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ABSTRACT

Materials with the capability of dynamically regulating cell adhesion hold
potential for many biomedical applications, such as tissue engineering, regenerative
medicine, cellular biology, and biological separation. These materials are usually created
with polymers and ligands to achieve stable and specific cell-material interactions
through ligand-receptor recognition. However, the strong and stable binding of cells on a
material also poses a challenge to the subsequent release of the cells from the material in
applications such as cell separation. To tackle this challenge, great efforts have been
made in developing materials with the function of switching the cell binding state from
adhesion to release responsive to different stimuli, such as pH, light, and temperature.
However, most of these stimuli can cause detrimental effects on cells or even the death of
cells. Therefore, it is important to create materials that can undergo changes in
physiological conditions.

Nucleic acid aptamers are an emerging class of ligands that bind cell receptors or
soluble molecules with high affinity and specificity. In comparison to other ligands, they
have various merits for the developments of cell attaching materials. Those merits
include high affinity, low immunogenicity, and great stability. In addition, aptamers can
be chemically modified for different conjugation chemistries. Importantly, the structure
of aptamers can be programmed and tuned in physiological conditions.
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The purpose of this work was to synthesize aptamer-functionalized hydrogels for
cell catch and release. It was hypothesized that aptamers conjugated hydrogels can induce
cell catch on the hydrogel, and that the change of the chemical or physical status of the
aptamers in physiological conditions can lead to cell release noninvasively. To test the
hypothesis, two tasks were performed, including to develop aptamer-functionalized
hydrogels and to examine its functions in chemical and physical changes. Chemical
changes were achieved by using restriction endonuclease. Physical changes were
achieved through DNA inter- and intra-molecular hybridization. These changes occurred
in physiological conditions. The data show that target cells can be specifically captured
on the aptamer-functionalized hydrogels, and more importantly that the cells can be
released with high viability in physiological conditions. Thus, this work has successfully
demonstrated a promising biomaterial for programmable cell catch and release in
physiological conditions. The work described herein will make great contributions to the
development of dynamic materials for controlling cell adhesion, thus improving
diagnosis and therapy of a spectrum of diseases.
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CHAPTER 1

INTRODUCTION

1.1 Dynamic cell-material interactions
1.1.1 Dynamic interactions between cells and extracellular matrix (ECM)
Cell adhesion on ECM is an essential requirement for the survival and
functioning of most mammalian cells.[1] It is a dynamic and complicated process
involving multiple steps and cellular changes, i.e., cell protein and ECM ligand binding,
focal adhesion formation, cell spreading, and cytoskeleton reorganization. The
complicated process is with high reversibility and adjustability.[2–4] As for the first step
on the molecular level, the cell attachment to ECM is mediated by interactions between
ECM ligands and cell membrane receptors (e.g. integrin).[5] The binding process is
determined by the nature and conformation of adhesion molecules presenting on the
interface of cell and ECM.[6,7] The specific and dynamic interactions involved can be
regarded as the sum of an array of molecular interactions, e.g., charge-charge interactions,
Van der Walls interaction, hydrophobic interactions and hydrogen bonding between cell
surface proteins and ECM molecules.[8,9]
Dynamic interactions between cell and natural ECM play a key role in many
biological processes, such as embryonic development, maintenance of tissue architecture,
and wound healing.[10–14] In addition, dynamic cell adhesion has also shown the
relationship to many diseases, such as cancer metastasis, and inflammation
responses.[15,16] Due to the pivotal role of cell-material interactions in determining
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cellular behaviors, materials with the capability of dynamically regulating cell adhesion
hold great potential for many biomedical applications, such as tissue engineering,
regenerative medicine, cellular biology, and biological separation. [17–24]
1.1.2 Applications of cell-material interactions
Applications in tissue engineering
Dynamic cell-material interactions are important for tissue formation in many
aspects. For instance, cell-material interactions can directly regulate cell functions
through receptor-mediated signaling pathways, thus modulating cell proliferation and
phenotype.[25–27] In another example, the dynamic interactions can modulate the
cellular responses to other extracellular stimuli, such as soluble growth factors and
differentiation-inducing agents, leading to different morphologies and organizations of
tissues.[14,28,29] In addition, dynamic cell-matrix interactions can play an instructive
role in maintaining cell viability and controlling cell behaviors.[30]
To emulate natural cellular regulations via cell-ECM interactions using artificial
materials, various signaling motifs or molecules, such as affinity peptide sequences,
fibronectin, laminin and vitronectin have been integrated with artificial ECM materials
via physical mixing or chemical modifications or conjugation, to create cell-instructive
materials for the applications of tissue regeneration.[17,31–33]
Applications in cell separation
The separation of a specific cell population from a large and heterogeneous cell
suspension is of critical importance in many applications such as disease diagnosis and
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treatment evaluation.[23,34–40] For example, separation of circulating tumor cells from
cancer patients’ blood stream is a promising strategy though very challenging task for
cancer diagnosis and treatment feedback analysis.[38–40] Similarly, diagnosis and
treatment of HIV disease also rely on the separation of human T-lymphocytes from
whole blood.[41]
To achieve specific, accurate and efficient cell separation, affinity-material-based
microfluidic systems have been developed to select target diseased cells from the whole
blood in recent decades.[42] The examination of temporal changes in the number of
target cells has shown a reasonable correlation with the stage of disease determined by
standard radiographic methods. While promising, great attentions have been attracted on
the capability of these functional materials for the subsequent release of the captured
target cells. The reason exists in the fact that over strong cell binding on either the
material surface or affinity ligands for cell catch can trigger undesired intracellular
signaling cascades or even induce cell death, which will undoubtedly produce negative
effects on the critical analysis of these target cells. Therefore, the capability of
dynamically regulating cell-material interactions are important to these applications.
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1.2 Affinity materials for cell adhesion
From a structural perspective, the major compositions of ECM include collagens,
elastic fibers, polysaccharide glycosaminoglycan, and adhesive glycoproteins. Amongst
these macromolecules, two components of ECM molecules are quite important for cell
adhesion, i.e., polysaccharide glycosaminoglycan and adhesive proteins.[43–45] The
polysaccharide glycosaminoglycan (e.g., hyaluronic acid, chondroitin, and heparin) forms
a hydrated gel-like fundamental substance for supporting cells, and the adhesive proteins
such as collagen, elastin, fibronectin, and laminin, are presented in the matrix. These
adhesive proteins play key roles in forming an active cell-ECM interface.
In general, candidate materials allowing cell adhesion should meet these criteria:
(1) promoting or inhibiting cell-material interactions specifically; (2) low cytotoxicity; (3)
minimal immune responses; (4) polymer units are amendable to design and modification.
Fundamental studies on the engineered materials that are created with well-defined
properties (e.g. chemical, physical, morphological, and mechanical) such as polymers,
metals, ceramics, and semiconductors, have significantly contributed to the development
of numerous biomaterial systems.[30,31,46–48] Moreover, the major advances from a
cellular and molecular knowledge point of view have provided the scientific foundation
for the development of new generation cell adhesive biomaterials.[49,50] Therefore,
bioactive materials designed via mimicking the structural organization and functionalities
of natural cell adhesive matrix have been broadly studied.
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1.2.1 Cell adhesion molecules
A broad spectrum of cell adhesion molecules have been discovered and applied
in the development of biomaterials with cell affinity in the past several decades.[51] Most
of these molecules bind to cell membrane receptors such as integrin and immunoglobulin
superfamily. Basically, the cell adhesion molecules can be classified into four groups, i.e.,
proteins, peptides that derived from cell adhesive proteins, nucleic acid aptamers, and
other small affinity molecules (e.g. folic acid).
Cell adhesive proteins, including fibronectin, vitronectin, laminin, and
immunoglobulins, are the first generation of affinity molecules for the modification of
biomaterials to promote cell adhesion. These proteins bind cells via interacting with
integrin and other receptors on cell membrane.[52–54] Because most of these proteins are
relatively easy to be separated from natural ECM, they have been broadly used to modify
or synthesize cell adhesive biomaterials for different applications. However, it is actually
difficult to achieve cell-specificity on the biomaterials created with these cell adhesive
proteins since integrin is broadly expressed by different cell lines. The low cellspecificity are usually undesired in many applications, especially for cell separation.
Other affinity proteins with high affinity and specificity, e.g., antibodies, are more
capable of binding cells with high specificity on the material, while the production of
those protein molecules are laborious and expensive. Moreover, proteins have shown
their limitations in material synthesis because they are relatively fragile. The difficulty of
engineering the protein molecules for material preparation has mostly hindered the
application of these protein molecules.

5

Since the affinity domains of cell adhesion proteins that primarily interact with
cell membrane receptors are composed of several amino acids with specific sequences,
short peptide fragments synthesized basing on the sequences can also work as cell
adhesion molecules.[49] Compared to protein molecules, peptides are relatively easy to
be synthesized with functional groups and have been applied for surface modification of
bioactive surfaces, leading to the development of an array of materials with cell-affinity.
For instance, artificial cell matrices equipped with RGD peptide have been applied to
create cell adhesion material as the mimicry of ECM.[55] Such peptides include RGD
(e.g., iRGD and cRGD), TAT, ANHP, TCP-1, and HAP-1/2, etc.[55–58] The presence of
affinity peptides on the biomaterials have greatly improved the affinity of the material,
allowing specific cell type adhesion on the cell-material interfaces.
Nucleic acid aptamers, including RNA and DNA aptamers, are an emerging class
of molecules that work as affinity ligands to specifically bind cells on biomaterials.[59–
61] Nucleic acid aptamers are single-stranded oligonucleotides selected from the libraries
of synthetic oligonucleotides.[62,63] Aptamers have numerous merits such as high
affinity, high specificity, and little immunogenicity.[64–66] In addition, they can be
chemically modified to acquire resistance against nuclease degradation.[67,68] Thus,
aptamers have been applied as cell-capture molecules in many biomedical
applications.[59,69–71]
Besides of the aforementioned three classes of ligands, small molecules including
synthetic organic molecules and natural molecules (e.g. folate) have also been applied to
achieve biomaterials with cell binding affinities.[72,73]
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1.2.2 Affinity ligands modified materials
Stable linking between affinity molecules and biomaterial surface is critical to
promote cell adhesion for the reason that focal adhesions occurs only in the presence of
adhesive ligands on the materials. To functionalize materials with cell-affinity ligands,
both physical and chemical strategies have been applied in the immobilization
reactions.[74–77]
Physical strategies, including hydrophobic interaction, charge interactions, and
van der Waals forces, have been applied for the immobilization of protein molecules.
However, physical strategies for ligand-immobilization are not always reliable for cell
binding because of the molecular conformational change of proteins during physical
interactions, leading to the deactivation of the affinity domains of protein molecules. In
addition, physical strategies are normally performed on hydrophobic surfaces (e.g.,
polystyrene matrix). It is difficult to be applied to immobilize affinity proteins on
hydrophilic surfaces, such as hydrogel and hydrophilic polymer brush modified material
surfaces.
Chemical strategies on modification of molecules or material surface are an
alternative methodology to achieve stable linking between affinity molecules and
materials. For instance, various reactions for protein/peptide modifications, such as
acylation, alkylation, reductions and oxidations, and aromatic ring substitutions, have
been broadly used in the applications to develop affinity molecule-functionalized
materials. Sulfhydryl group and derivatives are another class of active functional groups
for the modification of either affinity molecules or inert materials surface to create
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affinity materials. These modifications are normally performed on the natural amino
acids on the proteins or peptides, such as lysine, cysteine, and tryptophan.[78–82] In
addition, functional groups such as azido, alkene, or halogen, have also been introduced
in modifying affinity molecules or materials via click chemistry.[83,84]
To make a summary here, materials functionalized with affinity molecules for
cell adhesion have been broadly studied. While these materials can yield insight into the
interactions of cells with biomaterials, living organisms are far more complicated than
artificial biomaterial systems. Current wisdoms of these static materials allow cell
adhesion via polyvalent interactions between ligands and cells on the material surface to
achieve stable and specific cell-material interactions through ligand-receptor recognition.
However, the strong and stable binding of cells on a material also poses a challenge to the
subsequent release of the cells from the materials. Since the failure of allowing dynamic
cell-material interactions will cause detrimental effects to the cells binding on the
materials, it is desirable to develop materials with the function of dynamically switching
the cell binding states from association to dissociation.
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1.3 Dynamic materials for reversible cell catch and release
1.3.1 Strategies for reversible cell catch and release
Smart materials mimicking the nature of biological systems to allow dynamic
cell-material interactions have been extensively studied. [21,32,59,85–101] Comparing to
traditional materials for cell attachment, these dynamic materials are functionalized with
switchable surface properties that can tune cell-affinity in response to different physical
and chemical stimuli, recapitulating the key cues of natural ECMs for dynamic cell
behaviors.
Over the past decades, considerable progress have been made in designing
materials with smart cell-material interfaces that can be described as having dynamic
changing properties.[85–109] These progresses are driven by a number of applications
where it may be desirable to attract cells, or other molecules of interest, followed by
release from the surface at a specific time point.[94,102–104] In principle, there are two
main classes of stimuli, i.e., chemical based stimuli (pH, ionic strength, chemicals, and
enzymes), and physical based stimuli (including light, temperature, electric potential,
magnetic field, and ultrasonic radiation).
Chemical stimuli majorly change material affinities via cleaving chemical bonds
or affinity molecules. For instance, enzyme have been applied as a trigger to switch RGD
functionalized material between non cell adhesive state and an adhesive state.[105,106]
In addition, pH or ionic strength can change affinities of cell adhesion molecules via
alternating the molecular structures of these molecules.[107] Moreover, pH-sensitive
polymers, such as polyethyleneimine, poly-L-lysine, and poly (acrylic acid) can also alter

