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ABSTRACT Nature has evolved effective cell adhesion
mechanisms to deliver inflammatory cells to inflamed
tissue; however, many culture-expanded therapeutic cells
are incapable of targeting diseased tissues following sys-
temic infusion, which represents a great challenge in cell
therapy. Our aim was to develop simple approaches to
program cell-cell interactions that would otherwise not
exist toward cell targeting and understanding the complex
biology of cell-cell interactions. We employed a chemistry
approach to engineer P- or L-selectin binding nucleic acid
aptamers onto mesenchymal stem cells (MSCs) to enable
them to engage inflamed endothelial cells and leukocytes,
respectively. We show for the first time that engineered
cells with a single artificial adhesion ligand can recapitu-
late 3 critical cell interactions in the inflammatory cell
adhesion cascade under dynamic flow conditions. Ap-
tamer-engineered MSCs adhered on respective selectin
surfaces under static conditions >10 times more effi-
ciently than controls including scrambled-DNA modified
MSCs. Significantly, engineered MSCs can be directly
captured from the flow stream by selectin surfaces or
selectin-expressing cells under flow conditions (<2dyn/
cm2). The simple chemistry approach and the versatility
of aptamers permit the concept of engineered cell-cell
interactions to be generically applicable for targeting cells
to diseased tissues and elucidating the biology of cell-cell
interactions.—Zhao, W., Loh, W., Droujinine, I. A.,
Teo, W., Kumar, N., Schafer, S., Cui, C. H., Zhang, L.,
Sarkar, D., Karnik, R., Karp, J. M. Mimicking the
inflammatory cell adhesion cascade by nucleic acid
aptamer programmed cell-cell interactions. FASEB J.
25, 000–000 (2011). www.fasebj.org
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Dynamic cell-cell interactions under flow condi-
tions mediate the initial adhesion of immune cells

(leukocytes and platelets) to the endothelium at tar-
geted tissue sites, which is a critical first step for
immune defense against pathogens (1–3). This event
includes 3 types of cell-cell interactions: between circu-
lating inflammatory cells and endothelial cells (ECs;
refs. 1, 3), between circulating inflammatory cells and
inflammatory cells arrested on ECs (4, 5), and between
2 or more circulating inflammatory cells in blood
circulation (6, 7), which form cellular complexes and
subsequently adhere on ECs. These intercellular inter-
actions, which collectively deliver and accumulate im-
mune cells to sites of inflammation, are mediated by cell
surface adhesion molecules and, in particular, selectins
and their ligands (8). For instance, P-selectin and its
ligands [e.g., P-selectin glycoprotein ligand-1 (PSGL-1)]
are involved in leukocyte-endothelium, platelet-endothe-
lium, and leukocyte-platelet interactions (9–11). L-selec-
tin and its ligands (e.g., PSGL-1) are exclusively responsi-
ble for leukocyte-leukocyte interactions (4, 5).

Mimicking these cell-cell interactions under dynamic
flow conditions has significant implications for target-
ing of exogenous therapeutic cells, which do not pos-
sess natural adhesion ligands, to injured or inflamed
tissues (12, 13). Enhanced engraftment of mesenchy-
mal stem cells (MSCs), for example, at the site of injury
(e.g., ischemic myocardium) has been shown to inhibit
fibrous tissue formation and to promote tissue regen-
eration (14, 15). Here we show for the first time that
cells engineered chemically with artificial ligands can
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engage all 3 types of cell-cell interactions under flow
conditions that represent critical components of the
inflammatory cell adhesion cascade. We focused on
MSCs (16) or multipotent mesenchymal stromal cells
(17) that are capable of repairing injured tissues (e.g.,
bone, cartilage, fat, and muscle) due to their multilin-
eage differentiation potential (18) and are immune
privileged and immunosuppressive (e.g., suppress T-cell
activation and proliferation; ref. 19). They offer signif-
icant therapeutic potential and are being tested in
!100 clinical trials for treatment of tissue injury and
immune diseases, including osteogenesis imperfecta,
graft-vs.-host disease, myocardial infarction, and multi-
ple sclerosis (20). However, a significant barrier in MSC
therapy, and cell therapy in general, is the inability to
target systemically administrated cells to tissues of in-
terest with high efficiency (12, 20). This is, in part,
because MSCs do not express (13, 21), or lose during
culture expansion (22), some key adhesion ligands
(e.g., PSGL-1) that are required in the immune cell
adhesion cascade.

Here we demonstrate that nucleic acid aptamers,
when chemically attached onto the MSC surface, serve
as artificial “adhesion ligands” and bind to protein
receptors on adjacent cells. Aptamers are single-
stranded nucleic acid sequences that can be isolated for
virtually any protein receptor of interest through an in
vitro method called systematic evolution of ligands by
exponential enrichment (SELEX; refs. 23, 24). Aptam-
ers offer great engineering versatility (25): they are
synthesized by a scalable and reproducible chemical
process by which functionalities such as biotin, polyeth-
ylene glycol (PEG) spacers, and fluorescent dyes can
easily be incorporated. Their binding affinity to target
receptors can be tailored, for example, by including
mutations in their sequence during synthesis. In addi-
tion, aptamers are chemically stable and can be tuned
to resist degradation in response to restriction enzymes
under physiological conditions by incorporation of
modifiers, including PEG, phosphorothioates, and
locked nucleic acids (26–28). Indeed, aptamers have
emerged as powerful tools for construction of biosen-
sors, bioanalysis, and assembly of nanostructures and
for capture and isolation of stem cells or cancer cells
when immobilized on a substrate (29–36).

