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Abstract

As actual stem cell application quickly approaches tissue engineering and regenerative medicine,

aspects such as cell attachment to scaffolds and biomaterials become important and are often

overlooked. Here, we compare the effects of several attachment proteins on the adhesion,

proliferation and stem cell identity of three promising human stem cell types: human adipose-

derived stem cells (hASCs), human embryonic stem cells (hESCs), and human induced pluripotent

stem cells (hiPSCs). Traditional tissue culture polystyrene plates (TCPS), Matrigel (Mat), laminin

(Lam), fibronectin (FN), and poly-L-lysine (PLL) were investigated as attachment protein

surfaces. For hASCs typically cultured on TCPS, laminin resulted in the greatest cell attachment

and proliferation with largest cell areas, indicating favorability by cell spreading. However,

mesenchymal stem cell markers indicative of hASCs were slightly more expressed on surfaces

with lowest cell attachment, corresponding to increased cell roundness, a newly observed attribute

in hASCs possibly indicating more stem cell-like character. hESCs preferred Matrigel as a feeder-

free culture surface. Interestingly, hiPSCs favored laminin over Matrigel for colony expansion,

shown by larger cell colony area and perimeter lengths, although cell numbers and stem cell

marker expression level remained highest on Matrigel. These data provide a practical reference

guide for selecting a suitable attachment method for using human induced pluripotent, embryonic

or adipose stem cells in tissue engineering and regenerative medicine applications.
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Stem cells have great potential as a cell source for many engineered tissues and in

regenerative medicine treatments. In tissue engineering, using stem cells to create tissue

constructs generally begins with adhesion to a patterning material surface or a scaffold. In

regenerative medicine applications, it was once believed that stem cells could simply be
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injected into the affected site or niche to initiate healing, but it is now known that the stem

cells either die or dissipate from the local area. Hence, researchers in this area are looking to

either synthetic or natural biomaterials as stem cell delivery vehicles. An issue often

overlooked is that of cell adhesion to tissue engineering surfaces; it is often assumed that

cells will readily attach on their own. Generally cells, especially stem cells, do not inherently

attach to any surface – there must be some surface functionalization to promote adhesion.

Means of attachment not only affect cell adhesion, but also growth and differentiation,

factors imperative to directing stem cell phenotype in tissue engineering applications. Thus,

it is important that the proper attachment method is chosen for the desired outcome. Here,

we investigate different means of stem cell attachment, information pertinent for promoting

adhesion to several tissue engineering surfaces or biomaterials for regenerative medicine.

We compare the efficacy of several attachment proteins to their current standard culturing

methods for three human stem cell types: human adipose-derived stem cells (hASCs),

human embryonic stem cells (hESCs), and human induced pluripotent stem cells (hiPSCs).

hASCs were chosen for their abundance, ease of procurement and non-controversial nature.

hESCs and hiPSCs were chosen for their pluripotent capabilities, and hence exceptional

potential to be used in many different tissue applications. The following protein surface

treatments were investigated for their effects on cell expansion and stem cell identity

retainment or differentiation: traditional tissue culture polystyrene plates (TCPS), laminin

(Lam), fibronectin (FN), Matrigel (Mat), and poly-L-lysine (PLL).

Historically, embryonic stem cells (ESCs) are cultured on a feeder layer of mouse

embryonic fibroblasts. This creates several issues, namely the complexity of co-culturing

and the difficulty of removing the contaminating animal-derived fibroblasts once the ESCs

have expanded enough for use. The next advancement involved the cell culture surface

extracellular matrix (ECM) extract, termed Matrigel, containing many proteins and growth

factors which are able to support proliferation and maintain stem cell phenotype (Xu et al.,

2001). However, Matrigel is mouse derived and thus is not safe nor practical for human

studies and in addition is expensive. Similarly, induced pluripotent stem cells (iPSCs) are

also typically cultured on a feeder layer or on Matrigel (Takahashi et al., 2007). An effective

alternative is needed to eliminate the presence of possible xenogenic factors in the stem cell

cultures, but should also be able to promote proliferation and allow stem cell identity

maintenance. Adipose-derived stem cells are gaining popularity as a potential stem cell

source due to their abundance and non-controversial nature. ASCs are typically cultured on

standard tissue culture plastic plates (TCPS) as a default, though other approaches to

optimize attachment have not been investigated.