9

surface properties in response to pH changes, thus degrading or cleaving the linkers
between affinity molecules and the materials.
Physical stimuli have attracted great interests for the development of dynamic
materials with switchable cell adhesion properties. Langer lab firstly used electrical
potential as a trigger to achieve tunable wettability of the material, followed by broad
developments

of

electrical

potential-responsive

materials

with

tunable

cell

affinities.[100,101,108] Similarly, light has also been applied to break the connection
between cells and the materials via cutting off the cell-binding ligands on the material.
[55,88,89,95,97,109] For instance, RGD peptide functionalized affinity hydrogel can
release the captured cells after treated with UV light.[97] Temperature can also be
applied to change cell adhesion states by switching the substrate surface from
hydrophobic to hydrophilic status when the temperature varies below or above the lower
critical solution temperature (LCST). Such materials include poly(N-isopropylarylamide),
poly(N,

N-diethylacrylamide),

and

poly(N-isopropylacrylamide-co-2-

carboxyisopropylacrylamide). While these dynamic materials hold great promise for
many biomedical applications, most of the materials are still facing problems such as
causing dentrimental effects to cells or even cell death.

1.3.2 Challenges of current strategies
The first challenge is the negative effects on the hemostasis of biological systems
caused by physiological condition alternations. While mammalian cells have been
adapted to physiological conditions after millions years of evolution, the range of
changing required for normal biological functions are quite narrow. Actually, a relatively
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significant change of microenvironment of cells will trigger many cell signaling cascades
and cause detrimental effects to cells or even induce cell death.[110,111] For example,
an increase of temperature to 40~45oC, induces alterations in both structure and function
of cells, finally leading cell to death.[110] UV-light can mutate molecular structures of
many biomacromolecules including protein, peptide, and nucleic acid, inducing cell
apoptosis.[112–114] Moreover, some of the currently well-established materials apply
triggers such as mechanical, light, and electrical field are not feasible to be used in
vivo.[98–100]
Second, it is difficult to control the affinity of materials with specificities to
different types of cells that are present on one same piece of material. In other words,
once being captured on the biomaterial, different cell types cannot be differentiated by
triggers. Actually, more than one cell types will be co-localized on one material in many
biomedical applications, such as co-culturing cells for regenerative medicine and
separating several cell types from a blood sample for clinical diagnosis. For instance,
osteoblast and vascular cells can be co-localized on an affinity artificial bone graft, while
the mobility dynamics required by different cell types are normally varying.[33,115]
Although strategies of the spatial control over cell adhesion on materials are wellestablished, cell-material interactions with different dynamics have not been achieved.
The third challenge lies in the fact that most of the materials have to sacrifice the
integrity of the materials during switching between a cell binding state and the state of
cell release. In many cases, the cleavage of ligands or functional groups between cell and
the material is irreversible. However, it would be advantageous to execute reversible
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switching between active and inactive states for a number of cycles. Thus, strategies of
regulating cell-material interactions without factors destructive to the materials still need
to be explored.
In summary, materials with the capability of dynamically regulating cell-material
interactions have been extensively studied. These materials are usually displayed with
cell-adhesive ligands on the material to achieve specific cell-material adhesion through
ligand-receptor recognition. To achieve dynamic cell adhesion, the materials are also with
the functionality of switching cell binding state to release state in responsive to different
stimuli, such as pH, light, and electrical potential. However, most of these stimuli can
cause detrimental effects on cells or even cell death. Therefore, it is important to create
materials that can undergo changes in physiological conditions.
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1.4 Nucleic acid aptamer
1.4.1 Nucleic acid aptamer as affinity molecules
Functional materials that can recognize and bind target cells via ligand-mediated
specific interactions have been widely studied for various applications [9,23,70,116–119].
Among many types of affinity ligands, aptamer is an emerging class of affinity molecules
that specifically bind targets. Aptamers are DNAs, RNAs, or modified nucleic acids
originating from in vitro selection experiments termed systematic evolution of ligands by
exponential enrichment (SELEX). [120–123]
DNA aptamers are single-stranded oligonucleotides that can be selected from
randomized DNA library in the presence of target molecules. The basis for target
recognition is the sequence-determined secondary and tertiary structures formed by the
single-stranded oligonucleotides. In comparison with other affinity molecules, aptamers
hold plenty of merits such as binding affinity, high binding specificity, small size, little
immunogenicity, low toxicity, ease of synthesis, and stability under harsh conditions.
[71,122]
Nucleic acid aptamers can be easily modified with fluorophores (e.g.,
Fluorescein, Cy3, Cy5, TAMRA, Alexa Fluor, Rhodamine Red, etc.); chemical linkers
(e.g., azide group, acrylic phosphoramidite group, amino group, alkyne group, biotin,
thiol group, etc.); modified bases (e.g., 2-Aminopurine, deoxyUridine, locked nucleic
acids, etc.); and dark quenchers. Moreover, many strategies have been developed for
nucleic acid base modification to resist nuclease degradation, such as phosphorothiolated
bond modification, and inverted dT, making aptamers remain stable during long-term
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storage and sustain reversible denaturation. In addition, since the methods for generating
aptamers are performed in vitro, the batch-to-batch variation of aptamer products is
minimal.[65,124] Also, because of the low molecular weight, tissue penetration of
aptamer is faster than proteins molecules. Therefore, aptamer have attracted great
attention in the field of drug delivery,[125] biomimetic engineering,[126] and molecular
biosensing.[127]

1.4.2 Aptamer selection
The first step of in vitro aptamer selection is to create a large DNA library with
1013 to 1015 different sequence motifs that are generated by combinatorial chemistry.
Subsequently, the target molecules or cells will be directly incubated with the DNA pool
and thus the binding complexes can be partitioned from unbound and weakly bound
DNAs after incubation. The target bound DNAs are eluted and amplified by PCR
technique in the following step, thus resulting in a “narrowed DNA library” for the next
SELEX round. By iterative rounds of selections, the initial DNA library can be reduced
to few sequence motifs with high affinities and specificities to the targets.
While most of the reported aptamers have been selected using small molecules
and proteins as targets, aptamers selected against live cells are more desirable for
biomedical applications. Recently, a novel aptamer selection method using live cells as
targets has been developed.[128] And the cell-SELEX holds great promise toward
generating the aptamers that specifically recognize target cells. In 2006, DNA aptamer
evolved from live cells as binding target was firstly generated by Shangguan et.al. Instead
of using molecules as the targets, live cells were directly incubated with DNA pool to
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enrich cell binding sequences. In addition, control cell lines were also used for the
counter selection in order to obtain aptamers that are highly specific to target cells. The
target cells that have been applied in cell-SELEX include red blood cells, endothelial
cells, leukemia cells, etc. In principle, any target cells can be adapted for selecting
aptamers. Nowadays, plenty of aptamers have been generated to specifically bind their
target cells, such as sgc8 aptamer binding CCRF-CEM cells, TD05 aptamer binding
Ramos cells, and AS1411 binding nucleolin expressing on cell surfaces.[128–131]

1.4.3 Aptamers as affinity ligands for controlling cell-material interactions
One other unique merit of aptamers is the programmability of aptamer sequences.
In other words, the original molecular structure of aptamer can be tuned and reconfigured.
The principle of aptamer molecular design and reconfiguration lies in base pairing rule.
Each DNA molecule is composed by nucleotides that is composed of a nucleobase, either
cytosine (C), guanine (G), adenine (A), or thymine (T), as well as a phosphate group, and
a monosaccharide sugar called deoxyribose. According to base pairing rules, i.e., A pairs
with T, and C pairs with G, hydrogen bonds bind the bases of the two separate
polynucleotide strands or two separate regions of oligonucleotide to form doublestranded DNA or intramolecular base pairs.
A predetermined DNA structure can be altered via different strategies such as
nuclease cleavage,[70] DNA inter/intramolecular hybridization reactions,[93] and
association with some small molecules (e.g. ATP or adenosine).[132] Moreover, the
change of original aptamer structure can lead to the dissociation of target and aptamer.
Therefore, different from other strategies of switching the cell binding states, aptamer-
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mediated cell catch and release can be programmed by predetermined sequences.
Moreover, since a variety of molecules used for tuning aptamer molecular structures are
biocompatible, the application of aptamers in creating biomedical devices with tunable
cell binding affinities holds great promise. However, quite few research studies have been
performed currently.
Since aptamers are advantageous in many aspects, nucleic acid aptamers were
applied as the affinity ligands in my thesis. In addition, since aptamers are tolerant of
harsh chemical conditions, they can be immobilized to a substrate without losing their
binding capabilities. Thus, aptamers were used to modify materials for catching target
cells via aptamer-mediated cell recognition and subsequently release the captured cells.

16

1.5 Hydrogels
Natural ECM is composed of a hydrated gel-like matrix formed by
polysaccharide glycosaminoglycan to support cell growth. Similar to the hydrated matrix
of natural ECM, hydrogels are one class of material composed by a three-dimensional
network of hydrophilic polymers containing a large amount of water.[133–135] Because
the biocompatibility and structural organization of hydrogels are almost identical to
human tissues, hydrogels have been extensively studied in a variety of biological and
biomedical applications, such as tissue engineering, regenerative medicine, and drug
delivery.[136–139] For instance, different types of hydrogels such as poly(ethylene
glycol) (PEG) hydrogel, alginate hydrogel, and hyaluronic acid hydrogel have been
broadly applied to support cell growth in tissue engineering.[140–142] Since hydrogels
are inert to cells and proteins, the nonspecific cell-material interactions can be greatly
inhabited by the material. Moreover, different affinity ligands, such as RGD peptide,
antibodies, and nucleic acid aptamers, have proven the feasibilities of being chemically
conjugated into hydrogel polymer networks via various chemical reactions.[59,143,144]
Therefore, hydrogels hold great promise of working as material matrix for directing cell
catch and subsequent release of the cells from the material.
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1.6 Objectives
Nucleic acid aptamers are synthetic oligonucleotides that bind target cells or
molecules with high affinity and specificity. The purpose of this work was to synthesize
aptamer-functionalized hydrogels to achieve specific cell catch and noninvasive cell
release, thus controlling cell-material interactions dynamically. It was hypothesized that
aptamers conjugated hydrogels can induce specific cell catch on the hydrogels, and that
the change of the chemical or physical status of the aptamers in physiological conditions
can lead to cell release nondestructively. The aptamers were designed basing on the
sequence of a model aptamer (sgc8c) bind to CCRF-CEM cell line as the affinity domain
for cell binding.[128] To test the hypothesis, two major tasks were performed, including
to develop aptamer-functionalized hydrogels, and to examine its functions in response to
chemical and physical changes. Chemical changes were achieved by using restriction
endonucleases. Physical changes were achieved through DNA inter- and intra-molecular
hybridization. These changes occurred in physiological conditions. It is expected that
target cells can be specifically captured on the aptamer-functionalized hydrogels; and that
the cells can be released with high viabilities in response to both restriction
endonucleases and DNA molecules.
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CHAPTER 2

