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ABSTRACT The immobilization of DNA molecules onto a solid support is a crucial step in biochip Multicolor
research and related applications. In this work, we report a DNA photolithography method based on % ﬁ:‘ﬁgpr';z:;
photocleavage of 2-nitrobenzyl linker-modified DNA strands. These strands were subjected to ultraviolet
light irradiation to generate multiple short DNA strands in a programmable manner. Coupling the toehold-

mediated DNA strand-displacement reaction with DNA photolithography enabled the fabrication of a DNA

chip surface with multifunctional DNA patterns having complex geometrical structures at the microscale
level. The erasable DNA photolithography strategy was developed to allow different paintings on the same ﬁ:‘tgrg‘:;’\;
chip. Furthermore, the asymmetrical modification of colloidal particles was carried out by using this %

Erasable I

photolithography strategy. This strategy has broad applications in biosensors, nanodevices, and DNA-

nanostructure fabrication.
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toehold-mediated DNA strand displacement

he biomacromolecule DNA has the
Tcharacteristics of highly specific, pre-
dictable and thermoreversible base-
pair interactions with its complementary
DNA strand, easy chemical synthesis and
modification, and precise sequence manip-
ulation. Thus, DNA plays an important role
in clinical diagnostics,”* drug delivery,>*
biosensors,”~” and fabrication of DNA nano-
structures and nanodevices®~'" Various de-
vices, including circuits, catalytic amplifiers,
autonomous molecular motors, and reconfi-
gurable nanostructures, have recently been
rationally designed to use toehold-mediated
DNA strand-displacement reactions.>™"> In
some of these applications, DNA is required
to be immobilized onto a solid support for
the subsequent binding and detection of its
complementary DNA chains or for the recog-
nition of targeted small molecules and
proteins.'®'” In this case, the immobilization
of DNA molecules onto the solid support is a
crucial step in practical applications.
Many methods are used to immobilize
DNA molecules onto different solid supports.
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A commonly used method for DNA immobi-
lization is to functionalize it with a terminal
reactive group that s selective for the surface
of interest.'®2' In practical applications,
DNA molecules can be homogeneously immo-
bilized over an entire surface or heteroge-
neously immobilized to form multifunctiona-
lized DNA arrays. Fabricating multifunctiona-
lized DNA surfaces is highly desirable for
biomedical applications.?*> Photolithogra-
phy, Dip-Pen nanolithography, and light-
directed in situ DNA chemical synthesis are
all used to fabricate multifunctional DNA
surfaces.>*” Of these, photolithography
is considered a versatile microfabrication
tool in routine research laboratories to fab-
ricate multifunctional DNA chip surfaces.?®
Chaikin et al.?® recently reported a smart
DNA photolithography method based on
permanent cross-linking of cinnamate-
modified DNA strands. In this method, mi-
croscale patterns are written on a surface
using ultraviolet (UV) light, and the reversi-
ble attachment of conjugated DNA and
DNA-coated colloids is demonstrated. Despite
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Figure 1. Chemical basis of DNA photolithography. (a) Structure of the photocleavable linker and reaction schematic.
(b) Photocleavage process of DNA complex containing a photocleavable linker. (c) Cleavage kinetics of the DNA
complex containing a photocleavable linker as observed by electrophoresis. (d) Plot of photocleavage fraction versus UV

irradiation time.

success in this aspect, strategies for fabricating versa-
tile functional surfaces are still urgently needed to fulfill
the requirements of diverse applications.

In this paper, we report a DNA photolithography
method based on the photocleavage of DNA strands.
Different from the permanent photo-cross-linking
method,?® we use a commercially available photoclea-
vable 2-nitrobenzyl linker?®=32 (PC linker) to connect
two DNA strands. This engineering design results in the
formation of one long single-stranded DNA. The linked
DNA strand forms two pieces of short DNA strands
upon UV light-induced photocleavage of the 2-nitro-
benzyl linker. Introducing these PC linker-modified
DNA strands onto surfaces enables photolithography.
With the use of this photolithography strategy, the
asymmetrical modification of colloidal particles was
carried out.