TCPS was chosen because it is the cell culture standard. Matrigel was included since it is the

current convention for culturing hESCs and hiPSCs. Laminin and fibronectin are natural

components of the basement membrane, with key functions of cell attachment, cell

spreading, and cell growth; thus, these proteins are often used in cell culture to promote

adhesion. Poly-L-lysine is a synthetic molecule with a highly positively charged amino acid

chain which enhances cell adhesion by altering surface charges on the culture substrate

(McKeehan, 1984). PLL is often used as a coating agent to encourage cell adhesion in

different applications.
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hESCs and hiPSCs were obtained as H7 and Thomson cell lines, respectively, and hASCs

were isolated from liposuction waste material from female flank tissue as detailed in the

Supporting Information. To identify any variability across cell lines, an additional cell

source (male chest for hASCs) and cell lines (H9 hESCs and primary skin fibroblast

hiPSCs) were also investigated (Supporting Figure 2–3). To ensure that the different

proteins were deposited onto a neutral surface, culture plates were first coated with

poly(dimethylsiloxane) (PDMS), a hydrophobic and inert polymer which cells will not

readily adhere to. Lam, FN, Mat, and PLL were then coated onto the neutral PDMS surface.

All stem cells were cultured on all 5 culture surfaces (TCPS, Lam, FN, Mat, and PLL).

Unmodified TCPS was used as the control for culturing hASCs, while Matrigel was the

control for both hESCs and hiPSCs. Cells were cultured until confluence was reached

(hASCs; 125 h), or differentiation began to occur (hESCs, hiPSCs; 190 h). Stem cells were

counted daily to obtain growth curves. Since hESCs and hiPSCs grow in colonies, cells were

scored as a 1 for single cells and as a 1 for each colony. Morphology measures were taken

for hASCs, hESCs and hiPSCs by calculating cell area, cell perimeter length, and circularity.

Cell area and perimeter length indicate the amount of cell spreading, reflecting the cells’

preference for a particular surface. Circularity data describes the roundness of the cell, and

reveals the degree of cellular extensions and hence the preference of the cells to the

attachment protein. The closer the circularity number is to 1, the rounder the cell and the

least preference for that attachment protein. The opposite is true for circularity numbers near

0. To determine the level of stem cell-like character maintenance on the various attachment

proteins, quantitative reverse transcription polymerase chain reaction (qRT-PCR) was

performed on all stem cell types on all attachment proteins at the end of the time course to

detect expression of stem cell markers (5 days for hASCs; 8 days for hESCs and hiPSCs).

Mesenchymal stem cell markers CD29, CD90 and Sca-1 gene expression levels were

measured in the hASCs. Nanog, Oct4 and Klf4 were probed in the hESCs and hiPSCs.

Additionally, hESCs and hiPSCs were evaluated midway through the cell culture period

(day 4) to determine stem cell identity maintenance.

Human ASCs were able to attach and grow with normal cell morphology on all 5 surfaces

(Figure1A). The hASCs grew steadily on the control tissue culture plastic plates, with an

increase in cell number around 75 h in culture followed by a decrease at 100 h (Figure 1B).

Proliferation was notably increased by culture on laminin and fibronectin compared to that

on the traditional culture plates. Both laminin and fibronectin promoted initial proliferation

at about the same rate. However, by 48 hours, cell growth on laminin had surpassed that on

fibronection, continuing on at about the same proliferation rate whereas growth on

fibronectin plateaued. By 125 hours, cultures on TCPS, laminin and fibronectin had reached

confluence, with laminin resulting in the greatest cell numbers. hASCs attached and

proliferated less well on Matrigel and poly-L-lysine. Greatest hASC area and perimeter were

seen on laminin, followed by fibronectin (Figure 2A). hASCs on PLL exhibited the third

highest area and perimeter numbers, though as seen with the circularity data, hASCs on PLL

remained more rounded in comparison and additionally had much lower cell numbers

(Figure 1B). hASCs interestingly had lowest area and perimeter lengths on the typically

used TCPS. In comparison to laminin and fibronectin, hASCs on TCPS were more round.

Cells on Matrigel followed similar morphometrical trends as those on TCPS (Figure 2A),
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though had lower cell numbers overall (Figure 1B). Interestingly, mesenchymal stem cell

markers were most expressed by the hASCs on Matrigel and PLL, which also resulted in

lowest cell numbers (Figure 1B and 2D). Stem cell genes were least expressed in hASCs on

fibronectin. ASCs from an additional source (chest) also exhibited overall similar growth

characteristics and stem cell marker gene expression on the protein surfaces, though stem

cell gene expression differed on fibronectin between cell sources (Figure 2D, Supporting

Figures 2–3).

Human ESCs grew well with many colonies on Matrigel as expected, fewer colonies on

laminin and fibronectin, and very little cell attachment on TCPS and PLL (Figure 1C).

