Image Browser software (version
4.2, Carl Zeiss Microimaging, Thornwood, NJ).

Immunofluorescence for focal adhesion
and cell proliferation
Immunofluorescence was performed to visualize focal adhe-
sion complex protein vinculin and cell proliferation marker
Ki-67. Briefly, glutaraldehyde fixed cells on PLGA, MWCNT,
and SWCNT scaffolds were washed with PBS and incubated
with 2% glycine for 5 min for blocking. The scaffolds were
placed in 0.5% Triton-X-100 permeabilizing buffer (composi-
tion: 10.3 g sucrose, 0.4 g Hepes buffer, 0.06 g MgCl2, 0.29 g
NaCl, and 0.5 mL Triton-X-100 in 100 mL of DI water) for 25
min. Scaffolds were then washed with immunofluorescence
buffer (IFB, 0.1% Triton-X-100 and 0.1% BSA in PBS) and
incubated with commercially available monoclonal antibodies.
Scaffolds were incubated for 1 h with either antiproliferating
Ki-67 antibody (2 lL/mL in IFB, Cat. No. P8825, Sigma
Aldrich, New York, USA) for cell proliferation analysis or
monoclonal anti-vinculin antibody (2 lL/mL in IFB, Cat. No.
V4139, Sigma Aldrich, NY, USA) for visualization of focal adhe-
sion sites. After 1 h of incubation with primary antibodies, the
scaffolds were washed with IFB (33) and incubated with sec-
ondary antibody (anti-rabbit TRITC, 2 lL/mL in IFB, Cat. No.
T6778, Sigma Aldrich, New York, USA) for 1 h. Scaffolds were
then washed with IFB (33) and the cytoplasm was stained
with FITC-conjugated phalloidin (2 lL/mL in PBS) for 1 h to
visualize actin filaments (cytoskeleton). Samples were imaged
using a confocal laser-scanning microscope (Zeiss LSM 510

Meta NLO Two-Photon) equipped with Zeiss LSM Image
Browser software (version 4.2, Carl Zeiss Microimaging,
Thornwood, NJ).

SEM imaging for cell attachment
To visualize cell attachment on scaffolds, glutaraldehyde-
fixed cells on PLGA, MWCNT, and SWCNT scaffolds were
subjected to dehydration steps using graded ethanol washes
(70%–100%), air dried, and vacuum dried for 24 h. Scaf-
folds were then sputter coated with 3 nm of silver (Ag) and
imaged using a JOEL 7600 F Analytical high-resolution SEM
(Center for Functional Nanomaterials, Brookhaven National
Laboratory, New York) at an accelerating voltage of 2 kV.

Image processing to assess cellular infiltration
Z-stacks of calcein-stained ADSCs on PLGA, MWCNT, and
SWCNT scaffolds were acquired using a confocal laser-
scanning microscope (Zeiss LSM 510 Meta NLO Two-Photon).
Individual Z-stacks were then imported to ImageJ (Bethesda,
MD, USA) and subjected to spectral coding using a time-lapse
color coder plugin to false-color each slice as a function of
depth (Z height, i.e., depth of cellular infiltration). The
multiple spectrally color-coded slices of Z-stacks were then
compressed to form one composite image and reported.

Analysis of MSC phenotype (ISCT guideline)
MSCs express specific surface antigens that can be used as
markers for identification of stem cell phenotype in a heter-
ogeneous population of cells. According to ISCT guidelines,
MSCs are CD14(2), CD19(2), CD34(2), CD45(2), CD73(1),
CD90(1), and CD105(1).43 Immunofluorescence was per-
formed on ADSCs attached to PLGA, MWCNT, or SWCNT
scaffolds after 15 days of culture using the protocol
described in the section “Immunofluorescence for focal
adhesion and cell proliferation” with a few modifications.
We used FITC-conjugated monoclonal antibodies specific to
each surface antigen to assess the expression of MSC
markers on ADSC cultured on PLGA, MWCNT, and SWCNT
scaffolds after 15 days. The cytoplasm was stained using
Rhodamine phalloidin to visualize actin filaments (red fluo-
rescence, Life Technologies, USA).

Adherence of MSCs to tissue culture
polystyrene (ISCT guideline)
According to ISCT guidelines, stem cells must be adherent
to plastic when maintained in standard tissue culture condi-
tions.43 After 30 days of culture on PLGA, MWCNT, and
SWCNT scaffolds, ADSCs were harvested from the scaffolds
and expanded in vitro on 150 mm TCPS plates. The cells
were cultured in ADSC basal growth media using standard
tissue culture protocols as described in the section “Cell
culture”.