APTAMER-FUNCTIONALIZED

HYDROGELS FOR SPECIFIC CELL CATCH

2.1 Introduction
Materials that are capable of regulating cell-material adhesion are critical to a
variety of biological and biomedical applications such as tissue engineering and cell
separation. These materials are usually functionalized with affinity ligands to achieve
specific cell-material interactions through ligand-receptor recognition. For example,
RGD-sequenced peptide, which is the affinity site of integrin-expressing cells, has been
extensively used to functionalize materials working as artificial ECM or cell separation
devices.[55,97] The affinity ligands for the modification of materials include peptide,
antibodies, nucleic acid aptamers, and small affinity molecules (e.g., folic acid). These
molecules bind with cell receptors with high affinity, thus allowing the attachment of
cells on the materials.
Despite great promise, there are still several issues that need to be addressed for
these materials. The first issue is the relatively low binding selection to target cells of
several molecules, such as peptides and folic acid. This problem lies in the reality that
many of the current well-studied ligands recognize cell receptors that are over-expressed
not only on the membrane of cells of interest, but also on non-target cells. The second
issue is the difficulty of generating many of the affinity ligands. While antibodies have
been confirmed to bind cell receptors with high specificity and affinity, the generation of
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antibodies is usually laborious and expensive. At the same time, antibodies are too fragile
to be modified, and thus it presents a challenge to incorporate them to materials via
chemical conjugation.
To tackle these challenges, nucleic acid aptamer was used in this dissertation as
the molecular regulator for dynamic cell-material interactions. Nucleic acid aptamer is an
emerging class of affinity molecules that bind target molecules or cells with high affinity
and specificity via forming sequence-determined secondary structures. In comparison to
other types of affinity molecules, nucleic acid aptamer is more advantageous in many
aspects, such as high affinity, low immunogenicity, and great stability under harsh
chemical conditions. And it is easy to be chemically modified and engineered. Moreover,
since aptamer is resistant to harsh chemical conditions, they can be chemically
incorporated to materials without losing their binding function.
In this chapter, an aptamer (sgc8c) that binds to CCRF-CEM cell was used as a
model (Figure 2.1). Based on the domain that was essential in binding target cell, we
added a linker domain to it to avoid any possible steric hindrance between the aptamer
sequence and hydrogel structure. The aptamer was incorporated into hydrogels via a free
radical polymerization reaction. The capability of the aptamer-functionalized hydrogels
for specifically catching CCRF-CEM cells was studied using a cell binding assay.
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Figure 2.1 Schematic illustration of catching target cells on aptamer-functionalized
hydrogel. The DNA aptamer was designed with two functional domains: the green region
was the cell binding domain to catch CCRF-CEM cell, and the blue region was designed
as a spacer in between the binding domain and material surface. The DNA molecules are
conjugated into the hydrogel backbone via free radical polymerization, and subsequently
work as the affinity ligands for cell catch.
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2.2 Materials and methods
Materials
The acrylamide/bis-acrylamide solution (40% w/v; 29:1), ammonium persulfate
(APS), N,N,N',N'-tetramethylenediamine (TEMED), phosphate buffered saline (PBS),
and sodium hydroxide were obtained from Fisher Scientific (Suwanee, GA). 3(Trimethoxysilyl) propyl methacrylate (TMSPM), the magnesium chloride solution (1.0
M), and the glucose solution (45% w/v) were purchased from Sigma-Aldrich (Louis,
MO). Dulbecco’s phosphate buffered saline (DPBS), bovine serum albumin (BSA).
Nucleic acid oligonucleotides (Table 1) were produced by Integrated DNA Technologies
(Coralville, IA) and used directly without further purification. Fetal bovine serum (FBS,
10%) and the penicillin–streptomycin solution (100 units/mL) were purchased from
Hyclone (Logan, UT).

DNA sequence design and structural prediction
The DNA sequence design and structural prediction were aided by NUPACK
software on line at http://www.nupack.org/. Gibbs free energy (ΔG) of DNA sequences
were also calculated using the NUPACK software. The secondary structures with the
lowest free energies were presented. All the calculations were performed on the condition
that the concentrations of Na+ and Mg2+ are 140 and 5 mM respectively at 37 °C. The
melting

temperature

of

DNA

hybridization

part

was

predicted

using

IDT

Thermodynamics online software on the condition that the concentrations of Na+ and
Mg2+ are 140 and 5 mM.
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Table 1. List of DNA oligonucleotides
DNA

5’-3’

Ao

Acrydite-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATAC
TGTACGGTTAGA
FAM-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGT
ACGGTTAGA

Ae

TCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTA
AAAATCGGGATCCCGTGTAA
TCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTA
AAAATCGGGATCCCGTGTAA-TAMRA

Aes

CAATGGCGTTGGGAGGACTCCGGTTACTGATTACGTCAATCACAA
AAAATCGGGATCCCGTGTAA

L

Acyrdite-ATATTGTTTGTTACACGGGATCCCGATTTT
ATATTGTTTGTTACACGGGATCCCGATTTT-FAM
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Preparation of silanized glass surface
Glass slides (Fisher Scientific, Suwanee, GA) were cut into small squares with a
dimension of 4×4 mm2. The glass squares were sonicated in NaOH (1.0 M) for 10 min.
After washed thoroughly with deionized water, the slides were treated for 5 min in a
silanization solution that was prepared by diluting TMSPM (0.5 mL) in the mixture of
ethanol (50 mL) and diluted glacial acetic acid (1.5 mL, 10% v/v). The silanized glass
squares were washed with ethanol, dried in the air and stored in a vacuum desiccator
before use.

Preparation of polyacrylamide hydrogel
Polyacrylamide hydrogels were synthesized on the silanized glass surface to
produce hydrogel coatings. The pregel solution was prepared by adding TEMED (0.15
μL, 5% v/v) into the mixture of 10% acrylamide solution (1 μL) containing the sequence
Ao (with acrydite group) (100 μM) and APS (0.08 μL, 10% w/v). Immediately after the
preparation of the pregel solution, it was transferred to a supporting glass slide and
covered by the silanized glass square. After one-hour polymerization, the glass square
was carefully flipped off the large glass slide and rinsed thoroughly with PBS.

Gel electrophoresis
Complementary DNA oligonucleotides were mixed together at a molar ratio of
1:1 in PBS containing MgCl2 (10mM) and incubated at 37 °C for 1 h. The DNA solutions
were loaded into polyacrylamide gel (10% w/v) for running electrophoresis in a Bio-Rad
Mini-PROTEAN tetra cell (Hercules, CA). After electrophoresis, the polyacrylamide gel
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was stained with ethidium bromide and then imaged with a Bio-Rad GelDoc XR system
(Hercules, CA).

Imaging of hydrogels
Both SEM and fluorescence imaging were used to characterize hydrogels. For
SEM imaging, glass slides coated with affinity hydrogels were dried by lyophilization.
The slides were imaged under a JEOL 6335F field emission scanning electron
microscope (FESEM). For fluorescence imaging, glass slides were incubated in Ae
solution (20µL, 5μM in DPBS) at 37 °C for 1 h. After thoroughly washed with DPBS, the
slides were imaged under an inverted fluorescence microscope (Axiovert 40CFL, Carl
Zeiss).

Cell culture
CCRF-CEM cells (CCL-119, human T lymphocytic leukemia cell line) and
Ramos cells (Human B lymphoma cell line) were obtained from ATCC (Manassas, VA).
CCRF-CEM cells were cultured in RPMI medium 1640 supplemented with 10% FBS and
the 100 IU/mL penicillin–streptomycin solution. Ramos cells were cultured and
maintained in RPMI medium 1640 supplemented with inactivated FBS and the
penicillin–streptomycin solution. Both cells were cultured in an incubator at 37 °C in a 5%
CO2 atmosphere.
Cell binding assay
Glass squares coated with hydrogels were incubated in an aptamer solution (5
μM) at 37 °C to immobilize nucleic acid aptamers. After 1 h incubation, the glass squares
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were thoroughly washed with the binding buffer that was DPBS containing glucose (4.5
g/L), MgCl2 (10 mM), and BSA (0.1% w/v). For cell catch, the glass squares were
incubated in cell suspension (800 μL, 5× 105 cells/well) in a 24-well plate at 37 °C for 30
min. The unbound cells were gently removed from the coatings by shaking the plate at 90
rpm for 1 min. The cell numbers were analyzed using ImageJ software.