Interestingly, over the first 48 hours in culture, hESCs grew fastest on laminin (Figure 1D).

However, cell growth on Matrigel quickly overtook growth on laminin, with a rapid increase

from 48 to 100 hours in culture, followed by a decline for the remainder of the culture

period. This is due to the fact that hESCs grow in a colony, and as each colony expands it

combines with neighboring colonies to create one large colony. Since each colony was

scored as a 1, this would decrease the number count as colonies integrated and grew larger.

The morphology data in Figure 2B shows that cell colonies on Matrigel had a much greater

area than those on the other attachment proteins. As a stem cell colony grows larger the cells

begin to differentiate, losing their pluripotency; hence allowing colonies to continue to grow

is undesirable. Cells are typically passaged prior to colonies growing too large, although the

more often this is done, the higher the passage number of the cells, and the greater the

possibility for phenotypic and/or genotypic drift. Thus in cases where retaining stemness is

of concern, using laminin or fibronectin may be the better culture substrate. In contrast to

cell types that grow individually in culture, for cell colonies, cell area gives an indication of

colony expansion (i.e. cell proliferation), while perimeter reveals how much the colony has

spread. Area and perimeter length were greatest for colonies on Matrigel, followed by

fibronectin, laminin, TCPS, and lastly PLL. Circularity indicates how much the cells have

extended out of the colony, indicating cell-to-surface preference. Cells on PLL were the

most round, followed by those on TCPS. Given that few cells grew on these surfaces, this

further confirms that these substrates not suitable for hES cell culture. As evidenced by the

lowest circularity numbers, hESCs preferred growing on fibronectin, closely followed by

laminin and Matrigel (Figure 2B). Laminin resulted in higher numbers of hESCs than

fibronectin, although average cell area was much lower on laminin than on fibronectin.

More cells attached initially on laminin compared to fibronectin, although hESCs were able

to subsequently grow larger colonies on fibronectin. hESCs maintained their stem cell

character relatively well on all substrates as seen by Nanog, Oct4 and Klf4 expression, with

highest levels seen on laminin and Matrigel (Figure 2D). Interestingly, halfway through the

culture period cells on TCPS expressed the highest levels of these stem cell markers

(Supporting Figure 4). One possibility for the difference in gene expression between days 4

and 8 may be because after day 4, individual cells had divided enough to become full cell

colonies, and individual cells are more similar to non-stem cell-like cells and cells in

colonies are more stem cell-like. These data indicate that hESCs proliferate the most on

Matrigel and results in the largest colonies. This may raise some concern about

differentiation and the loss of stem cell-like character in the larger colonies. Laminin and

fibronectin colonies, in contrast, remained smaller while still promoting proliferation,
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indicating that depending on the specific application, if rapid stem cell number expansion is

desired, Matrigel may be the preferred culture surface. However, if long-term, low passage

number hESC culture is the aim, then laminin or fibronectin may be the better culture

substrate.

Human iPSCs attached well to Matrigel, laminin and fibronectin, with almost no cell

attachment onto TCPS or PLL (Figure 1E). Cell numbers were greatest on Matrigel,

followed by laminin (Figure 1F). Fibronectin had few cells attach, although the cells that did

were able to grow into noticeable colonies. hiPS cell colonies were larger on Matrigel and

laminin, than on fibronectin (Figure 1E). Other than an early spike on Matrigel, growth rates

gradually decreased on all surfaces and then plateaued around 96 hours (Figure 1F). Cells

began to differentiate after 190 hours as evidenced by the iPS cells no longer growing in

colonies but rather as individual cells (Supporting Figure 1). Interestingly, colonies on

laminin were significantly larger in area than those on Matrigel (Figure 2C), even though

cell numbers were greater on Matrigel. This phenomenon suggests that human iPS cells

favor laminin for colony expansion, but Matrigel for initial attachment. Cell perimeter

length was significantly larger for iPS cells on laminin compared to Matrigel. Fibronectin

resulted in the lowest area and perimeter lengths. Cells were most round and hence had the

least number of cellular extensions on fibronectin, followed by Matrigel and laminin, as

indicated by circularity. Essentially no cells attached on TCPS and PLL (Figure 1E), and

thus morphometry data could not be taken. By day 8, Nanog, Oct4 and Klf4 were expressed

overall most by iPS cells cultured on Matrigel and PLL (Figure 2D). Stem cell marker

expression in the hiPSCs varied between day 4 and 8 in which genes increased or decreased

in expression, though expression on PLL remained relatively high (Figure 2D, Supporting

Figure 4). On day 4, relative expression on Matrigel was low and increased by day 8.

