
Bioorthogonal Photoreactive Surfaces for Single-Cell Analysis of
Intercellular Communications
Takahiro Kosaka, Satoshi Yamaguchi,* Shin Izuta, Shinya Yamahira, Yoshikazu Shibasaki,
Hiroaki Tateno, and Akimitsu Okamoto*

Cite This: https://doi.org/10.1021/jacs.2c07321 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Methods to construct single-cell pairs of heteroge-
neous cells attract attention because of their potential in cell
biological and medical applications for analyzing individual
intercellular communications such as immune and nerve synaptic
interactions. Photoactivatable substrate surfaces for cell anchoring are
promising tools to achieve single-cell pairing. However, conventional
surfaces that photoactivate a single type of cell anchoring moiety
restrict the combination of cell pair types and their applications. We
developed a photoresponsive material comprising a bioorthogonal
photoreactive moiety and non-cell adhesive hydrophilic polymer. The
material-coated surface allows conjugation with various cell anchoring
molecules in response to light at specific timings and consequently
achieves light-induced anchoring of a variety of cells at defined regions. Using the platform surface, an array of cancer cell and
natural-killer (NK) cell pairs was constructed on a flat substrate surface and the dynamic morphological changes of the cancer cells
were monitored by cytotoxic interaction with NK cells at a single-cell level. The photoreactive surface is a useful tool for image-based
investigation of the communications between a variety of cell types.

■ INTRODUCTION
As more attention is given to the importance of cellular
heterogeneity in cell biology, pharmacology, and medicine,
techniques are needed to evaluate cell functions at the single-cell
level.1−3 Intercellular communications via interactions between
the receptor and ligand proteins play essential roles in regulating
cellular functions in a variety of biological systems.4,5 Therefore,
single-cell analysis of intercellular communications is expected
to provide new insight in drug discovery, diagnosis, and therapy
that cannot be clarified by conventional analysis using the
average of a cell population. Toward this goal, methods for
preparing a large number of heterogeneous cell pairs are critical
for observing their communications in a high-throughput
manner. So far, such methods using microelectromechanical
systems (MEMS) have been reported.6−13 Dura et al. achieved
single-cell pairing of lymphocytes in a microfluidic device with
microstructures for cell trapping, leading to high-throughput
profiling of the interactions between different lymphocytes.6,7

Sarker et al. reported a method to confine an immune cell and
cancer cell in a microdroplet and observed their cytotoxic
interaction.11,12 In this study, we envisioned the use of a
photoresponsive material for light-induced anchoring of pairs of
heterogeneous cells on a flat culture substrate without
microstructures for cell trapping. In principle, on photo-
responsive surfaces, the cell anchoring areas can be dynamically
and freely created by exposure to light with high resolution at a

single-cell level. As a result, cell pairs can be constructed by
anchoring the second cell at the position neighboring the first
anchored cell at a specific time during culture of the first cell
(Figure 1).
Light-guided cell adhesive surfaces based on photoresponsive

materials have been studied extensively.14−17 In a pioneering
study, Nakanishi et al. demonstrated single-cell analysis using
their photoactivatable cell adhesive surfaces with light-induced
desired cell positions.14 However, the existing photoactivatable
surfaces based on cell adhesion can only be applied to adherent
cells. Therefore, they are not applicable for the single-cell
analysis of the intercellular communications involving non-
adherent or weakly adherent cells, which include immunocytes
and some cancer cells. Additionally, in most cases, it takes more
than a few hours to attach each cell to defined positions. In cell
pairing on such surfaces, it is difficult to attach the second cell
before the first cell moves from the defined position.
Additionally, the starting time of intercellular communications
cannot be accurately defined because the communications start
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during attachment of the second cell. Therefore, a photo-
activatable surface that can rapidly anchor any kind of cell is
required for ideal cell pairing and to analyze a wide variety of
intercellular communications. Recently, we reported a photo-
activatable material for rapidly anchoring any type of cell
through the interaction between the lipid moiety of the material
and cell membrane.18 However, the cell anchoring function of
the material is blocked when incubated with serum, and
therefore, all cells must be anchored before incubation. The
preparation of single-cell pairs with conventional photo-
activatable materials is currently restricted in principle.
In this study, we report the first use of a photoreactive material

