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Abstract: Dynamic materials have been widely studied for
regulation of cell adhesion that is important to a variety of
biological and biomedical applications. These materials can
undergo changes mainly through one of the two mechanisms:
ligand release in response to chemical, physical, or biological
stimuli, and ligand burial in response to mechanical stretching
or the change of electrical potential. This study demonstrates
an encrypted ligand and a new hydrogel that are capable of
inducing and inhibiting cell adhesion, which is controlled by
molecular reconfiguration. The ligand initially exhibits an inert
state; it can be reconfigured into active and inert states by using
unblocking and recovering molecules in physiological con-
ditions. Since molecular reconfiguration does not require the
release of the ligand from the hydrogels, inhibiting and
inducing cell adhesion on the hydrogels can be repeated for
multiple cycles.

Materials with the ability to mimic the dynamic nature of
biological systems have been widely studied for the regulation
of cell adhesion, because cell adhesion is important to various
applications, such as regenerative medicine, clinical diagno-
ses, and cellular biology.[1, 2] Most of these materials display
active cell adhesion ligands for initial cell adhesion, whereas
they are able to release the ligands and the cells in response to
a physical, chemical, or biological stimulus through the
cleavage of chemical bonds or molecules.[1] For instance,
light has been successfully applied to break the C¢O bond
linking the RGD peptide and the hydrogel network for
controlling RGD density of the hydrogel to regulate cell
adhesion.[1d] However, the released ligands can bind to cells
owing to their high affinities, which may change intracellular
signaling pathways or even induce the death of cells.[3] Thus, it
would be desirable not to release the ligands from dynamic
materials to ensure the intact properties of the cells. To
address this issue, dynamic materials have also been studied
with the ligands buried within the materials.[2] With the
stimulation by mechanical stretching or electrical potential,
the ligands will be exposed to the environment for cell

adhesion. The common feature shared by these materials is
that ligands are not released from the materials during the
dynamic regulation of cell adhesion and the accessibility of
ligands to cells is reversible. While these elegant materials are
promising for broad applications, they may not be appropriate
in situations where mechanical stretching or electrical poten-
tial are difficult to apply or change.

The purpose of this study was to synthesize a new dynamic
hydrogel for which the cell adhesion function is reversibly
controlled by the molecular reconfiguration of an encrypted
ligand during the hybridization reactions (Figure 1; Support-

ing Information, Figure S1). The key functional units of the
hydrogel for cell adhesion are encrypted nucleic acid aptam-
ers that are covalently conjugated to the hydrogel network.
As the aptamers maintain the covalent immobilization state
in the hydrogels without loss or cleavage during the regu-
lation, the cell adhesion function of the hydrogels can be
dynamically and reversibly regulated. Moreover, as the
aptamers will not be released from the hydrogel, the like-
lihood that the released free aptamers can negatively
influence cell behavior is not a concern for this design of
dynamic hydrogels.

The encrypted aptamer sequence has two functional
domains: one is used for cell binding; the other is used for
blocking the binding domain (Supporting Information, Fig-
ure S1). The cell binding domain is a short aptamer that is
truncated from its parent sequence. The model aptamer used
in this work is able to recognize CCRF-CEM cells through its
specific interaction with the protein tyrosine kinase recep-
tor 7.[4] The blocking domain is also an oligonucleotide that

Figure 1. a) Synthesis of the hydrogel. Ai is the cell adhesion molecule
with two functional domains, IC is the initiator. b) Illustration of the
remodeling of the Ai-functionalized hydrogel during the hybridization
reactions. The function of the hydrogel is determined by the active and
inert states of Ai, respectively. U is the unblocking sequence, and R is
the recovering sequence. c) Illustration of structural changes during
the molecular reconfiguration.
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partially forms intramolecular hybridization with the cell
binding domain. Since the binding and blocking domains are
integrated into one aptamer sequence, it was hypothesized
that this intramolecular reconfiguration would lead to an inert
state of the aptamer in binding to the cell (Figure 2a). To test
the hypothesis, the aptamers were labeled with FAM and
allowed to interact with the cells for 30 min. The microscopic
images show that the cells treated by the aptamer Ao (that is,
the binding domain without the blocking domain) exhibited
strong green fluorescence whereas those treated by the
aptamer Ai (that is, the binding domain with the blocking
domain) exhibited much weaker fluorescence (Figure 2 b).
The flow cytometry analysis was consistent with the micros-
copy observation (Figure 2c).