Flow cytometry
5× 105 cells were incubated in mixture of A1F and B1 (100 µL) for 30 min at
4°C. The mixture was prepared with A1F (0.2 µM) and B1 (0.1 µM) in DPBS. After the
incubation, the cells were washed with 1 mL of cold washing buffer (DPBS containing
4.5 g/L glucose and 10 mM MgCl2). The washed cells were immediately analyzed by the
flow cytometer (BD FACSCalibur, San Jose, CA). A total of 10, 000 events were counted.
B1S was used as control.
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2.3 Results and discussion
2.3.1 Synthesis of hydrogel
In this study, the hydrogel was synthesized on glass substrates via free radical
polymerization reaction since our previous study showed that free radical polymerization
is a simple and effective method for chemical incorporation of oligonucleotides bearing
Acrydite groups into hydrogel.[59] The schematic illustration shows the synthesis of the
hydrogel on a glass substrate using a sandwich method (Figure 2.2) The small glass
square was first silanized with 3-(trimethoxysilyl)propyl methacrylate, thus making the
glass surface bearing methacrylate groups (Figure 2.2A). After the mixture of acrylamide,
N, N’-methylenebisacrylamide, and Acrydite-DNA was initiated to polymerize by APS
and TEMED (Figure 2.2B), the small glass square was immediately put on the liquid
surface. Thus, at the end of polymerization reaction, the formed hydrogel was chemically
conjugated to the glass square (Figure 2.2C).
The SEM images show that the hydrogel is very smooth with a thickness of ~10
µm (Figure 2.3A). Importantly, when the glass square was washed and shaken in
aqueous solutions, the hydrogel coating was stable on the glass surface. The entire
surface of the hydrogel is flat with little roughness (Figure 2.3B).
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Figure 2.2 Chemical reactions and schematic illustration of hydrogel on silanized glass.
A) Silanization reaction on the surface of a glass slide. B) Free radical polymerization
reaction for synthesizing hydrogel with acrydite-DNA, acrylamide, and N,N’methylenebisacrylamide. C) Schematic of the sandwich method of synthesizing a
polyacrylamide hydrogel on the glass square.
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Figure 2.3 Morphology of hydrogel. A) SEM image of the hydrogel on a glass surface. B)
Surface morphology characterized by a noncontact, three-dimensional white-light optical
interferometer (New-View 5020, ZYGO).
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2.3.2 Examination of hydrogel for resisting nonspecific cell binding
As for materials that are capable of controlling cell adhesion, it is important for
biomaterials to prevent nonspecific cell binding to the surface of a material. Since
hydrogel is an inert material, it would be suitable for solving the non-specific binding
problem. This is particularly important to the applications of cell-separation based
diagnosis and therapy. Thus, the surface of polyacrylamide hydrogel for resisting cell
binding was first studied. The nonspecific cell binding on the hydrogel was examined in a
pseudo-static condition, in which cells were allowed to gradually precipitate to the
material surface from the cell suspension.
Different surfaces were studied and compared in this study, including untreated
glass surface, NaOH treated glass surface, silanized glass surface, and the hydrogel. The
cell images show that the density of CCRF-CEM cells on the untreated glass surface,
NaOH treated glass surface, and silanized glass surface were ~1,100, 1,400, and 1,400
cells/mm2 respectively (Figure 2.4). In contrast, the cell density on the hydrogel was ~5
cells/mm2 (Figure 2.4). Although the polyacrylamide hydrogel was studied herein, other
polymeric hydrogels (e.g., poly(ethylene glycol) (PEG), poly(vinyl alcohol), and poly(2hydroxyethyl methacrylate)) may provide similar or better effectiveness in resisting
nonspecific cell binding.[145,146] In addition to the hydrogels, other materials such as
PEG brush and zwitterionic polymers may also be used to reduce nonspecific cell
binding.[147] Moreover, the variation of numerous reaction conditions may further
improve the capability of the hydrogel in resisting nonspecific cell binding.
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Figure 2.4 Characterization of the functionality of the polyacrylamide hydrogel coating
in resisting nonspecific cell binding. A) Representative microscopy images of cells on
different surfaces. B) Quantitative analysis. The cell numbers were quantified with
ImageJ.
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2.3.3 Characterization of DNA conjugation on the hydrogel
The DNA conjugation in the hydrogel was examined via a DNA intermolecular
hybridization reaction. As schematically illustrated in Figure 2.5A, we first conjugated
one DNA strand bearing acrydite group with the hydrogel polymer backbone during
polymerization. Subsequently, a complementary DNA strand bearing fluorescence group
will be incubated with the hydrogel to allow hybridization with the conjugated DNA.
Thus, the DNA-conjugated hydrogel will exhibit fluorescence intensity.
Before checking DNA conjugation on the hydrogel, the intermolecular
hybridization between the conjugated DNA (i.e., sequence L) and indicator DNA (i.e.,
TEMRA labeled sequence Ae) was examined with electrophoretic gel. The gel
electrophoretogram showed that DNA sequences, i.e., L and Ae, stably hybridized in
aqueous solution (Figure 2.5B).
In addition to the examination of intermolecular hybridization in aqueous
solutions, we also investigated the feasibility of hybridizing these sequences in the
hydrogel (Figure 2.5C). A total of three hydrogels were synthesized. The first one was a
native polyacrylamide hydrogel. The second one was a polyacrylamide hydrogel that was
prepared with a pregel solution containing sequence L without acrydite. Since L DNA did
not have acrydite, it would not be able to participate in free radical polymerization. In
contrary, the third one was prepared with the pregel solution containing sequence L with
acrydite (i.e., LA). Thus, during the free radical polymerization, acrydite enabled the
chemical incorporation of sequence L into the hydrogel network. All three hydrogel were
treated with TAMRA-labeled Ae and then subjected to thorough washing. Ae for clear
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legibility of the hybridization. The fluorescence image shows that the LA hydrogel
exhibited stronger fluorescence intensity than the other two hydrogels (Figure 2.5C). It
demonstrates that DNA bearing acrydite group can be successfully incorporated into the
hydrogel.
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Figure 2.5 Characterization of DNA conjugation on the hydrogel. A) Schematic
determination of DNA conjugation. B) Electrophoretogram of intermolecular
hybridization. C) Fluorescence images of hydrogel treated with Ae. These hydrogels
were thoroughly washed after Ae treatment. Sequence Ae was labeled with TAMRA for
clear legibility. Sequence L in the hydrogel did not bear acrydite; sequence LA in the
hydrogel was conjugated with acrydite.
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2.3.4 Specificity of aptamer for binding CCRF-CEM cells
After the demonstration of intermolecular hybridization in the hydrogel, the
aptamer for specifically catching target cell was designed. As shown in Figure 2.6A, the
aptamer was designed with two functional domains. The first domain is the cell binding
domain. Here, the sgc8c aptamer (i.e. Ao) which was originally selected from a DNA
library to bind CCRF-CEM cells was chosen as the model. The second domain is the
linker domain. This domain is purposely designed as a spacer between the aptamer
binding domain and the material surface, thus increasing flexibility of the aptamer. In
addition, the linker domain is a region that consists by a DNA double helix. Thus, the
aptamer binding domain can be immobilized on the hydrogel via DNA intermolecular
hybridization reaction.
A flow cytometry experiment was run to examine the sequence specificity of
aptamer for inducing cell type-specific binding. Nucleic acid aptamer is a class of affinity
molecule that is with high specificity. The recognition of aptamer to its target molecule or
cell is highly dependent on the DNA or RNA sequence consisting the aptamer. To check
the sequence specificity of the aptamer for cell catch, the binding domain of the aptamer
was purposely scrambled. The schematic illustration of the aptamers and electrophoretic
gel image show that both Ae and Aes hybridize with L sequence. However, the secondary
structures of the cell-binding region are quite different (Figure 2.6B&C). The flow
cytometry analysis shows that the CCRF-CEM cells only bind specifically to the aptamer
rather than the scrambled aptamer Figure 2.6D, indicating the sequence of the binding
region is sequence specific.
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The success of cell catch relies on not only the ability to catch target cells, but
also the ability to resist the binding of non-target cells. Therefore, another cell catch
experiment was run to compare the binding of CCRF-CEM and Ramos cells since the
aptamer was originally selected to bind CCRF-CEM cells with Ramos cells as a negative
control. The flow cytometry result shows that the aptamer does not bind Ramos cells
(Figure 2.6E), indicating that the aptamer only recognize CCRF-CEM cells rather than
Ramos cells.
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Figure 2.6 Specificity of the aptamer in catching CCRF-CEM cells. A) Design of the cell
binding aptamer (L+Ae) duplex with two domains: a truncated aptamer domain for cell
binding and a linker domain. B) Secondary structure of the hybridized aptamers.
Sequence-Aes is synthesized with scrambled sequence of cell binding motif of aptamer.
C) Electrophoretogram of intermolecular hybridization. D) Flow cytometry histograms
for the characterization of sequence-specific catch. E) Flow cytometry histograms of
Ramos cells.
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2.3.5 Cell catch on aptamer-functionalized hydrogel
After the successful demonstration of the specific aptamer-cell recognition in
aqueous solution, a cell catch experiment was performed to examine whether the
immobilized aptamers could induce cell binding to the hydrogel. Here, three types of
hydrogel surface conjugated with different DNA molecules were examined for cell catch,
i.e., hydrogel modified with linker DNA, scrambled aptamer, and the aptamer for cell
catch (Figure 2.7A). The results show that only the aptamer functionalized hydrogel
could catch cells with the density over ~1,000 cells/mm2 (Figure 2.7B). In contrast, only
~ 10 cells/mm2 were observed on the other two types of DNA-modified hydrogel surfaces.
These results demonstrate that the hybridized functional aptamers enabled the successful
cell catch to the hydrogel. In addition, the cell binding on the hydrogel surface is specific.
The effect aptamer densities presenting on the hydrogel surfaces on cell catch
was also studied. The result shows that hydrogels prepared with more than 25 pmol
aptamer in the pregel solution were able to catch ~1000 cells/mm2 (Figure 2.8A&B).
However, the hydrogel that was prepared with only 10 pmol aptamer only catch ~150
cells/mm2 on the surface. The results indicated that the cell binding on the hydrogel is
depended on the aptamer density on the hydrogel surface.
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Figure 2.7 Capability of Aptamer-functionalized hydrogel in catching CCRF-CEM cells.
A) Representative images. B) Quantitative analysis. Three L-conjugated hydrogel were
treated with buffer, Aes, and Ae, respectively. The cell images were captured under an
inverted microscope. The cell numbers were quantified with ImageJ.
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Figure 2.8 Cell catch on hydrogels conjugated with different concentrations of aptamer.
A) Representative images and B) Quantitative data. For this experiment, hydrogels were
incubated with cells for 30 min.
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2.3.6 Specific-cell-type binding on aptamer-functionalized hydrogel
The binding specificity of the aptamer-functionalized hydrogel was further
checked with different cell lines.

Consistent with the flow cytometry analysis, the

hydrogel was able to catch CCRF-CEM cells rather than Ramos cells (Figure 2.9A). The
binding kinetics of the two cell lines on the hydrogel was further studied. The profile of
binding kinetics shows that the density of Ramos cells on the hydrogel coating did not
change throughout the experiment. Approximately 5 Ramos cells/mm2 were observed on
the hydrogel surface. In contrast, the cell density of CCRF-CEM cells rapidly increased
during the first 30 min and then gradually reached plateau. These results show that the
use of aptamers ensures cell type-specific catch to the hydrogel (Figure 2.9B). These data
clearly show that polyacrylamide hydrogels resist nonspecific cell binding and that
hybridized nucleic acid aptamers can successfully induce cell-type-specific binding to the
hydrogel surface.
A number of other affinity ligands may also satisfy the need of cell type-specific
catch. These ligands include but are not limited to antibodies, peptides, and certain small
molecules (e.g., folic acids). Although all of these affinity ligands can be in principle
applied to catch target cells, we purposely used nucleic acid aptamers to catch cells for
three main reasons. First, nucleic acid aptamers are synthetic oligonucleotides screened
from DNA/RNA libraries with high binding affinities and specificities that are
comparable to antibodies. Second, aptamers are synthesized using standard
phosphoramide chemistry. Thus, aptamers exhibit little or no batch-to-batch variation,
which is definitely beneficial to increase the reliability of cell catch.
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Figure 2.9 Characterization of cell type-specific catch. A) Representative microscopy
images of cels on the hydrogel and B) Kinetics of cell binding to the aptamerfunctionalized hydrogel.
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2.4 Conclusions
In this chapter, aptamer-functionalized hydrogels have been successfully
synthesized via free radical polymerization on a silanized glass substrate. The acrydite
group modified DNA aptamer participated into the reaction and thus being conjugated
into the hydrogel polymer network. The results show that aptamer-functionalized
hydrogels catch target cells with affinity and specificity. Moreover, the hydrogels are
highly resistant to nonspecific cell binding. Therefore, the target cells can be specifically
captured on the aptamer-functionalized hydrogels.
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CHAPTER 3

RESTRICTION ENDONUCLEASE-

INDUCED NONDESTRUCTIVE CELL RELEASE

3.1 Introduction
Materials with the capability of dynamically controlling cell adhesion hold a
great potential in many biomedical applications. These materials are usually engineered
with polymers and ligands to achieve stable and specific cell-material interactions
through ligand-receptor recognition. However, the strong and stable binding of cells on
materials also poses a challenge to the subsequent release of the cells from the materials
noninvasively, particularly in applications of cell separation. To tackle this challenge,
great efforts have been made in developing materials with the function of transforming a
cell-material-binding state to a cell-material-dissociation state in response to different
stimuli, such as pH, light, and temperature. However, most of these stimuli are not
performed in physiological conditions and thus can cause some detrimental effects on
cells or even cell death. [148–150] Therefore, it is important to develop materials that can
undergo such changes in physiological conditions.
Restriction endonuclease is one type of nucleases that cleaves DNA at a specific
nucleotide sequence (i.e. restriction site).[151] In this chapter, two different restriction
endonucleases were used as the chemical stimulus for reversing a cell binding state to a
cell releasing state on the aptamer-functionalized hydrogels. Two aptamer sequences
were designed accordingly with the restriction sites that can be specifically cleaved by
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the two restriction endonucleases. Subsequently, the restriction endonucleases-mediated
cell release was studied. The sequence specificity and biocompatibility of the entire cell
release procedure were also analyzed with flow cytometry and cell viability assays.
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3.2 Materials and methods
Materials
The magnesium chloride solution (1.0 M) and glucose solution (45% w/v) were
purchased from Sigma-Aldrich (Louis, MO). Dulbecco’s phosphate buffered saline
(DPBS), bovine serum albumin (BSA), and LIVE/DEAD staining kit were all purchased
from Invitrogen (Carlsbad, CA). Nucleic acid oligonucleotides (Table 2) were produced
by Integrated DNA Technologies (Coralville, IA) and used directly without further
purification. RPMI medium 1640 was obtained from ATCC (Manassas, VA). Fetal
bovine serum (FBS, 10%) and the Penicillin-streptomycin solution (100 units/mL) were
purchased from Hyclone (Logan, UT). The trypsin solution (0.05% w/v) was purchased
from Mediatech (Manassas, VA). Restriction endonucleases BamHI-HF (100,000
units/mL) and KpnI-HF (100,000 units/mL) were purchased from New England Biolabs
(Ipswich, MA).
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Table 2. List of DNA oligonucleotides
DNA

(5’-3’)

Ao

FAMTTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGG
TTAGA

Ae

TCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTA
AAAATCGGGATCCCGTGTAA
TCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTA
AAAATCGGGATCCCGTGTAA-TAMRA

AK

TCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTTAGATAGTA
AAAATGGGGTACCCCTGTAA

