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Abstract: To mimic the dynamic regulation of signaling ligands
immobilized on extracellular matrices or on the surfaces of
neighboring cells for guidance of cell behavior and fate selection,
we have harnessed biomolecular recognition in combination with
polymer engineering to create dynamic surfaces on which the
accessibility of immobilized ligands to cell surface receptors can
be reversibly interconverted under physiological conditions. The
cell-adhesive RGD peptide is chosen as a model ligand. RGD is
fused to the C-terminus of a leucine zipper domain A, and this
fusion polypeptide is immobilized on surfaces through a residue
at the N-terminus. The immobilized RGD can be converted from
a cell-accessible to a cell-inaccessible state by addition of a
conjugate of poly(ethylene) glycol (PEG) and another leucine
zipper domain B (B-PEG). Heterodimerization between A and B
allows coimmobilization of the PEG, which shields RGD from
access by cells. The shielded RGD can be converted back to a
cell-accessible state by addition of nonimmobilized polypeptide
A, which competes with the immobilized A for binding to B-PEG
and removes B-PEG from the surface. This molecular design
offers several advantages: the interconversion is reversible; the
ligand remains immobilized during dynamic regulation so that cells
are not exposed to the soluble form of the ligand that potentially
has detrimental effects; the precision of the on/off states is
assured by the molecular-level uniformity of the ligand and PEG
coimmobilized through leucine zipper heterodimerization. The
method can be readily adapted for dynamic regulation of other
immobilized bioactive ligands of interest.

Using engineered materials to recapitulate the essential spatial
and temporal characteristics of natural extracellular microenviron-
ments during animal development is the key to successfully guiding
cell behavior and fate selection in tissue engineering.1-6 However,
it has remained a challenge to mimic the dynamic regulation of
signaling ligands immobilized on extracellular matrices or on the
surfaces of neighboring cells. Although soluble ligands can be added
or removed readily during in Vitro studies, the soluble form of a
ligand that performs its function in an immobilized state in ViVo
potentially has opposite and detrimental effects because of competi-
tive binding for cell surface receptors. This has been demonstrated
by the inhibition of Notch signaling in the presence of nonimmo-
bilized Notch ligands and death of anchorage-dependent cells in
the presence of soluble RGD peptide.7-9 In recent years, materials
capable of dynamically presenting immobilized bioactive ligands
to cell surface receptors under physiological conditions have
attracted increasing research interest.10-15 However, the methods
developed to date have drawbacks including irreversible or
imprecise transition between the on/off states and exposure of cells
to the soluble counterparts of the ligands during in situ immobiliza-
tion or cleavage. The limited ability to dynamically regulate

immobilized bioactive ligands in engineered systems has hindered
the progress of both technological development and fundamental
understanding in tissue engineering.

Here we report a novel method of harnessing the molecular
recognition of intelligent biomolecules, in combination with polymer
engineering, to create dynamic bioactive surfaces on which the
accessibility of immobilized ligands to cell surface receptors is
reversibly interconverted with high precision under physiological
conditions (Figure 1a). We hypothesized that the accessibility of
an immobilized bioactive ligand to cells could be dynamically
regulated through reversible coimmobilization and removal of
poly(ethylene) glycol (PEG) that, when coimmobilized, shields the
surface-bound ligand from access by cells.16 We expected that
reversible coimmobilization and removal of PEG could be achieved
by exploiting the molecular recognition between a pair of comple-
mentary leucine zipper domains A and B, which heterodimerize
through noncovalent, reversible interactions.17,18 In the molecular
design illustrated in Figure 1a, a bioactive ligand of interest is fused
to one terminus of the leucine zipper A and immobilized on a
surface through a residue at the other terminus. The modified surface
allows coimmobilization of a B-PEG conjugate, which shields the
surface-bound bioactive ligand and converts it to a cell-inaccessible