for precise and rapid attachment of any type of cell to a substrate
surface via light-induced conjugation with cell anchoring
molecules. Since in principle any cell anchoring molecules can
be conjugated at the desired timing, both adherent and non-
adherent cells are attached onto the surface on any desired time
schedule. By employing the cell anchoring molecules that can
rapidly and selectively bind to cell surfaces, rapid and selective
cell attachment may be achieved, respectively. Thus, compared
with the conventional surfaces of photoactivating a single cell-
anchoring molecule, the present approach is considered to have
the advantage that the cell attachment is flexibly designed by
utilizing appropriate cell anchoring molecules according to the
application. As illustrated in Figure 1, a photoreactive material
was designed to selectively and bioorthogonally conjugate with a
variety of cell anchoring molecules in only light-exposed regions.
We used the photoactivatable precursor of dibenzocyclooctyne
(DBCO), abbreviated pDBCO,19 as the photoreactive moiety.
The pDBCOmoiety is attached to the end of a long hydrophilic
and flexible PEG chain (Mn: 5000 (g/mol)), and the other end

of the PEG has an activated ester group for modification of the
substrate surface (Figure 1A). The pDBCO moieties are
supported at the surface of the PEG layer, which is widely
used for inhibiting the non-specific adhesion of living cells.20 By
exposure to ultraviolet (UV) light, this pDBCO moiety is
converted to DBCO, which reacts to an azide group under a
physiological condition via copper-free Huisgen cycloaddition
(Figure 1B). Therefore, cell anchoring molecules with azide
groups can be immobilized selectively at light-exposed surfaces,
and the cells are selectively anchored on the light-exposed region
by binding to cell anchoring molecules without non-specific
adhesion to non-light-exposed surfaces (Figure 1C). Multiple
types of cells can be simply and precisely positioned on the flat
substrate by repeating these procedures. The sequential
exposure of the adjacent regions to light enables cell pairing
for monitoring intercellular communication between the
heterogeneous cells at the single-cell level (Figure 1D). We
demonstrate light-induced cell anchoring using three azidated
cell anchoring molecules and show that the surface is a valuable
tool for image-based analysis of intercellular communications in
immunology.

■ RESULTS
Synthesis and Characterization of Photoreactive

Materials. The photoreactive coating material, pDBCO-PEG-
NHS, was synthesized in five steps (Figure S1A). To evaluate
the photoconversion of pDBCO at the end of PEG, the UV−
visible absorbance spectra of the solution of compound 5
(pDBCO-PEG-COOH) were measured after exposure to
various amounts of 365 nm light (Figure S1B,C). The
photoconversion was finished below 1.0 J/cm2 in a high-

Figure 1. Photoreactive substrate-coating material and light-induced cell anchoring. (A) Chemical structure of a photoreactive substrate-coating
material, pDBCO-PEG-NHS, comprising a photoreactive dibenzocyclooctyne (DBCO) precursor, bioinert poly(ethylene glycol) (PEG), and NHS
ester for surface modification. (B) Schematic of the photoreaction of the DBCO precursor and “click” reaction (strain-promoted alkyne-azide
cycloadditions: SPAAC) with an azide group. (C) Schematic of the light-induced cell patterning procedure. The desired region of the pDBCO-PEG-
NHS-coated surface is exposed to UV light. Azidated cell anchoring molecules are then added to the light-exposed surface via the SPAAC reaction with
the photoconverted DBCOmoiety. Cells are selectively anchored on the desired region by binding to the cell anchoring molecules. (D) Schematic of
the intercellular communication analysis between the heterogeneous cell pairs positioned by light-induced anchoring.
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concentration solution (conc.: 100 μM, volume: 200 μL)
considering the disappearance of the specific absorbance of
pDBCO at 353 nm. After light exposure (greater than 8 J/cm2),
perfect conversion to DBCO was confirmed using 1H-NMR
spectroscopy (Figure S2). The pDBCO-PEG conjugate was
successfully converted to the DBCO-PEG conjugate by light
under aqueous conditions. In addition, the pDBCO moiety was
confirmed to be stable in aqueous solution for more than 24 h,
even with nucleophilic moieties that are in cell culture
conditions such as amine and thiol (Figure S3).
The light-induced reaction of the material-modified surface

