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l-DNA Duplex Formation as a Bioorthogonal Information Channel
in Nucleic Acid-Based Surface Patterning

Erika Schaudy,[a] Mark M. Somoza,*[a, b, c] and Jory Lietard*[a]

Abstract: Photolithographic in situ synthesis of nucleic

acids enables extremely high oligonucleotide sequence
density as well as complex surface patterning and com-

bined spatial and molecular information encoding. No
longer limited to DNA synthesis, the technique allows for

total control of both chemical and Cartesian space organi-

zation on surfaces, suggesting that hybridization patterns
can be used to encode, display or encrypt informative sig-

nals on multiple chemically orthogonal levels. Neverthe-
less, cross-hybridization reduces the available sequence

space and limits information density. Here we introduce
an additional, fully independent information channel in

surface patterning with in situ l-DNA synthesis. The bioor-

thogonality of mirror-image DNA duplex formation pre-
vents both cross-hybridization on chimeric l-/d-DNA mi-

croarrays and also results in enzymatic orthogonality, such
as nuclease-proof DNA-based signatures on the surface.

We show how chimeric l-/d-DNA hybridization can be
used to create informative surface patterns including QR

codes, highly counterfeiting resistant authenticity water-

marks, and concealed messages within high-density d-
DNA microarrays.

Oligonucleotide microarrays are versatile analytical tools where

very large numbers of unique sequences are immobilized at

precise locations on a planar surface to allow simultaneous
access. Originally developed as platforms for gene expression

analysis of cell populations,[1] microarrays have recently found

new applications in spatial transcriptomics,[2] spatial organiza-

tion of cell-free genetic circuits,[3] the generation of large oligo-
nucleotide libraries for genomic applications,[4] DNA circuitry,[5]

and others. In situ synthesized microarrays yield the highest
oligonucleotide sequence density and, as such, are becoming

an ideal source for the digital encoding of information in

DNA.[6] In addition, such array fabrication offers complete con-
trol over the spatial arrangement of sequences, suggesting

that informative surface patterns may be created through
simple hybridization-based assays.[7] Concomitant with the in-

creasing throughput in DNA array synthesis and the decreasing
costs of sequencing, there is greater access to DNA-based in-

formation, which raises the potential question of privacy and

traceability. It may thus soon become a necessity for data
stored in nucleic acid format to provide an encryption layer or

a traceability signature that is only available to the manufactur-
er and customer/operator. Such a key or signature could be

produced in the form of binary matrices on the array itself and
revealed via simple hybridization-based assays, where 0 = no

hybridization and 1 = duplex formation with a dye-labelled

complementary probe. Ideally, this key should be synthesized
alongside the bulk information, but not interfere with it. We

have recently expanded the method of maskless array synthe-
sis (MAS)[8] beyond native DNA, allowing for in situ synthesis of

complex sequences containing 2’F-ANA[9] and RNA[10] mono-
mers, at high densities. However exotic, these nucleic acids are
nonorthogonal to cross-hybridization. While this can be miti-

gated by designing probes with low sequence similarity, tem-
perature and salt concentrations can be tuned to force partial
recognition. Our search for a truly orthogonal method that
would not only prevent interaction with standard DNA but

also provide an independently accessible information channel
on the array led us towards mirror-image DNA, the enantiomer

of natural d-DNA.

The d- and l-DNA oligonucleotides of the same sequence
have been shown to share common stability and solubility

characteristics[11] but differ in chirality, resulting in the forma-
tion of left-handed B-form duplexes for mirror-image DNA

compared to the right-handed helical conformation in d-
DNA.[12] Contradicting early reports regarding l-DNA as a po-

tential agent in antisense therapy,[13] a key distinctive feature in

l- and d-forms is that hybridization exclusively occurs between
oligonucleotide strands of equal chirality, eliminating the possi-

bility of hybrid l-/d-DNA duplex formation.[14] The absence of
mirror-image DNA in natural biological systems seems closely

related to its increased stability against DNA-degrading en-
zymes,[15] which is an especially appealing feature of the use of
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l-oligonucleotides in complex biological matrices.[16] The bioor-
thogonality of mirror-image oligonucleotides is indeed the