RESULTS AND DISCUSSION

First, the efficiency of UV light induced photoclea-
vage of PC linker-modified DNA strand was evaluated.
To accomplish this, the PC linker group 2-nitrobenzyl
was first incorporated into the assigned position in
the oligonucleotide probe sequence, as shown in
Figure 1a. Subsequent UV irradiation caused cleavage
of the PC linker and release of the two connected short
DNA strands. To determine whether photocleavage
proceeded as designed, a PAGE experiment was car-
ried out. In a typical experiment, SS DNA was hybri-
dized with PC linker-modified LS DNA (sequences are
shown in Table S1) to form a DNA complex with two
single-strand tails. UV irradiation caused cleavage of
the PC linker and subsequent release of one tail, as
shown in Figure 1b. As indicated in Figure 1c, the band
with the small migration in all lanes corresponded to
the DNA complex with two single-strand tails. Con-
versely, the band with large migration in all lanes
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corresponded to the newly formed DNA complex with
one tail after UV irradiation. With increased UV irradia-
tion time, the bands with small migration became less
intense, but the bands of the newly formed DNA complex
with one tail became more intense. These results proved
that photocleavage indeed proceeded as designed and
that the photocleavage fraction of the PC linker could be
controlled by regulating irradiation dosage.

To determine the exact amount of cleaved PC linker,
the band intensities of DNA complexes with two single-
strand tails and newly formed DNA complexes with
one single-strand tail after different UV irradiation
times were analyzed with ImageJ software. The frac-
tion of cleaved PC linker for different irradiation times
was then calculated according to the band intensities.
As shown in Figure 1d, the fraction of cleaved PC linker
increased with increased UV irradiation time. After
10 min of UV irradiation, 93% of the PC linker was
cleaved in solution. The photocleavage of PC linker
modified DNA on gold-coated glass surfaces was fur-
ther studied and the results are shown in Figure S1 and
Figure S2. As the irradiation time increased, increas-
ingly more PC linker modified DNA on the gold-coated
glass surface was cleaved, as demonstrated by the
decreasing fluorescence intensity in Figure S1. The
fluorescence intensities after different UV irradiation
times were analyzed with ImageJ software. The frac-
tion of cleaved PC linker on the surface for different
irradiation times was then calculated according to
the fluorescence intensities. As shown in Figure S2,
the photocleavage process on a surface is slightly
slower than that in solution. For subsequent DNA photo-
lithography studies on the surface, we used 10 min as
the optimum time, because this short irradiation time
sufficiently cleaved the PC linker.

Next, DNA photolithography was first attempted
by generating a pattern with one color on the surface.

VOL.8 = NO.7 = 6849-6855 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

6850



QAUUV irradiation

photomask
(©)]

>3
3 €3
—)

@

RS
SN

—

Figure 2. Schematic of DNA photolithography with a
photocleavable 2-nitrobenzyl linker-based DNA strand to
generate a pattern with one color on the surface (1-5)
Procedure of DNA photolithography and (6) green fluores-
cent pattern on the surface after photolithography. The
scale bar is 200 um.

Toward this end, PC linker-modified short DNA (LS in
Table S1) was introduced onto the DNA (SS in Table S1)
coated gold surface by hybridizing with preimmobi-
lized SS DNA, as shown in Figure 2. The SS DNA strand
used in this study consisted of two major parts: an inert
section and a sticky end. The inert section can hybridize
with its complementary strand (CSS in Table S1) to
form a double-stranded duplex. The sticky end was
used as the directing and recognition unit to bind to
the LS DNA. The SS DNA strand was first annealed with
an equal number of CSS DNA strands to hybridize and
form a construct with a 49-bas-pair rigid duplex,
followed by a 22-nucleotide sticky end. The annealed
DNA was then incubated on the gold surface to enable
attachment. Afterward, LS DNA was hybridized with SS
DNA by incubation on the SS DNA coated gold sur-
face (Figure 2, steps 1 and 2). Then, a photomask with
“USTC" patterns, as shown in Figure S3, was placed on
the surface and exposed to UV light (step 3). UV light
could penetrate the transparent film, but not the dark
patterns on the film. In this way, LS DNA in the exposed
regions was cleaved, whereas that in the pattern re-
gions remained intact (step 4). After UV light exposure,
the green fluorescently labeled RS DNA (Table S1) was
incubated on the surface to hybridize with the remain-
ing LS DNA strand in the pattern regions (step 5). After
hybridization with the RS DNA strand, the pattern
was imaged by confocal microscopy, and the result is
shown in Figure 2 (6).

