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Covalently conjugated sialyl Lewis X (SLeX) on the mesenchymal stem cell (MSC) surface through a
biotin-streptavidin bridge imparts leukocyte-like rolling characteristics without altering the cell phenotype and
the multilineage differentiation potential. We demonstrate that the conjugation of SLeX on the MSC surface is
stable, versatile, and induces a robust rolling response on P-selectin coated substrates. These results indicate the
potential to increase the targeting efficiency of any cell type to specific tissue.

Cell therapy including platelet transfusions, bone marrow cell
infusion, and islet cell transplantation have had a profound
impact on improving patient quality of life and extending patient
survival overall, and have demonstrated an impressive safety
record (1). Culture expanded mesenchymal stem cells (MSCs),
also referred to as connective tissue progenitor cells, have been
approved for a limited number of applications (2) and have
recently entered preclinical and clinical trials for treatment of
numerous ailments including heart disease (3-5), brain and
spinal cord injury (6), cartilage and bone injury (7, 8), Crohn’s
disease (9), and graft versus host disease during bone marrow
transplantation (10). The significant interest in MSC based
therapies is due to their convenient isolation, lack of significant
immunogenicity (10-12), lack of ethical controversy, and
potential to differentiate into tissue specific cell types. However,
a significant barrier to the effective implementation of all cell
therapies is the inability to deliver these cells under minimally
invasive conditions with high efficiency of engraftment within
tissues of interest. Systemic infusion is thus a desired mode of
cell delivery; however, systemically administered culture ex-
panded MSCs home at low efficiencies (13-16).

The white blood cells (i.e., leukocytes) and hematapoetic stem
cells have evolved mechanisms for effective and specific tissue
targeting (i.e., “homing” or “trafficking”) that have been
dissected at the cellular, molecular, and biophysical level. This
includes a multistep adhesion and activation cascade that allows
leukocytes to adhere to the luminal surface of the vascular
endothelium and subsequently migrate into the underling tissues.
It is well-established that transient rolling-type interactions
(mediated by selectins) and transition to firm adhesion (mediated
by integrins) are absolutely essential and limiting components
of leukocyte and hematopoetic cell trafficking (17-20). The
blood vessels in each tissue are known to exhibit particular
surface properties that can direct the trafficking of circulating
cells. In addition, upon an active stimulus such as inflammation,
specific homing receptors or ligands are expressed on the surface
of the endothelium within the inflamed tissue.

Current MSC transfusion experiments have shown that only
subsets of MSCs have the capacity to home to specific tissues

(21) and that MSCs may lose their capacity to home after cell
culture (22). This is complicated by the heterogeneity in receptor
expression on MSCs and the changes in receptor expression
observed during culture (23-25). The limited homing efficiency
of MSCs is likely due to a lack of relevant cell surface adhesion
molecules.

The central hypothesis for this work is that surfaces of cells
that exhibit poor homing capabilities such as culture expanded
MSCs (26-29) can be engineered to possess leukocyte-like
adhesion properties, without otherwise altering function, in order
to promote more effective rolling, adhesion, and ultimately in
ViVo homing. The proof of principle for this hypothesis is
provided by recent work by Sackstein et al., which showed
enhanced bone marrow engraftment of systemically administered
MSCs (30). Strategies for modification of cell surfaces to
promote adhesion are typically elaborate and include genetic
modifications, insertion of glycosylphosphatidylinositol-modified
proteins into the membrane, and metabolic delivery of specific
moieties to the cell surface (31). While it has been shown that
cells modified using N-hydroxy-succinimide ester coupling to
cell surface amine groups retain viability and the ability to be
cultured (32, 33), this simple strategy has not been explored
for promoting stem cell homing. Here, we demonstrate that it
is possible to use this simple strategy to covalently couple the
sialyl Lewis X (SLeX) moiety onto the surface of mesenchymal
stem cells (MSCs) through biotin-streptavidin chemical modi-
fications (Scheme 1) without compromising MSC viability,
adhesion, proliferation, and multidifferentiation potential. We
further show that this modification of SLeX homing receptors
onto the surface of MSCs can promote a cell rolling response
in Vitro on substrates coated with P-selectin. A simple coupling
scheme that is minimally invasive on the cell makes this
approach a simple method to potentially target any cell type to
specific tissues via the circulation.