L

ATATTGTTTGTTACACGGGATCCCGATTTT
Acrydite-ATATTGTTTGTTACACGGGATCCCGATTTT
ATATTGTTTGTTACACGGGATCCCGATTTT-FAM

LK

Acrydite-ATATTGTTTGTTACAGGGGTACCCCATTTT
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DNA sequence design and structural prediction
The DNA sequence design and structural prediction were performed using
NUPACK software on line at http://www.nupack.org/. The secondary structures with the
lowest free energies were presented. All the calculations were performed on the condition
that the concentrations of Na+ and Mg2+ are 140 and 5 mM respectively at 37 °C. The
melting

temperature

of

DNA

hybridization

part

was

predicted

using

IDT

Thermodynamics online software on the condition that the concentrations of Na+ and
Mg2+ are 140 and 5 mM.
Gel electrophoresis
Complementary DNA oligonucleotides were mixed together at a molar ratio of
1:1 in PBS containing MgCl2 (10mM) and incubated at 37 °C for 1 h. Restriction enzyme
(5 units) was added to cleave 1 pmol of DNA double helix at 37 °C for 0.5 h. The DNA
solutions were loaded into polyacrylamide gel (10% w/v) for running electrophoresis in a
Bio-Rad Mini-PROTEAN tetra cell (Hercules, CA). After electrophoresis, the
polyacrylamide gel was stained with ethidium bromide and then imaged with a Bio-Rad
GelDoc XR system (Hercules, CA).
Cell culture
CCRF-CEM cells (CCL-119, human T lymphocytic leukemia cell line) was
obtained from ATCC (Manassas, VA) and were cultured in RPMI medium 1640
supplemented with FBS and the penicillin–streptomycin solution. The cells were
maintained in an incubator at 37 °C in a 5% CO2 atmosphere.
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Flow cytometry
Two flow cytometry experiments were run to demonstrate the endonucleasemediated hydrolysis of the hybridized aptamer, and to test the influence of enzymatic
hydrolysis on cell properties. In the first experiment, BamHI (1 µL) was added to 100 µL
of the mixture of FAM-labeled L (0.2 µM) and Ae (0.1 µM) and the mixture was
incubated at 37 °C for 0.5 h. Afterwards, a total of 5105 CCRF-CEM cells were
incubated in the BamHI-treated mixture for 30 min at 4 °C, washed with cold washing
buffer (1 mL), and analyzed by the flow cytometer (BD FACSCalibur, San Jose, CA). A
total of 10, 000 events were counted.
In the second experiment, the cells bound to the hydrogels were treated with
BamHI (40 units) in an 80 μL of binding buffer or 80 μL of trypsin solution (0.05% w/v).
FBS were added to the trypsin solution to stop cell trypsinization at the end of the release
step. The released cells were labeled with the hybridized aptamer using the same protocol
as described in the first flow cytometry experiment. A total of 5, 000 events were counted.
The flow cytometry histograms were generated with FlowJo software.
Cell binding assay
Hydrogels were incubated in an aptamer solution (5 μM) at 37 °C to immobilize
nucleic acid aptamers. After 1 h incubation, the glass squares were thoroughly washed
with the binding buffer that was DPBS containing glucose (4.5 g/L), MgCl 2 (10 mM),
and BSA (0.1% w/v). For cell catch, the glass squares were incubated in cell suspension
(800 μL, 5× 105 cells/well) in a 24-well plate at 37 °C for 30 min. The unbound cells
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were gently removed from the coatings by shaking the plate at 90 rpm for 1 min. For cell
release, the glass squares were incubated in restriction enzyme solution (80 µL, 5
units/µL) at 37 °C for 30 min. After enzyme treatment, the hydrogels were briefly
washed in buffer solution to remove free cells and subsequently imaged under
microscope (Axiovert 40CFL, Carl Zeiss).
Live/Dead cell staining
The released cells were stained with a mixture of calcein AM (1 µM) and
ethidium homodimer-1 (1 µM) using the LIVE/DEAD cell staining kit. Fluorescence cell
images were captured using the inverted fluorescence microscope (Axiovert 40CFL, Carl
Zeiss).

50

3.3 Results and discussion
3.3.1 Sequence design
Restriction endonuclease is one class of nucleases that cleave DNA molecules at
the restriction sites. Thus, it is hypothesized that cell release from hydrogels can be
achieved via endonuclease-mediated cleavage of aptamers that are designed with the
sequence of restriction sites (Figure 3.1). To test the hypothesis, BamHI was first used to
study the restriction endonuclease-mediated cell release. To allow endonuclease cleavage,
the aptamer (L-Ae) was designed with recognition sequence of BamHI on the linker
domain (Figure 3.1B) Thus, the restriction endonuclease can specifically recognize and
hydrolyze the linker domain of the DNA aptamer. The cells binding state can be reversed
to the state of releasing on the hydrogel surface.
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Figure 3.1 DNA sequence design for restriction nuclease mediated cell release from
hydrogel. A) Schematic illustration of cell release from the hydrogel mediated by
restriction endonuclease. B) Sequence design of the endonuclease-responsive aptamer.
Basing on the cell binding aptamer designed in the previous chapter, the restriction site of
endonuclease was integrated in linker domain. Thus, the cleavage of the aptamer will
induce cell release from the hydrogel.
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3.3.2 Endonuclease-mediated sequence-specific hydrolysis
We used restriction endonuclease BamHI to treat the aptamer-functionalized
5’−GGATCC−3’

hydrogel. BamHI cleaves double stranded DNA sequenced 3′ −CCTAGG−5′. The cleavage
site of the aptamer is shown in Figure 3.2A. And the hydrolysis of DNA was first
checked in a gel electrophoresis experiment. The gel electrophoretogram shows that the
30-min BamHI treatment led to the degradation of the majority of Ae-L duplexes (Figure
3.2B). In order to confirm the sequence specificity of the endonuclease, another
restriction endonuclease was used to treat the DNA duplex. The electrophoretic gel
shows that the control endonuclease, i.e., KpnI, cannot degrade Ae-L duplex.
The DNA degradation on the cell surface was further confirmed by the flow
cytometry analysis (Figure 3.2C). The result shows that the fluorescence intensity of
cells decreased ~50% after treating the aptamer-labeled cells with BamHI for 30 min.
Thus, BamHI holds promise for releasing cells by breaking the aptamer linker domain.

3.3.3 Endonuclease-mediated sequence-specific hydrolysis for cell release
After the demonstration of the effectiveness of using BamHI to hydrolyze the AeL duplexes, we performed a BamHI-mediated cell release experiment on hydrogels. The
cells and the hydrogel coatings were treated with BamHI for 30 min. The result shows
that the efficiency of cell release was ~99% and the cell density on the hydrogel coating
was decreased to ~ 10 cells / mm2 (Figure 3.3).
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Figure 3.2 Endonuclease-mediated sequence-specific hydrolysis. A) Schematic of
BamHI-mediated cleavage. The symbol of the scissor indicates the restriction
endonuclease. The arrowheads point to the cleavage sites. B) Gel electrophoretogram for
analyzing the hydrolysis of the Ae-L duplex. C) Flow cytometry histogram for
determining the binding capability of the hydrolyzed Ae-L duplex. Here, sequence L was
labeled with FAM.
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Figure 3.3 BamHI-mediated cell release from the aptamer functionalized hydrogel.
Microscopy images of cells on the hydrogel before and after A) treated with buffer, B)
treated with BamHI solution. *: P<0.05. The cell numbers were quantified using ImageJ.
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3.3.4 Endonuclease-mediated sequence-specific hydrolysis for cell release
To confirm the observations in the BamHI experiment and to illustrate the
specificity of restriction endonucleases in releasing cells, we examined the functionality
of another restriction endonuclease, i.e., KpnI. The recognition sequences of BamHI and
KpnI have a high similarity with only the middle two nucleotides switched to the
corresponding positions (Figure 3.4A). Despite the high similarity of their recognition
sequences, these two endonucleases exhibited high fidelity and accuracy of cutting the
recognition sequences (Figure 3.4B). BamHI hydrolyzed the Ae-L duplex rather than the
Aek-Lk duplex; KpnI hydrolyzed the Aek-Lk duplex rather than the Ae-L duplex.
The cell release data are consistent with the gel electrophoresis results. For the
hydrogels functionalized with the Ae-L duplex, the cells were released by BamHI rather
than KpnI (Figure 3.5A). For the hydrogel functionalized with the Aek-Lk duplex, the
cells were released by KpnI rather than BamHI (Figure 3.5B). These results demonstrate
that the restriction endonuclease-mediated cell release is sequence-specific.
Because tumor cells in the same tumor exhibit heterogeneous properties [152–
154], it is reasonable that circulating tumor cells may have different characteristics. Thus,
the ability to separate and detect the subgroups of circulating tumor cells may lead to a
deep understanding of cancer development. In principle, multiple specific aptamers with
different nuclease-recognizing sites can be rationally designed and immobilized into the
hydrogel coating to catch the subgroups of tumor cells. Because our results have shown
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that BamHI and KpnI specifically hydrolyzed different recognition sequences (Figure
3.4&Figure 3.5), it is promising that the subgroups of tumor cells would be specifically
captured and released when sequence-specific aptamers and endonucleases were used.

Figure 3.4 Examination of sequence-specific DNA cleavage. A) Recognition sequence of
BamHI and KpnI. The arrowheads point to the cleavage sites. B) Gel electrophoretogram
for analyzing the hydrolysis of the aptamer duplexes.
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Figure 3.5 Examination of sequence-specific DNA cleavage and cell release. Microscopy
images of cells on the hydrogel coatings before and after endonuclease treatment. The
hydrogel coatings were functionalized with A) Ae-L, and B) Aek-Lk duplexes. The cell
images were analyzed using ImageJ to provide a quantitative analysis.

58

3.3.5 Comparison of endonuclease and trypsin in releasing cells
In addition to restriction endonucleases, it is also possible to use proteases to
induce cell release from the hydrogel coating. Thus, it is reasonable to question which
type of enzyme will be more efficient to release cells from the hydrogel coating. To
address this question, we compared the ability of BamHI and trypsin in releasing cells.
The reason of choosing trypsin for comparison is that trypsin is the most commonly used
protease for detaching cells from a surface.
As shown in Figure 3.6A, BamHI released 95 ± 4% cells within 10 min whereas
trypsin released 80 ± 18% cells during the same period of time. In addition, the
unreleased cells in the trypsin group were not evenly distributed on the hydrogel coating.
These differences may be partly attributed to the steric hindrance. Cell receptors are
directly attached to a compact cell membrane whereas the aptamers are immobilized on
the porous hydrogel coating. In addition, the cleavage sites of endonucleases are located
in the middle of double-stranded helixes. Resultantly, it would be easier for
endonucleases to attack the cleavage sites than proteases to attack cell receptors. The
results also show that both trypsin and BamHI could release more than 99% cells after
30-min enzyme treatment (Figure 3.6B).

59

Figure 3.6 Comparison of cell release mediated by BamHI and trypsin. A)
Representative microscopy images of cell bound hydrogel after treated with BamHI and
trypsin individually. B) Cell release kinetics mediated by BamHI and trypsin.
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3.3.6 Nondestructive cell release
Because the analysis of circulating tumor cells involve the characterization of not
only signaling molecules and genes inside the cells but also their surface properties, it is
critical to ensure minimal effects on cell properties both inside and on the surface during
the procedure of cell release. This need is particularly important to the understanding of
the properties of metastatic cancer cells that may rely on their surface receptors to find
appropriate places to survive and grow into new tumors. Therefore, in addition to the cell
release efficiency, we further compared the properties of released cells with two different
assays: LIVE/DEAD cell staining and flow cytometry.
The results show that the percentage of viable cells was approximately 98% in
both groups, indicating that there is no difference between BamHI and trypsin in affecting
cell viability (Figure 3.7A). However, the flow cytometry results show a significant
difference (Figure 3.7B). The BamHI-released cells exhibited fluorescence intensity
similar to that of normal cells whereas the trypsin-released ones exhibited fluorescence
intensity close to that of the unlabeled cells. These results demonstrate that endonucleases
barely affect cell receptors whereas proteinases cause a significant decrease of receptor
density. Taken together, these cell release results indicate that endonuclease-mediated
treatment is not only fast and efficient, but also biocompatible to maintain the original
cell properties.
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Figure 3.7 Determination of non-destructive cell catch and release. A) Live/Dead cell
staining. The green and red colors indicate live and dead cells (pointed by the arrows),
respectively. B) Flow cytometry histogram. The cells were labeled with the aptamer
solution.
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3.4 Conclusions
The restriction endonuclease-responsive hydrogels for cell release was developed
using aptamer-functionalized hydrogels and restriction endonucleases. The sequencespecific restriction endonucleases can hydrolyze aptamers with rationally designed
cleavage sites and rapidly release cells from the hydrogel without causing cell damage.
Therefore, this chapter has successfully demonstrated a promising chemical strategy for
cell release in response in physiological conditions
Although restriction endonucleases have shown great promise in inducing
nondestructive cell release, the aptamers were hydrolyzed by the nucleases, losing the
integrity of the material after the releasing of cells. Therefore, an alternative strategy for
efficient cell release without sacrificing material integrity will be explored in the next
chapter.
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CHAPTER 4