We next chemically incorporated the aptamers into the
hydrogels for the examination of cell adhesion. The results
show that the cell density was approximately 10 cells per mm2

on the Ai-functionalized hydrogel, which was similar to that
on the native hydrogel but was two orders of magnitude less
than that observed on the Ao-functionalized hydrogel under
the same cell adhesion conditions (Figure 2d). Thus, the
hydrogel with Ai exhibited an inert state that is inhibitive to
cell adhesion. We further examined the effect of the intra-
molecular hybridization length on cell adhesion (Supporting
Information, Figure S2). As shown in the secondary struc-
tures, while the two aptamers with a blocking domain both
exhibit a stem-loop conformation, their conformations are
different from that of the binding domain (that is, Ao) without
the blocking domain. Since conformation is important to the
binding function of an aptamer, the structural analysis
suggests that both encrypted aptamers with the blocking

domain might not bind to the cells. However, the experimen-
tal results from flow cytometry show that the cell binding
capability of Ai with 10 intramolecular base pairs (Ai10) falls
in between Ai with 20 intramolecular base pairs (Ai20) and Ao
(Supporting Information, Figure S3). The data of cell adhe-
sion (Supporting Information, Figure S4) are consistent with
the flow cytometry analysis. At the concentration of 50 mm
aptamer, the cell density of the Ai10-functionalized hydrogel
was about 10 times higher than that on the Ai20-functionalized
hydrogel but about 10 times lower than that on the Ao-
functionalized hydrogel.

The conformations of nucleic acids are dynamic.[5] The
stability of the conformations is indicated by DG values of the
structures. A lower DG value suggests a more stable structural
conformation. The DG value of the stem-loop structure of
Ai10 is ¢7.83 kcalmol¢1 whereas that of Ai20 is ¢17.31 kcal
mol¢1. These data suggest that the blocking domain of Ai20 is
capable of inhibiting the cell binding domain with more
stability than Ai10. Previous studies also demonstrate that
target molecules can aid the structural change of aptamers,
favoring the recovery of the functional conformation.[6] Taken
together, these findings suggest that the blocking domain has
to be sufficiently long to inhibit the cell binding domain. Since
20 intramolecular base pairs sufficiently inhibited the cell
binding function of the aptamer, Ai20 was used in the
following experiments.

Next, we studied whether it was possible to unblock the
binding domain of Ai with the hypothesis that an exogenous
short oligonucleotide (that is, an unblocking sequence
denoted as U) could be used to induce the reconfiguration
of Ai from the encrypted inert state to the active state through
hybridization reaction (Figure 3a). To test this hypothesis,
Ai20 was synthesized with a 2’-aminopurine located in the
stem structure. The 2’-aminopurine exhibits stronger fluores-
cence when changing from a hybridized state to an unhybri-
dized state.[7] Thus, the measurement of the fluorescence
intensity would indicate the conformational change. Seven U
sequences with different lengths were studied to unblock the

Figure 2. Design and characterization of the cell adhesion molecule.
a) Illustration of cell labeling with Ao (left) or Ai (right). Ao is an
oligonucleotide segment truncated from a full-length oligonucleotide
aptamer, and Ai is the encrypted aptamer sequence. b) Confocal
microscopy images showing the binding of FAM-labeled Ao or Ai to
the cells. c) Flow cytometry histograms. d) Comparison of cell adhe-
sion on the hydrogels with either Ai or Ao. Native: hydrogel without Ao
or Ai. ** P<0.001, n = 3.