Herein we report the successful engineering of ap-
tamers onto the surface of MSCs, enabling them to
bind under dynamic flow conditions to ECs or leuko-
cytes. Interactions were facilitated between MSCs in
suspension and adherent ECs, MSCs in suspension and
neutrophils arrested on P-selectin-coated substrates
(such substrates mimic adherent EC), and neutrophils
and MSCs in suspension that complex and subse-
quently tether to P-selectin substrates (Scheme 1).
Specifically, we demonstrate that P-selectin binding
aptamer engineered MSCs can tether and firmly ad-
here to both P-selectin-coated substrates and ECs in a
P-selectin-dependent manner. We also show that L-
selectin binding aptamer engineered MSCs can tether
to L-selectin-coated substrates or bind to freely flowing

and adherent neutrophils in an L-selectin-dependent
manner. The concept of engineering specific cell-cell
interactions using cell-surface-attached artificial ligands
has several implications for systemic targeting of cells,
construction of cellular aggregates in tissue engineer-
ing, and building simple models to study the biology of
cellular interactions.

MATERIALS AND METHODS

Materials

Recombinant P-selectin-Fc, L-selectin-Fc, and all antibodies
used for flow cytometry were purchased from R&D Systems

Scheme 1. Mimicking 3 types of cell-cell interactions under
dynamic flow conditions through engineering the cell surface
with aptamers. A) Flowing cell 1 (P-selectin aptamer-MSC)
tethers to adherent cell 2 (P-selectin-expressing endothelial
cell). B) Flowing cell 2 (L-selectin-expressing leukocyte) tethers
to a P-selectin-coated substrate using the native leukocyte-P-
selectin interaction and then captures flowing cell 1 (L-selectin
aptamer-MSC). C) Cell 1 (L-selectin aptamer-MSC) and cell 2
(L-selectin-expressing leukocyte) first complex in the flowing
stream and then tether to a P-selectin-coated substrate.
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(Minneapolis, MN, USA). DNA and RNA molecules were
purchased from Integrated DNA Technologies (IDT; Cor-
alville, IA, USA) and Keck Biotechnology Resource Laboratory
(Yale University, New Haven, CT, USA), respectively. Primary
human MSCs were obtained from the Center for Gene Therapy
(Texas A&M, College Station, TX, USA). !-MEM, l-glutamine,
and Penn-Strep were purchased from Invitrogen. Human um-
bilical vein endothelial cells (HUVECs) and their medium
were obtained from Lonza (Walkersville, MD, USA). FBS was
purchased from Atlanta Biologicals (Lawrencevilla, GA,
USA). KG1a and HL-60 cell lines and their medium were
purchased from the American Type Culture Collection
(ATCC; Manasses, VA, USA) and cultured according to the
protocols provided from ATCC. Protein A-coated polystyrene
beads were obtained from Bangs Laboratories (Fishers, IN,
USA). Fresh whole blood isolated from healthy donors was
purchased from Research Blood Components (Brighton, MA,
USA) in a sodium heparin tube, shipped immediately, and
received within 1 h. Neutrophils were isolated from whole
blood using a previously reported protocol (37) and used
within 4 h. All other chemicals and reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and were used
without further modification unless specified.

MSC culture and characterization

Primary human MSCs were isolated from human marrow of
healthy consenting donors and thoroughly characterized by
the Institute for Regenerative Medicine (Texas A&M Health
Science Center College of Medicine, College Station, TX,
USA), as described previously (21, 38). Before use, we con-
firmed the surface expression of CD90, CD29, CD106 and the
absence of CD34 and CD45 on MSCs using flow cytometry.
MSCs were adherent on tissue culture surfaces and were
maintained in MSC medium containing 15% FBS, 1% (v/v)
l-glutamine, 1% (v/v) Penn-Strep, and !-MEM. To detach
adherent cells for passaging or for experiments, cells were
incubated in 1" trypsin/EDTA solution at 37°C for 3 min.
MSCs at passage number 4–6 with a confluency of #80%
were used for all experiments.

HUVEC culture and activation

HUVECs were cultured on gelatin-coated surfaces (Corning,
Corning, NY, USA) and maintained in a medium comprising
endothelial cell basal medium 2 (EBM-2), EGM-2 Single-
Quots kit, and 10% FBS at 37°C and 5% CO2, according to a
protocol provided by Lonza. Medium was changed every 2 d.
Cells were subcultured by incubating them in 1" trypsin/
EDTA solution at 37°C for 2 min, washed by PBS using
centrifuge, and subsequently plated at an appropriate density.
Cells of passage 3–5 were used for all experiments. Activation
of HUVEC monolayer on the dish by histamine (10$4 M) was

performed in EBM-2 at 37°C for 10 min immediately before
flow chamber assays.

Engineering aptamers onto the MSC surface

Typically, MSCs were first detached from tissue culture flask
by trypsin/EDTA, washed once in PBS, and centrifuged (1500
rpm, 3 min) to pellet the cells. MSCs (%106) were then
incubated with 1 ml of 1 mM sulfonated biotinyl-N-hydroxy-
succinimide (NHS-biotin) in PBS for 10 min at room temper-
ature (RT) and then washed with PBS by centrifugation.
Biotinylated cells were incubated with 1 ml of 50 &g/ml
streptavidin solution in PBS for 5 min at RT and washed.
Finally, streptavidin-modified cells were treated with 200 &l of
3.3 &M biotin-modified aptamer solution for 5 min at RT and
washed. The reaction was monitored using a dye-modified
aptamer (FAM-L-aptamer-biotin; Table 1) by flow cytometry
(BD FACS Calibur flow cytometer; BD Biosciences, San Jose,
CA, USA) and analyzed using Cell Quest software (BD
Biosciences).