basis for multiple applications, including the use of l-DNA
probes in PCR,[17] the design of nanocarriers delivering d-DNA

aptamers to cells,[18] recognition of small chiral molecules[19]

and the creation of heterochiral nucleic acid circuits.[20] Where-
as nuclease resistance is a central component of the bioor-
thogonal properties of l-DNA, its inability to act as a substrate
for natural l-polymerases[21] has hindered its use in molecular
biology, despite recent efforts allowing for some key reactions
to be performed using engineered d-enzymes.[22] A so far un-
explored field for l-DNA is in the storage of information. While
data stored within DNA sequences can only be retrieved via

sequencing, arrays of oligonucleotides allow for information to
be communicated in the form of two-dimensional binary grids

upon hybridization with complementary labelled probes. The

scale of MAS is determined by the number of digital micromir-
rors, and ranges from XGA (786 432 mirrors) to 4 K

(8 847 360 mirrors), each mirror corresponding to a pixel where
oligonucleotide synthesis can take place. Incorporating l-DNA

phosphoramidites in the process of photolithographic in situ
synthesis introduces an additional information channel, which

does not interfere with d-DNA and which may be independ-

ently accessed. For these reasons, we intended to show how l-
DNA synthesis, along with d-DNA synthesis performed in paral-

lel (Figure 1 a), can serve to label surfaces with QR codes and
watermarks for authentication, or to hide messages using steg-

anography.
Initial experiments aimed to assess and evaluate coupling

time,[23] photolysis efficiency[24] and stepwise coupling

yield[10a, 25] of the 5’-nitrophenylpropyloxycarbonyl (NPPOC) pro-
tected l-DNA phosphoramidites (Figure 1 b), using Cy3-labelled

l- and d-DNA complementary probes generated on separate
microarrays (Figure S1). We found that a coupling time of

60 seconds resulted in a 30 % higher hybridization signal rela-
tive to a 15 seconds coupling time. Determining the light dose

required for 95 % removal of the photolabile protecting group

revealed a delayed photolysis of the NPPOC for l-DNA mono-
mers compared to their d-DNA counterparts, requiring roughly

40 % higher light exposure to yield equal photodeprotection
efficiency (Figure S3). Then, we measured the stepwise cou-
pling efficiencies of each of the four l- and d-monomers (5’-
NPPOC and 5’-BzNPPOC-protected, respectively). The results,

shown in Table 1, indicate comparable coupling yields for cor-
responding l-/d-monomers.

Next, we wanted to examine the fundamental differences in
the biophysical properties of l- and d-DNA synthesized in situ
on microarrays. To do so, we investigated specificity of hybridi-

zation as well as susceptibility towards an endonuclease by

synthesizing the l- and d-version of the same 25-mer in paral-
lel. First, two individual subarrays were hybridized with either

an l- or d-DNA complement. Figure 1 c shows hybridization
taking place highly specifically to oligonucleotides of the corre-
sponding chirality, with only background fluorescence levels
for l-/d-chimeric hybrids, indicating that d- and l-oligonucleo-
tides of the same sequence do not interact with one another,
which supports the restriction to homochiral duplex formation
and which was previously reported on with mixed, spotted l-
and d-oligonucleotide arrays.[15c] Since melting temperatures of
homochiral l-DNA duplexes have been shown not to differ sig-

nificantly from those of natural DNA of the same sequen-
ce,[11, 15c, 19] the difference in signal intensity can be attributed to

variations in purity and labelling efficiency of the two probes.
We then studied the resistance of l-DNA against nucleases

Figure 1. a) Schematic representation of a chimeric l-/d-DNA microarray
with close-up structural view of a trinucleotide section (3’-GTA-5’). b) Struc-
tures of l-DNA phosphoramidites used in this study. c) Average signal inten-
sities, in arbitrary units (a.u.), for hybridization of either l- or d-DNA Cy3-la-
belled probe to a l- (orange) or d-DNA 25-mer (blue) of the same sequence.
d) Signal intensities for l- and d-DNA after hybridization with a mix of Cy3-
labelled l- and d-complement (Hybridization 1), following enzymatic degra-
dation (DNase), and after rehybridization with the mix (Hybridization 2).
e) Excerpt of scans of two arrays with either randomly distributed features
(top) or l- and d-pixels arranged in the shape of a left and a right hand
(bottom), showing d-DNA features with high signal intensities after initial
hybridization (left), but disappearing after TURBO DNase treatment (center)
and only l-DNA features remaining after repetition of hybridization (right)
(scale bars : 100 mm).