Multilineage differentiation of expanded
MSCs (ISCT guidelines43)
Osteogenic differentiation. ADSCs harvested from PLGA,
SWCNT, and MWCNT scaffolds after 30 days of culture were
used for differentiation studies. Additionally ADSCs grown
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on TCPS (not PLGA, SWCNT, or MWCNT scaffolds) were
used as controls. Osteogenic differentiation was performed
using manufacturers protocol (Lonza Corporation MD, USA).
Osteogenic induction media was prepared by mixing hMSC
differentiation basal medium—osteogenic and SingleQuotsTM

factors (dexamethasone, L-glutamine, ascorbate, Pen/Strep,
and MCGS) as supplied in the hMSC Osteogenic BulletKit
(Catalog # PT 3002, Lonza Corp., MD, USA). Initially, ADSCs
were plated at a density of 10,000 cells per well in a
24-well plate and incubated in ADSC basal growth media
for 24 h at 378C, 5% CO2, and 90% humidity. After 24 h,
growth media was removed and 1 mL of osteogenic induc-
tion media was added to each well and replenished every
3–4 days. ADSCs were maintained in osteogenic induction
media for 3 weeks. Alkaline phosphatase expression and
alizarin red staining were used as markers for osteogenic
differentiation (detailed protocols are included in the
Supporting Information).

Adipogenic differentiation. Adipogenic differentiation was
performed using a well-established procedure reported
previously.45 Briefly, mixing hMSC adipogenic induction
medium (PT-3102B) and the following SingleQuotsTM pre-
pared adipogenic induction medium: h-insulin (recombi-
nant), L-glutamine, MCGS, dexamethasone, indomethacin,
IBMX (3-isobutylmethyl xanthine), and GA-1000. Adipogenic
maintenance medium was prepared by mixing hMSC adipo-
genic maintenance medium (PT-3102 A) and the following
SingleQuotsTM: h-insulin (recombinant), L-glutamine, MCGS,
and GA-1000. All components were purchased as hMSC Adi-
pogenic BulletKit (Catalog number PT-3004, Lonza Corpora-
tion, MD, USA). ADSCs were plated at a cell density of
20,000 cells per milliliter in 24-well plates and incubated in
ADSC basal growth media for 24 h at 378C, 5% CO2, and
90% humidity. After incubation, ADSCs were subjected to
three cycles of adipogenic induction/maintenance wherein
each cycle consisted of culturing ADSCs in adipogenic induc-
tion media for 3 days and adipogenic maintenance media
for 3 days. After 3 cycles, ADSCs were maintained in adipo-
genic maintenance media for an additional 7 days. The cells
were rinsed with PBS (33), fixed using 4% paraformalde-
hyde for 20 min, and stained using Oil red O dye for charac-
terization of triglycerides and esters as a marker for
adipogenic differentiation (detailed protocol included in the
Supporting Information).

Chondrogenic differentiation. Chondrogenic differentiation
was performed according to the manufacturers protocol
(Lonza Corporation MD, USA). Briefly, incomplete chondro-
genic induction medium was prepared by mixing hMSC dif-
ferentiation basal medium—chondrogenic and the following
SingleQuotsTM: dexamethasone, ascorbate, ITS1 supplement,
GA-1000, sodium pyruvate, proline, and L-glutamine. Com-
plete chondrogenic media was prepared by adding TGF-b to
incomplete chondrogenic media to achieve a final concentra-
tion of 10 ng/mL. ADSC were trypsinized and centrifuged
(5000 rpm, 5 min) to obtain a cell pellet. The cell
pellet was washed with incomplete chondrogenic media,

centrifuged, and resuspended in complete chondrogenic
media. An aliquot of 2.5 3 105 cells were added to a 15 mL
sterile poly(propylene) culture tubes with 1 mL complete
chondrogenic media and centrifuged at 5000 rpm for 5 min
to obtain a cell pellet. Caution was maintained not to dis-
rupt the pellet throughout the differentiation study. The
caps of the tubes were loosened by one half turn to facili-
tate gas exchange and the tubes were incubated at 378C,
5% CO2, and 90% humidity for 28 days with regular media
changes every 2–3 days. After 28 days, the pellets were
harvested, fixed with formalin, and embedded in paraffin for
histological sectioning. Alcian blue staining was performed
to assess chondrogenic differentiation (detailed protocol
included in Supporting Information).

Statistical analysis
Data are reported as mean6 standard deviation. Statistical
analysis was performed for a 95% confidence interval
(p<0.05) using students “t” test. To analyze the differences
between the groups, one-way ANOVA followed by Tukey
Kramer post hoc analysis was performed.

RESULTS

Fabrication of PLGA, MWCNT, and SWCNT scaffolds
PLGA scaffolds were fabricated using a thermal cross-linking
particulate leaching method using NaCl as a porogen.44 Three-
dimensional MWCNT and SWCNT scaffolds were fabricated
using a radical initiated thermal cross-linking method using
MWCNT and SWCNT as building blocks.40 Figure 1(A) displays
the digital images of PLGA, MWCNT, and SWCNT scaffolds used
for cell culture studies. The scaffolds were macroscopic cylin-
ders of �4 mm in height and 3–4 mm in diameter. Figure 1(B)
shows the images of SWCNT scaffolds assembled in various
sizes to illustrate the scalability of fabrication method.

Characterization of PLGA, MWCNT, and SWCNT scaffolds
Scanning electron microscopy. Figure 1(C) displays the rep-
resentative SEM images of PLGA, MWCNT, and SWCNT scaf-
folds. PLGA scaffolds show characteristic cubic shaped pores
with pore sizes between 250 and 500 lm (size of NaCl crys-
tals). MWCNT and SWCNT scaffolds show interconnected
nanoscale cross-links forming a 3-D architecture. The nano-
tube mesh appears porous with irregularly shaped pores.