Stability and accessibility of cell-surface-tethered aptamers

Aptamer modified MSCs were plated in 12-well plates in MSC
medium and cultured at 37°C. At multiple time points after
modification, cells were washed 3 times in PBS. A comple-
mentary DNA attached to a dye (FAM; FAM-antisense; Table
1; 2 &M in PBS with Ca/Mg) was then incubated with cells for
30 min at RT. Cells were then washed 3 times in PBS and
analyzed by fluorescent microscopy (TE2000-U Inverted
Nikon Microscope with a DS-Qi1 Monochrome Cooled Digi-
tal Camera; Nikon, Tokyo, Japan).

Viability, adhesion, proliferation, and multilineage
differentiation characteristics

The characterization of MSC phenotype was performed ac-
cording to our previous study (21).

Preparation of L- or P-selectin surfaces for flow chamber
assay

L- or P-selectin solution in PBS (1.5 ml, 3.3 &g/ml) was added
to 35- " 10-mm BD Falcon tissue culture dishes (BD Biosci-
ences) and incubated at 4°C overnight. All L- or P-selectin
surfaces were prepared immediately before use in flow cham-
ber assays.

Static cell adhesion assay

L- or P-selectin solution in PBS (500 &l, 3.3 &g/ml) was added
to each well of 24-well plates, incubated at 4°C overnight, and

TABLE 1. Aptamers and DNA sequences utilized in this study

Name Sequence

FAM-L-aptamer-biotin 5'-FAM-tagccaaggtaaccagtacaaggtgctaaacgtaatggcttcggcttac-biotin-3'
L-aptamer-biotina 5'-biotin-tagccaaggtaaccagtacaaggtgctaaacgtaatggcttcggcttac-invert T-3'
Scrambled sequence 5'-gatgtagggacagtcaaatggagtggttcaaccgcccatcttcaacaat-biotin-3'
FAM-scrambled sequence 5'-gatgtagggacagtcaaatggagtggttcaaccgcccatcttcaacaat-FAM-3'
P-aptamerb 5'-biotin-cucaacgagccaggaacaucgacgucagcaaacgcgag-3'
FAM-antisense 5'-tacgtttagcaccttgtactggttacc-FAM-3'

aThis molecule is modified with an invert T base at the 3' end to improve stability towards restriction enzyme digestion. bC and U bases in
this RNA molecule are modified with fluoro groups at 2' to increase the RNA stability towards restriction enzyme digestion.
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then rinsed by PBS 3 times. Then, !25,000 modified or
unmodified MSCs were added and incubated at 37°C for 10
min. Nonadherent cells were removed by washing with PBS
(with Ca and Mg), and adherent cells were then counted by
hemocytometer.

Flow chamber assay for assessing MSC interactions on a
selectin-coated Petri dish

Modified or unmodified MSCs (!5"105 in 1 ml MSC me-
dium) were perfused through a circular parallel plate flow
chamber (Glycotech, Gaithersburg, MD, USA; gasket thick-
ness 127 #m, width 2.5 mm), which was directly mounted
onto a selectin-coated Petri dish. The shear stress was con-
trolled by a syringe pump (PHD3000; Harvard Apparatus,
Holliston, MA, USA). Cells were permitted to interact with
the surface for 1 and 5 min in the cases of L-aptamer-MSCs
and P-aptamer-MSCs, respectively. To monitor cell adhesion,
phase-contrast microscopy was utilized; images were acquired
at 1-s intervals at "10.

Flow chamber assay for assessing cell-cell interactions under
dynamic conditions

For experiments involving P-aptamer-MSCs and HUVECs,
HUVECs were cultured directly on 35- " 10-mm BD tissue
culture dishes on which the flow chamber was mounted.
HUVECs were treated with histamine immediately before use
in the flow chamber assay. Modified and unmodified MSCs
(!5"105 in 1 ml PBS with Ca/Mg) were perfused through
the chamber and allowed to interact with HUVECs for 5 min
before shear forces were applied.

For experiments involving L-aptamer-MSCs and neutro-
phils, neutrophils (!2"106) and L-aptamer-MSCs (!5"105)
were suspended in 1 ml PBS with Ca/Mg and perfused over a
P-selectin-coated flow chamber surface. Shear forces at differ-
ent rates were applied immediately after cells reached the
field of view (i.e., zero delay before shear was applied).

RESULTS

Engineering aptamer ligands on the surface of MSCs

Conjugation of aptamers to the cell surface

The RNA and DNA aptamers we used in this study bind
specifically to human P- and L-selectin with a Kd of !30
pM and 2 nM, respectively (39, 40) (all nucleic acid
sequences are listed in Table 1). Given that RNA is
chemically less stable than DNA and therefore more
difficult to handle, we chose to use L-selectin binding
DNA aptamer to systematically study and optimize the
MSC surface engineering steps. We first confirmed, by
flow cytometry, the specific binding between the ap-
tamer sequence adopted from the literature and L-
selectin using dye-modified aptamer and L-selectin-
conjugated polystyrene beads or cells (i.e., KG1a) that
express L-selectin (data not shown).

