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Cell adhesion plays a central role in multicellular organisms
and disease because it is not only a physical link to the
environment, but also can activate signaling pathways that
have profound effects on cell fate and diverse physiological
processes, including wound healing, tissue repair, and cancer
metastasis.!'!! Molecular approaches to control cell adhesion
and migration hold considerable promise in tissue engineer-
ing, medical implantation and immunological response.”?
Recently, dynamic substrates that can mimic the character-
istics of the natural extracellular matrix (ECM) and turn
surface properties “on” or “off” with external stimulus have
attracted much attention.P! Thus far, the switchable surfaces
have been engineered to respond to an electric field,*! UV/
Vis light,”! temperature,””! chemical stimuli,”! enzymatic
activities,® and magnetic field.”’ Among these stimuli, light
is highly attractive as it allows control over the cells from
a distance with relatively high spatial and temporal precision.
To date, photoactivated cell adhesion usually requires modi-
fication of the cell-adhesion peptide arginine-glycine-aspartic
acid (RGD) with a photolabile caging group®" and linkage of
the RGD peptide to the surface by photoresponsive azoben-
zene unitst* or photocleavable linkers.’¥ Although much
progress has been made, all these studies use high-energy UV/
Vis light for irradiation, which may hinder their use in vivo
and for clinical applications because of the harmful side
effects and poor tissue penetration of UV/Vis light.'¥) A near-
infrared (NIR) light-responsive system for cell adhesion could
overcome these problems, because NIR light can penetrate
tissues with sufficient intensity and minimal damage.[""!
However, the efficiency of this approach is limited by the
low two-photon absorption cross-section of typical chromo-
phores.'! Recent advances in NIR-absorbing nanomaterials,
such as gold nanostructures,'? carbon nanostructures,'¥ and
a copper semiconductor,' could help solve this problem.
These nanomaterials can convert NIR light into heat by the
photothermal effect. Herein, by incorporating an NIR-
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responsive graphene/Au nanorod with thermoresponsive
DNA, we achieved the controlled release of cells by NIR light.
DNA was used as a thermoresponsive linker to capture
cells for the following reasons: first, when anchoring live cells,
DNA has little influence on the viability of cells;™ second,
the responsive temperature of DNA can be easily adjusted by
changing the sequence (which can be applied to various
conditions); third, DNA, as a typical smart material,'®’ may
provide more flexible control over cells by combining NIR
light with other stimuli. Recently, a DNA matrix has been
applied to the design of cell arrays and selective release of
target cells through enzymatic digestion or strand displace-
ment."! However, there are still problems to overcome. For
example, DNA-modified surfaces are often destroyed follow-
ing enzymatic digestion and cannot be regenerated for the
next cycle, but with cell-release through strand displacement,
the cooperative hybridization process often takes too long,
making the process slow. Therefore, more sophisticated
routes for DNA-directed cell release are needed. DNA can
reversibly switch between different conformations in a con-
trollable manner with a particular stimulus."® Therefore,
a more efficient and regenerative catch-and-release technique
for cells can be made using various stimuli-modulated
reversible conformational transitions of DNA. Herein,
human telomeric G-rich DNA and C-rich DNA with repeats
of GGGTTA and CCCTTA were used for cell immobilization
because theit duplex DNA (dsDNA) form can be reversibly
disassembled, both by temperature and pH conditions (C-rich
DNA forms a quadruplex i-motif at slightly acidic pH!').
This is the first report of NIR- and pH-dual-controlled
reversible cell catch-and-release (Scheme 1). An indium tin
oxide (ITO) surface was modified with functionalized gra-
phene, which acted as both an NIR-responsive nanoheater™
and a biocompatible scaffold for cell growth.”” Then, the
graphene surface was modified with another NIR-absorbing
substance, Au nanorods (AuNRs), which should further
enhance the photothermal efficiency."™ After that, the
dsDNA (sequences of C-rich DNA1 and G-rich DNA2 are
shown in the Supporting Information, Table S1) was used as
a linker for cell immobilization. Human umbilical vein
endothelial cells (HUVEC) were used to study the feasibility
of our design. To mediate cell adhesion, RGD was chosen as
the bioadhesive ligand covalently conjugated on the 3'-
terminus of G-rich DNA2. RGD can be specifically recog-
nized by integrins, the major receptors for cell-lECM adhe-
sion.”" To control cell adhesion effectively, the inactive sites
of the substrate must be resistant to nonspecific cell binding.
Therefore, we used Tween 20, a common detergent and
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Scheme 1. A) Fabrication of a dual NIR- and pH-responsive substrate
for cell adhesion. B) Temperature-dependent dissociation of dsDNA
and pH-responsive conformation switching of i-motif DNA. C) Control
of cell adhesion through NIR radiation and pH value.