DNA-INDUCED NONDESTRUCTIVE CELL
RELEASE

4.1 Introduction
Materials with the ability to mimic the dynamics of biological systems have been
widely studied for the regulation of cell adhesion[21,59,90–101]. 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 stimuli through the cleavage of chemical
bonds or molecules.[21,59,90–97] While promising, there are two critical questions that
are need to be addressed. The first question is that the materials will lose the
functionalities for cell binding and structural integrity after responding to stimuli. In
addition, 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.[148–150,155–
157] 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 been studied with the ligands
buried within the materials. 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
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not satisfy the situations where mechanical stretching or electrical potential are difficult
to apply or change.
The purpose of this chapter was to develop a new dynamic system for which cell
release is controlled by physical changes, i.e., by molecular reconfiguration of an
encrypted aptamer via DNA hybridization (Figure 4.1). The key functional units of the
hydrogels for cell adhesion are encrypted nucleic acid aptamers that are covalently
conjugated to the hydrogel network through a terminal unsaturated acrydite group. Since
aptamers are composed of nucleotides, their structural conformations can be readily
regulated through intra- and inter-molecular hybridizations, thus inducing cell release
from the hydrogel. Moreover, as the DNA-responsive aptamers maintain the covalent
immobilization state in the hydrogels without loss or cleavage during the regulation, the
cell adhesion function of the hydrogels can be dynamically and reversibly regulated.
Since the aptamers will not be released from the hydrogel, the likelihood that the released
free aptamers that can negatively influence cell behaviors is not a concern for this design
of dynamic hydrogels.
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Figure 4.1 Schematic illustration of the DNA-induced cell release from hydrogel.
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4.2 Materials and methods
Materials
Magnesium chloride (MgCl2) solution (1.0 M), glucose, and 3-(trimethoxysilyl)
propyl methacrylate (TMSPM) were obtained from Sigma Aldrich (Louis, MO).
Dulbecco’s phosphate buffered saline (DPBS) and SYBR@Safe were purchased from
Invitrogen (Carlsbad, CA). RPMI-1640 was purchased from ATCC (Manassas, VA).
Fetal bovine serum (FBS) and penicillin-streptomycin solution were purchased from
Hyclone (Logan, UT). Oligonucleotides (Table 3) were synthesized by Integrated DNA
Technologies (Coralville, IA). Other chemicals were purchased from Fisher Scientific
(Suwanee, GA).

67

Table 3. List of DNA oligonucleotides
DNA

(5’-3’)

Ai20

Acrydite-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGT
ACGGTTAGATCTTCCCTCTAACCGTACAGTATTTTC
FAM-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGTAC
GGTTAGATCTTCCCTCTAACCGTACAGTATTTTC
TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAA/i2AmPr/TACTGTAC
GGTTAGATCTTCCCTCTAACCGTACAGTATTTTC

Ai10

Acrydite-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTG
TACGGTTAGATCTTCCCTCTAACCGTA
FAM-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGTA
CGGTTAGATCTTCCCTCTAACCGTA

Ao

Acrydite-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTG
TACGGTTAGA
FAM-TTCCTCCTTATCTAACTGCTGCGCCGCCGGGAAAATACTGTA
CGGTTAGA