We then conjugated aptamers to the MSC surface
using a simple chemical approach that we recently
established (21). Specifically, the 3-step modification
process includes treatment of cells (in a suspension
after trypsinization) with NHS-biotin to introduce biotin

groups on the cell surface, complexing with streptavidin,
and coupling with biotinylated aptamers (Fig. 1A). We
have previously optimized the conjugation conditions
(i.e., reagent concentrations and reaction times) to
achieve a desirable site density of attached aptamer mol-
ecules with minimal quantities of reagents and coupling
durations (data not shown). It was found that typically
!21,000 molecules/MSC were attached using this proce-
dure (data not shown). The successful conjugation of
aptamers (conjugated with a fluorescent dye, FAM, a
fluorescein derivative; FAM-L-aptamer-biotin; Table 1) on
MSC was confirmed using flow cytometry (Fig. 1B). No-
tably, the site density of aptamers on the cell surface could
be readily tuned by adjusting the aptamer concentration
used in the conjugation (Fig. 1B).

Aptamer stability and accessibility on the MSC surface

It is crucial to investigate the stability and accessibility of
aptamers on the cell membrane under physiological
conditions, given the potential for cell internalization
and restriction enzyme degradation. We addressed this
question by staining the L-selectin binding aptamer-
modified MSCs (L-aptamer-MSCs) at multiple time
points after modification, with a complementary DNA
conjugated to a dye (FAM; FAM-antisense; Table 1)
followed by fluorescent analysis. We confirmed that
aptamers on the MSC surface were accessible to FAM-
antisense by flow cytometry immediately after modifi-
cation (data not shown). Modified cells in a 24-well
plate were used to study the accessibility of cell bound
aptamers through addition of the FAM at multiple time
points and examination with fluorescence microscopy.
Aptamers remained stable and accessible on the cell
membrane for !24 h in MSC cell culture medium at
37°C (mimicking physiological conditions), as evi-
denced by strong positive fluorescent staining com-
pared with the unmodified PBS-MSC controls (Supple-
mental Fig. S1).

Effect of aptamer modification on MSC phenotype

To examine the potential effect of aptamer conjuga-
tion on cell phenotype, we examined the viability,
adhesion, proliferation, and multilineage differenti-
ation potential of L-aptamer-MSC. The modification
of MSCs with aptamers had minimal effect on MSC
phenotype (Fig. 2), which is consistent with our
previous study where we conjugated sialyl Lewis X to
MSC surfaces using a similar technique (21).

L-aptamer-MSCs bind to L-selectin-coated substrates
under dynamic flow conditions

After we confirmed the successful conjugation and the
availability of aptamers on the MSC surface, we investi-
gated the interactions between L-aptamer-MSCs and
L-selectin-coated surfaces under both static and flow
conditions. For the static adhesion assay, aptamer-
modified and unmodified MSCs were incubated with
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L-selectin-coated surfaces for 10 min, and unbound
cells were then removed through rinsing. As shown in
Fig. 3A, the number of L-aptamer-MSCs that adhered
to L-selectin surfaces (normalized to 100) was signif-
icantly higher than in control groups (8.95!2.23,
6.4!1.78, and 9.6!2.3 for scrambled sequence ap-
tamer-modified MSCs on L-selectin, PBS MSCs on L-selectin,
and L-aptamer-MSCs on P-selectin, respectively).

We then investigated the adhesion of L-aptamer-
MSCs on L-selectin-coated surfaces under dynamic flow
conditions using a parallel flow chamber. Specifically,
cells were perfused into a flow chamber and then
permitted to settle and interact with the substrate for 1
min before resuming flow conditions. The number of
cells remaining on the surface was plotted as a percent-
age of the number of cells present before flow condi-
tions were applied (y axis) as a function of shear stress
(x axis) (Fig. 3B). L-aptamer-MSCs showed significantly
stronger binding to the L-selectin-coated surface than
the controls. Controls included PBS-MSCs on L-selectin-
coated surfaces; L-aptamer-MSCs on P-selectin-coated sur-
faces; L-aptamer-MSCs on L-selectin-coated surfaces in the
presence of 5 mM EDTA (EDTA removes divalent cat-
ions, e.g., Ca2", that are essential for aptamer binding to
L-selectin; ref. 40); scrambled sequence DNA-modified
MSCs on L-selectin-coated surfaces; and L-aptamer-MSCs
on L-selectin-coated surfaces blocked with L-selectin ap-
tamers. Significantly, the ability of L-aptamer-MSCs to

adhere to L-selectin-coated surfaces was comparable to
that of native HL-60 cells on L-selectin (Fig. 3B, trace vii).
HL-60 cells can adhere strongly to L-selectin, up to
shear stresses of 10 dyn/cm2 (41). Notably, we can
modulate the binding strength between L-aptamer-
MSCs and L-selectin-coated surfaces by simply titrat-
ing the aptamer site density on the MSC surface (i.e.,
by modulating the avidity). For instance, L-aptamer-
MSCs with a lower site density of aptamer (prepared
with 0.5 #M aptamer, Fig. 1B) showed significant but
decreased binding to L-selectin-coated surfaces (Fig.
3B, trace viii) compared with L-aptamer-MSCs pre-
pared using 5 #M aptamer (Fig. 3B, trace i).