The fabrication of multifunctionalized DNA surfaces
is highly desirable for some biomedical applications.?
Therefore, we further extended the photolithographic
technique to the fabrication of patterns with two
different colors, accomplished with the aid of toe-
hold-mediated strand displacement.?® The photocon-
trolled toehold formation for toehold-mediated DNA
displacement reaction was proven by fluorescence
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tests in solution and the result is shown in Figure S4.
As can be seen, with increasing irradiation time, in-
creasingly more hidden toehold was released, as de-
monstrated by the increasing fluorescence intensity
after toehold-mediated DNA displacement reaction.
For the subsequent multicolor DNA photolithography,
we slightly changed the position of the PC linker in the
linking-strand DNA (LS-1). Similar to the procedure of
generating a pattern with one color, LS-1 DNA was first
hybridized with the SS DNA-coated surface (step 2,
Figure 3). After hybridization, the photomask with part
of the pattern (Figure S5a) was placed on the surface
and exposed to UV light (step 3). After irradiation, LS-1
DNA strands in the pattern regions remained intact,
whereas LS-1 DNA strands in the transparent regions
were cleaved to form the toehold (released single-
strand section in SS DNA shown in step 4, Figure 3) for
subsequent toehold-mediated strand displacement
reaction. LS DNA was then incubated on the surface.
In this way, the cleaved LS-1 DNA in the transparent
regions was displaced by LS DNA through toehold-
mediated strand displacement reaction (step 5). After
displacement, the photomask with the remaining part
of the pattern (Figure S5b) was placed on the surface
and then exposed to UV light again (step 6). Upon
irradiation, the LS DNA in the pattern regions remained
intact, whereas LS DNA in other regions was cleaved
(step 7). Finally, the target material (in this case, green
fluorescently labeled reporter DNA strand (RS) and red
fluorescently labeled reporter DNA strand (RS-1)) was
hybridized with the remaining LS DNA and LS-1 DNA in
the pattern regions to develop the pattern (step 8).
After developing, the patterns were imaged by con-
focal microscopy. The patterns in the green and red
channels were carefully merged using software, and
the merged patterns are shown in (9), (10), (11), and
(12) in Figure 3.

Finally, to repeatedly fabricate different patterns on
the same chip surface and make the chip reusable, an
erasable DNA photolithography strategy was devel-
oped. Different from current nonerasable methods
based on permanent cross-linking of DNA strands,%33
we developed erasable DNA photolithography based
on the photocleavage of PC linker and with the aid of
toehold-mediated strand displacement. The entire
process is shown in Figure 4. In a typical process, LS-2
DNA was first hybridized with the SS DNA-modified
gold surface to form a homogeneous LS-2 DNA surface
(step 2). Next, the photomask (Figure S6) was placed on
the surface and irradiated with UV light (step 3). During
UV irradiation, LS-2 DNA in the pattern regions re-
mained intact, whereas most of the PC linkers in the
exposed LS-2 DNA strand were cleaved, releasing the
single-strand part (toehold) in SS DNA (step 4). After
irradiation, RS DNA was used to develop the pattern
(step 5) that was then imaged using a confocal mi-
croscope. To erase the pattern on the surface and
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Figure 3. Schematic of DNA photolithography with a photocleavable 2-nitrobenzyl linker-based DNA strand to generate
patterns with two different colors on the surface. (1—8) DNA photolithography procedures for generating the multifunctional
surface and (9—12) fluorescent patterns with two different colors on the surface after photolithography. The scale bars are

200 um.
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Figure 4. Schematic of erasable DNA photolithography. (1—9) Procedure of erasable DNA photolithography, and (10—12)
green fluorescent patterns repeatedly generated using the same chip surface through erasable DNA photolithography. The

scale bars are 200 um.

repeatedly use the same chip surface to fabricate
different patterns, the surface with a certain pattern
was exposed to UV light without any photomask
(step 6). In this way, all the LS-2 DNA on the surface was
cleaved, forming the toehold (step 7) for subsequent

HUANG ET AL.