U0

GAAAATACTGTACGGTTAGA

U1

GAAAATACTGTACGGTTAGAG

U2

GAAAATACTGTACGGTTAGAGG

U3

GAAAATACTGTACGGTTAGAGGG

U4

GAAAATACTGTACGGTTAGAGGGA

U5

GAAAATACTGTACGGTTAGAGGGAA

U6

GAAAATACTGTACGGTTAGAGGGAAG

U7

GAGGCTGAAAATACTGTACGGTTAGAGGGAAG
GAGGCTGAAAATACTGTACGGTTAGAGGGAAG-Cy5.5

R

CTTCCCTCTAACCGTACAGTATTTTCAGCCTC
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Analysis of secondary structures
The secondary structures and Gibbs free energy (ΔG) of DNA sequences were
calculated using NUPACK software on line at http://www.nupack.org/. The secondary
structures with the lowest free energies were presented. All the calculations were
performed on the condition that the concentrations of Na+ and Mg2+ are 140 and 5 mM
respectively at 37 °C.
Synthesis of the functional hydrogels
The DNA functionalized hydrogel was synthesized on a silanized glass substrate
with a dimension of 4 × 4 mm2. To do glass silanization, the glass slides were treated
with TMSPM solution for 5 min and subsequently washed with ethanol and dried in the
air. To synthesize the DNA conjugated hydrogel, a pregel solution containing ammonium
persulfate (APS, 0.1 μL, 10% w/v), N,N,N’,N’-tetramethylenediamine (TEMED, 0.1 μL,
10% v/v), acrylamide/bis-acrylamide solution (1 μL, 10% w/v, 37.5:1), and acryditemodified DNA (100 μM) was prepared. This pregel solution was transferred onto the
surface of silanized glass and covered with a coverslip. After the hydrogel was cured for
1 h, the coverslip was gently removed from the hydrogel. The synthesized hydrogel was
washed in DPBS for 1 h to remove the unreacted molecules.
Fluorescence Spectroscopy
The 2’-aminopurine (307/370 nm (Ex./Em.)) modified sequence (i.e., Ai20) was
dissolved in 100 µL of PBS (1×) with a concentration of 1 µM. After heating at 95 °C for
4 min, and cooling to room temperature for 1h, it was transferred into a fluorescence 96well plate (Perkin Elmer, Waltham, MA). Then sequence U (2 µM) was added to probe
the unblocking of the binding domain. To further determine the structural recovery of
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Ai20, sequence R (10 µM) was added into the mixture of 2’-aminopurine modified Ai20
and U7. The fluorescence intensities of DNA solutions were recorded by a Tecan M200
Pro Micro-plate reader (Tecan US Inc., San Jose, CA) at predetermined time intervals.
The fluorescence spectrum of each sample was scanned from 340 nm to 480 nm.
Cell culture
CCRF-CEM cells (CCL-119, human T lymphocytic leukemia cell line) and
Ramos cells (Human B lymphoma cell line) were obtained from ATCC (Manassas, VA).
CCRF-CEM cells were cultured in RPMI medium 1640 supplemented with 10% FBS and
the 100 IU/mL penicillin–streptomycin solution. Ramos cells were cultured and
maintained in RPMI medium 1640 supplemented with inactivated FBS and the
penicillin–streptomycin solution. Both cells were cultured in an incubator at 37 °C in a 5%
CO2 atmosphere.
Confocal microscopic imaging of cells
To study the binding between Ai sequences and the cells, ~5×105 cells were first
washed twice in Buffer-A (1X PBS, MgCl2: 10mM, glucose: 4.5 g/L) after harvested
from a flask. The cells were incubated in 100 µL solution containing FAM-labeled Ao or
Ai20 sequence (0.5 µM) at 37 °C for 30 min, followed by another three rounds of washing
with 0.5 mL buffer. After that, they were seeded to an 8-well chamber slide and imaged
under the Olympus FV1000 laser scanning confocal microscope (Olympus America Inc.,
Melville, NY) with a 40X objective. Blue Argon (488 nm) laser was used to excite the
cells.
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Flow cytometry
Three types of experiments were performed: 1) To determine the binding of
sequence Ai and cells, ~5×105 cells were incubated in 100 µL binding buffer containing
FAM-labeled Ao or Ai (0.05 µM) at 37 °C for 30 min. 2) To examine the unblocking of
binding domain of Ai, sequence U (1 µM) was added to the above cell solution and
incubated for another 30 min at 37 °C. 3) To further investigate the separation of
sequence U from the blocking domain, sequence R (10 µM) was added to the Ai20U7
treated cell samples. After each step, the cells were washed with binding buffer (0.5 mL)
three times and examined using a guava easyCyteTM flow cytometer (Millipore) with a
blue light (Ex, 488 nm) and a green filter (Em, 525±30 nm). A total of 5000 events were
counted for each run. The results were post analyzed using FlowJo software.
Examination of the cell adhesion on the hydrogels
Hydrogels were washed in buffer-B (1X PBS, MgCl2:10mM, BSA: 0.1% w/v,
and glucose: 4.5 g/L) for 1 h and then incubated with 20 μL of U7 solution (10 μM) at
37 °C for 1 h. After washing, the hydrogels were incubated with 800 μL of cell
suspensions (~5×105 cells) at 37 °C for 30 min. The unbound cells were removed by
gently shaking the hydrogels at 90 rpm for 1 min. To dissociate the cells from the
materials, the hydrogels were further incubated with sequence R (10 µM) at 37 °C for 30
min. The hydrogels were imaged after gently shaking for 1 min to remove the loosely
bounded cells. The hydrogels were imaged under an inverted microscope (Olympus IX73,
Melville, NY) with a 10X objective. Three areas of the hydrogel surface were randomly
selected for imaging. The cells in each image were enumerated using ImageJ.
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Cells attached to Ai20U7-functionalized hydrogels were imaged for high
magnification morphology using a Leica DM5500 B microscope (Leica Microsystems,
Wetzlar, Germany) equipped with a 40 X water immersion objective and a Hamamatsu
ORCA-Flash4.0 digital camera. Images were generated using Leica Application Suite X
software.
To examine whether cells could be detached by R after a longer period of cell
attachment, the cell attachment time was extended from 0.5 h to 12 h. The 10% FBS was
heated at 56 °C for 30 min to reduce the nuclease activity before used for the preparation
of cell culture medium and cell attachment. The other experimental procedure was the
same as described above.
Fluorescence imaging of the hydrogels
The Ai20-functionalized hydrogels were incubated with 20 μL of Cy5.5-labeled
U7 solution (10 μM) for 30 min. After washing thoroughly in DPBS to remove the free
DNA molecules, the fluorescence of hydrogels was examined using a fluorescence
microscope (Olympus IX73, Melville, NY). The hydrogels were then incubated with 200
μL of sequence R (10 μM) for another 30 min and then reimaged. The fluorescence
signals were recorded by using a fluorescence filter cube (Ex./Em.=620 ± 30/700 ± 40
nm). The fluorescence intensities were quantified using ImageJ software.
Scanning Electron Microscopy
Hydrogels with attached cells were prepared for SEM first by washing in DPBS,
and then incubated in a solution of 3% (w/v) glutaraldehyde in DPBS for 3 hrs. Next, the
samples were placed in a solution of 50% ethanol in DI water for 15 min, followed by 5
min each in 60%, 70%, 80%, and 90% ethanol solutions. The samples were then placed
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in 100% ethanol for 10 min. As a drying step, samples were immersed for 20 min in both
1:1 and 1:2 ethanol to 1,1,1,3,3,3- Hexamethyldisilazane (HMDS) solutions. As a final
step, samples were left in 100% HMDS overnight. Immediately before SEM analysis,
samples were sputter-coated with a thin gold film. They were then analyzed using an FEI
Quanta 200 Environmental SEM at a 20 kV accelerating voltage.
Live/dead staining
To assess the cell viability, cells were incubated with fluorescent stains from a
Live/Dead Mammalian Cell Viability/Cytotoxicity kit (Life Technologies, Carlsbad, CA)
at a final concentration of 1 µM each. After 15 min incubation at 37oC, cells were imaged
under fluorescence microscopy for both live (green) and dead (red) channels. Cell images
in each channel were pseudocolored and merged using CellSens Standard software. Live
and dead cells were enumerated using ImageJ software. The percentage of viable cells
was calculated as the ratio of live cells to total cells.
Statistical analysis
Student’s t-test (two-sided) was used to determine the significance of results. Pvalue < 0.05 was considered as significance. Error bars in all figures represent standard
deviations.
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4.3 Results and discussion
4.3.1 Molecular encryption and remodeling of the DNA-responsive aptamer
The purpose of this chapter was to develop dynamic hydrogel for which the cell
adhesion function is reversibly controlled by the physical molecular reconfiguration of
aptamers during DNA hybridization. In other words, the cell binding functionality can be
switched in between inert and active state in response to complementary DNA molecules
(Figure 4.2A).
The encrypted aptamer sequence has two functional domains: one is used for cell
binding; the other is used for blocking the binding domain (Figure 4.2Error! Reference
source not found.B). Here, the sgc8c aptamer sequence was still used as the cell binding
domain. The blocking domain is also an oligonucleotide that partially forms
intramolecular hybridization with the cell binding domain. Thus, the aptamer is
intrinsically inert for cell binding. The cell binding functionality can be triggered into an
active state after the addition of U sequence (Figure 4.2Error! Reference source not
found.C). And the reactions can be further reversed via adding R sequence and thus
displacing sequence-U from Ai (Figure 4.2Error! Reference source not found.D).
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Figure 4.2 Schematic illustration of remodeling of the Ai-functionalized hydrogel during
the hybridization reactions. A) Illustration of structural changes The capability of the
hydrogel to induce and inhibit cell adhesion is determined by the active and inert states of
Ai, respectively. U: unblocking sequence; R: recovering sequence. B) Design of the cell
adhesion molecule (Ai) with two functional domains: a truncated aptamer (green) for cell
binding and a blocking oligonucleotide (yellow). These two domains form intramolecular
base pairs that allow the blocking domain to induce the conformational change of the cell
binding aptamer domain. C) Hybridization reaction for unblocking sequence (U) induced reconfiguration of Ai for the exposure of the cell binding domain. D)
Hybridization reaction for recovering sequence (R) – induced reconfiguration of Ai from
the active to inert state by neutralizing and separating U from Ai.
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4.3.2 Encrypted DNA-responsive aptamer
Inertness of the DNA-responsive aptamer
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 4.3A). 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 (i.e., the binding
domain without the blocking one) exhibited strong green fluorescence whereas those
treated by the aptamer Ai (i.e., the binding domain with the blocking one) exhibited much
weaker fluorescence (Figure 4.3B). The flow cytometry analysis was consistent with the
microscopy observation (Figure 4.3C).
Previous results have demonstrated that intramolecular reconfiguration is
effective to encrypt the cell binding function of Ao. Since the goal of this work is to
develop a dynamic material for the regulation of cell adhesion, 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 Aifunctionalized 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 4.3D). Thus, the data show that the hydrogel with
Ai exhibited an inert state that is inhibitive to cell adhesion.
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Figure 4.3 Design and characterization of the cell adhesion molecule. A) Schematic
illustration of cell labeling with Ao (left) or Ai (right). Ao is an oligonucleotide segment
truncated from a full-length oligonucleotide aptamer. Ai is the newly designed aptamer
sequence with a cell binding domain (green) and a blocking domain (yellow). The Ai
sequence has 20 intramolecular base pairs. B) Confocal microscopy images showing the
binding of Ao or Ai to the cells. Ai and Ao were both labeled with FAM for fluorescence
imaging. C) Flow cytometry histograms showing the binding of Ai or Ao to the cells. D)
Comparison of cell adhesion on the hydrogels with either Ai or Ao. ** P<0.001, n=3.
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Effective length of blocking domain for blocking cell binding function
To understand the effectiveness of molecular reconfiguration in controlling the
function of the binding domain and cell adhesion, we reduced the length of the blocking
domain and examined the effect of the intramolecular hybridization length on cell
adhesion (Figure 4.4A). As shown in the secondary structures, while the two aptamers
with a blocking domain both exhibit a stem-loop conformation, their conformations are
different from that of the binding domain (i.e., 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 experimental 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 (Figure 4.4B).
The data of cell adhesion (Figure 4.5) are consistent with the flow cytometry
analysis (Figure 4.4B). At the concentration of 50 µM aptamer, the cell density of the
Ai10-functionalized hydrogel was ~10 times higher than that on the Ai 20-functionalized
hydrogel but ~10 times lower than that on the Ao-functionalized hydrogel. When the
concentration was increased, the absolute amount of Ai10 was increased. Resultantly, the
difference between Ai10 and Ao was less significant with the increase of their
concentrations. These data show that the capability of Ai10 in inducing cell adhesion is
weaker than Ao but stronger than Ai20. Importantly, the blocking domain has to be
sufficiently long to inhibit the cell binding domain.
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Previous studies have suggested that the conformations of nucleic acids are
dynamic.[158,159] Equilibrium of conformational changes exists among different
structures. The stability of the conformations is indicated by ∆G values of the structures.
A lower ∆G value suggests a more stable structural conformation. The ∆G value of the
stem-loop structure of Ai10 is -7.83 kcal/mol whereas that of Ai20 is -17.31 kcal/mol.
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 nucleic acid aptamers, favoring the
recovery of the functional conformation.[132,160] Taken together, these findings suggest
that the blocking domain has to be sufficiently long to inhibit the cell binding domain.
Since our data show that intramolecular 20 base pairs sufficiently inhibit the cell binding
function of the aptamer, Ai20 was used in the following experiments.
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Figure 4.4 Comparison of cell adhesion on Ao, Ai10, and Ai20. A) Secondary structures
and ΔG values of Ao, Ai10, and Ai20. The structures were generated using NUPACK
software. The conditions used for the generation of the structures are 140mM Na+ and
5mM Mg2+ at 37 °C. B) Flow cytometry histograms showing the capability of Ai20 and
Ai10 in binding to the cells. The data 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.
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Figure 4.5 Comparison of cell adhesion on Ai10 and Ai20-functionalized hydrogels. A)
Representative cell images. B) Quantitative analysis. At the concentration of 50 µM
aptamer, the cell density of the Ai10-functionalized hydrogel was ~10 times higher than
that on the Ai20-functionalized hydrogel but ~10 times lower than that on the Aofunctionalized hydrogel.
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4.3.3 Activation of aptamer for cell catch
Structural reconfiguration of activated aptamer
After the demonstration that the blocking and binding domains can be rationally
integrated to synthesize an encrypted molecule, we studied whether it was possible to
unblock the binding domain of Ai with the hypothesis that an exogenous short
oligonucleotide (i.e., 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 4.2C). To test this hypothesis, Ai20 was synthesized with a
2’-aminopurine located in the stem structure. The 2’-aminopurine exhibits stronger
fluorescence when changing from a hybridized state to an unhybridized state.[161,162]
Thus, the measurement of the fluorescence intensity would indicate the conformational
change as shown in Figure 4.6A.
Seven U sequences with different lengths were studied to unblock the binding
domain of Ai20. The hybridizing length of U and Ai20 was gradually increased from 20 to
26 base pairs (Figure 4.6B). The absolute ∆G value of AiU duplex increases as the
hybridization length increases, suggesting that AiU with longer hybridization length is
more stable (Figure 4.6C). Indeed the result also shows that the fluorescence intensity of
Ai20 increased with the hybridizing length in the presence of U and that U6 was the
strongest to unblock the binding domain of Ai20 among the seven tested sequences
(Figure 4.6D).
Consistent with previous results, the structural analysis suggests that the cell
binding domain is displayed after the hybridization reaction (Figure 4.7A). And the gel
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electrophoresis result also confirmed the DNA intermolecular hybridization between Ai 20
and U6 (Figure 4.7B). The result of 2‘-aminopurine intensity versus time shows that this
unblocking hybridization reaction could happen within 10 min and the unblocked
aptamer maintained the stable unblocking conformation (Figure 4.7C).
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Figure 4.6 A) Schematic illustration of Ai reconfiguration during the hybridization
reaction. B) The list showing hybridization lengths between Ai20 and a serial of U
sequences. C) The free energy (ΔG) values of AiU with different hybridization lengths.
The ΔG value decreases as the hybridization length increases, suggesting that AiU duplex
with longer the hybridization length is more stable. D) Fluorescence emission spectra of
Ai20 treated with a series of U sequences with different intermolecular hybridization
lengths. A 2’-aminopurine was incorporated into the stem region of Ai20 to probe the
molecular reconfiguration. The fluorescence intensity of 2’-aminopurine in the stem is
weaker than that in the loop. The increase of the fluorescence intensity versus the
hybridization length shows that U6 was the most effective unblocking sequence.
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Figure 4.7 A) Secondary structures of Ai20 and Ai20U6 in the hybridization reaction. The
structural analysis was performed using NUPACK software. The conditions used for the
generation of the structures are 140mM Na+ and 5mM Mg2+ at 37 °C. B) Electrophoretic
gel histogram of the DNA intermolecular hybridization between Ai20 and U6. C) Reaction
kinetics of Ai20 and U6. Ai20 has a 2‘-aminopurine in its stem for the evaluation of Uinduced Ai reconfiguration.
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Examination of molecular reconfiguration of Ai after the U-treatment for inducing cell
adhesion
To further confirm whether the U sequence could unblock the binding domain of
Ai20, we used both confocal microscopy observation and flow cytometry to examine cell
labeling. The data show that Ai20 was able to bind to the cells in the presence of U6
(Figure 4.8A&B). Since our purpose was to use the aptamer to synthesize a dynamic
hydrogel, U6 was applied to treat the Ai20-functionalized hydrogel for the examination of
cell adhesion. 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 4.8C).
Therefore, the hybridization reaction for the U-mediated Ai reconfiguration is effective
for the remodeling of the hydrogel that can undergo changes from an inert state to an
active state.
A number of dynamic materials have been synthesized with an unidirectional change
because of the release of ligands.[95–97] The mechanism presented in this study is
different since ligand reconfiguration does not require ligand release regardless of if the
blocking domain forms intramolecular 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, 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, i.e., inhibition of
cell adhesion.
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Figure 4.8 Examination of U-mediated Ai reconfiguration for cell adhesion. a)
Schematic 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-treatment. ** P<0.001, n=3. The data presented herein were produced by
using Ai20 and U6.
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4.3.4 Release cells via deactivating the aptamer
Addition of overhang on U sequence
To achieve the separation of U from Ai, one may suggest using the variation of
temperature as a stimulus.[87,163,164] Temperature-responsive materials have been
synthesized for the regulation of cell adhesion. For instance, Kikuchi et al. developed
thermosensitive

poly(N-isopropylacrylamide)

substrates

for

cell

sheet

tissue

engineering.[163] These materials allow for cell adhesion at 37 °C, whereas lowering the
temperature from 37 to 20 °C causes cell detachment. However, the melting temperature
of U6 and Ai20 is 65 °C, which is far above the physiological temperature. Thus, while the
separation of U sequence from the blocking domain can be realized through the increase
of temperature above the melting temperature of the intermolecular base pairs, 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.
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, i.e., U7 (Figure 4.9A). 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. To do so, Ai with 2’-aminopurine was
incubated with the two U sequences with and without the overhang, respectively. The
result from the 2’-aminopurine fluorescence analysis shows that the addition of the 6nt
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overhang did not affect the ability of U to react with Ai (Figure 4.9B). 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 (Figure
4.9C). 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 (Figure 4.9D).
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Figure 4.9 A) Illustration of Ai20U6 and Ai20U7. U6 sequence was added with a 6-nt
overhang at the 5’ end to become U7. 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. B) Fluorescence emission spectra of sequence
Ai20 treated with U6 and U7. A 2’-aminopurine was incorporated into the stem region of
Ai20. C) Binding kinetics of Ai20U6 and Ai20U7. D) Flow cytometry histograms showing
the labeling of cells with Ai20U6 and Ai20U7. The result shows that U7 and U6 had the
same capability of activating Ai20 for cell binding.
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Examination of molecular reconfiguration of Ai after sequential treatments of U and R
for inducing cell release
To examine the function of R, the Ai20U7 complex was treated with R (Figure
4.10A&B). The fluorescence intensity of the complex was rapidly decreased, reaching a
plateau within 10 min (Figure 4.10C&D). Since Ai20 had 2’-aminopurine, this result
indicates that the Ai20U7 complex was separated, and that the conformation of Ai20 was
changed.
To examine whether R can change the cell binding state of Ai, the cells binding to
the Ai20U7 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 (Figure 4.11A), 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 Ai20U7
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 (Figure 4.11B). By contrast, the
cell attachment on the hydrogels was not affected in the buffer treatment group.
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Figure 4.10 A) Hybridization reaction. B) The structural analysis of DNA intermolecular
displacement. The analysis was performed using NUPACK software. The conditions
used for the generation of the structures are 140mM Na+ and 5mM Mg2+ at 37 °C. C)
Fluorescence emission spectra showing the functionality of R in separating U7 from the
duplex Ai20U7. Ai had a 2’-aminopurine located in its stem for the evaluation of Rinduced Ai reconfiguration. D) Reaction kinetics of R-mediated separation of U7 from
Ai20. Ai20 was labeled with 2’-aminopurine.