Figure 3B shows the adhesion behavior of the cells
that initially settled in the field of view before shear
stress was applied (newly incoming cells that entered
the field of view on the application of shear flow were
ignored). When newly incoming cells were considered,
we observed a significant accumulation of L-aptamer-
MSCs on L-selectin-coated surface. As we increased
shear stress, the total number of adhered cells in the
field of view initially increased (up to 2 dyn/cm2) and
then started decreasing at higher shear stresses (i.e.,
2–10 dyn/cm2; Fig. 4A). Strikingly, L-aptamer-MSCs
could be directly captured from the flowing cell sus-
pension by L-selectin-coated substrates under physio-
logically relevant flow conditions (i.e., up to 1.5 dyn/
cm2; Fig. 4B, C and Supplemental Video S1). Cell-cell

Figure 1. A) Schematic illustration depicting the chemical immobilization
of aptamers onto the MSC surface using a 3-step procedure. B) Successful
conjugation of aptamers on the MSC surface was confirmed by flow
cytometry. A positive fluorescence signal was observed for MSCs modified
with aptamer-dye, and the intensity of the signal is directly related to the
concentration of aptamer used during the conjugation process. Control
experiments using MSCs with aptamer-FAM that lacked biotin modifica-
tion (FAM-L-aptamer; Table 1) exhibited minimal fluorescence (data not
shown).
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interactions leading to cell accumulation under dy-
namic flow conditions are critical in both normal
physiology and in some cell-based therapies. For exam-
ple, tethering of leukocytes or systemically infused
therapeutic cells requires contact and interaction with
the endothelium under shear flow (12).

P-selectin aptamer-MSCs bind to P-selectin-coated
surfaces

After establishing utility for the L-selectin binding DNA
aptamer-MSC system, we then used the same procedure

to conjugate P-selectin binding RNA aptamers (39)
onto MSCs (P-aptamer-MSCs) and subsequently inves-
tigated their interactions with P-selectin-coated surfaces
under both static and flow conditions. As expected,
cell-surface-tethered P-selectin aptamers facilitated the
binding of MSC to P-selectin-coated surfaces (Fig. 5),
which was otherwise absent under investigated condi-
tions. Interestingly, the binding of P-aptamer-MSCs to
P-selectin-coated surfaces under flow conditions was
not as effective as the L-aptamer-MSC system: fewer
cells remained adhered under high shear stress (Fig.
5B), and the tethering of cells on the substrate under

Figure 2. A) Viability of L-aptamer-MSCs and un-
modified PBS-MSCs immediately after modification
(0 h) and after 48 h. B) Adherence of L-aptamer-
MSCs and PBS-MSCs measured at 10, 30, and 90 min.
C) Proliferation of L-aptamer-MSCs and PBS-MSCs
over 8 d. D) Alkaline phosphatase (ALP) and oil red
O (ORO) staining, 23 d after addition of osteogenic
and adipogenic differentiation medium, respectively.
Negative controls (L-aptamer-MSCs cultured in ex-
pansion medium) showed no ORO or ALP staining.
Positive controls (PBS-MSCs in differentiating me-
dium) showed positive ORO and ALP staining. Ex-
perimental group (L-aptamer-MSCs in respective dif-
ferentiating medium) showed positive staining for
both ORO and ALP.

Figure 3. A) Static adhesion of L-aptamer-MSCs on an L-selectin-coated substrate with controls including scrambled sequence
DNA modified MSCs on L-selectin, PBS MSC on L-selectin, and L-aptamer-MSCs on P-selectin. Adherent cell numbers in
controls were normalized using the number of L-aptamer-MSCs on L-selectin as 100. B) Adhesion of modified and unmodified
MSCs on L-selectin or P-selectin-coated substrates under flow conditions. i) L-aptamer-MSCs on L-selectin-coated surfaces (5 !M
aptamer was used in the conjugation). ii) PBS-MSCs on an L-selectin surface. iii) L-aptamer-MSCs on a P-selectin surface. iv)
L-aptamer-MSCs on an L-selectin surface in the presence of 5 mM EDTA. v) Scrambled sequence DNA-modified MSCs on
L-selectin-coated surfaces. vi) L-aptamer-MSCs on L-selectin surface preblocked with L-selectin aptamers. vii) Native HL60 cells
on L-selectin-coated surfaces. viii) L-aptamer-MSCs (0.5 !M aptamer was used in conjugation) on L-selectin-coated surfaces.
Note that only cells that were initially in the fields of view before shear stress was applied were considered (i.e., newly incoming
cells were not considered). Flow was continuously applied from lower to higher shear stresses, with 1 min of flow at each shear
stress.
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continuous flow conditions was observed only up to
0.75 dyn/cm2 (data not shown). This was a surprise,
particularly considering that the P-selectin aptamer had
a lower Kd (!30 pM) than the L-selectin DNA aptamer
(!2 nM) (39, 40), and is not fully understood at the
current stage.

Aptamer-promoted cell-cell interactions

P-selectin aptamer-promoted MSC-EC interactions

After demonstrating that aptamer-engineered MSCs
can bind specifically to selectin-coated substrates, we
investigated aptamer-promoted cell-cell interactions.
We started with the first mechanism (Scheme 1A) to
determine whether the aptamer could promote a direct
interaction between flowing MSCs and adherent ECs
activated by inflammatory cytokines. HUVECs were
used as a model system, as they are well known to
express P-selectin when treated by inflammatory mole-
cules such as histamine (9–11). In this study, we treated
HUVECs with histamine for 10 min at 37°C and con-
firmed the up-regulation of P-selectin on HUVECs on
treatment using immunostaining (Supplemental Fig.
S4) and flow cytometry (data not shown).