The free amine groups present on the surface of cells are
available to react with the N-hydroxy-succinimide group of
biotinyl-N-hydroxy-succinimide to biotinylate the cell surface.
To improve the biotinylation efficiency, sulfonated biotinyl-N-
hydroxy-succinimide (sulfo-NHS-Biotin, BNHS) was used.
BNHS is water-soluble, which limits its transport through the
cell membrane and thus facilitates maximal interaction of the
NHS group with the cell membrane. After biotinylating the MSC
surface, cells were incubated with streptavidin to form
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biotin-streptavidin complexes. The strong interaction between
biotin and streptavidin stabilized the streptavidin on the cell
surface. The streptavidin was then complexed with biotinylated-
SLeX (sialyl-LewisX-PAA-Biotin, BSLeX; see Supporting
Information) to introduce SLeX on the cell surface. It is believed
that the absence of targeting agents such as SLeX on the surface
of MSCs is responsible for their poor homing characteristics
(30). Thus, we anticipated that synthetic immobilization of SLeX
on the cell surface would induce a homing response through
promoting cell rolling as shown in Scheme 1.

To assess the cell modification by BNHS and streptavidin,
rhodamine-conjugated streptavidin (S) was added to biotinylated
cells (BNHS+S), and incubated for 20 min. Subsequently,
excess unbound S was removed by multiple washes with buffer,
and the fluorescence intensity of the cells was measured. The
controls used for this experiment were cells treated with only
S (a control to assess the nonspecific adsorption of S), cells
treated with both biotin (B) and S (B+S) to examine the need
for covalent conjugation of biotin to the cell surface, and cells
treated with only PBS to probe the impact of cell modifications
on cell function and phenotype. The total fluorescence intensity
was normalized to the group treated with PBS. All experiments
were performed on ∼80-90% confluent monolayers on tissue
culture polystyrene, and fluorescence was only observed in
regions with cells. Cells functionalized with BNHS (covalent
attachment) had considerably higher fluorescence intensity
compared to cells treated with B+S, indicating that cells that
were covalently functionalized using the NHS moiety had
greater amounts of streptavidin immobilized on their surfaces.
After 7 days, the fluorescence intensity of BNHS+S treated cells
was much higher compared to B+S and S controls (noncovalent
and nonspecifically adsorbed, respectively), indicating that the
conjugation of streptavidin to the biotinylated cells was efficient
and stable (Figure 1A). By enumerating the number of DAPI
stained nuclei with surrounding rhodamine fluorescence, after
7 days of the modification, the percentage of cells modified by
BNHS+S was found to be 97 ( 1%, which was significantly
higher than the controls B+S (10.5 ( 1.7%, P ) 0.004) and S
(2.3 ( 0.4%, P ) 0.008). To assess the temporal accessibility
of biotin on the cell surface, rhodamine-streptavidin was added

at each time point to the biotinylated cells, and following
multiple washes, the fluorescence intensity was measured
(Figure 1B).

Specifically, MSCs were covalently functionalized with
BNHS or functionalized via adsorption with native biotin (B)
as a negative control. In both cases, experiments were conducted
for 3 separate samples per group (triplicate) per time point. Each
sample was processed and imaged. S was added on days 0, 2,
4, and 7, and after removing excess S by buffer washes, the
fluorescence intensity was assessed (Figure 1B). An increase
in the fluorescence intensity at day 2 compared with day 0 was
observed, which may indicate the rearrangement and reorienta-
tion of the biotin moiety on the cell surface. The fluorescence
intensity was stabilized and retained thereafter for up to 7 days
and was significantly higher than the negative control at all time
points (P < 0.05). This indicates the stability and accessibility
of biotin on the cell surface via covalent immobilization
chemistry. Presumably, streptavidin-biotin conjugated moieties,
such as SLeX, would remain stably conjugated to the cell
surface, accessible to interact with host biology. These results
indicate the versatility and stability of the present approach.