Microcomputed tomography. MicroCT has been extensively
used to determine the porosity and pore sizes of 3-D poly-
meric and all-carbon scaffolds. Figure 1(D) displays the rep-
resentative 3-D microCT reconstructions of PLGA, MWCNT,
and SWCNT scaffolds. The porosity values of PLGA, MWCNT,
and SWCNT scaffolds determined by microCT reconstruc-
tions were 85.062.4%, 89.66 2.0%, and 83.165.7%,
respectively. The macropore diameter for PLGA, MWCNT,
and SWCNT scaffolds were between 250 and 500 lm, 100
and 400 lm, and 150 and 550 lm, respectively. The CNT
scaffolds possess nanoscale pores that are not visualized by
microCT [white solid interconnect structures in Fig. 1(D)]
due to a resolution limit of 6 lm. These pores are visualized
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by SEM imaging [Fig. 1(C)] and can be quantified using SEM
image processing and BET analysis.

BET surface area analysis. BET adsorption using nitrogen
gas was used to determine the surface area and pore sizes
of MWCNT and SWCNT scaffolds using single point meas-
urements. The BET surface area of MWCNT and SWCNT
scaffolds was 50.62 and 91.74 m2/g, respectively (Table I).
The average pore diameter of MWCNT and SWCNT scaffolds
was 250 and 750 Å, respectively.

Image processing for porosity analysis. SEM image proc-
essing has been extensively used to characterize the poros-
ity and pore diameter of 3-D tissue engineering scaffolds.
Nanoscale porosities are important for efficient transport of
nutrients and waste metabolites inside a 3-D scaffold. To
quantify the nanoscale porosities of MWCNT and SWCNT
scaffolds, SEM images were subjected to a series of image
processing steps. The porosity and pore sizes of PLGA scaf-
folds were accurately determined using microCT and they
lack the presence of nanoporosities. Therefore, SEM image
processing was used only for MWCNT and SWCNT scaffolds.
The porosity values of MWCNT and SWCNT scaffolds were
48.356 4.25% and 37.986 2.95%, respectively. The nanopore
diameter of MWCNT and SWCNT scaffolds was 20–900 nm and
15–950 nm, respectively (Table I).

Image processing for surface roughness
analysis. Nanotopography of tissue engineering scaffolds
plays a significant role in influencing cellular behavior by
altering cell attachment, proliferation, and gene and protein
expression. ImageJ was used to determine the nanoscale

roughness of 3-D MWCNT and SWCNT scaffolds. SEM
images (8 bit) with pixel intensity values between 0 a.u.
and 255 a.u. (black–white) were used for this analysis.
Therefore, the calculated roughness values are not in abso-
lute units and are suitable only for a qualitative comparison
between MWCNT and SWCNT scaffolds. The mean surface
roughness (Rq) values for MWCNT and SWCNT scaffolds
were 129.2615.65 a.u. and 90.416 18.07 a.u., respectively.
The arithmetic surface roughness (Ra) values of MWCNT
and SWCNT scaffolds were 137.9613.39 a.u. and
109.51616.6 a.u., respectively. The MWCNT scaffolds
showed a greater surface roughness than SWCNT scaffolds
(Table I).

Lactate dehydrogenase (LDH) assay
Lactate dehydrogenase is a cytosolic enzyme released in the
culture media by apoptotic or necrotic cells. LDH assay
quantifies the amount of LDH released as a measure of cell
death. The LDH present in the culture media catalyzes the
conversion of lactate to pyruvate, in turn reducing NAD1 to
NADH, which catalyzes the conversion of iodonitrotetrazo-
lium present in the assay reagent (INT) to a water-soluble
formazan product that can be quantified using an absorb-
ance plate reader. Figure 2(A) shows the total LDH released
(normalized to positive controls) from ADSCs after 1, 3, and
5 days of culture on PLGA, MWCNT, and SWCNT scaffolds.
Although ADSCs on SWCNT scaffolds show a slightly higher
LDH release (�45%) compared to cells grown on TCPS
(�33%) after day 1, no significant differences were
observed between total LDH released by ADSCs cells on
PLGA, MWCNT, and SWCNT scaffolds at all time points (LDH
release was between �30 and 45% for all groups).

FIGURE 1. A: Optical images of representative 3-D PLGA, MWCNT, and SWCNT scaffolds. Cylindrical scaffolds of 6–9 mm height and 4–5 mm

diameter were used for cell culture experiments. B: SWCNT scaffolds assembled in various sizes to illustrate the scalability of fabrication

method (scale bar is 1 cm). C: Representative scanning electron microscopy images of PLGA, MWCNT, and SWCNT scaffolds. Arrows corre-

spond to the formation of nanoscale cross-links between carbon nanotubes. D: Representative 3-D microCT reconstructions of PLGA, MWCNT,

and SWCNT scaffolds. Void spaces (porosity) inside scaffolds are represented by blue color.
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Calcein-AM fluorescence imaging
Calcein-AM is a nonfluorescent dye, which upon cellular
internalization, is converted to green fluorescent calcein due
to removal of acetoxymethyl ester group by intracellular
esterases, and is retained in the cytoplasm of living cells.
Therefore, it is widely used to stain living eukaryotic cells.27

Figure 2(B) shows the representative calcein-AM-stained
images of ADSCs cultured on PLGA [Fig. 2(1–5)], MWCNT
[Fig. 2(6–10)], and SWCNT [Fig. 2(11–15)] scaffolds after 1,
3, 5, 15, and 30 days. Presence of live ADSCs was observed
after 24 h of culture on PLGA, MWCNT, and SWCNT scaf-
folds as observed in Figure 2(1, 6, and 11), respectively. For
each scaffold group, an increase in the number of green-
fluorescent cells was observed from D1 to D30. ADSCs on
all scaffold groups on D30 appear to be confluent and uni-
formly distributed.