was then evaluated. A collagen-coated cover glass was modified
with pDBCO-PEG-NHS via an amide coupling reaction. The
modified glass surface was exposed to light and then treated with
an azide-modified red fluorescent dye (Alexa Fluor 594-azide)
to examine the reaction with azide-modified molecules after
photoconversion. After washing to remove free dye, the
fluorescence of the surface was observed with a confocal
microscope followed by image analysis for quantification. On
the surfaces exposed to light exceeding 0.1 J/cm2, the red
fluorescence was clearly greater than the unexposed surface
(Figure S4). The fluorescence was comparable to the positive
control surface on which the photoconverted material, DBCO-
PEG-NHS, wasmodified. As a result, nearly all pDBCOmoieties
on the surface were converted to DBCO by light exposure at 0.1
J/cm2 (more than 2 mW/cm2 within 50 s) and reacted with
azide-modified dye. Therefore, we used this light exposure
condition in subsequent experiments.
Light-Induced Cell Anchoring. Light-induced cell anchor-

ing was performed on the photoreactive surface by employing
PEG-lipid as a cell anchoring molecule. Materials comprising
hydrophilic polymers and lipids are used for interacting with the
lipid bilayer membranes of cell surfaces,21 and particularly, PEG-
lipids can anchor any type of cells on their coated surfaces
without cytotoxicity.22−25 It is worth noting that cells can be
rapidly and tightly anchored within 5 min. Such features are
suitable for demonstrating spatio-temporal anchoring of multi-
ple kinds of cells on a substrate. A PEG-oleoyl was conjugated to
an azide group (Supporting Information), and this azidated
PEG-lipid (Lipid-PEG-azide) was used for light-induced cell
anchoring (Figure 2A,B). In this study, we adopted a
microchannel system to examine selective cell anchoring to
the substrate (Figure S5). In this system, the cells on the whole
surface of the microchannel can be uniformly rinsed using
laminar flow. Therefore, the cells that are weakly anchored via
non-specific interactions and specific interactions with insuffi-
cient strength against the flow are washed out. After exposure to
a line pattern of light, the photoreactive surface was treated with
Lipid-PEG-azide in the microchannel. The murine pro-B BaF3
cell that expresses enhanced green fluorescent protein (EGFP)
as a fluorescent label (EGFP-BaF3) was applied to the surface
(Figure 2B). After rinsing the surface, a line pattern of cells was
clearly observed with high contrast, and the cells were anchored
only on the light-exposed region as expected (Figure 2C,D). It is
worth noting that nearly all cells were washed out in the
unexposed regions, which indicates that the surface can anchor
non-adherent cells selectively in the light-exposed region by
strictly inhibiting non-specific adsorption. Similar light-induced
cell patterning was successfully demonstrated after incubation
for 1 day in a cell culture condition with serum (Figure S6).
Next, multi-colored cells were anchored stepwise at each

defined region in a light-induced manner. In this experiment,
EGFP-BaF3 cells (green) were used, and human T cell leukemia

Jurkat cells were used after staining with only a red fluorophore
(red) and doubly with a green and red fluorophore (yellow).
After anchoring the EGFP-BaF3 cells, the other region was
exposed to the light followed by treatment with Lipid-PEG-
azide. The stained yellow cells were applied to the surface. After
rinsing, the spot of yellow cells was observed without cross-
contamination with the first green cell spot (Figure 2E, upper
right). Similarly, red stained and unstained cells could be
successively positioned at the defined light-exposed regions by
repeating the procedures described above (Figure 2E, bottom
left and right). Thus, fine patterns of multiple cells were rapidly
constructed on the surface.
Cell Anchoring with Lectins and Antibodies. To

demonstrate the versatility of the photoreactive surface, we
employed other cell anchoring molecules. First, glycan-binding
protein, lectin, was used. Here, rBC2LCN is the recombinantN-
terminal domain of lectin (BC2L-C) isolated from Burkholderia
cenocepacia that binds to the fucose moieties on cell surface
glycans and binds exclusively to undifferentiated human induced
pluripotent stem (iPS) cells.26 Azide-modified rBC2LCN
(rBC2LCN-azide) was prepared by an azidation reagent and
then applied to the photoreactive surface to expose a line pattern
(Figure 3A). Amixture of green fluorescent-stained iPS cells and