To gain insight into the effect of covalent modification on
cell characteristics such as viability, proliferation, adhesion, and
ability to differentiate into multiple lineages, a series of
experiments were performed. The cell viability was not con-
siderably affected up to 48 h after BNHS+S modification
compared to the control groups (Figure 2A). Specifically, 95%
and 85% of PBS treated cells were viable after 0 and 48 h,
respectively, whereas cells treated with B (noncovalent) were
81% and 76% viable and cells treated with BNHS (covalent)
were 79% and 75% viable. This indicates that the BNHS+S

Scheme 1a

a (A) Modification of MSCs by SLeX using biotin-streptavidin. (B)
Schematic presentation for rolling of SLeX modified MSCs on a
P-selectin coated surface.

Figure 1. (A) Modification of the MSCs measured as a function of
fluorescent signal 7 days after addition of S. (B) Accessibility (and
stability) of covalently conjugated or adsorbed biotin on the MSC
surface measured by addition of S at each time point.
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modification did not induce substantial cell toxicity. Cell
adhesion characteristics were also not affected, as shown by
the adhesion dynamics to tissue culture plastic of BNHS
modified and PBS treated cells after 10, 30, and 90 min. This
clearly indicates that the covalent modification of the cell surface
did not compromise the ability of cells to interact with their
extracellular environment (Figure 2B). On the contrary, BNHS
modification inhibited the proliferation compared to the unmodi-
fied PBS treated cells on day 2 (P ) 0.01, n ) 3) and day 4 (P
) 0.02, n ) 3) (Figure 2C); however, both groups attained a
confluent monolayer. This indicates that the covalent modifica-
tion of the cell surface by biotin-streptavidin conjugation may
have short-term negative impacts on proliferation but does not
alter the normal substrate colonization characteristics of the
MSCs.

Positive staining for oil red O (ORO) and alkaline phosphatase
(ALP), indicators for adipogenic and osteogenic differentiation,
respectively, was retained after BNHS modification (Figure 3;
see Figure S1 in Supporting Information for higher magnification
images). No differences in ORO or ALP staining were observed
between BNHS modified cells and those treated with PBS after
induction of osteogenic and adipogenic differentiation. Co-
valently modified MSCs cultured in nondifferentiating condi-
tions (i.e., in MSC expansion medium) did not stain positively
for osteogenic and adipogenic markers and the modification did
not affect the number of positively stained cells compared to
positive controls as shown in Figure 3B (P > 0.05, n ) 3).

Taken together, the results suggest that BNHS modification
of MSCs does not impair the potential for multilineage
differentiation. However, it is important in future work to
examine if other lineages are affected by the modification and
if the trophic and immunomodulatory properties of MSCs are
compromised. This work focused on examining the impact of
cell surface modification with BNHS and S on cell function
and phenotype. Although it is anticipated that the specific ligand
attached through the streptavidin bridge would have a limited
effect on these cell properties, each application would require
extensive characterization for the candidate targeting ligand.

Since all experiments were performed with MSCs between
passage 4 and 6, cell surface markers of passage 6 MSCs were
examined by flow cytometry and immunofluorescence (data not
shown). MSCs did not express hematopoetic markers CD34 or

CD45 (0% of cells) but were shown to express high levels of
MSC markers including CD90 and CD146 (100% of cells) as
evidenced by flow cytometry. Immunofluorescence showed 0%
expression of CXCR4 and 100% expression of MSC markers
CD146, CD90, and CD271.