blocking agent in bioanalytical assays, to minimize non-
specific cell adsorption. Tween 20 is composed of two parts:
aliphatic ester chains that can prevent nonspecific cell binding
and an aliphatic hydrocarbon chain that can easily adsorb on
the graphene surface through hydrophobic interactions.”” In
our strategy, after exposure to NIR laser radiation, photo-
energy was converted to heat by graphene and AuNRs. As
a result, the dsDNA disassembled upon increasing temper-
ature,'® and thus cells immobilized by the dsDNA linker
would be detached from the surface. On the other hand, when
the pH value was decreased, the C-rich DNA1 would fold into
closed packed four-stranded structures, called i-motifs, and
the duplex of dsDNA would dissociate.'”) Then, DNA2 would
dissociate from the surface along with the cells. Because this
procedure is not harmful to either the cells or the substrate,
the system could be used for additional rounds of cell catch-
and-release.

The substrate was fabricated as shown in Scheme 1 A. To
avoid graphene aggregation and introduce more functional
groups to the surface, dopamine (DA) was used both reduce
and functionalize the graphene oxide (GO) in one step.
Dopamine can self-polymerize into a polydopamine (PDA)
coating on a wide range of substrates.” PDA is reactive with
many groups, especially thiols and amines, thus conferring
a facile method for immobilization of biomolecules such as
DNA. Moreover, as a good reducing agent, dopamine can
directly stabilize and reduce GO without using more hazard-
ous hydrazine.”” The PDA-capped reduced graphene oxide
(PDA-RGO) was stable for several months (Supporting
Information, Figure S1a, inset). The reduction of GO by
dopamine was monitored using UV/Vis absorption spectros-
copy (Figure S1a). In FT-IR spectra (Figure S1b) of PDA-
RGO, an absorption band at 3410 cm™ (stretching vibration
of catechol —OH groups) appeared, supporting the presence
of PDA on the graphene.” Furthermore, under our exper-
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imental conditions, PDA-RGO showed no cytotoxicity when
tested by MTT assay (Figure S1d). After immobilizing PDA-
RGO on the ITO surface, AuNRs, which can also absorb NIR
photoenergy,? were adhered to the substrate to enhance the
photothermal conversion efficiency. The AuNRs, with a lon-
gitudinal absorption band at 810 nm, were prepared (Fig-
ure S2) and immobilized on the surface using a Au-catechol
interaction.® It has been reported that the interaction force
between catechol and Au is comparable to that of streptavidin
and biotin.! The prepared PDA-RGO modified ITO
surfaces (PDA-RGO/ITO) were characterized by X-ray
photoelectron spectroscopy (XPS; Figure S3a), which
showed the characteristic peaks of Cls, Nls, and Ols.
Following the addition of AuNRs, a pair of peaks appeared
at 87.7 eV and 88.1 eV, which were assigned to Au 4f,, and
4£5,. XPS confirmed the immobilization of PDA-RGO and
AuNRs on the ITO surface. The topography of the PDA-
RGO/ITO with AuNRs was observed with SEM (Fig-
ure S3b). For immobilization of the DNA linker, an amino-
modified C-rich DNA1 was covalently linked to the surface
by way of a Michael addition between the amine of DNA1
and the catechol group of PDA.® After that, the substrate
was hybridized with the DNA2-RGD conjugate, forming
dsDNA, and Tween 20 was added as a passivating agent, to
minimize nonspecific cell binding.”?