Immunofluorescence for focal adhesion and cell
proliferation
Cell attachment: focal adhesion (vinculin). Vinculin is a
membrane cytoskeletal protein important for the formation
of focal adhesion assembly and has been widely used as a
marker to characterize cell–matrix adhesion.46 Figure 3
shows the representative images of ADSCs cultured on
PLGA [Fig. 3(A–C)], MWCNT [Fig. 3(D–F)], and SWCNT [Fig.
3(G–I)] scaffolds. ADSCs are stained green using FITC-
phalloidin for cytoskeleton (green fluorescence) and fluores-
cently labeled antibodies for vinculin expression (red fluo-
rescence). To ascertain co-localization of red and green
fluorescence and corroborate the absence of nonspecific sig-
nal, merged images are also presented. Figure 3(B,E,H) con-
firms the expression of vinculin by ADSCs cultured on
PLGA, MWCNT, and SWCNT scaffolds, respectively. The vin-
culin protein appears to be co-localized with actin filaments
[Fig. 3(A,D,G)] and evenly distributed throughout the cyto-
plasm [Fig. 3(C,F,I)].

Cell proliferation: ki-67 expression. Ki-67 is an antigen
expressed during the active phases of cell cycle (G1, S, G2,
and mitosis). The expression of Ki-67 is absent during the
G0 phase; therefore, it has been widely used as a marker of
cell proliferation.47 Figure 3 shows the representative confo-
cal microscopy images of immunofluorescence staining for
Ki-67 expression by ADSCs cultured on PLGA [Fig. 3(J–L)],
MWCNT [Fig. 3(M–O)], and SWCNT [Fig. 3(P–R)] scaffolds
after 5 days. ADSCs were stained with FITC conjugated phal-
loidin for actin cytoskeleton [green fluorescence, Fig.

3(J,M,P)] and fluorescently labeled antibodies for Ki-67
expression (red fluorescence, Fig. 3(K,N,Q)]. Figure 3(L,O,R)
shows the merged images for actin cytoskeleton and Ki-67
protein. Ki-67 expression can be observed throughout the
cytoplasm and nucleus for cells seeded on PLGA [Fig.
3(K,L)], MWCNT [Fig. 3(N,O)], and SWCNT [Fig. 3(Q,R)] scaf-
folds suggesting that ADSCs on all scaffold groups were
metabolically active and proliferating.

SEM imaging for cell attachment
SEM was used for the characterization of cellular adhesion
and morphology. Figure 4 shows the representative SEM
images of ADSCs on PLGA [Fig. 4(A)], MWCNT [Fig. 4(B)],
and SWCNT [Fig. 4(C)] scaffolds after 5 days. The cells
appear horizontally spread out on all scaffold groups (white
arrows, Fig. 4). ADSCs on all the scaffolds show formation
of cytoplasmic extensions and membrane projections with
no preferential direction. Figure 4(D,E) is a representative
high-magnification SEM image of ADSCs on MWCNT scaf-
folds. Formation of filopodia that attach and wrap around
the underlying nanotube network can be clearly visualized
[yellow arrows, Fig. 4(D,E)].

Image processing to assess cellular infiltration
Cellular infiltration inside PLGA, MWCNT, and SWCNT scaf-
folds was assessed by image processing of Z-stacks of
calcein-AM-stained ADSCs. Each individual stack was sub-
jected to spectral-color coding steps to false color cells as a
function of Z depth, that is, cellular infiltration. Figure 4(F–
H) shows the infiltration of cells on PLGA, MWCNT, and
SWCNT scaffolds, respectively. Presence of cells can be
detected upto a depth of �200–450 lm for each scaffold
group. Image acquisition beyond that depth was not possi-
ble due to limitations with laser penetration inside 3-D
scaffolds.

Immunofluorescence for MSC phenotype analysis
Surface antigens have been extensively used for the identifi-
cation of specific cell populations. According to ISCT guide-
lines, MSCs should express CD73, CD90, and CD105,
whereas lack the expression of hematopoietic cell markers
such as CD14, CD19, CD34, and CD45.43 Figure 5 shows the
representative immunofluorescence images of ADSCs
stained for various stem cell markers after 15 days of cul-
ture on PLGA [Fig. 5(a)], MWCNT [Fig. 5(b)], and SWCNT
[Fig. 5(c)] scaffolds. Cells were stained with rhodamine
phalloidin (red fluorescence) for actin cytoskeleton and

TABLE I. Porosity, pore sizes and surface roughness of scaffolds.