Figure 1. Illustration of the molecular design of bioactive surfaces capable
of dynamically and reversibly regulating immobilized ligands (a) and the
sequences of the polypeptides used in the study (b).
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state. To convert the ligand back to a cell-accessible state,
nonimmobilized polypeptide A is added in excess to compete with
the immobilized A for binding to B-PEG so that B-PEG can be
removed from the surface. This molecular design allows the
immobilized ligand to be reversibly interconverted between cell-
accessible and cell-inaccessible states under physiological conditions
as many times as needed. The bioactive ligand remains immobilized
during the dynamic regulation, so cells will not be exposed to the
soluble counterpart of the ligand. An additional advantage of this
design is that heterodimerization between A and B allows the
bioactive ligand and PEG to be coimmobilized uniformly on the
molecular level, preventing the formation of ligand islands free of
PEG chains. Such islands would likely form when a conventional
coimmobilization method is used, and they would compromise the
precise switch of the ligand between cell-accessible and cell-
inaccessible states.

The polypeptides and their sequences used in this study are
shown in Figure 1b. The complementary leucine zipper domains
A and B were chosen because they could heterodimerize with an
affinity (in the range between 10-8 and 10-10 M) higher than that
of homo-oligomerization (self-aggregation) of A or B.17,18 The cell-
adhesive RGD peptide was chosen as a model bioactive ligand. A
cysteine residue was engineered at the N-terminus of A for surface
immobilization. All the polypeptides were genetically engineered
and biosynthesized. B-PEG conjugates were prepared by allowing
Bcys to react with a large excess of PEG-diacrylate through a
Michael-type addition reaction or with a large excess of PEG-
maleimide through the thiol-maleimide reaction. After conjugation
with PEG, B retained its ability to heterodimerize with A, as
revealed from the mobility shift of cysARGD in native gel
electrophoresis after cysARGD was incubated with B-PEG (Sup-
porting Information, Figure S1).

The ability of the surface-immobilized cysARGD to coimmo-
bilize B-PEG through heterodimerization between A and B and
the ability of the coimmobilized PEG to shield the surface-bound
RGD from access by cells were examined. First, cysARGD and a
control polypeptide cysA were each immobilized on piranha-
solution-cleaned gold surfaces through the cysteine residue in the
presence of 5 mM tris(2-carboxyethyl)phosphine hydrochloride
(TCEP). The surfaces modified with cysARGD supported the
adhesion of fibroblasts (NIH 3T3) while those modified with cysA
did not (Figure 2a and 2b), suggesting that cell adhesion on
cysARGD-functionalized surfaces was regulated through the spe-
cific interaction between the RGD peptide and cell surface receptors.
Then the cysARGD-functionalized surfaces were incubated with
B-PEG conjugates of various PEG lengths (10 kDa, 3.4 kDa, 700
Da, and 258 Da), resulting in further modified surfaces exhibiting
different cell adhesion properties depending on the PEG size. When
the PEG was 10 kDa, the surfaces did not support cell adhesion
(Figure 2c); when the PEG was 3.4 kDa, the surfaces partially
supported cell adhesion (Figure 2d); and when the PEG was 700
Da or smaller, the surfaces were as adhesive as the cysARGD-
functionalized surfaces without additional modification (Figure 2e,
2f). These results suggested that the immobilized cysARGD allowed
coimmobilization of B-PEG through heterodimerization between
A and B and the shielding effect provided by the coimmobilized
PEG increased with its size.

The reversible switch of the surface-bound RGD between cell-
accessible and cell-inaccessible states was performed in the presence
of cells under physiological conditions. To demonstrate the acces-
sible-to-inaccessible conversion of the immobilized RGD peptide,
fibroblasts were allowed to adhere on a surface as shown in Figure
2a for 3 h. Then B-PEG (PEG: 10 kDa, 300 µM) was added into

the culture medium, followed by incubation under shaking (at a
speed at which the liquid just started to move to enhance mass
transfer) for 2 h. Cell detachment was observed (Figure 3a). A
control performed on a cysC10RGD-functionalized surface (C10 is
a hydrophilic random coil17) under the same conditions did not
result in cell detachment (Figure 3b), suggesting that the cell
detachment from the cysARGD-functionalized surface was caused
by coimmobilization of B-PEG through heterodimerization between
A and B. These results not only suggested that the surface-bound
cysARGD allowed coimmobilization of B-PEG in the presence of
cells under physiological conditions but also showed that even the
ligands that had already been engaged in the interactions with cell
surface receptors could be converted to the cell-inaccessible state
due to the physical, reversible, and dynamic nature of the interac-
tions between ligands and cell surface receptors.