We then studied P-aptamer-MSC (with controls) and
HUVEC interactions using a parallel flow chamber
assay. Specifically, a confluent monolayer of HUVECs
was first cultured. After histamine treatment, P-ap-
tamer-MSCs were perfused on the endothelium under
controlled shear stress in the flow chamber. Signifi-
cantly, P-aptamer-MSCs bound to HUVECs under static
conditions and accumulated on the HUVEC plate when
shear stresses were applied, up to 0.75 dyn/cm2 (Fig. 6A
and Supplemental Video S2). Approximately 60% of
MSCs that were initially present before flow conditions
remained attached to HUVECs even at stresses up to 5
dyn/cm2, which is significantly higher than controls,
including MSCs without aptamer modification, scram-
bled sequence DNA-modified MSCs, and P-aptamer-
MSCs on HUVECs preblocked with P-selectin aptamers
(Fig. 6B). This strongly suggests that P-selectin binding
aptamer conjugation to the MSC surface promoted
strong and specific interactions between MSCs and
HUVECs.

Figure 4. Engineered tethering of aptamer-engineered MSCs
under dynamic flow conditions. A) Accumulation of L-ap-
tamer-MSCs on an L-selectin-coated substrate. Cells were
permitted to interact with the surface for 1 min under no-flow
conditions. Next, gradually increasing shear stresses were
applied for 1 min at each shear stress. Relative cell numbers
in the same field of view were enumerated before each
transition to the next shear stress. B, C) Representative
snapshots of tethering for L-aptamer-MSCs on L-selectin-
coated substrate under continuous flow condition (i.e., cells
were not permitted to interact with surface) at 0.75 dyn/cm2.
Images were acquired under flow conditions at time 0 (B) and
5 min (C). Arrows and circles indicate floating cells in the free
stream and tethered cells, respectively. See Supplemental
Video S1 for a full-time video.

Figure 5. A) Static adhesion of P-aptamer-MSCs on P-selectin-coated substrates compared with controls, including scrambled
sequence DNA-modified MSCs on P-selectin, PBS-treated MSCs on P-selectin, and P-aptamer-MSCs on L-selectin. Adherent cell
numbers in controls were normalized using P-aptamer-MSCs on P-selectin as 100. B) Adhesion of modified and unmodified
MSCs on P-selectin or L-selectin-coated substrates under flow conditions. i) P-aptamer-MSCs on P-selectin surface. ii) PBS-MSCs
on P-selectin surface. iii) Scrambled sequence-modified MSCs on P-selectin surface. iv) P-aptamer-MSCs on L-selectin surface.
v) P-aptamer-MSCs on P-selectin surface in the presence of 5 mM EDTA. vi) P-aptamer-MSCs on P-selectin surface preblocked
with P-selectin aptamers. Note that only cells that were initially in the field of view were considered.
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L-selectin aptamer-promoted MSC-neutrophil interactions

We next studied the L-selectin aptamer promoted
cell-cell interactions between MSCs and leukocytes (i.e.,
neutrophils). Neutrophils exhibit robust rolling and
adhesion on activated endothelium and P-selectin-
coated surfaces (which resemble activated endothe-
lium; refs. 9–11). In addition, neutrophils that adhere
on activated endothelium further capture free-flowing
neutrophils via interactions between L-selectin and its
ligands (i.e., PSGL-1), which are both expressed on
neutrophils (4, 5, 42). We first validated these native
properties of neutrophils using the parallel flow cham-
ber assay and observed robust neutrophil rolling, adhe-
sion, and secondary tethering events on P-selectin-
coated surfaces (data not shown), confirming that
P-selectin ligands and L-selectin expressed on neutro-
phils are viable and functional and confirming the
reliability of using such an assay to study MSC-neutro-
phil interactions, as described below.

We then investigated the interactions between L-
aptamer-MSCs and L-selectin-expressing neutrophils.
In the flow chamber assay, we first mixed neutrophils
(!2"106) and L-aptamer-MSCs (!5"105) and then
perfused them immediately over a P-selectin-coated
surface. Strikingly, we observed that arrested neutro-
phils on the P-selectin-coated surface captured free-
flowing L-aptamer-MSCs (Fig. 7A and Scheme 1B), and
neutrophils first complexed with the L-aptamer-MSCs
in the free-flowing stream, which facilitated tethering of
the MSCs onto the P-selectin-coated surface (Fig. 7B
and Scheme 1C). Several combinations of MSC-neutro-
phil complexes were formed in the flow stream: In
addition to MSC-neutrophil pairs, MSCs were commonly
conjugated to 2 or more neutrophils, and in some cases,

large multicellular MSC-neutrophil aggregates formed
(Fig. 8 and Supplemental Video S3). Note that these large
aggregates could tether to P-selectin-coated surfaces un-
der flow conditions through neutrophil-P-selectin interac-
tions (Supplemental Video S3). In contrast, for control
experiments, minimal MSC-neutrophil interactions or
neutrophil-mediated capture of MSCs on P-selectin sur-
face were observed where neutrophils and PBS-MSCs,
neutrophils and scrambled sequence aptamer-modified
MSCs, or neutrophils blocked with L-selectin aptamers
and L-aptamer-MSCs were investigated (Supplemental
Fig. S2). Interestingly, unlike interactions between L-
aptamer-MSCs on L-selectin-coated surfaces that were
sustained well above 1.5 dyn/cm2, L-aptamer-MSCs and
neutrophil interactions were only effective under flow
conditions at shear stresses of 0.5 dyn/cm2 or lower. It is
unclear whether this is due to cell-cell interactions being
ineffective at higher shear stresses and/or the shedding of
L-selectins from neutrophil surfaces at higher shear
stresses (4, 5, 42, 43).