Scaffolds

Porosity Pore Sizes

Surface
Area (BET)

Surface Roughness

MicroCT (%)
SEM Image

Processing (%)
MicroCT

(lm)
SEM Image

Processing (nm)
BET

(N2 Gas, Å)
Mean

(Rq, a.u.)
Arithmetic
(Ra, a.u.)

PLGA 84.97 6 2.36 - 250–500 - - - - -
MWCNT 89.55 6 1.98 48.35 6 4.25 100–400 20–900 250 50.62 129.20 6 15.65 137.90 6 13.39
SWCNT 83.14 6 5.69 37.98 6 2.95 150–550 15–950 750 91.74 90.41 6 18.07 109.51 6 16.60
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FITC-conjugated monoclonal antibodies (green fluorescence)
for MSC surface antigens. ADSCs on all scaffold groups
express CD73, CD90, and CD105, whereas lack the expres-
sion of CD14, CD19, CD34, and CD45, thereby satisfying the
criteria for MSC phenotype.

Multilineage differentiation of expanded MSCs (ISCT
guidelines)
Osteogenic differentiation. Alkaline phosphatase (ALP)
activity. Alkaline phosphatase is an early-stage osteogenic
marker.48 Figure 6(A) shows the ALP activity of ADSCs tryp-
sinized and expanded in vitro after 30 days of culture on
PLGA, MWCNT, and SWCNT scaffolds. ALP activity between
the groups ranged from �1.8 to 3 lM/ng dsDNA with
ADSCs isolated from SWCNT scaffolds showing a significant
decrease in ALP expression compared to control ADSCs
cultured on TCPS. ADSCs isolated from PLGA and MWCNT
scaffolds showed a similar level of ALP activity as control
ADSCs.

FIGURE 2. A: Cytotoxicity evaluation using lactate dehydrogenase

assay after 1, 3, and 5 days of ADSC culture on TCPS (live control)

and 3-D PLGA, MWCNT, and SWCNT scaffolds. Chart represents total

LDH release (%) normalized to positive controls (100% dead cells).

Data are represented as means 6 standard deviation. B: Representa-

tive calcein-AM-stained green fluorescence images of ADSCs on 3-D

PLGA (1–5), MWCNT (6–10), and SWCNT scaffolds (11–15) after 1, 3,

5, 15, and 30 days of culture. Presence of live ADSCs on the scaffolds

can be observed. Scale bars are 100 lm.

FIGURE 3. Representative immunofluorescence images of ADSCs cul-

tured on PLGA (A–C and J–L), MWCNT (D–F and M–O), and SWCNT

(G–I and P–R) scaffolds after 5 days of culture. ADSCs are stained

green for actin (cytoskeleton) and red (mAb for vinculin–focal adhe-

sion marker (A–I) and Ki-67-cell proliferation marker (J–R)). Merged

images are shown to confirm co-localization of cytoplasm and focal

adhesion and cell proliferation markers.
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Alizarin red staining. Alizarin red binds to calcium
deposits in the extracellular matrix (ECM) and has been
widely used to detect the presence of calcium in ECM of
osteogenic cells.45 ADSCs isolated from PLGA [Fig. 6(C)],
MWCNT [Fig. 6(D)], and SWCNT [Fig. 6(E)] scaffolds after
30 days of culture show good deposition of calcium in the
ECM (red staining, black arrows), comparable to control
ADSCs [Fig. 6(B)]. There was no difference in distribution of
the staining pattern between various scaffold groups com-
pared to control ADSCs.

Adipogenic differentiation. Oil red O staining. Oil red O
is a fat-soluble dye that specifically stains triglycerides, cho-
lesteryl esters, and neutral lipids without staining biological
membranes.49 ADSCs isolated from PLGA, MWCNT, and

SWCNT scaffolds [Fig. 6(G–I)] show the presence of intracel-
lular fat vacuoles (red stain, black arrows) similar to ADSCs
cultured on TCPS controls [Fig. 6(F)]. The fat vacuoles
appear to be distributed throughout the cytoplasm.

Chondrogenic differentiation. Alcian blue staining. Alcian
blue is widely used to stain acidic polysaccharides such as
glycosaminoglycans (GAGs) present in the extracellular
matrix of chondrocytes.50 Figure 6(A–D) show the represen-
tative Alcian blue-stained images of ADSCs cultured on
TCPS (control) and ADSCs isolated from PLGA, MWCNT, and
SWCNT scaffolds, respectively, after chondrogenic differen-
tiation. The blue color shows the deposition of GAGs in the
ECM. No significant differences were observed between all
experimental groups.