toehold-mediated strand displacement reaction. To
perform the toehold-mediated strand displacement
reaction, LS-2 DNA was incubated on the UV light
exposed surface to form a new homogeneous LS-2
DNA layer (step 8). This newly formed LS-2 DNA
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Figure 5. Schematic procedure for producing particles with one-side DNA functionalization. Fluorescent detection of the
particles (a) before UV irradiation and (b) after UV irradiation. (c) Self-assembled structure of the one-side LS1 functionalized
large particles with complementary small particles A. (d) Self-assembled structure of LS1 functionalized large particles with

complementary small particles A.
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Figure 6. Schematic procedure for producing particles with two different DNA functionalization at different sides. (a) Self-
assembled structure of LS2 DNA functionalized large particles with complementary small particles A. (b) Self-assembled
structure of UV irradiated LS2 DNA functionalized large particles with complementary small particles A. (c) Self-assembled
structure of LS2 and LS3 functionalized large particles with complementary small particles A or B. (d) Self-assembled structure
of LS2 and LS3 functionalized large particles with complementary small particles A and B.

homogeneous layer could be used to fabricate a new
pattern using a different photomask (from step 9 to
step 4). With this erasable DNA photolithography
method, three different patterns ((10), (11), and (12)
in Figure 4) were fabricated on the same surface using
different photomasks (Figure S6).

For the scientific applications of this method, the
asymmetrical modification of colloidal particles was
carried out by using this photolithography strategy
and the results are shown in Figures 5 and 6. In Figure 5,
LS1 (Table S3) coated magnetic beads were immo-
bilized on the glass slide with the help of magnet
(Figure S7). Then, the glass slide surface was irradiated
with vertical UV light. In this way, the DNA chains on
one side of the particles were cleaved by UV light,
forming particles with one side LST DNA coating. The
particles can further assemble with LS1’ coated com-
plementary particles (particles A as shown in Figure 5),
forming the self-assembled structure as shown in
Figure 5c. Similarly, as shown in Figure 6, LS2 coated
magnetic beads were immobilized on the glass slide
and were irradiated with vertical UV light. After UV
irradiation, the LS2 DNA on one side of the particles
were cleaved to form the toehold for subsequent

HUANG ET AL.

toehold-mediated strand displacement reaction. After
that, LS3 was added and the cleaved LS2 on one side of
the particles was displaced by LS3 through toehold-
mediated strand displacement reaction. In this way,
the particles with one side LS2 functionalization and
the other side LS3 functionalization was obtained. The
particles can further assemble with LS1’ coated parti-
cles A, LS2’ coated particles B or both of them. The self-
assembled structures are shown in Figure 6c,d.

CONCLUSIONS

In conclusion, we presented a DNA photolithogra-
phy method based on the photocleavage of PC linker-
connected DNA strands. The PClinker can be efficiently
cleaved upon UV irradiation. Our experimental results
showed that 93% of the PC linker was cleaved after
10 min of UV irradiation. Using this methodology, we
developed a photolithography method capable of
functionally patterning surfaces by introducing PC
linker-connected DNA strands onto the surface. With
the use of this method combined with a toehold-
mediated DNA strand displacement reaction, multi-
functionalized DNA surfaces were fabricated and the
erasable photolithography method was developed.

VOL.8 = NO.7 = 6849-6855 = 2014 ACSNIA]

~
N\

)

WWww.acsnano.org

6853



Our photolithographic technique showed potential for
the repeated construction of different chemical and
physical patterns on the same surface or for the
fabrication of multifunctionalized DNA chip surfaces

EXPERIMENTAL SECTION

Materials. Ultrapure water with 182 MQ-cm (Millipore
Simplicity) was used in all experiments. All chemical reagents
were analytical grade and used without further purification.
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was ob-
tained from Alfa Aesar. All DNA oligonucleotides used were
purchased from Sangon Biotechnology Co., Ltd. (Shanghai,
China) and purified by HPLC or ultraPAGE. The DNA sequences
are shown in Table S1. The buffer used in all experiments was TE
buffer (20 mM Tris-HCl, 300 mM NaCl, and 5 mM MgCly; pH 7.4).

Native PAGE Analysis. A 5 uM mixture of SS and LS was
annealed by heating it to 95 °C for 10 min and then cooling
to 25 °C. The annealed mixture was irradiated for different times
and observed using native PAGE gel. The gel was run in 20%
acrylamide (containing 19/1 acrylamide/bisacrylamide) solu-
tion with 1x TBE buffer, at 100 V constant voltage for 3.5 h
and stained for 20 min using GelRed (Biotium) to image the DNA
position. Band intensities were analyzed with NIH ImageJ soft-
ware to calculate the photocleavage fraction under different UV
irradiation times. Origin 8.0 was used for data analysis.