92

Figure 4.11 Examination of molecular reconfiguration of Ai after sequential treatments
of U and R for inhibiting cell adhesion on the hydrogels. A) Flow cytometry histograms
showing the R-induced dissociation of AiU from the cells. B) Cell adhesion on the AiUfunctionalized hydrogel before and after the buffer or R-treatment. ** P<0.001, N.S.
signifies no significance, n=3. The data presented herein were produced by using Ai20 and
U7.
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4.3.5 Time-dependent cell attachment, detachment, and viability.
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 hrs. Since the aptamer
used in this study was originally selected from an aptamer library without chemical
modifications[128], 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 from 6 to 12 hrs
likely due to ligand degradation (Figure 4.12A&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 (Figure 4.12A&C). Moreover, the majority of the cells were
viable (Figure 4.12D&E), because the entire procedure did not involve any harsh factors
and the RU complex is not toxic (Figure 4.13). Thus, these data show that R can
effectively neutralize U during the hybridization 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 (Figure
4.14), the SEM images show that some cells had protrusions during the first 6 hrs on the
hydrogel whereas few cells with protrusions were observed at 12 hrs (Figure 4.14).
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.
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Figure 4.12 Time-dependent cell attachment, detachment, and viability. a) Quantitative
analysis of cells bound to an Ai20U7-functionalized hydrogel after attachment periods of
0.5 – 12 hrs before and after R treatment. b) Representative images of cells bound to the
hydrogel surface before (top row) and after R treatment (bottom row). To examine the
cell attachment on the hydrogel for more than 0.5 hr, the cells were incubated in cell
culture medium with serum that was treated at 56 ˚C for 30 min to partially deactivate
nucleases. c) Comparison of R and control buffer-mediated detachment of cells bound to
Ai20U7-functionalized hydrogel after attachment periods of 6 and 12 hrs. d) Percent of
viable cells detached at different time points. e) Representative images of cells released
from the hydrogel surface. The viability of the cells was examined using the live/dead
staining. For live/dead staining, green fluorescence indicates live cells, while red
fluorescence (marked with red arrows) indicates dead cells. Error bars represent standard
deviation, n = 3. Scale bar represents 100 µm.
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Figure 4.13 Effect of RU complex on cell viability. A) Quantitative comparison of
viable cells in three different situations. Medium: cells cultured in the cell culture
medium; medium + RU: cells cultured in 10 µM RU supplemented cell culture medium;
and R treatment: cells detached from the hydrogel surface after R treatment. The results
indicate that RU did not affect cell viability. B) Representative images of samples from
subfigure A. For live/dead staining, green fluorescence indicates live cells, while red
fluorescence (marked with red arrows) indicates dead cells. * P < 0.05, n = 3.
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Figure 4.14 Scanning electron microscopy analysis of cell morphology. Some cells had
protrusions during the first 6 hrs whereas few cells with protrusions could be observed at
12 hrs.
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4.3.6 Multiple cycles of cell catch and release
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, fluorophorelabeled 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 (Figure
4.15). 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 via 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 previous results, the hydrogel treated with U allowed for cell adhesion
and the subsequent treatment with R led to cell release (Figure 4.16). 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.
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Figure 4.15 Multiple cycles of sequential U and R treatment of the Ai-functionalized
hydrogel. Scale bar, 100 µm. U7 and Ai20 were used this experiment. Red indicates
Cy5.5 that was used to label U7.
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Figure 4.16 Multiple cycles of sequential U and R treatment of the Ai-functionalized
hydrogel for inhibiting and inducing cell adhesion via molecular reconfiguration. A)
Representative cell images. B) Quantitative analysis. Scale bar, 100 µm. U7 and Ai20
were used this experiment. ** P<0.001, n=3.
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4.4 Conclusions
In summary, we have demonstrated a new mechanism of regulating the function
of synthetic hydrogels for releasing the captured cells. The regulation of adhesion and
inhibition is achieved via the molecular reconfiguration of an encrypted synthetic
aptamer that consists of a cell binding domain and a blocking domain. The blocking
domain enables the encrypted state of the cell binding domain for inhibiting cell adhesion
on the hydrogel. The binding domain can be repeatedly reconfigured into the active and
inert states through the hybridization reactions in physiological conditions. Notably, since
the encrypted aptamer is covalently conjugated to the hydrogel during the procedure of
molecular reconfiguration, inhibiting and inducing cell adhesion on the hydrogel does not
involve the release of free aptamers.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions
Aptamer-functionalized hydrogels have been successfully synthesized via free
radical polymerization. The acrydite group modified DNA aptamer participated into the
reaction and thus being conjugated into the hydrogel network. The hydrogels catch target
cells with specifically. And the material is highly resistant to nonspecific cell binding.
Therefore, aptamer-functionalized hydrogels hold great promise in directing specific cell
catch.
To dynamically control the cell binding on the material, restriction endonucleases
were firstly applied to release the cells captured on the material via aptamer recognition.
The sequence-specific restriction endonucleases can hydrolyze aptamers with rationally
designed cleavage sites and rapidly release cells from the hydrogel without causing cell
damage. While restriction endonucleases have shown great promise in triggering cell
release, the aptamers were hydrolyzed by the nucleases, losing the integrity of the
material after the cell release.
Therefore, an alternative strategy for efficient cell release without sacrificing
material integrity was developed. The regulation of cell adhesion and inhibition is
achieved via the molecular reconfiguration of an encrypted aptamer that consists of a cell
binding domain and a blocking domain. The blocking domain enables the encrypted state
of the cell binding domain for inhibiting cell adhesion on the hydrogel, thus inducing cell
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release from the hydrogel. The binding domain can be repeatedly reconfigured into the
active and inert states through the hybridization reactions in physiological conditions.
Notably, since the encrypted aptamer is covalently conjugated to the hydrogel during the
procedure of molecular reconfiguration, inhibiting and inducing cell adhesion on the
hydrogel does not involve the release of free aptamers. Therefore, the cells can be
nondestructively released from the hydrogel.
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5.2 Future work
In this thesis, the material for dynamically controlling cell catch and release have
been successfully developed. Over past one hundred years, great efforts have also been
made to study a diverse array of functional materials for localized drug release through
mechanisms such as diffusion, hydrolysis, solvent activation, and physical stimulation. In
the future, the work presented can be applied to develop multifunctional materials that
not only dynamically control cell-material interactions, but also determine cell functions
and fates by delivering functional molecules, such as grow factor, signaling molecules,
and drugs to the cells in situ.
To briefly test the feasibility of our idea, a multifunctional hydrogel was
developed with the capabilities of capturing cancer cells and releasing drugs locally to
kill the captured cells in situ. Thus, we studied a bifunctional hydrogel with the targetcatching and drug-releasing functions. This bifunctional hydrogel was made of two
hydrogel layers (Figure 5.1). Both layers were functionalized with oligonucleotides. The
synthesis and chemical incorporation of oligonucleotides were evaluated with
fluorescence imaging. The top layer hydrogel was functionalized with nucleic acid
aptamers. The bottom layer hydrogel was chemically functionalized with a doublestranded DNA that was used as an affinity site for sequestration of small drugs. Thus,
drugs could be locally released in a sustained manner.
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Figure 5.1 Schematic illustration of cell catch and local drug delivery for killing cells on
the hydrogel.
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We also examined cell attachment on aptamer-functionalized drug-loaded
hydrogels. The number of cells increased linearly during the first half hour and gradually
reached a plateau between 0.5 and 1.5 h (Figure 5.2A). Moreover, the presence or
absence of Dox did not affect the outcome of cell catch. This result shows that the
presence of drugs did not affect the cell-binding functionality of the aptamer. In addition
to the examination of cell catch during the first 1.5 h, we examined the cell release
kinetics. With the increase of the incubation time, the DNA complex on the top layer was
gradually degraded (Figure 5.2B). As a result, the degradation led to the release of the
attached cells from the hydrogel surface. The density of the cells on the hydrogel was
decreased to 50.1 and 99.8% after 8 and 24 h incubation in the presence of serum (Figure
5.2C). The presence or absence of Dox did not affect the kinetics of cell release.
Since the kinetic profiles of cell-hydrogel interactions show that the cell density
reached a plateau at 1 h, we examined cellular Dox uptake within 1 h. The fluorescence
images show that the cells exhibited a strong fluorescence signal from Dox (Figure 5.3A).
The imaging result was confirmed by the flow cytometry (Figure 5.3B). Thus, the data
show that a significant amount of Dox was taken up by the cells within the first 1 h
before the onset of cell release.
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Figure 5.2 Cell catch and release kinetics on the hydrogel. A) Kinetics of cell catch on
hydrogels in the presence or absence of Dox. Scale bar: 100 µm. B) Degradation of
dsDNA in the culture medium. The electrophoretic gel image was analyzed with the
software of Maestro imaging system to generate the profile of dsDNA degradation versus
time. C) Kinetics of cell release from the hydrogels in the presence or absence of Dox.
For the cell release study, the starting 0 h indicates 1 h after cell catch. Scale bar: 50 µm.
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After the examination of Dox uptake by the cells, the effectiveness of Doxmediated cell killing was investigated via the cell viability assays. The cells were
harvested from the hydrogel surface at 1 h for the cell bioactivity assay. As shown in the
fluorescence images, the cells without Dox treatment could maintain the same bioactivity
and morphology as those intact cells (i.e., cells incubated in normal cell culture medium)
(Figure 5.3C). In contrast, most of the cells treated by Dox died with irregular shapes.
The quantitative data showed that the viability of the Dox-treated cells was decreased to
less than 10% (Figure 5.3D), suggesting that the short duration of drug uptake was
sufficient to kill the majority of the cells. To illustrate the effect of the residence time on
drug uptake, we harvested the cells from the hydrogel at the different time points and
characterized their Dox uptake via flow cytometry. The results show that the amount of
Dox uptake increased with the time (data not shown). The SEM images also show that
the 12-h exposure to Dox resulted in cellular fragmentation into membrane-bound
apoptotic bodies, which is a hallmark of cell apoptosis and death (data not shown).
While the data show that the cells could take up drugs and drug uptake could kill
the cells, aptamers were degraded during this local drug release procedure. To regenerate
the surface with fresh aptamers for cell catch, we used a chemically modified DNA for
the functionalization of the top hydrogel layer. One of the non-bridging oxygen in each
phosphate was replaced by sulfur. The gel image shows that DNA degradation was
undetectable during a 7-day degradation test (data not shown), indicating that the
sulfurization of the backbone stabilized DNA in the serum. Thus, chemically modified
DNA was able to hybridize with fresh aptamers after the original ones were degraded.
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Resultantly, the hydrogel was able to sustainably catch and kill cells (Figure 5.4). In
addition to the replacement of the non-bridging oxygen with sulfur, there is a diverse
array of other chemical methods available to stabilize oligonucleotides against nuclease
degradation.[165–167] Those methods can also be used to chemically modify and
optimize DNA.
In summary, we synthesized a bifunctional hydrogel to demonstrate the future
works for cell catch and release. We also systematically examined its functionalities of
catching cells and releasing drugs. This material is able to catch cancer cells effectively
and release drugs locally to kill cancer cells. Moreover, it can repetitively catch and
release cancer cells via alternate aptamer display and nuclease degradation. As a result,
the sustained drug release from this bifunctional hydrogel can continuously kill cancer
cells. Thus, the data have demonstrated the potential of developing a bifunctional
biomaterial for not only cell catch but also cell killing. Other future work will be to
examine cell catch and killing in an in vivo environment.
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Figure 5.3 Examinations of drug uptake and cell viability. A) Fluorescence images of the
cells after 1-h residence on the Dox-releasing hydrogel. The cells were harvested and
analyzed after 1-h residence on the hydrogel. Scale bar: 20 µm. B) Flow cytometry
histogram. C) Examination of cell viability via the cell staining assay. The harvested cells
were cultured in the cell culture medium for 48 h and then stained with Hoechst 33342
and Calcein AM. Hoechst 33342 was used to stain the nuclei of cells; Calcein AM was
used to stain live cells. Scale bar: 20 µm. D) Analysis of cell viability with the MTS
assay. * P<0.05; n=3.
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Figure 5.4 Evaluation of sustained cell catch and killing. A) Schematic illustration of
alternate aptamer display and nuclease degradation on the top layer hydrogel. ID1 is
nondegradable owing to the full modification of its backbone whereas unmodified CD1 is
degradable. B) Microscopic images and quantitative analysis of cell catch and release in a
two-round test. Scale bar: 50µm. C) Analysis of cell viability. * P<0.05; n=3.
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