FIGURE 4. Representative SEM images showing adhesion of ADSC on (A) PLGA, (B) MWCNT, and (C) SWCNT scaffolds. Formation of cytoplas-

mic extensions (filopodia and pseudopodia) can be observed for all scaffold groups. Images (D) and (E) are high-magnification images of ADSCs

on MWCNT scaffolds. ADSCs extend numerous cytoplasmic extensions (yellow arrows) that wrap around and attach to the underlying nanotube

mesh. Red arrows correspond to cell body. (F–H) Representative spectrally color-coded images of calcein-AM-stained ADSCs as a function of

confocal Z-depth (i.e., cellular infiltration) after 5 days of culture on (F) PLGA, (G) MWCNT, and (H) SWCNT scaffolds. Presence of cells can only

be detected upto a depth of �200–450 lm for MWCNT and SWCNT scaffolds and �240 lm for PLGA scaffolds due to limitations associated with

laser penetration depth.
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DISCUSSIONS

The overall objective of this study was to investigate the
suitability of 3-D macro-sized chemically cross-linked
porous CNTs scaffolds as synthetic matrices for human stem
cell expansion and maintenance. Optical images of 3-D
MWCNT, SWCNT, and PLGA scaffolds are shown in Figure
1(A). We have previously reported the use of BP as a radical
initiator to induce thermal cross-linking of CNTs and gra-
phene toward the fabrication of 3-D all-carbon architec-
tures.40,51 BP decomposes into benzoyl and benzoyloxyl free
radicals that attack the C@C sp2 bonds on CNT structure
forming active centers that serve as inter nanotube cross-
linking sites. Unreacted BP and other volatile compounds
are removed by thermal annealing (1508C for 30 min),
which results in the partial restoration of the sp2 bonds.
The nanomaterial:BP ratio used in this study was 1:0.5 to

fabricate scaffolds with >80% porosity. Chemical characteri-
zation of CNT scaffolds was performed using Raman spec-
troscopy and high-resolution X-ray photoelectron
spectroscopy (XPS). These results showed that the primary
composition of the scaffolds was carbon (�94%) and oxy-
gen (�5.5%). It was also confirmed that radical initiated
cross-linking of CNTs leads to the structural disruption of
pristine nanotubes and the presence of hydroxyl, phenyl,
and carbonyl and benzoyloxyl functional groups was
observed. The thermal annealing step removes these oxida-
tive functional groups and other volatiles and reaction by-
products formed during the cross-linking reaction.

The presence of nanoscale cross-links between individ-
ual and bundled CNTs was confirmed using SEM and high-
resolution TEM.40 SEM imaging was performed to character-
ize the scaffold topography and pore architecture and recon-
firm the presence of cross-links between MWCNTs and
SWCNTs. Figure 1(C) (yellow arrows) confirms the presence
of nanoscale cross-links between individual and bundled
MWCNTs and SWCNTs. Irregularly shaped macro, micro,
and nano pores are clearly visible. PLGA scaffolds show
characteristic cubic shaped pores due to salt leaching of
NaCl crystals [Fig. 1(C)]. MicroCT was performed to charac-
terize the pore sizes and porosity of PLGA, MWCNT, and
SWCNT scaffolds. MicroCT has been extensively used for the
characterization of the porosity of 3-D all-carbon and poly-
meric tissue engineering scaffolds.40,52,53 Representative
microCT reconstructions of 3-D PLGA, MWCNT, and SWCNT
scaffolds are shown in Figure 1(D). MicroCT images clearly
show the presence of irregularly shaped interconnected
pores (blue voids) distributed throughout MWCNT and
SWCNT scaffolds. The white solid structures in the microCT
images possess nanoscale pores that are not visualized due
to the resolution limit (6 lm) of the system. These pores
are characterized using SEM image processing. For diffusion
and mass transport of nutrients and waste metabolites and
multifold stem cell expansion, 3-D scaffolds with intercon-
nected macro-, micro-, and nanoporosities are desired.
MicroCT and SEM image processing clearly shows that 3-D
MWCNT and SWCNT scaffolds possess multiscale intercon-
nected porosities.

LDH assay was performed to quantitatively measure the
cytotoxicity of MWCNT and SWCNT scaffolds against ADSCs
after 1, 3, and 5 days of culture. Porous PLGA scaffolds
were used as live controls. LDH assay is a widely recom-
mended method to analyze the cytotoxicity of carbon nano-
materials.27,54–56 It has been extensively reported that
several assays (such as MTT and XTT) produce erroneous
results due to nonspecific binding of formazan crystals on
nanotube surface.55,57,58 LDH assay measures cell death by
quantifying the amount of cytosolic enzyme lactate dehydro-
genase released in the media by apoptotic and necrotic cells.
Therefore, no formazan–nanotube interference is observed.
LDH assay has been widely used for the cytotoxicity analysis
of carbon nanomaterials.59 We observed no significant
differences in the total LDH released by ADSCs cultured
on PLGA, MWCNT, and SWCNT scaffolds at all time points
[Fig. 2(A)]. These results suggest that MWCNT and SWCNT

FIGURE 5. Representative immunofluorescence images of ADSCs

showing the presence/absence of MSC surface antigens (A–C) CD14,

(D–F) CD19, (G–I) CD34, (J–L) CD45, (M–O) CD73, (P–R) CD90, and

(S–U) CD105 after 15 days of culture on PLGA, MWCNT, and SWCNT

scaffolds. ADSC are stained with rhodamine phalloidin (red fluores-

cence) for cytoplasm and FITC-conjugated mAbs against MSC anti-

gens (green fluorescence). Green fluorescence is absent in images

(A–L) and co-localized with red fluorescence in images (M–U).
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scaffolds are cytocompatible, comparable to FDA-approved
PLGA polymer. To further corroborate the results of LDH
assay, ADSCs after 1, 3, 5, 15, and 30 days of culture on
PLGA, MWCNT, and SWCNT scaffolds were stained with
calcein-AM, a fluorescent marker of metabolically active liv-
ing cells.27 Green fluorescence observed in Figure 2(B(1–
15)) confirms the presence of live ADSCs on all scaffold
groups at all time points. Furthermore, an increase in cell
number can be observed between 1 and 30 days for all
scaffold groups suggesting that ADSCs on MWCNT and
SWCNT scaffolds show good cell proliferation.