After examining the characteristic properties of MSCs with
BNHS+S, BSLeX was introduced on cell surface as shown in
Scheme 1, and its ability to impart a homing response was
investigated via cell rolling within a standard parallel plate flow
chamber system. Typically, culture expanded MSCs do not
express ligands on their surface to enable cell rolling on selectin
coated surfaces (30). MSCs modified with BNHS+S and
biotinylated SLeX showed considerably lower velocities on
immobilized P-selectin substrates compared to PBS treated cells
(P ) 0.003, n ) 3) and cells treated with physically adsorbed
BSLeX (P ) 0.04, n ) 3) (Figure 4A). Specifically, the
interaction between SLeX and P-selectin reduced the velocity
from ∼65 µm/s to ∼2 µm/s at a wall shear stress 0.366 dyne/
cm2. This clearly indicates that covalent modification of MSCs
by biotin-streptavidin followed by SLeX-biotin induces a cell
rolling response for culture expanded MSCs that is not typically
observed.

The effect of flow rate and thus different shear stresses on
the rolling characteristics is shown in Figure 4B,C. As shear
stress is increased from 0.366 to 1.89 dyne/cm2, the velocity of
the modified cells increased whereas the number of cells
interacting with P-selectin substrate remained relatively constant
at ∼75 cells/mm2 (for 1 mM BNHS concentration) whereas the
PBS treated cells displayed a near constant flux of ∼20 cells/
mm2. This indicates that cells modified with SLeX interact with
P-selectin substrates via recognized cell rolling based adhesion
phenomena. The sharp increase in rolling velocity with increase
in shear stress (Figure 4B), yet unchanged flux, may indicate

Figure 2. (A) Viability of the BNHS modified cells immediately after
modification (0 h) and after 48 h. (B) Adherence of BNHS modified
cells measured at 10, 30, and 90 min compared to the PBS treated
cells. (C) Proliferation of the BNHS modified cells over an 8 day period
compared to PBS treated cells. Error bars denote standard deviation
from three separate experiments.

Figure 3. (A) Alkaline phosphatase (ALP) and oil red O (ORO)
staining, 23 days after addition of osteogenic and adipogenic dif-
ferentiation media, respectively. Negative controls (BNHS modified
cells cultured in expansion media) showed no ORO or ALP staining.
Positive controls (PBS treated cells in differentiating media) showed
positive ORO and ALP staining. Experimental group (BNHS modified
cells cultured in respective differentiating media) showed positive
staining for both ORO and ALP. (B) Percentage of positively stained
cells for ORO and ALP staining for PBS treated and BNHS modified
cells. Error bars represent standard deviation from three separate
treatments.
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that the SLeX is not uniformly distributed on the cell surface,
or perhaps that the distribution of SLeX is unlike the clustering
that typically appears on microvilli. Future work is thus required
to characterize and optimize these parameters prior to in ViVo
homing studies. Together, this work demonstrates the potential
to induce a leukocyte-like cell rolling response that may be
useful to increase concentrations of MSCs and other cell types
within specific tissues after systemic administration.

In conclusion, we have shown a novel, platform method for
imparting a rolling response through functionalization of primary
human MSCs with SLeX through combined covalent and
biotin-streptavidin chemistries. Contrary to enzymatic modi-
fications and retroviral transduction methods, the present ap-
proach is a simple, yet versatile method to engineer the cell
membrane to induce a homing response. Importantly, covalently
modified cells showed similar viability, proliferation, adhesion,
and differentiation potential (as judged by ORO and ALP
staining for adipogenic and osteogenic differentiation, respec-
tively) compared to PBS treated cells. Apart from the specific
interactions between SLeX and P-selectin to induce a rolling
response, there are several other important cellular and molecular
features that are crucial to induce and sustain cell trafficking
behavior including cell deformability and cell-substrate contact
area that is typically dictated by microvillus extensions (33),
firm adhesion, and transmigration. Future work will involve
characterizing the impact of the covalent immobilization
methodology on these parameters and investigating coimmo-
bilization of other adhesion molecules to further enhance the
potential for an effective in ViVo homing response. It would
also be important to characterize the impact of engineered MSCs
on the latter stages of cell homing that involve transendothelial
migration and chemotaxis in response to soluble cues. We
anticipate that the present approach to covalently modify the
cell surface and immobilize required ligands is not limited to
MSCs or the SLeX ligand. Hence, this technology should have
broad implications on cellular therapies that utilize systemic
administration and require targeting of cells to specific tissues.
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