To demonstrate that the cell-inaccessible RGD shielded by PEG
could be converted back to the cell-accessible state in the presence
of cells, a cysARGD-functionalized surface was further modified
with B-PEG (PEG: 10 kDa); cells were seeded on the resulting
nonadhesive surface. Nonimmobilized polypeptide A (300 µM) was
added in the cell culture medium, followed by shaking incubation
(to enhance mass transfer) for 2 h and static incubation (to allow
cell adhesion) for 3 h sequentially. The surface was converted from
nonadhesive (Figure 2c) to cell-adhesive (Figure 3c), suggesting
that the nonimmobilized A competed with the immobilized
cysARGD for binding with B-PEG and most B-PEG molecules
could be removed from the surface when the amount of nonim-
mobilized A was sufficiently greater than that of immobilized
cysARGD. The RGD peptide in immobilized cysARGD was
consequently converted from the cell-inaccessible to cell-accessible
state. After the medium was changed, the cell-accessible RGD could
be reconverted to be cell-inaccessible by addition of B-PEG.

Figure 2. The shielding effect provided by coimmobilized PEG as revealed
from a cell adhesion assay. (a) The cysARGD-functionalized surface. (b)
The cysA-functionalized surface. (c-f) The cysARGD-functionalized
surfaces further modified with B-PEG conjugates having PEG lengths of
10 kDa (c), 3.4 kDa (d), 700 Da (e), and 258 Da (f), respectively. The
scale bars are 200 µm.

Figure 3. Reversible switch of the accessibility of immobilized RGD to
cell surface receptors under physiological conditions. (a) The cells adhered
to the cysARGD-functionalized surface as shown in Figure 2a detached
when B-PEG (PEG: 10 kDa) was added in the culture medium. (b) The
cells adhered to a cysC10RGD-functionalized control surface did not detach
when B-PEG (PEG: 10 kDa) was added. (c) The nonadhesive surface as
shown in Figure 2c became cell-adhesive when nonimmobilized polypeptide
A was added in the culture medium. The scale bars are 200 µm.
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Because surface immobilization of an A-ligand can be achieved
through various chemical approaches, such as those enabled by the
unique functional groups introduced through non-natural amino acid
analogs,19 the ligands are not limited to cysteine-free peptides and
the substrates are not limited to gold surfaces. For example, a thiol-
containing A-ligand can be immobilized to the surfaces of hydrogels
functionalized with maleimide or ene,20,21 so that temporal control
of immobilized ligands can be coupled with regulation of substrate
stiffness to further optimize cell microenvironments for desired
outcomes. In addition, this method potentially allows both temporal
and spatial control of ligands. For example, a step gradient of a
ligand can be created via micro/nanoprinting, even though creation
of a continuous gradient might be difficult. One limitation of the
method is that the interconversion is not instant, so it cannot be
used for applications such as guidance of rapid cell migration.
However, this method will find use in many other applications such
as regulation of stem cell differentiation, which is stepwise and
often involved with changes in microenvironmental signals on the
order of hours or days. Even though shaking incubation is necessary
to overcome the mass transfer limitation and allow the intercon-
version to occur at 1 or 2 h (the experiment described in Figure 3a
was also tested at 1 h and the same result was obtained) and
exposure of cells to the shear stress associated with the convective
flow may introduce some complexity, it is expected that the fluid
velocity required for convective mass transfer to dominate over
diffusive mass transfer is small. The scaling analysis based on the
length scale of cells and the time scale required for the intercon-
version to occur under static conditions (ca. 10 h) suggests that a
velocity on the order of 10-6 cm/s is enough to result in a Peclet
number (the ratio of convective mass transfer to diffusive mass
transfer) of 100.22 The shear stress associated with such a small
velocity is low.

In summary, the molecular engineering approach reported here
represents a platform that can be readily adapted to dynamically
and reversibly regulate the accessibility of a variety of immobilized
bioactive ligands to cell surface receptors under physiological
conditions. The materials having such dynamic bioactive surfaces
can be used to temporally control the properties of engineered
extracellular microenvironments.
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