Figure 2. Light-induced cell anchoring. (A) Chemical structure of an
azidated PEG-lipid, Lipid-PEG-azide. (B) Schematic illustration of
light-induced cell anchoring with Lipid-PEG-azide. (C) Fluorescence
microscopic image of anchored enhanced green fluorescent protein
(EGFP)-expressing BaF3 cells (EGFP-BaF3) in a line pattern. Scale
bar: 1000 μm. (D) Fluorescence intensity of the EGFP-BaF3 cell-
anchored surface. The mean intensity of the y position was determined
at each x position (bottom) in the enlarged fluorescence image of panel
(C) (top). (E) Fluorescence microscopic images of the multi-colored
cells in the allocated spots. (1) EGFP-BaF3 cell (green), (2) green and
red fluorescent dye-stained Jurkat cells (yellow), (3) red fluorescent
dye-stained Jurkat cells (red), and (4) non-stained Jurkat cells were
positioned in a light-induced manner in numerical order. The merged
green and red fluorescent images at each step are represented. Scale bar:
500 μm.
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red fluorescent-stained Jurkat cells was applied to the lectin-
treated surface. After rinsing the surface, iPS cells were
selectively anchored to the light-exposed regions (Figure
3B,C). Furthermore, after a treatment with protease for 10
min, most of the anchored iPS cells were detached from the
surface (Figure 3B,C). This cell mixture was also applied to the
photoreactive surface treated with Lipid-PEG-azide. On the
PEG-lipid surface, both iPS cells and Jurkat cells were anchored
and not detached by the protease treatment (Figure 3D,E).
These results clearly indicate that the iPS cells were anchored to
the lectin-conjugated surface via the specific interaction of lectin
to the fucose moiety on cell surfaces. Thus, by using cell
anchoring molecules with cell selectivity, only the target cell in
the cell mixture could be anchored at the desired position that
was light defined.
Next, we used an antibody as another useful cell anchoring

molecule. In a preliminary experiment in which an azide-
modified antibody reacted with the surface, non-specific cell
adhesion was observed in the unexposed regions (Figure S7).

This non-specific adsorption became more pronounced as the
treatment time with the antibody exceeded 15 min. In this
approach, a certain time was required for the reaction between
azide and DBCO on the surface. Therefore, another approach
that reduces the antibody treatment time was necessary. Here,
we used an antibody-binding protein, protein G, as the anchor
for the antibody. In this approach, azide-modified protein G (G-
azide) was prepared and applied to the light-exposed photo-
reactive surfaces (Figure 4A). Antibodies can quickly attach to a

protein G-conjugated surface. For example, an anti-epiregulin
antibody (9E5)27 was applied to the G-azide-treated surface for
10 min, and then, human colon cancer HCT116 cells, which
highly express epiregulin on the plasma membrane,27,28 were
applied (Figure 4A). The green fluorescent-stained HCT116
cells were successfully anchored in a line pattern (Figure 4B). As
the treatment time of G-azide increased, the density of anchored
cells increased in the light-exposed regions, whereas the non-
specific cell anchoring was negligible (Figure 4C). Thus, by
using G-azide in the present system, an intact antibody could be
rapidly attached to the photoreactive surface, and antigen-
expressing cells were anchored in a light-guided manner without
significant non-specific adhesion. Furthermore, in this protein
G-mediated method, a variety of antibodies can be used without
azidation, and this simplicity is advantageous for anchoring cells
selectively using the specificity of the antibody.
Fabrication of a Single-Cell Array and Single-Cell

Pairs. To construct the microarray of cell pairs, single cells were
positioned on the photoreactive surface in a light-induced
manner. A light-exposure system based on a digital mirror device