Following fabrication of the substrate, we focused on
whether cells could be efficiently and specifically adhered to
the surface. The substrate was seeded with HUVEC: for three
hours and monitored by microscopy. The HUVEC: efficiently
attached and spread on the surface with a fully extended
morphology (Figure 1a—c). Another surface was fabricated as
a control using the same methods but without RGD. Limited
cell adhesion was observed on the control surface and the
cells exhibited a rounded morphology, indicating poor cell
adhesion to the control surface (Figure 1d). These results
clearly indicated that Tween 20 could prevent nonspecific
binding of cells and that cell adhesion was mediated by RGD.

ITO was chosen as the surface because it is conductive and
therefore, suitable for electrochemical studies. Compared
with other methods, electrochemistry is easy to perform and
sensitive to changes in the surface properties.””! Herein, we
used cyclic voltammetry (CV) to trace each step of the
synthesis of the substrate as well as cell adhesion. Typical CVs
of K;[Fe(CN)4]/K [Fe(CN)4] with different ITO surfaces are
shown in Figure 1e. After modification of the surface with
PDA-RGO and AuNRs, the peak current increased owing to
their excellent conductivity (Figure S4a). The current was
almost constant, even after two days immersion in water,
indicating the stable immobilization of PDA-RGO and
AuNRs on the surface (Figure S4b). In addition to CV,
electrochemical impedance spectroscopy (EIS) is a highly
sensitive method, which we used to track the immobilization
with the change of electron transfer resistance (R,,).”” ITO
modified with PDA-RGO and AuNRs showed a low R, value
(Figure 1f). After conjugation with DNA1 and subsequent
hybridization with the DNA2-RGD, the R, value increased
because the negatively charged phosphate backbone repulsed
the redox probe [Fe(CN)]™™ close to the electrode.
Addition of insulating Tween 20 resulted in a further increase
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Figure 1. Microscopy images of HUVECs incubated on RGD-modified
substrates: a) fluorescence image, b) corresponding bright field image,
c) magpnified bright field image. d) Cells were incubated on a control
surface without RGD (inset: bright field image of one cell). Scale bars
in (a,b,d) =100 um, scale bar in (c) =50 um. e) CVs and f) EIS of the
AuNR-decorated PDA-RGO electrode (A), DNAT linked to the substra-
te (B), hybridization of DNA2-RGD with DNAT1 (C), surface blocked
with Tween 20 (D), incubation of cells on the modified electrode (E).
Inset: equivalent circuit.

in R,. Finally, following incubation with cells, the R, was
greatly increased because access to the probe was blocked by
the cells. The EIS results were consistent with those of CVs
and suggested that the fabrication of the substrate was
successful and the cells were adhering efficiently.

We also studied whether NIR light could release the
adhered cells. Prior to examining this, it was necessary to
evaluate the photothermal efficiency of graphene and
AuNRs.P!l After exposure to an NIR laser of 808 nm, the
change in the surface temperature was measured. Significant
and rapid heating was observed, and the temperature changes
increased with increasing laser intensity and irradiation time
(Figure S5). In comparison, no temperature change was
observed for the substrate without graphene and AuNRs or
laser irradiation, under the same conditions. These results
confirmed that graphene and AuNRs could heat the substrate
using NIR radiation. Next, UV melting experiements were
carried out to investigate the temperature-dependent disso-
ciation of the dsDNA. The temperature at which a DNA
duplex melts can be adjusted by changing the sequence and
length of the duplex."*! Herein, to enhance the efficiency of
cell release, we added three mismatched bases in the
complementary region of dsDNA to decrease the melting
temperature of the duplex. As shown in Figure 2a, the
dsDNA we used had a melting temperature of 41.5°C. Thus, it
was stable at room temperature and did not require much
energy to dissociate. To determine if the temperature-
dependent dissociation of the dsDNA linker could mediate
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Figure 2. a) UV melting curves of dsDNA with three mismatched
bases (black squares) and dsDNA with completely complementary
sequence (gray circles). b) NIR-controlled cell release monitored by
EIS; impedance spectra of modified electrode (squares), cell culture
on the modified electrode (circles), and following NIR irradiation with
125 mW for 1 min (triangles). c) NIR-controlled cell release monitored
by fluorescence microscopy: the power of the NIR irradiation was 0,
50, 125, 250, 500 mW, respectively. The graph shows the percentage of
released cells versus NIR power. Scale bars =100 um.