DISCUSSION

In nature, leukocytes have evolved effective yet com-
plex intercellular adhesion mechanisms to target in-
flamed sites in the body. Thus, there is significant
interest in studying these interactions for the creation
of novel therapeutic strategies (13, 21, 44–49). In
particular, leukocyte-endothelium interactions can be
emulated to engineer systemically infused therapeutic
(stem) cells to target endothelium at injured or dis-
eased sites (13, 21, 41).

We have demonstrated for the first time that MSCs
engineered with nucleic acid aptamers on their surface

Figure 6. P-aptamer-MSCs bind to histamine treated HUVECs. A) Representative images demonstrate the accumulation of
P-aptamer-MSCs on HUVECs when low to high shear stresses were applied; total number of adhered cells in the same field of
view first increases to 0.75 dyn/cm2 and then starts decreasing at higher shear stresses (i.e., 1–5 dyn/cm2). Cell numbers at 0.25
(i), 0.5 (ii), and 0.75 (iii), 1 (iv), 2 (v), and 5 dyn/cm2 (vi) are 54, 63, 76, 55, 50, and 42, respectively. See Supplemental Video
S2 for a representative video. Note that perfused circular MSCs (circles) and adherent spindle-shaped HUVECs (arrows) can be
easily distinguished by their differing shapes, which was confirmed by immunostaining (Supplemental Fig. 3A, B). B) Percentage
of adherent MSCs as a function of shear stress. Only MSCs initially present in the field of view were considered.
i) P-aptamer-MSCs. ii) MSCs treated with PBS instead of P-selectin aptamer in the third step of modification. iii) Scrambled
sequence-modified MSCs. iv) P-aptamer-MSCs on HUVECs preblocked with P-selectin aptamers.
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can specifically engage their respective protein recep-
tors on a substrate or on adjacent cells. We chose P- and
L-selectin as target receptors because they are ex-
pressed on inflamed endothelial cells and leukocytes,
respectively, and serve major roles in mediating leuko-
cyte-endothelium, leukocyte-leukocyte, and leukocyte-
platelet interactions in the inflammatory cell adhesion
cascade (4, 5, 9–11). We have demonstrated that MSCs
engineered with aptamers, which target adhesion re-
ceptors on leukocytes, can recapitulate 3 key types of
cell-cell interactions under flow conditions that repre-
sent critical components of the inflammatory cell ad-
hesion cascade (Scheme 1). Significantly, to our knowl-
edge, this is one of the first studies to report engineered
cell tethering under flow conditions, and the approach
can be used to emulate many steps in the natural
leukocyte homing cascade by using a single engineered
cell surface ligand. For instance, L-aptamer-MSCs can
directly tether onto L-selectin substrate under physio-
logically relevant flow conditions (Fig. 4 and Supple-
mental Video S1). The same ligand can be used to
enhance the interaction of flowing cells with a sub-
strate, which mimics activated endothelium within in-
flamed tissue by taking advantage of natural homing
properties of neutrophils to promote MSC-neutrophil
interactions (Figs. 7, 8 and Supplemental Video S3).

This strategy enabled MSCs to mimic the neutrophil-
neutrophil interactions that promote MSC adhesion to
inflamed endothelium and may offer a unique cell
targeting route in which therapeutic cells are delivered
to site of interest via naturally homing cells (e.g.,
neutrophils). In addition, engineered cell-cell interac-
tions may provide a platform to interrogate how cell-
cell contact affects cellular functions and intercellular
communications, perhaps similar to how in vitro systems
utilize beads with immobilized selectin ligands to roll
on selectin-coated surfaces, which have been employed
to help model in vivo events within the leukocyte
adhesion cascade (50). In particular, we have shown
that a single engineered cell surface aptamer ligand can
allow the cells to be directly arrested on the target
receptor surface without a cell rolling step that is
required in the traditional paradigm of leukocyte hom-
ing cascade. This simple in vitro model system may
therefore be useful to the study cell adhesion mecha-
nism, which in turn provides guidance for engineering
cells toward systemic targeting.