Figure 3. Light-induced anchoring and enzymatic release of an iPS cell.
(A) Schematic illustration of iPS cell anchoring using azidated lectin
(lectin-azide). rBC2LCN lectin was used because it specifically binds to
undifferentiated iPS cells. (B) Fluorescence microscopic images of the
cells anchored with lectin-azide in a line pattern before (left) and after
protease treatment (right). The mixture of green fluorescent dye-
stained iPS cells and red fluorescent dye-stained Jurkat cells was applied
to the light-exposed surfaces. Scale bars: 100 μm. (C) Densities of the
cells anchored with lectin-azide at the unexposed and light-exposed
regions before and after protease treatment in the images shown in
panel (B). Values and error bars represent mean ± standard errors (n =
10). (D) Fluorescence microscopic images of the cells anchored with
azidated PEG-lipid (Lipid-PEG-azide) observed in the same way as
panel (B). Scale bars: 100 μm. (E) Densities of the cells anchored with
Lipid-PEG-azide in the images shown in panel (D). Values and error
bars represent mean ± standard errors (n = 10).

Figure 4. Light-induced cell anchoring with an antibody. (A)
Schematic illustration of the anchoring of antigen-expressing cells
using an azidated protein G (G-azide) and antibody. An epiregulin-
expressing HCT116 cell was anchored with the anti-epiregulin
antibody (9E5) via light-induced modification of G-azide. (B)
Fluorescence microscopic images of the anchored cells on the surface
treated with G-azide for various periods (30, 60, and 120 min). The
HCT116 cells were fluorescently stained green. Scale bar: 500 μm. (C)
Cell density as function of the G-azide treatment period at the non-
light-exposed and light-exposed regions in the images shown in panel
(B). Values and error bars represent mean ± standard errors (n = 10).
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was used for the miniaturization of the light spots to a single-cell
size. In this experiment, a Jurkat cell was used as the model cell,
and Lipid-PEG-azide was used as the cell anchoring molecule.
The photoreactive surfaces were exposed to round spots of light
with various diameters from 10 to 30 μm in a grid. By successive
treatment with Lipid-PEG-azide and Jurkat cells, cell micro-
arrays were created on the surfaces (Figure 5A). According to

the diameter of the light spots, the number of anchored cells at
each spot varied. At a diameter of 10 μm, 80% of the spots were
occupied by a single cell, whereas 12 and 8% were occupied by
zero and two cells, respectively (Figure 5B). At larger diameters,
more than two cells were typically arrayed, and the rate of single
cells drastically decreased as the diameter increased. From these
results, the 10 μm diameter was optimal for positioning single
Jurkat cells.
By repeating the procedure for single-cell positioning, colored

Jurkat cells (green and red) were arrayed stepwise to prepare an

array of pairs. An array of several thousands of cell pairs was
constructed on the surface (Figure 5C). In this system, cell pairs
were observed within 15 min after loading red-stained cells as
the second cell because of rapid cell anchoring. In the expanded
images, the single-cell pairs of green- and red-stained cells were
confirmed as expected (Figure 5D). From image analysis, the
single-cell pair of two different colored cells was 43% (Figure
5E). Thus, a large number of single-cell pairs, mainly
heterogeneous cells, were successfully constructed on a flat
substrate surface without microstructures or microwells.
Single-Cell Observation of Intercellular Communica-

tions. Finally, we demonstrated that the photoreactive surface
can be applied to single-cell observation of the intercellular
interactions between human primary natural killer (NK) cells
and human chronic myeloid leukemia K562 cells. NK cells are
lymphocytes that contribute to the early immune response to
pathogens,29 and the functional exhaustion of NK cells is
correlated with the progression of diseases such as malignant
tumors30 and viral infections including COVID-19.31,32 There-
fore, the cytotoxicity of NK cells has recently attracted attention
as a target for diagnosis and therapy.30−32 K562 cells have been
widely used as a standard target in the analysis of human NK cell
cytotoxicity.33 In this experiment, single-cell pairs of a NK cell
and K562 cell were produced to observe the cytotoxicity of the
NK cell. The K562 cell was stained with calcein-AM to evaluate
the perturbation of the cell membrane by the lytic attack of the
NK cell. In some time-lapse images of the anchored single-cell
pairs, the K562 cell was observed to contact the neighboring NK
cell, and then the cell started to shrink with dynamically forming
small blebs, finally followed by fragmentation (Figure 6A and
Movie S1). In such cases, the green fluorescence of the K562 cell
started to decrease with the blebbing and then disappeared by
fragmentation (Figure 6B). These morphological features are
typically observed in apoptotic cell death.34 In other images, the
K562 cell rapidly swelled with a large bleb and the fluorescence
disappeared (Figure 6C,D and Movie S2). Such features are
observed in necrotic cell death.34 The time course of the
cytotoxic events on each K562 cell was identified by observing
the time-lapse images of 18 NK-K562 cell pairs in detail (Figure
6E). In this study, 57 and 21% of the K562 cells were induced to
apoptosis-like and necrosis-like death, respectively. It is reported
that the NK cell induces K562 cell death by apoptosis and
necrosis via contact.34 Therefore, the results on the photo-
reactive material surface are consistent with previous studies that
used ordinary culture dishes and painstakingly identified
heterogeneous NK-K562 cell pairs that happened to interact
with each other in a mixed cell population.
In the time-lapse images, the fluorescence of the K562 cell

