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Dynamic control of cell adhesion onto substrates during cell
cultivation is important for tissue engineering,1,2 cell-based drug
screening, and fundamental cellular studies.3-5 To realize such dy-
namic control, several functional substrates have been developed,
where cell adhesion can be controlled in response to external
stimuli, such as heat,6 voltage,7-10 light,11-13 and enzymatic activ-
ities.14 However, their dynamically controllable regions are prede-
termined unless additional equipment is used to apply external
stimuli.

Here, we show a new method for photoactivation of any regions
of a substrate for cell adhesion under standard fluorescence
microscopes. The strategy is based on a silane coupling agent having
a photocleavable 2-nitrobenzyl group, (1-(2-nitrophenyl)ethyl-5-
trichlorosilylpentanoate, NPE-TCSP),15 and on two commonly used
proteins that either prevent or promote cell adhesion. The procedure
was as follows (Figure 1a). A glass coverslip chemically modified
with NPE-TCSP was coated with bovine serum albumin (BSA) in
order to make the surface inert to cell adhesion. The coverslip was
then irradiated, causing the 2-nitrobenzyl group to be photocleaved
and BSA to be dissociated from the surface. The addition of
fibronectin, a protein that promotes cell adhesion by the integrin-
mediated interaction, led to its selective adsorption at the vacancy
of BSA, causing the region to become cell-adhesive. The 2-ni-
trobenzyl group is a common photocleavable protecting group for
surface modification16-18 or instantaneous release of physiologically
active compounds,19 which is cleaved by UV light (∼365 nm) from
a mercury lamp equipped on standard fluorescence microscopes
(Figure 1b). This feature allowed remote control of cell adhesion
by simple operation of the widely available equipment.

We first evaluated whether cells selectively attached to the
irradiated region on the substrate. A glass coverslip chemically
modified with NPE-TCSP was coated with BSA and irradiated over
a circular region (Figure 2a) for 2.5 min under a fluorescence
microscope. This irradiation changed the contact angle of the
substrate from 65 to 46°, and the change in wettability was nearly
completed in this irradiation time (Figure S1 in the Supporting
Information). After incubation of the substrate with fibronectin for
30 min, HEK293 cells selectively attached to the circular region
in 2 h (Figure 2b). The attached cells were confined to grow within
the region and became confluent at 63 h (Figure 2c). Almost the
same results were obtained with other cell types, such as COS7
and NIH3T3 (Figure 2d,e). On the other hand, no cell-adhesive
region was formed on a glass coverslip modified with a nonpho-
tolabile 2-(carbomethoxy)ethyltrichlorosilane (Figure S2 in the
Supporting Information). Moreover, the addition of fibronectin is
essential for the formation of cell-adhesive spots because the cell
adhesiveness to the irradiated area is very weak when fibronectin

is omitted from the experimental procedure (Figure S3 in the
Supporting Information).

Exchange of the surface protein from BSA to fibronectin was
confirmed by immunofluorescence microscopy. BSA dissociated
from the surface by UV irradiation, and the following addition of
fibronectin resulted in its selective adsorption onto the irradiated
region (Figure S4 in the Supporting Information). The possible
mechanism for the dissociation of BSA is as follows. BSA is
adsorbed on the surface in contact with the 2-nitrobenzyl groups.
The photocleavage of the 2-nitrobenzyl groups allows BSA to
diffuse into the bulk, accompanying the cleaved protecting groups.
Moreover, the photocleavage reaction changes the chemical species
from the hydrophobic nitrobenzyl ester to the polar carboxyl group
at the very surface. This increase in the hydrophilicity may diminish
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Figure 1. Schematic representations of photoactivation of cell adhesion.
(a) UV-directed replacement of BSA with fibronectin changed the surface
from a state that prevents cell adhesion to a state that promotes cell adhesion.
(b) Experimental setup for irradiation under a standard fluorescence
microscope.

Figure 2. Formation of cell-adhesive spots in response to light. (a) UV-
irradiated region. (b and c) Phase-contrast images of HEK293 cells 2 h (b)
and 63 h (c) after seeding. (d and e) Phase-contrast images of COS7 cells
(d) and NIH3T3 cells (e) 18 h after seeding.
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the affinity of BSA to the surface because the protein was
presumably attached onto the surface via hydrophobic interaction.

To form more complex cell patterns, we inserted a photomask
at the field diaphragm of the fluorescence microscope. In this
configuration, light from the mercury lamp was projected to the
sample in the same pattern as that of the inserted photomask (Figure
3a,c). The sizes of the irradiated regions were proportional to the
sizes of the spots on the photomasks and were inversely proportional
to the magnification of the objective lenses. On the basis of this
relationship, a cell array of 120-µm-square spots was formed by
using a photomask of an array pattern of 400-µm-square spots
(Figure 3b). A photomask of 100-µm-square spots gave 30-µm-
cell-adhesive spots, which is comparable to the size of single COS7
cells (Figure 3d). These results demonstrate that the present strategy
offers a simple method for forming cell-adhesive spots, and their
sizes can be reduced to the single cell level.