Figure 3. Examination of U-mediated Ai reconfiguration for cell adhe-
sion. a) Illustration of Ai reconfiguration during the hybridization
reaction. b) Reaction kinetics of Ai and U. Ai has a 2’-aminopurine in
its stem for the evaluation of U-induced Ai reconfiguration. c) Flow
cytometry histograms. d) Cell adhesion before and after the U-treat-
ment. ** P<0.001, n = 3. The data presented herein were produced by
using Ai20 and U6.
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binding domain of Ai20 (Supporting Information, Figure S5a).
As the hybridization length increased, the absolute DG value
and the fluorescence intensity of AiU duplex increased
(Supporting Information, Figure S5 b,c). It suggests that AiU
with longer hybridization length is more stable. The structural
analysis also shows that the cell binding domain is displayed
after the hybridization reaction (Supporting Information,
Figure S6). Moreover, the unblocked aptamer maintained the
stable unblocking conformation (Figure 3b). To further con-
firm whether the U sequence could unblock the binding
domain of Ai20, we used flow cytometry to examine cell
labeling. The data show that Ai20 was able to bind to the cells
in the presence of U6 (Figure 3c). Importantly, with the
treatment of U6, the initially inert hydrogel was activated to
increase cell adhesion on the hydrogel surface by two orders
of magnitude (Figure 3d). Therefore, the hybridization reac-
tion for the U-mediated Ai reconfiguration is effective for the
remodeling of the hydrogel from an inert state to an active
state.

A number of dynamic materials have been synthesized
with a unidirectional change because of the release of
ligands.[1k–m] The mechanism presented in this study is differ-
ent since ligand reconfiguration does not require ligand
release regardless of if the blocking domain forms intra-
molecular hybridization base pairs with the binding domain
or if it forms intermolecular hybridization base pairs with the
unblocking U sequence. Since Ai was not released from the
hydrogel (Figure 2 and 3), we further hypothesized that Ai
could return its encrypted state after the U sequence was
separated from its blocking domain. As a result, the function
of the hydrogel would re-enter the inert state, that is,
inhibition of cell adhesion.

To achieve the separation of U from Ai, the variation of
temperature may be used as a stimulus.[8] For instance,
Kikuchi et al. developed thermosensitive poly(N-isopropyl-
acrylamide) substrates for cell sheet tissue engineering.[8a]

These materials allow for cell adhesion at 37 88C, whereas
lowering the temperature from 37 to 20 88C causes cell
detachment. However, the melting temperature of U6 and
Ai20 is 65 88C, which is far above the physiological temperature.
Thus, while the increase of temperature can in principle lead
to the separation of U sequence from the blocking domain,
this straightforward and simple method is not suitable for the
dynamic hydrogel developed in this study. To achieve the
separation of U sequence from the blocking domain in
physiological conditions, we applied a recovering sequence
(R) to hybridize with and neutralize U (Figure 4a).

To aid R in neutralizing U, a 6-nt overhang was added to
the 5’ end of the U6 sequence to form a new sequence, that is,
U7 (Supporting Information, Figure S7). With this design, the
intermolecular hybridization length of R and U is longer than
that of Ai and U, which thermodynamically favors the UR
hybridization in the presence of Ai. Since the overhang was
added onto U, it is necessary to first examine whether the
overhang would affect the hybridization reaction between Ai
and U. The result from the 2’-aminopurine fluorescence
analysis shows that the addition of the 6nt overhang did not
affect the ability of U to react with Ai (Supporting Informa-
tion, Figure S7). This result was further confirmed by flow

cytometry analysis showing that both U sequences with (U7)
and without (U6) the overhang could unblock the cell binding
domain of Ai (Supporting Information, Figure S8). Moreover,
the AiU7 complex was able to specifically bind to the CCRF-
CEM cell line rather than the Ramos control cell line on the
hydrogel surface (Supporting Information, Figure S9).

To examine the function of R, the AiU complex was
treated with R (Supporting Information, Figure S10). The
fluorescence intensity of the complex was rapidly decreased,
reaching a plateau within 10 min (Figure 4b; Supporting
Information, Figure S10). Since Ai had 2’-aminopurine, this
result indicates that the AiU complex was separated, and that
the conformation of Ai was changed. To examine whether R
can change the cell binding state of Ai, the cells binding to the
AiU complex were treated with R and examined with flow
cytometry. The result shows that the R-treated cells exhibited
virtually the same fluorescence as the untreated cells (Fig-
ure 4c), indicating that Ai was dissociated from the cell
surface owing to the conformational change.