DNA-Coated Gold Surface. The DNA-coated gold surface was
prepared as previously described?® with slight modification. A
coverslip (1.8 cm x 1.8 cm) was cleaned with 2% (w/v) Hellma-
nex solution (Hellma) for 30 min and coated with 10 nm
titanium and 100 nm gold (99.999%, Sigma-Aldrich) using an
SP-2 magnetron sputtering machine. About 2 M end-functio-
nalized disulfide surface strand (SS; 72 base pairs) with 60 M
TCEP was annealed to its complementary strand (CSS; 49 base
pairs) by heating to 95 °C for 10 min and then cooling to 25 °C,
resulting in the formation of a rigid double-stranded backbone.
The sample was then incubated on the gold surface for 24 h
under the following conditions: 25 °C TE buffer with a thiol DNA
concentration of 2 uM. After incubation, excess strands were
washed away using TE buffer at room temperature. The result-
ing surface had a DNA density of ~3000 um~2 as reported
previously.?

DNA Hybridization with a Coated Gold Surface. After it was coated
with the SS DNA, the functionalized gold surface was further
hybridized with the 2-nitrobenzyl (photocleavable linker, PC
linker)-modified linking-strand DNA. About 2 uM of the linking-
strand DNA (LS, LS-1, or LS-2) was incubated on the functiona-
lized gold surface for 2 h at room temperature. In this way, the
linking strand DNA could hybridize to SS DNA. After incuba-
tion, excess strands were removed using TE buffer at room
temperature.

Photolithography Procedure. After the hybridization of LSs to
SS, the 2-nitrobenzyl-modified DNA strand-coated gold surface
was then exposed to UV light by photomasking for 10 min. All
photomasks were designed using Coreldraw software and
printed on transparent film. The UV power output was mea-
sured using a UV light meter with a peak sensitivity at 340 nm
(LUYOR, UV 3408B, China). For the external Hg lamp used for
photolithography experiments (X-Cite 120Q), the UV power
output at 340 nm was ~15 mW-cm ™2 at the irradiated sample
position. After exposure, the surface was washed three times
using TE buffer at room temperature.

Toehold-Mediated DNA Strand Displacement Reaction on Gold Surface.
To induce the second linking-strand DNA onto the surface or to
reset the surface, 2 uM linking-strand DNA (LS or LS-2) was
incubated on UV light-exposed LS-1- or LS-2-coated gold sur-
face for 1.5 h at room temperature to perform toehold-mediated
DNA strand displacement. After incubation, excess strands were
washed away using TE buffer at room temperature.

Surface Pattern Development and Fluorescent Imaging. To develop
the pattern on gold surface, FAM- or TAMRA-modified reporter
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for genetic detection®* or DNA computing.3® This
technique can also be used to asymmetrically modify
microsized colloidal particles for medical and soft matter
research purposes in a more controlled manner.36-3¢

(RS) DNA was incubated on the surface. For the pattern with one
color, 2 uM 3’ FAM-modified RS DNA was incubated with surface
for 1 h. For the pattern with two different colors, a 2 uM mixture
of 3" FAM-modified RS DNA and 3’ TAMRA-modified RS DNA
(RS-1) was incubated on the surface for 1 h to hybridize with
linking-DNA sequences. After pattern development, a Leica
DM6000 CS confocal microscope (TCS SP5 Il) was used to take
all fluorescent images.

Surface Pattern Erasure Procedure. To erase the pattern on the
surface, the entire gold surface with certain patterns was further
exposed to UV light without photomasking for 10 min, and then
the linking-strand DNA (LS-2) was incubated on the exposed
surface to perform DNA strand displacement. In this way, the
gold surface could be reset and further used to fabricate a new
pattern.

Preparation of DNA-Coated Colloids. Streptavidin-covered mag-
netic beads (5.85 um) and streptavidin-coated microspheres
(3 um) were purchased from Bangs Laboratories, Inc. (CMO1N and
CPO1N). Biotin-SS DNA was first annealed with an equal number
of LS DNA (LS1, LS1/, LS2 or LS2') strands to hybridize and form
biotinylated particles strands with a double-stranded back-
bone (detailed DNA sequences are shown in Table S3) and
11-nucleotide sticky end. Biotinylated particles strands with a
double-stranded backbone were incubated with these particles
for 1 h under the following conditions: 25 °C, light shaking, TE
buffer, particle volume fraction 0.1% and a biotinylated strand
concentration of 1 uM. Particles were washed by centrifugation
and resuspensed in TE buffer.
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