efficient cell release, we incubated the substrate at 45°C.
After one minute, cell release was easily observed. As heating
continued, the amount of release increased and eventually
plateaued (Figure S6). Finally, we monitored NIR-controlled
cell detachment using electrochemical methods. After expos-
ing the substrate to an 808 nm laser at 125 mW for one minute
and washing gently, the corresponding R.; value decreased
from 228 Q to 125 Q, suggesting that the amount of cells on
the surface was greatly decreased, as anticipated (Figure 2b).
In addition to EIS, fluorescence images were also used to
visualize the cell release (Figure 2c¢). Prior to NIR exposure,
the cells attached well on the surface. Over 75% of the
original adherent cells were released from the surface
following exposure to NIR radiation and the remaining cells
displayed a round morphology. As the intensity of irradiation
increased (Figure 2c¢) and the irradiation time increased
(Figure S7), more cells were detached from the surface.

To verify that the NIR-triggered cell release was mediated
by the photothermal effect, the substrates with graphene
alone (Figure S8b), AuNRs alone (Figure S8¢), and neither
of the two (Figure S8d) were used as controls. After the same
amount of NIR irradiation, few cells were removed from the
substrates with graphene alone or AuNRs alone, and the
release efficiency was significantly lower than that of the
original substrate with both graphene and AuNRs (Fig-
ure S8a). As far as the substrate with neither of the two
(Figure S8d), the cells were almost unaffected by NIR
irradiation. These results confirmed that NIR irradiation
alone does not affect cell adhesion, and the release observed
was due to the photothermal effect of graphene and AuNRs.
Additionally, to illustrate that the release of cells was due to
dissociation of dsDNA, RGD peptides were immobilized
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with a temperature-insensitive PEG linker, instead of
dsDNA, and no significant cell release was observed follow-
ing NIR irradiation (Figure S8¢). Also, when a dsDNA with
a melting temperature of 65°C (Figure 2a) was used instead
of the original three-base mismatched dsDNA (Figure S8 f),
following irradiation with the same light intensity, cells were
not efficiently released from the surface, demonstrating that
cell release was due to the temperature-dependent dissocia-
tion of the dsDNA.

For subsequent cell applications, it is better to efficiently
release the cells with minimal influence on their viability.
Finding a suitable power of NIR irradiation that can trigger
cell release without damaging the cells is important. Although
continuous NIR irradiation with high intensity could effi-
ciently detach the cells, it could also overheat the cells,
causing damage. Therefore, we tested a series of lasers with
different power densities to determine the appropriate
conditions. The viability of the released cells was evaluated
using a live/dead assay. When the irradiation power was less
than 125 mW, most of the released cells survived with
a viability of about 88 % (Figure S9a). However, the mortality
of cells increased with higher laser power (Figure S9b).
Taking the release efficiency and the cell viability into
consideration, 125 mW was chosen for further studies.

Programmable techniques that can be used repeatedly for
cell adhesion are promising. However, most of the reported
methods cannot be reused because the original substrate is
destroyed during the process. We examined whether our
substrate could repeat the catch-and-release of cells. The
photothermal stability of the substrate after laser irradiation
was studied by SEM (Figure S10). Even after exposure to
125 mW CW laser for 15 minutes, no obvious morphology
change of the substrate was observed. Next, fluorescence
images were taken to monitor the cell catch-and-release for
another two cycles (Figure S11). After the substrate was
hybridized with DNA2-RGD for a second time, the cells once
again attached to the substrate, and then the attached cells
were released from the substrate with an additional round of
NIR irradiation. After three cycles, a small decrease in
efficiency was observed, which can be attributed to the
unavoidable contamination of the substrate. These results
clearly showed that the entire procedure was non-destructive
and the substrate could be easily regenerated.