Table 1. Comparison of the stepwise coupling efficiencies of l- and d-
DNA phosphoramidites (in %).

Phosphoramidite dA dC dG dT

5’-NPPOC l-DNA 99.9 99.9 98.3 99.9
5’-BzNPPOC d-DNA 99.9 99.9 97.0 99.9
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(Figure 1 d). First, the l- and d-sequences were hybridized to
their complementary strands of similar chirality (Hybridization

1, Figure 1 e, left). The l- and d-duplexes were then subjected
to degradation using TURBO DNase, followed by rehybridiza-

tion to a mixture of complementary enantiomers (Hybridiza-
tion 2). Upon DNase treatment, all d-DNA oligonucleotides

were degraded, as signaled by the complete loss of hybridiza-
tion fluorescence on d-DNA features whereas l-DNA duplexes

remain bright (Figure 1 e, middle). The rehybridization step re-

vealed clear l-feature fluorescence only, showing that l-DNA is
not affected by the nuclease, whereas the fluorescence for d-

DNA features dropped by 98 %, to background level, as expect-
ed (Figure 1 e, right, and 1 d). These results validate the hybridi-

zation specificity and complete nucleolytic resistance of l-DNA
molecules when synthesized in situ on microarrays but, impor-
tantly, they show that d-DNA synthesis can be performed

alongside and become an “erasable” trace among “indelible” l-
oligonucleotides.

With no heterochiral hybridization taking place on the array
and with mirror-image DNA sequences withstanding nucleolyt-
ic treatment, we then applied l-DNA in situ synthesis for the
creation of informative surface patterns in three different con-

texts. In a first application, a QR code for a random 128 bit key

made of l-DNA was superimposed on a d-DNA pattern. Re-
striction of duplex formation to homochiral complements re-

sulted in the l-DNA code remaining invisible upon hybridiza-
tion solely with a d-DNA probe. After addition of the l-DNA

probe however, the code appears (Figure 2 a) and resists endo-
nucleolytic degradation (Figure 2 b).

Following our first attempts at producing informative, l-

DNA-based patterns, we then generated d-DNA microarrays
supplemented with an l-DNA authenticity watermark as a po-

tential signature for microarrays originating from our laborato-
ry. We followed an encryption scheme for oligonucleotide mi-

croarrays recently developed by Holden et al.[26] The approach
prevents a forger from deciphering a sequence using sequenc-

ing by hybridization (SBH), which is the only method allowing
for sequence information to be retrieved while retaining the

spatial ordering of oligonucleotide strands on the substrate. At
the core of the approach, two individual oligonucleotide
strands of high sequence similarity are combined within a
single pixel, thus rendering SBH signals impossible to be as-
signed to only one of the strands. Inspired by this system, we
produced the two strands/one feature combination by synthe-

sizing two l-DNA sequences in a row, spaced by a d-DNA T5,

thus creating a single 3’-Lx-d-Ly-5’ sequence instead of two in-
dividual strands. The d-DNA spacer prevents sequence infor-
mation retrieval through SBH via a discontinuity between the
encoding strands. In a proof-of-concept, an array of 5 V 5 pixels

at one corner of the microarray was used for l-DNA synthesis
to produce a distinct signal pattern upon hybridization with

the correct key probe, whereas the remaining part of the syn-

thesis area consisted of a d-DNA 25-mer (layout shown in Fig-
ure 3 a). The Lx and Ly sequences were generated as combina-

tions of blocks of three specific 10-mers (named A, B and C) ac-
cording to the scheme and calculations discussed elsewhere[26]

(see Table S1). Here, creating an l-DNA watermark allows for
any other d-DNA sequences to be addressed without the risk

of interference with the signature. To create truly undeciphera-

ble 2D patterns, five different combinations of Lx-d-Ly chimeras
were designed (V1 to V5, setup according to Figure 3 c), result-

ing in the pattern shown in Figure 3 b upon hybridization with
a single labelled l-DNA probe (LABC-complement). An additional

level of intensity is created through the introduction of back-
ground features (BG).