In mammalian cells, vinculin protein is responsible for the
formation of macromolecular assemblies such as focal adhe-
sions that link integrin proteins to the actin cytoskeleton of
cells, thereby facilitating cell attachment to the underlying
ECM.46,60 Focal adhesion complexes govern several cellular
functions and modulate the expression (up/down regulation)
of genes associated with cell proliferation, migration, and apo-
ptosis.61 Immunofluorescence imaging of ADSCs confirm the
presence of vinculin protein [red fluorescence, Fig. 3(A–I)]
distributed throughout the cytoplasm [green fluorescence,

Fig. 3(A–I)]. These results suggest that ADSCs can form focal
adhesion complexes on MWCNT and SWCNT scaffolds. Ki-67
is a cell proliferation marker, which is expressed only during
the active phases of the cell cycle (G1, S, G2, and M) and
absent during the resting phase (G0) and has been extensively
used as a marker for cell proliferation.47,62 ADSC cultured on
MWCNT and SWCNT scaffolds express Ki-67 gene [red
fluorescence, Fig. 3(J–R)]. These results suggest that ADSCs
are metabolically active and can proliferate on MWCNT and
SWCNT scaffolds.

Cellular infiltration into 3-D scaffolds is critical to achieve
greater cell densities post stem cell expansion. It is well
known that cell infiltration into 3-D scaffolds is governed by
the turnover of vinculin (focal adhesion assemblies).46 Fur-
thermore, the expression of vinculin is diffusely distributed
throughout the cytoplasm in cells growing on 3-D sub-
strates.63 ADSCs on MWCNT and SWCNT scaffolds express a
cytoplasmic distribution of vinculin, thereby suggesting that
ADSCs are capable of infiltration inside the 3-D scaffolds. For
cells embedded in a 3-D matrix, filopodia or cytoplasmic
extensions are responsible for governing cellular

FIGURE 6. A: Alkaline phosphatase activity of ADSCs maintained on TCPS (control group) and ADSCs harvested after 30 days of expansion on

PLGA, MWCNT, and SWCNT scaffolds and subsequently subjected to in vitro osteogenic differentiation. Data is represented as means 6

standard deviation. Groups with a significant difference (p< 0.05) are marked with “*”. (B–E) Representative alizarin red-stained images of

ADSCs expanded on (B) TCPS (control), (C) PLGA, (D) MWCNT, and (E) SWCNT scaffolds. Deposits of calcium in the extracellular matrix are

stained red (black arrows). Scale bars are 100 lm. (F–I) Representative oil-red O-stained images of ADSCs expanded on (F) TCPS (control), (G)

PLGA, (H) MWCNT, and (I) SWCNT scaffolds. Fat vacuoles are stained red (black arrows). Scale bars are 50 lm. (J–M) Representative Alcian

blue-stained images of ADSCs expanded on (J) TCPS (control), (K) PLGA, (L) MWCNT, and (M) SWCNT scaffolds. Cartilaginous extracellular

matrix containing sulfated glycosaminoglycan deposits are stained blue. Scale bars are 100 lm.
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infiltration.46 SEM analysis (Fig. 4) of ADSCs on PLGA,
MWCNT, and SWCNT scaffolds show the attachment of ADSCs
and the presence of numerous cytoplasmic extensions or filo-
podia [Fig. 4(D,E); yellow arrows]. The spectrally color-coded
images of ADSCs on MWCNT and SWCNT scaffolds [Fig. 4(F–
H)] confirm cellular infiltration up to depths of �400–450 lm
in MWCNT and SWCNT scaffolds. Image acquisition beyond
this depth was not possible due to limitations associated with
the depth of penetration of the laser.

Mesenchymal and Tissue Stem Cell Committee of ISCT
have issued the following guidelines to define human MSCs
for laboratory research and preclinical investigations.43 (1)
MSCs must be plastic adherent when cultured in vitro on
TCPS. (2) More than 95% of MSCs should express CD73 (a.k.a.
ecto 50 nucleotidase), CD90 (a.k.a. Thy-1), and CD105 (a.k.a.
endoglin), and lack the expression of CD14 (marker of mono-
cytes and macrophages), CD19 (B cell marker), CD34 (hema-
topoietic progenitor marker), and CD45 (pan-leukocyte
marker). (3) The cells must be able to demonstrate multiline-
age differentiation potential by differentiating into osteo-
blasts, adipocytes, and chondrocytes demonstrated by alizarin
red, oil red O, and Alcian blue staining, respectively. Surface
antigens have been extensively used for the characterization
of various cell types. Figure 5(A–U) shows the representative
immunofluorescence images of various surface markers of
ADSCs after 15 days of culture on PLGA, MWCNT, and SWCNT
scaffolds. ADSCs on all scaffold groups satisfy the ISCT criteria
for the presence of MSC surface markers.