decreased via contact with the NK cell because of perturbation
of the membrane and dye leaking. NK cells induce membrane
perturbation by releasing cytotoxic granules containing perforin
and granzyme B;35 this event is called lytic hit. In the time course
of fluorescence, the first significant decrease was derived from
the lytic hit (Figure 6B,D). The fluorescence change of each
K562 cell at the lytic hit was plotted versus the time period
between their first contact and lytic hit (Figure 6F). In this plot,
the single-cell pairs were divided into two main categories: a
large decrease in the fluorescence within a shorter period and a
small fluorescence decrease induced after various times. Most of
the cell pairs with necrosis-like death were categorized as a large
and rapidly decreasing fluorescence, and those with apoptosis-
like death were in the other category (Figure 6F). Here, the
observed cytotoxicity is assumed to be mainly the perforin/

Figure 5. Light-induced cell anchoring at the single-cell level. (A)
Phase-contrast microscopic images of the array of Jurkat cells on the
surface exposed to various diameters of light spots. Scale bar: 100 μm.
(B) Percentage of spots containing various numbers of anchored cells.
The cell number at each spot was counted at 135 spots with various
diameters of 10, 15, 20, and 30 μm. (C) Fluorescence microscopic
image of an array of two different colored heterogeneous single-cell
pairs. The green and red fluorescently stained Jurkat cells were
anchored at each allocated spot. The merged green and red fluorescent
images are represented. Scale bar: 1000 μm. (D) Enlarged image of
single-cell pairs in the image of panel (C). Scale bar: 100 μm. (E)Matrix
of the ratio of each spot containing various numbers of green and red
fluorescent cells. The cell number was counted at 180 spots.
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granzyme pathway because K562 cells express no FasR.36

Moreover, in the K562 cell killing of the NK cell, the apoptosis
and necrosis were reported to be induced at low and high
concentrations of cytotoxic granules, respectively.34 Therefore,
the present necrosis-like death with drastic and rapid
perturbation of the cell membrane may be reflected by the
secretion of large amounts of cytotoxic granules at the contact
faces of the cell pairs. Thus, the single-cell pairs in the image are
assumed to reflect the activity of individual cytotoxic
lymphocytes in their communication.

■ DISCUSSION
We developed a photoreactive material for precise light-induced
anchoring of living cells on a substrate surface. In comparison to
conventional photoactivatable cell anchoring surfaces, our
photoreactive surface offers several advantages. The photo-
reactive pDBCO moiety we used adopts light-induced
conjugation with various azidated molecules for cell anchoring
via a bioorthogonal and biocompatible “click” reaction.19

Various cell anchoring molecules, such as PEG-lipid, lectin,
and antibodies, were selectively attached at the light-exposed
regions for cell anchoring. By selecting proper cell anchoring
molecules, the surface realized light-induced anchoring of a

variety of cells such as leukemia cells, iPS cells, epithelial
carcinoma cells, and primary immune cells, regardless of the cell
adhesiveness typically required for conventional surfaces
applicable to only adherent cells.14−17 In particular, by using
an azidated PEG-lipid, the light-exposed regions were rapidly
and completely filled with anchored cells after only a 10 min
incubation. The cell anchoring in this study is faster than other
cell adhesion-based approaches.14−17 By using selective cell
anchoring molecules, the cell of interest in cell mixtures can be
selectively anchored and potentially used for single-cell analysis.
This function is original and promising for the analysis of
biological and medical samples, including a number of cell types.
In its molecular design, thematerial consists of a conjugate of the
photoreactive moiety with a long PEG chain to block non-
specific cell adsorption. The present material-modified surface
realized light-induced cell anchoring without non-specific cell
adsorption, achieving cell patterns with high contrast.
Advantages in versatility, rapidity, and selectivity will contribute
to the high efficiency pairing of heterogeneous cells of interest
without preparative cell sorting.
We applied our platform surface for single-cell pairing to