We have used a simple chemical approach to engi-
neer aptamers on the cell surface. Conducting chemis-
try at the cell surface has recently been emerging as a
powerful tool for cell labeling and imaging, drug
delivery and discovery, and even manipulating cell fate

Figure 7. Interactions between L-aptamer-MSCs and neutrophils on a P-selectin substrate under flow conditions at 0.25
dyn/cm2. Note that neutrophils and MSCs, !8 and !20–25 "m in diameter, respectively (determined by examining pure
populations of neutrophils and MSCs by microscopy), can be easily distinguished from each other by size, which was confirmed
by immunostaining (Supplemental Fig. 3C, D). Representative examples of an adherent neutrophil (arrowhead) capturing a
flowing MSC (arrow) (A) and a neutrophil (arrowhead) complexed with MSCs (arrow) first in the flowing stream and then
tethered onto the P-selectin surface (B). Note that once captured, MSCs always shift their position to the left of the immobilized
neutrophils due to the flow direction (from right to left in this case), which clearly demonstrates that the capture of MSCs on
P-selectin was mediated by binding of neutrophils to the P-selectin-coated substrate vs. MSCs binding to the P-selectin-coated
substrate.
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(44, 45, 51, 52). The chemical approach is appealing,
particularly when compared with genetic and enzy-
matic engineering, due to its simplicity and broad
applicability. For instance, aptamer conjugation takes
!30 min and can be conducted at RT or 37°C, and
multiple types of ligands can be attached simultane-
ously. The site density of cell surface attached ligands
can be readily tuned to adjust avidity, for example, by
adjusting the concentration of reagents used in the
conjugation (Figs. 1B and 3B, traces i, viii). Notably, we
have shown that this modification has a minimal effect
on cell phenotype, including viability, adhesion, prolif-
eration, secretion of paracrine factors, multilineage
differentiation, and homing ability, including transen-
dothelial migration (data herein and not shown). Fur-
thermore, cell-surface-attached ligands are stable and
accessible for a reasonably long period of time. For
instance, we have shown that the biotin moieties con-
jugated on the cell surface using the NHS-biotin treat-
ment are stable for !7 d (21). In the present study,
aptamers on the MSC surface remain accessible, for
!24 h under physiological conditions in vitro (Sup-
plemental Fig. 1). Note also that aptamer stability
toward restriction enzyme degradation (which can
occur in vivo) is tunable by incorporating a variety of
modifiers, including polyethylene glycol, phosphoro-
thioates, and locked nucleic acids (26 –28). For in
vivo applications, aptamers can be engineered to
have a half-life on the cell surface that is sufficient
to engage target cells but subsequently degrade to
minimize nonspecific interactions. In addition, given
that aptamers are synthesized chemically using a
DNA synthesizer, which permits many other func-

tionalities to be incorporated, the cells can be engi-
neered to possess multiple functions (25). For in-
stance, cells modified with aptamers that are
conjugated to fluorescent dyes can fulfill both target-
ing and in vivo cell monitoring and imaging func-
tions.

MSCs are known to possess immunomodulatory
properties and have a profound suppressive effect on a
variety of immune cells, including T and B lymphocytes
(T and B cells), neutrophils, dendritic cells, and natural
killer cells (12, 53) making MSCs a candidate to treat
inflammation and graft rejection in bone marrow or
solid organ transplantations. However, the routes by
which MSCs exert these effects on immune cells are
controversial: it is unclear whether the underlying
mechanisms involve direct cell-cell contact and/or sol-
uble factors (12, 53). Simple in vitro models that utilize
engineered aptamer mediated intercellular interac-
tions should prove useful in elucidating the biological
functions of contact between MSCs and immune or
other types of cells.

The concept of engineering cells with artificial ap-
tamer ligands should be generally applicable where
modulating cell-cell contact is beneficial. For instance,
we have demonstrated that it is possible to construct
cellular aggregates using aptamer-engaged cell-cell con-
tact. As shown in Fig. 8 and Supplemental Video S3,
L-aptamer-MSCs are commonly conjugated to 2 or
more neutrophils that form large MSC-neutrophil ag-
gregates. Recently, Gartner and Bertozzi (44) elegantly
demonstrated that DNA-modified cells can be assem-
bled into microtissues in a well-defined manner (i.e.,
structures were controlled by varying the DNA site
density on the cell surface, cell concentration, and
DNA sequence); however, their approach requires the
modification of both cell types. We reason that ap-
tamer-programmed cell-cell contact can be used to
build tissue constructs in tissue engineering. Factors
such as stoichiometry, aptamer length and rigidity, and
aptamer type can be modulated to obtain desired
3-dimensional cellular constructs. By incorporating dif-
ferent cell types with defined cell-cell distances, this
strategy could be applied to building functional tissues.
In addition, such integrated tissue constructs may po-
tentially be used as in vitro models for examining
cell-cell communication and cell biology, investigating
pathology and disease states, modulating cell microen-
vironments or niches, and testing and screening new
drugs (44–47).

In summary, we have demonstrated the use of a
simple chemical approach to conjugate aptamers to
the cell surface, which can induce specific cell-cell
interactions that would otherwise not exist. This
approach is broadly applicable given that an aptamer
for virtually any target protein receptor can be
isolated through SELEX (23, 24). The engineered
cell-cell interactions may provide a platform to inter-
rogate how cell-cell contact affects cellular functions
and intercellular communications and should be
useful for assembling 3-dimensional tissue con-

Figure 8. Representative image of typical L-aptamer-MSC-
neutrophil interactions in the flow stream at a shear stress of
0.25 dyn/cm2. Arrows, arrowheads, and circles indicate MSC-
neutrophil complexes with a MSC:neutrophil ratio of 1:1, 1:2,
and 1:3 (or 3"), respectively. Larger cellular aggregates, i.e.,
comprising !2 MSCs and multiple neutrophils, were also
observed (highlighted in boxes). See Supplemental Video S3
for a representative video of L-aptamer-MSC-neutrophil inter-
actions and their binding to a P-selectin surface under flow
conditions.
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structs, systemic targeting of cells to sites of inflam-
mation or to specific tissues, and elucidating the
biology of cellular interactions.
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