ADSCs from PLGA, MWCNT, and SWCNT scaffolds were
harvested by trypsinization and expanded in vitro thereby
demonstrating their adherence to TCPS. The ADSCs were then
subjected to multilineage differentiation. Figure 6(A) shows
the ALP activity of ADSCs after 30 days of culture on various
scaffold groups. ALP is an early stage marker of osteogene-
sis.45 No significant differences were observed in the ALP
activity of ADSCs cultured on PLGA and MWCNT scaffolds,
compared to normal TCPS ADSCs (control group). Although,
ADSCs cultured on SWCNT scaffolds showed a lower ALP
activity, the deposition of calcium in the ECM of ADSCs of all
scaffold groups observed by alizarin red staining [Fig. 6(B–E)]
confirms their successful osteogenic differentiation. Oil red O
staining shows the presence of lipid vacuoles [Fig. 6(F–I)],
black arrows) in ADSCs of all scaffold groups thereby confirm-
ing their adipogenic differentiation. Alcian blue staining [Fig.
6(J–M)] shows the presence of cartilaginous ECM (deposition
of sulfated GAGs) by ADSCs of all scaffold groups thereby con-
firming their differentiation into chondrocytes. These results
taken together suggest that ADSCS cultured on 3-D MWCNT
and SWCNT scaffolds satisfy all the criteria that define human
MSCs as recommended by ISCT. Therefore, 3-D MWCNT and
SWCNT scaffolds can be used as novel synthetic matrices for
stem cell expansion and maintenance.

Bone marrow (BM) aspirates are the most commonly used
source for the isolation of MSCs (BMSCs). However, the preva-
lence of adult MSCs in BM aspirates is very low (approximately
0.0001–0.01%).64 Furthermore, the number of MSCs drasti-
cally reduces from BM aspirates of elderly due to aging.65 A
convenient alternative is to isolate MSCs from adipose tissue,

which can be obtained by a simple liposuction procedure in
clinic. The number of MSCs isolated from adipose tissue is
nearly 500-fold greater compared to an equivalent amount of
BM aspirate.66,67 It has been shown that ADSCs and BMSCs
exhibit similar multilineage differentiation potential and immu-
nosuppressive properties with minor differences in transcrip-
tome and proteome. Human ADSCs are genetically stable in
long-term cell culture, show a higher proliferation capacity and
rate (doubling time for ADSCs is 28 h, whereas 39 h for
BMSCs), and retain multilineage differentiation potential for
longer time periods compared to BMSCs.65,68–70 Owing to these
advantages, stem cells derived from adipose tissue are an
attractive alternative to bone marrow-derived stem cells for
clinical tissue engineering and regenerative medicine
applications.

Stem cell therapy for conditions such as bone and cartilage
defects, graft vs. host disease, myocardial infarction, and auto-
immune diseases requires �4–5 million cells per kg body
weight.3,7,71 It is difficult to isolate MSCs in clinically relevant
number from diseased patients or elderly donors who typi-
cally are the patients in need of therapy. Currently, the large-
scale expansion of MSCs for therapy is an unmet clinical need
as the cells undergo significant changes in phenotype such as
diminished proliferation potential, senescence, or loss of
“stemness” (onset of lineage specific phenotypic characteris-
tics) during prolonged culture on TCPS substrates. Conse-
quently, to achieve high cell densities and maintain a greater
pool of stem cells, 3-D culture systems have been recom-
mended for MSC expansion over conventional 2-D sub-
strates.3,6,7 The 3-D cross-linked CNT scaffolds may allow
additional multifunctional capabilities compared to existing
3-D culture systems such as cell aggregates, use of microcar-
riers, polymeric matrices, or decellularized matrices. (1) The
mechanical (nanotopography and stiffness), electromagnetic,
and electrical properties of CNT scaffolds and ability to cova-
lently or noncovalently functionalize them with a variety of
small molecules or macromolecules can be exploited as a bio-
physical cue to control the spatiotemporal behavior of stem
cells.72,73 (2) CNTs have been reported as contrast agents for
several noninvasive bioimaging modalities such as magnetic
resonance imaging, photoacoustic, and X-ray computed
tomography.74–76 Thus, 3-D CNT scaffolds may facilitate non-
invasive longitudinal monitoring of stem cell maintenance,
proliferation, and differentiation.

CONCLUSIONS

Three-dimensional macroporous scaffolds fabricated using
SWCNTs and MWCNTs are cytocompatible substrates that
show good cell viability, adhesion, proliferation, and infiltra-
tion of human ADSCs. ADSCs after long-term expansion on
MWCNT and SWCNT scaffolds retain their stem cell pheno-
type (express MSC surface antigens), can be harvested from
3-D MWCNT and SWCNT scaffolds, and show robust multili-
neage differentiation into osteoblasts, adipocytes, and chon-
drocytes. These results indicate that 3-D macroporous
MWCNT and SWCNT scaffolds show potential as synthetic
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3-D matrices for ex vivo expansion and maintenance of
MSCs for clinical therapeutic applications.
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