Similar to hESCs, this may be evidence of the implicit difference between stemness of

individual cells (near day 4) and those in a colony (at day 8). Other than the early spike in

cell numbers on Matrigel, the growth curves on laminin and Matrigel had approximately the

same slope, or declined at about the same rate, further supporting that initial cell attachment

was greatest on Matrigel, though colony expansion was best on laminin.

Matrigel is a relatively new standard for culturing embryonic and induced pluripotent stem

cells without feeder cells (Xu et al., 2001; Takahashi et al., 2007), although it is quite costly.

Matrigel, a basement membrane derivative, contains ECM proteins (laminin, 56%; collagen

IV, 31%; entactin, 8%) and several growth factors (bFGF, EGF, IGF-1, TGF-β, etc.)

(Kleinman, et al., 1982). It is now well known that Matrigel can support attachment and

stem cell maintenance of hESCs and hiPSCs, however it is also known to allow stem cell

differentiation (Chambers, et al., 2009). Colony expansion is inhibited by differentiation,

which may be why hiPSC colony area was lower on Matrigel compared to laminin.

Tissue culture polystyrene is plasma-treated to create a net negative charge on the plastic’s

surface, encouraging cell attachment (LaRocca and Barker, 1996). Matrigel promotes cell

adhesion primarily through its ECM components laminin and collagen (Xu et al., 2001).

Collagen utilizes its fibrils to bind to the integrin α2β1 domain (Jokinen, 2004). Laminins

are a family of glycoproteins, which are secreted and incorporated into the ECM. Cell

attachment to laminin is mediated by the α1β1, α2β1, α3β1, α6β1, and α7β1 integrins
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(Hynes, 1992; Vuoristo, et al., 2009). Human embryonic and induced pluripotent stem cell

lines express α5, α6, αV, β1, and β5 integrin subunits; β1 integrins are involved in adhesion

and proliferation of both hESCs and iPSCs on Matrigel (Rowland et al., 2010).

Recombinant human laminin-511 has been recently shown to promote self-renewal of

mouse embryonic stem cells and human induced pluripotent stem cells in culture, via

interactions with the cells’ α6β1 and αVβ1 integrins (Domogatskaya et al., 2008; Rodin, et

al., 2010). However, human laminin is approximately 20x more costly than Matrigel and

thus is currently not a practical alternative solution for a stem cell self-renewal substrate in

the laboratory nor as a cell adhesion substrate for tissue engineering, unless the cost is

reduced in the future. The same issue applies to vitronectin, an ECM glycoprotein, which

has also been found to support hESC self-renewal (Braam et al., 2008), though vitronectin is

approximately 80x the cost of Matrigel. Fibronectin is found in the interstitial matrix and

plasma, and mainly functions in cell migration during development and wound healing

(Krammer et al., 2002). Cell adhesion is mediated by RGD (Arg-Gly-Asp) sequences on

located on the fibronectin strand, which is recognized by α5β1 and αVβ3 integrins for

binding. It is used in cell culture for cell attachment, spreading and proliferation for multiple

cell types, and is also a regulator of cell growth and differentiation. Poly-L-lysine is used to

promote cell attachment to plastic and glass surfaces (McKeehan, 1984). PLL alters the

charge of a culture surface to a net positive charge to improve adhesive properties. PLL also

enhances adsorption of serum or ECM proteins to the culture substrate. An advantage to

using this synthetic polymer is that it is chemically inert and does not introduce impurities

carried by natural polymers. However, its adhesion capabilities lack behind that of natural

attachment proteins, such as laminin and fibronectin. Another synthesized polymer (poly[2-

(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide]) was found to

promote long-term growth of hESCs (Villa-Diaz et al., 2010), though this polymer is not

commercially available.

Through investigating cell attachment behavior, inherent differences between hESCs and

hiPSCs become apparent, for two stem cell types which for many years were thought to be

similar. For one, cell colonies for hESCs were larger on Matrigel than laminin, whereas

hiPSC colonies were larger on laminin than Matrigel, showing the stem cell types’ distinct

difference in mechanisms of cell attachment. By 190 hours in culture, hESCs began to

differentiate readily on laminin and fibronectin, but less on Matrigel (Supporting Figure 1).

In contrast, hiPSCs initiated differentiation on Matrigel, laminin and fibronectin by 190

hours.