observe the cytotoxicity of immune cells at the single-cell level.
K562 cells were rapidly anchored near NK cells for cell pairing,
leading to precise timing of the contact initiation, and only a

Figure 6. Single-cell analysis of the cytotoxic interaction of an immunocyte and leukemic cell. (A, C) Time-lapse images of a single-cell pair of a natural
killer (NK) cell and leukemic cell, K562 cell. The K562 cell was stained with a live cell stain, calcein-AM. The number in each image represents the
observation time (min). Scale bar: 10 μm. (B, D) Time course of the fluorescence intensity of the K562 cell in the image of panels (A, C). The first
drastic decrease in fluorescence intensity (FI) was defined as the lytic hit from theNK cell. The periods of blebbing and fragmentation were determined
from the morphology of K562 cells in panels (A, C). (E) Chart of the processes in the cytotoxic interaction of each cell pair. The death of the K562 cell
was identified by the disappearance of fluorescence, and the apoptosis- and necrosis-like death were distinguished from the cellular morphology in
individual time-lapse images. (F) Plots of the decrease in FI in the lytic hit versus the time length between the starting time of the intercellular contact
and time of the lytic hit. The plots were largely separated into the two groups that correlate with the apoptosis- and necrosis-like death in the chart of
panel (E).
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small portion of cell pairs started their contact before
observation (Figure 6E). On the present array of K562-NK
cell pairs, dynamic and large morphological changes, such as the
formation of a large bleb, were clearly observed, similar to those
on ordinary culture dishes.34 In the conventional MEMS-based
methods, where cell pairs are constructed by successively
pushing cells into the narrow space of the microstructures such
as microwells, it is difficult to observe morphological changes
without bias because the cells are surrounded by solid walls.6−8

On this study’s flat surface without a microstructure, the two
types of cell deaths, apoptosis-like and necrosis-like, were
distinguished by dynamic morphologies. Although further
studies elucidating the molecular mechanisms of the two types
of cell deaths are needed, the present method is a promising
platform for analyzing the activity and exhaustion of immune
cells at a single-cell level. Compared with conventional
cytotoxicity assays based on the average of a large cell
population, this single-cell analysis may contribute to quantify-
ing specific cell populations with unique cytotoxicity in blood
and other specimens. Furthermore, by using the dynamic and
flexible anchoring of this photoreactive system, the number,
distance, timing, and relative position of the component cells in
intercellular communications are freely designed and dynam-
ically changed. Such a unique analysis system may provide new
insight into immunological systems by identifying the unknown
parameters critical for cytotoxicity.

■ CONCLUSIONS
The presented photoreactive material provides a versatile
substrate surface for light-induced anchoring of living cells.
The photoreactive moiety is stable, and therefore, the light-
induced cell anchoring function is retained under culture
conditions. On the surface of this material, the cell anchoring
molecule can be selected, depending on the cell type and the
purpose of the experiment. Because of the biocompatibility and
bioorthogonality of the light-induced cell anchoring process,
multiple cells can be positioned on the same surface. On the
basis of these achievements and advantages, the surface provides
a promising method for single-cell pairing to evaluate
intercellular communication with a variety of cell types and
morphological changes on the flat substrate surface. In principle,
we expect to enable comprehensive image-based analysis of
intercellular communications and contribute to the identifica-
tion of a new targetmorphological feature for drug discovery and
diagnosis of incurable diseases. Single-cell sorting based on
intercellular communication images can be achieved with this
platform surface, potentially leading to identification of the
disease-related marker genes and rapid screening of therapeutic
cytotoxic immune cells in the near future.