The function of R was further examined by studying the
cell adhesion on the hydrogel. After the cells were attached to
the hydrogels with the AiU complex for 0.5 h, the hydrogels
were treated with the R solution. The R treatment led to the
detachment of 99% of the cells from the hydrogels (Fig-
ure 4d). By contrast, the cell attachment on the hydrogels was
not affected in the buffer treatment group. To understand
whether cells can be detached by R after a longer period of
cell attachment, we prolonged the cell attachment time from
0.5 to 12 h. Since the aptamer used in this study was originally
selected from an aptamer library without chemical modifica-
tions,[4] the cells were incubated in medium with partially
inactivated serum that was expected to have reduced nuclease
activity. The images show that the cells could attach to the
hydrogel surface and that the number of the cells decreased

Figure 4. Examination of Ai reconfiguration after sequential treatments
of U and R for inhibiting cell adhesion. a) Illustration of the conforma-
tional recovery of Ai from AiU during the hybridization reaction.
b) Reaction kinetics of R-mediated separation of U from Ai. Ai was
labeled with 2’-aminopurine. c) Flow cytometry histograms. d) Cell
adhesion on the AiU-functionalized hydrogel before and after the
buffer or R-treatment. ** P<0.001, N.S.: no significance; n = 3. The
data were produced by using Ai20 and U7.
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from 6 to 12 h, which is most likely due to ligand degradation
(Supporting Information, Figure S11 a,b). Importantly, the
data clearly show that the cells could be effectively detached
from the surface by R in comparison to the control buffer
without R (Supporting Information, Figure S11a,c). More-
over, the majority of the cells were viable (Supporting
Information, Figure S11d,e), because the entire procedure
did not involve any harsh factors and the RU complex is not
toxic (Supporting Information, Figure S12). Thus, these data
show that R can effectively neutralize U during the hybrid-
ization reaction to induce the molecular reconfiguration of Ai
from its active to inert state, thereby regulating the state of
cell adhesion on the hydrogels.

We also examined cell morphology using optical and
electron microscopy. While the optical microscopy images do
not show any difference in cell morphology (Supporting
Information, Figure S13), the SEM images show that some
cells had protrusions during the first 6 h on the hydrogel
whereas few cells with protrusions were observed at 12 h
(Supporting Information, Figure S14). While the data suggest
that this hydrogel system may find applications in the areas of
cell separation or cell culture, it is important to note that
chemically modified aptamers with the ability to resist
nuclease degradation will be important for applications that
require a long period of cell culture.

Since the hybridization reactions are able to induce the
molecular reconfiguration of Ai but do not change the
chemical bond linking Ai and the hydrogel, we expected
that the reversible reconfiguration of Ai between its
encrypted and active states could be sustainably repeated to
inhibit and induce cell adhesion for multiple cycles by using
the sequences U and R. To test the sustainable remodeling of
the hydrogel, fluorophore-labeled U and R were used to
sequentially treat the Ai-functionalized hydrogel. With the
treatment of U, the hydrogel exhibited strong fluorescence;
with the subsequent treatment of R, the fluorescence intensity
of the hydrogel returned to the background level (Supporting
Information, Figure S15). This pattern of fluorescence
appearance and disappearance could be repeated for multiple
times, demonstrating that U can repeatedly bind to Ai and
that R can repeatedly neutralize U during the hybridization
reactions. We further examined whether U and R can
sequentially and repeatedly regulate cell adhesion on the
hydrogel by the molecular reconfiguration of Ai. To avoid
potential aptamer degradation, this proof-of-concept cell
attachment and detachment experiment was pursued in the
medium without serum. Consistent with the results shown in
Figure 3d and 4d, the hydrogel treated with U allowed for cell
adhesion and the subsequent treatment with R led to cell
release (Figure 5). This pattern of inducing and inhibiting cell
adhesion could be repeated during the multiple cycles of U
and R treatment, demonstrating that the sequential treatment
of the hydrogel with U and R could lead to the reversible
reconfiguration of Ai for regulating the cell adhesion function
of the hydrogel.

In summary, we have demonstrated a new mechanism of
regulating the function of synthetic hydrogels for inducing
and inhibiting cell adhesion. The regulation of adhesion and
inhibition is achieved by the molecular reconfiguration of an

encrypted synthetic aptamer that consists of a cell binding
domain and a blocking domain. Since the encrypted aptamer
is covalently conjugated to the hydrogel during the procedure
of molecular reconfiguration, inhibiting and inducing cell
adhesion on the hydrogel do not involve the release of free
aptamers. Future work may be performed to develop dynamic
hydrogels with different encrypted synthetic biomolecules for
regulating the adhesion of multiple cells.
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