Surprisingly, hASCs expressed stem cell markers the most on the two substrates resulting in

the lowest cell numbers: Matrigel and PLL. Since hASC numbers were low on these

proteins and thus cell density was low, this may be why cells on Matrigel and PLL were able

to maintain a more stem cell-like phenotype. Our data suggests that hASCs maintain their

stem cell identity the rounder they remain. Highest stem cell marker expression for hESCs

was seen on Matrigel and laminin, and on Matrigel and PLL for hiPSCs. Both hESCs and

hiPSCs exhibited an increase in stem cell gene expression on Matrigel over time, possibly

signifying the level of stemness of these cells as they proliferate from individual cells to

form colonies. The variations in the properties of the different stem cells may be an
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indication of the heterogeneity of the differentiation potential of these distinct stem cell

types. hASCs are multipotent, as opposed to the pluripotent hESCs and hiPSCs. These

findings suggest that there exists intrinsic differences between stem cells of varying

potencies other than their differentiation capabilities.

There also appeared to be differences in stem cell response to the different protein substrates

between cell lines. While growth curves remained similar for each stem cell type across

lines (Supporting Figure 2), gene expression varied noticeably (Supporting Figure 3). For

both ASC sources, mesenchymal gene expression was consistently high on all proteins,

except for a difference on fibronection- cells from the flank region expressed less stem cell

genes on fibronectin than cells from the chest (Figure 2D, Supporting Figure 3).

Overall, methods of cell attachment for culturing stem cells may be improved over the

current standards. Adipose-derived stem cells did not proliferate as much on typically used

traditional tissue culture plastic as on laminin. Fibronectin also promoted proliferation of

hASCs more than TCPS. hASC stem cell marker expression was relatively high on all

substrates except on fibronectin. Human iPS cell expansion was better on laminin rather

than Matrigel, as evidenced by cell area. Human embryonic stem cells appeared to prefer the

standard Matrigel as a culture surface in regards to cell proliferation numbers. hESCs were

able to attach and develop colonies on laminin and fibronectin though in smaller numbers,

showing that in cases where Matrigel use is undesired, laminin or fibronectin could be used

as effective alternatives. These data serve as a quick reference guide for determining a

proper protein culture surface for these three human stem cell types, information useful in

many tissue engineering and regenerative medicine applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Light micrographs and growth curves of the stem cells on each of the 5 culture surfaces
A–B) hASCs proliferated most on Lam (red line) and FN (green line), even more than on the

traditional tissue culture plate (blue line). C–D) hESCs attached and proliferated well on

Mat (purple line) and Lam (red line), and less well on FN (green line); hESCs did not attach

to TCPS nor PLL (blue and orange lines). E) hiPS attached and grew on Mat, Lam and FN,

but not on TCPS nor PLL (black arrow indicates small, singular attached stem cell; white

arrow indicates previously attached cell detaching and dying); F) hiPSCs had highest cell/

colony numbers on Mat (purple line), closely followed by Lam (red line); FN (green line)

showed moderate iPS cell attachment initially but declined to zero by day 3; TCPS (blue

line) results are hidden by PLL (orange line) results- both showed no hiPSC attachment.

TCPS = tissue culture polystyrene; Lam = laminin; FN = fibronectin; Mat = Matrigel; PLL =

poly-L-lysine. Scale bar = 100 μm.
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Figure 2. Stem cell morphometry and relative gene expression on the different culture surfaces
Morphometric results for area, perimeter length and circularity. A) hASCs exhibited largest

cell areas on laminin, closely followed by fibronectin; on surfaces where cell attachment

was low, such as Matrigel, hASCs had high circularity indicating little cell spreading and

low preference to that surface. B) hESCs preferred Matrigel as an attachment surface,

evidenced by high cell/colony area and perimeter measurements, along with low circularity

or high cell spreading. C) hiPSCs preferred laminin over the standard feeder-free culture

surface Matrigel, shown by largest cell/colony areas and perimeter lengths, and lowest

circularity. * indicates statistical significance, p<0.05. D) Quantitative real-time polymerase

chain reaction results for stem cell gene expression for hASCs at day 5; and for hESCs and

hiPSCs at day 8. hASCs were probed for gene expression of mesenchymal stem cell markers

CD29 (green bars), CD90 (orange bars) and Sca-1 (purple bars). ASC gene expression of

these genes on the different proteins was consistently high, except on fibronectin. hESCs

and hiPSCs were probed for Nanog (blue bars), Oct4 (red bars) and Klf4 (green bars)

expression. ESC gene expression was highest on laminin and Matrigel, while iPSC gene

expression was highest on Matrigel and PLL. TCPS = tissue culture polystyrene; Lam =
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laminin; FN = fibronectin; Mat = Matrigel; PLL = poly-L-lysine. Error bars = standard

deviation.
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