■ EXPERIMENTAL SECTION
Synthesis of a Photoreactive Material and Azidated

Reagents. Synthetic protocols are detailed in the Supporting
Information. Briefly, pDBCO-PEG-NHS was synthesized by adding
the photoreactive DBCO precursor to the end of a PEG chain. The
photoreactive DBCO precursor was synthesized based on a previous
report37 with modifications. The DBCO precursor was conjugated with
amino-PEG-carboxylic acid (Mw: 3400, Sunbright PA-034HC, NOF
Co., Tokyo, Japan) by a reaction between the NHS ester and amine
group. The carboxyl group at the other end of the PEG chain was
converted to NHS ester for modification of the surface.

Lipid-PEG-NHS (Mw: 4000, Sunbright OE-040CS, NOF Co.) was
conjugated with azide propylamine to obtain Lipid-PEG-azide. An

antibody, protein G, and lectin were conjugated with NHS-PEG4-azide
to obtain azidated proteins.
Modification of the Substrate Surfaces.Modification protocols

are detailed in the Supporting Information. Briefly, glass slides and
coverslips were coated by immersing the substrates in type I collagen
solution (Cellmatrix, Nitta Gelatin, Osaka, Japan). After washing the
coated surface with MilliQ water (Millipore Inc., Bedford, MA, USA), a
solution of pDBCO-PEG-NHS in ethanol (20 μM) was applied to the
surface and dried.
Light-Induced Cell Attachment and Single-Cell Array. A

microchannel (width: 3.8 mm, length: 18 mm, height: 0.40 mm, Ibidi
GmbH, Munich, Germany) was mounted on the surface modified with
pDBCO-PEG-NHS. The substrate surface was exposed to 365 nm
wavelength light with an ultraviolet (UV) irradiator equipped with a
cylindrical lens (MAX-302, Asahi Spectra Co., Ltd., Tokyo, Japan)
through a photomask with a line pattern. A solution of the azidated
reagent (Lipid-PEG-azide: 50 or 100 μM, azidated antibody: 1 μM,
azidated protein G: 20 μM, azidated lectin: 25 μM) in PBS was injected
into the microchannel and incubated for 2 h at room temperature. After
rinsing the substrate surface with PBS, a cell suspension (1 × 107 cells/
mL) in PBS was loaded into the microchannel and incubated for 10min
at room temperature. After removing the cell suspension, the substrate
surface was washed with PBS, and the phase contrast and fluorescence
images of the surface were obtained with a fluorescence microscope
(IX83, Olympus Co., Tokyo, Japan). The fluorescence intensity and
number of anchored cells were analyzed with ImageJ (NIH, Bethesda,
MD, USA). In the micropatterning of multi-colored cells, the surface
was exposed to a spot of light from the xenon lamp of the fluorescence
microscope via the band-pass filter (350/390) followed bymodification
with Lipid-PEG-azide and anchoring of a stained cell. Other regions of
the surface were exposed to light, modification, and anchoring of the
other stained cell; this procedure was repeated at different regions using
each stained cell. In the preparation of a single-cell array, the substrate
surface was exposed to a fine pattern of light spots (365 nm, 0.8 or 1.6 J/
cm2) with a maskless lithography system (PALET, NEOARK Co.,
Tokyo, Japan) followed by modification with Lipid-PEG-azide and cell
anchoring as described above. The number of anchored cells at each
light-exposed spot was counted from nine randomly selected regions
containing 3 × 5 spots (total 135 spots).
Fabrication of Single-Cell Pairs. The substrate surface of each

microchannel was exposed to 3000 spots of light with diameters of 10
μm followed by Lipid-PEG-azide modification. After anchoring of the
first cell, the neighboring region to each anchored cell was exposed to
the spot of light in the same way. In the region, Lipid-PEG-azide was
modified, and then, the second cell was anchored to construct the
neighboring cell pair. The array of cell pairs was observed with the
fluorescence microscope, and the number of heterogeneous cell pairs
was counted using ImageJ.
Cytotoxicity of NK Cells against K562 Cells. An array of single-

cell pairs of NK cells and K562 cells was prepared as described above.
The array was incubated in the NK cell culture medium at 37 °C in a
humidified atmosphere containing 5% CO2. Time-lapse images were
obtained every minute for 4 h and analyzed by ImageJ.
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