The most important point is that the present strategy allows
formation of new cell-adhesive regions during cell cultivation. After
culturing unstained single HEK293 cells for 1 day, other regions
with a size comparable to that of single cells were irradiated in
proximity to the cells attached in advance (Figure 4a). The medium
was replaced with that containing fibronectin, and fluorescent
HEK293 cells were seeded. The fluorescent single cells selectively
attached to the irradiated regions (Figure 4a). To our knowledge,
this is the first demonstration of positioning of single cells in
proximity to cultivating single cells.

Moreover, two single cells of different types can be positioned
in a similar way. In Figure 4b, a single fluorescent HEK293 cell
was placed in proximity to a cultivating COS7 cell. Such positioning
of two single cells of different types is physiologically interesting
and will be useful for studying cell-cell interactions at the single
cell level.

In summary, we have developed a simple method for spatiotem-
poral control of cell adhesion on a substrate modified with a
photochemically active compound, whereon a protein preventing
cell adhesion is replaced with one promoting cell adhesion in
response to light. The present method makes it possible to form
various cell patterns using standard fluorescence microscopes.
Positioning of single cells in proximity to other single cells attached
in advance is also achieved. The sizes, shapes, and locations of the
cell-adhesive regions can be designed during the observation of
cultivating cells, and thus the substrate will be a useful dynamic
scaffold for studying cell-cell interactions.

Acknowledgment. This work was supported, in part, by a
Grant-in-Aid for Young Scientists (B) (to J.N.), and the High-Tech

Research Center Project from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan. J.N. acknowledges the
Special Postdoctoral Researcher Program of RIKEN.

Supporting Information Available: Experimental detail, contact
angle measurement, immunofluorescence study (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Nandkumar, M. A.; Yamato, M.; Kushida, A.; Konno, C.; Hirose, M.;
Kikuchi, A.; Okano, T.Biomaterials2002, 23, 1121-1130.

(2) Nishida, K.; Yamato, M.; Hayashida, Y.; Watanabe, K.; Maeda, N.;
Watanabe, H.; Yamamoto, K.; Nagai, S.; Kikuchi, A.; Tano, Y.; Okano,
T. Transplantation2004, 77, 379-385.

(3) Mrksich, M. Curr. Opin. Chem. Biol.2002, 6, 794-797.
(4) Kato, M.; Mrksich, M.Biochemistry2004, 43, 2699-2707.
(5) Takayama, S.; Ostuni, E.; LeDuc, P.; Naruse, K.; Ingber, D. E.; Whitesides,

G. M. Chem. Biol.2003, 10, 123-130.
(6) Yamada, N.; Okano, T.; Sakai, H.; Karikusa, F.; Sawasaki, Y.; Sakurai,

Y. Makromol. Chem., Rapid Commun.1990, 11, 571-576.
(7) Yousaf, M. N.; Houseman, B. T.; Mrksich, M.Proc. Natl. Acad. Sci.

U.S.A.2001, 98, 5992-5996.
(8) Jiang, X. Y.; Ferrigno, R.; Mrksich, M.; Whitesides, G. M.J. Am. Chem.

Soc.2003, 125, 2366-2367.
(9) Yeo, W. S.; Yousaf, M. N.; Mrksich, M.J. Am. Chem. Soc.2003, 125,

14994-14995.
(10) Kaji, H.; Kanada, M.; Oyamatsu, D.; Matsue, T.; Nishizawa, M.Langmuir

2004, 20, 16-19.
(11) Hern, D. L.; Hubbell, J. A.J. Biomed. Mater. Res.1998, 39, 266-276.
(12) Elbert, D. L.; Hubbell, J. A.Biomacromolecules2001, 2, 430-441.
(13) Nakayama, Y.; Furumoto, A.; Kidoaki, S.; Matsuda, T.Photochem.

Photobiol.2003, 77, 480-486.
(14) Schense, J. C.; Bloch, J.; Aebischer, P.; Hubbell, J. A.Nat. Biotechnol.

2000, 18, 415-419.
(15) Yamaguchi, K.; Kitabatake, T.; Izawa, M.; Fujiwara, T.; Nishimura, H.;

Futami, T.Chem. Lett.2000, 29, 228-229.
(16) Matsuda, T.; Sugawara, T.Langmuir1995, 11, 2267-2271.
(17) Zhao, B.; Moore, J. S.; Beebe, D. J.Science2001, 291, 1023-1026.
(18) Luo, Y.; Shoichet, M. S.Nat. Mater.2004, 3, 249-253.
(19) Adams, S. R.; Tsien, R. Y.Annu. ReV. Physiol.1993, 55, 755-784.

JA044684C

Figure 3. Cell attachment to array-patterned spots corresponding to
photomasks inserted at the location of the field diaphragm of a fluorescence
microscope. (a and c) Fluorescence images of glass coverslips painted with
a fluorescent pen, which were irradiated using corresponding photomasks.
(b and d) Phase-contrast images of HEK293 and COS7 attached on the
substrates 18 and 2.5 h after seeding, respectively.

Figure 4. UV-directed positioning of single cells in proximity to cells
attached in advance. (a and b) Phase-contrast and fluorescence images of
substrates before and after seeding of fluorescent HEK293 cells where
unstained HEK293 cells (a) or COS7 cells (b) were attached in advance.
Second cells were stained with CellTracker Green CMFDA (Molecular
Probes). Yellow squares represent the irradiated regions. A fluorescence
image (red) is merged with the corresponding phase-contrast image (green).
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