These complex watermarks would be particularly labor-in-

tensive to imitate because of three obstacles: sequence similar-
ity between Lx and Ly preventing SBH, combinations of ABC

blocks to which a given probe may or may not hybridize, and
non-hybridized features being equivalent to background. Fur-

thermore, l-DNA sequence identity cannot be recovered by
cleaving and isolating the l-oligonucleotides, even after sacri-

ficing spatial information, since current high-throughput se-

Figure 2. QR code introduced within a commonly used microarray layout.
Hybridization with Cy3-labelled d- and l-DNA complement results in a d-
DNA grid crossing the code (a). Following endonuclease degradation, the l-
DNA code becomes clearly discernible (b) (scale bar full scan: 300 mm, close-
up: 100 mm).

Figure 3. Arrangement and layout of a microarray with an authentication
watermark. a) Layout and design of the array (&5 % of entire synthesis area)
and close-up view of the pattern used for authentication. Each feature in
the pattern contains 1 of 5 different combinations of two l-DNA sequences
(Lx and Ly) separated by a short d-DNA spacer. Lx and Ly are 30-mers and 40-
mers, respectively, generated as combinations of 10-mer blocks A, B and C.
b) Scan after hybridization with the key LABC_complement-Cy3 (scale bar: 100 mm).
c) Schematic view of some Lx-d-Ly oligonucleotide combinations synthesized
on the watermark (see Table S1 for sequences and combinations).
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quencing methods for the analysis of large oligonucleotide li-
braries rely on the use of l-enzymes and are therefore not ap-

plicable to l-DNA base-calling.
Finally, we applied l-DNA in steganography as a way to con-

ceal a message within a photographic reproduction composed
in d-DNA with a resolution of 1024 V 768 pixels. The message is

encoded in decimal form on the x coordinates of l-DNA pixels.
The premise of the approach is based on the assumption that

a few additional features lighting up would seem inconspicu-

ous to the naked eye, yet would be identifiable by standard
data extraction. The pattern visible after initial hybridization

with a complementary d-DNA probe indeed does not suspi-
ciously differ from the version after hybridization with a mix of

d- and l-DNA probe (Figure 4 c d). Aligning scans with the un-
derlying microarray design followed by data analysis allows for
the coordinates of the pixels displaying unusual florescence to

be recognized. The hidden message (Figure 4 e and Table S2)
can then be retrieved using an ASCII table.

In summary, we presented the addition of l-DNA phosphor-
amidites to our toolbox of building blocks available for photo-
lithographic in situ synthesis of microarrays. We show that the
biophysical properties of mirror-image DNA, including homo-

chiral hybridization behavior and increased nuclease stability

remain valid for microarray-synthesized oligonucleotides. The
fluorescently labelled probes required for on-array hybridiza-

tion are generated on a separate microarray, cleaved and re-
trieved in solution, which opens the way to the preparation of

large l-DNA libraries. We then explore a new avenue for l-DNA
as a bioorthogonal hybridization tool in the creation of two-di-

mensional binary patterns containing authentication and en-

crypted messages. Chimeric l-/d-DNA microarrays can thus
form two independent information channels that can each be

accessed separately by hybridization to fluorescently labelled
probes. Within standard d-DNA oligonucleotide arrays, l-DNA

features were designed to form QR codes on the array that
may reveal synthesis data as well as provide decoding keys for

encrypted information stored on d-DNA. Forgery-proof l-DNA
watermarks can be used to confirm authenticity, and sensitive

data can be concealed as code in the coordinates of complex
synthetic array patterns. The use of mirror-image oligonucleo-

tides in these applications as add-ons to common microarrays
does not only offer an additional level of pure synthetic com-

plexity, but the clear bioorthogonality between l- and d-enan-

tiomers also brings the prospect for parallelized assays to be
performed on surface-bound l-/d-oligo libraries, such as in

DNA-based logic circuits.
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