Our substrate also allows cell adhesion to be regulated by
pH, which is important for flexible manipulation of cell
behavior. Under slightly acidic conditions, C-rich DNA1
forms i-motifs, thus the dsDNA can dissociate resulting in cell
release. We examined this pH-dependent DNA transition
using CD spectroscopy. At pH 7.0, the DNAT1 alone showed
an unstructured single-stranded DNA spectrum (Fig-
ure S12a). When the pH was changed to 5.5, two CD bands
characteristic of i-motif DNA (a positive band near 288 nm
and a negative band near 256 nm) were observed.!"”! We next
confirmed that this pH-dependent transition of DNA1 could
also happen from the dsDNA form (Figure 3a). The CD
spectrum of dsDNA at pH 7.0 showed a positive peak near
263 nm and a negative peak near 240 nm, suggesting that C-
rich DNA1 and G-rich DNA2 could hybridize to form
a duplex under neutral conditions. At pHS5.5, the CD
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Figure 3. Controlled cell release by pH stimulus. a) CD spectra of
dsDNA at pH 7.0 (black) or pH 5.5 (gray); b) cell release monitored by
EIS: impedance spectra of the modified electrode (squares), cell
culture on the modified electrode (circles), and the electrode after
adjusting the pH to 5.5 for 8 min (triangles); fluorescence microscopy
of ¢) cells on the modified substrate (left) and the substrate under
acidic conditions (right); d) cells on the control substrate with pH-
insensitive dsDNA (left) and the cells on the control substrate under
acidic conditions (right).

spectrum of the dsDNA was a combination of the spectra of
an i-motif and a G-quadruplex (the spectral summation is
shown in Figure S12b), which indicated that DNA1 and
DNAZ2 were dissociated at pH 5.5 and formed their respective
intramolecular quadruplex structures.®™ An efficient con-
formational transition for the dsDNA under slightly acid
conditions was aided by three mismatched bases within its
complementary region, which facilitated duplex disassocia-
tion and conformational switching.

We then studied pH-controlled cell release. At pH 7.0, the
corresponding R, value of the EIS curves was about 228 Q
owing to the large number of cells (Figure 3b). However, by
adjusting the pH to 5.5 for eight minutes, the R, decreased to
131 Q, suggesting that most of the cells were released.
Fluorescence images showed that the cells attached and
occupied the whole substrate at pH 7.0. The cell coverage was
significantly decreased under acidic conditions (Figure 3c¢).
For a control experiment, a random dsDNA of the same
length (which could not undergo a conformational transition
with pH change) was used as the linker (Figure 3d). In this
control, a negligible amount of cells were released at pH 5.5.
This result confirmed that acidic conditions alone would not
release the cells, and that the cell release was a result of the
pH-dependent conformational switching of i-motif DNA.

The viability of the released cells was also evaluated using
a live/dead cell assay. Fluorescence images (Figure S13)
showed that most of the released cells were still alive,
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indicating that the slightly acidic conditions used did not
damage the cells. In addition, because of the reversibility of
the i-motif conformation, the substrate was easily reused
simply by adjusting the pH of the system. Fluorescence
microscopy was used to trace reversible cell catch-and-release
for two more cycles (Figure S14). Following a second hybrid-
ization with DNA2-RGD under neutral conditions, the cells
attached to the substrate again for another cycle, and when
the pH was changed to 5.5 for a second time, the cells were
released from the substrate again.

In summary, we successfully fabricated a novel NIR and
pH dual-responsive dynamic system for controlled catch-and-
release of cells. Upon NIR exposure, graphene and AuNRs
acted as nanoheaters to elevate the local temperature,
resulting in dissociation of the dsDNA and releasing the
adhered cells. Compared with previously used UV/Vis light to
control cell adhesion, NIR light can penetrate tissues and cells
with sufficient intensity and little damage, which is superior
for further applications. Also, by using the reversible pH-
dependent conformation switching of i-motif DNA, efficient
catch-and-release of cells was also achieved through pH
stimulus. By combining of the photothermal effect of
graphene/AuNRs and conformational changes in DNA, our
work could help give new insights into cell adhesion by using
a substrate that integrates stimuli-responsive smart nano-
materials and multifunctional biomolecules.
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