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ABSTRACT

In this study, we synthesized two phosphoramidites based on (2,7-bis-{4-nitro-8-[3-(2-propyl)-
styryl] }-9,9-bis-[1-(3,6-dioxaheptyl)]-fluorene (BNSF) and (4.,4’-bis-{8-[4-nitro-3-(2-propyl)-
styryl] }-3,3’-di-methoxybiphenyl (BNSMB) structures as visible light-cleavable linkers for
oligonucleotide conjugation. In addition to commercial ultraviolet (UV) photocleavable (PC)
linker, the BNSMB linker was further applied as a building component to construct photoregulated
DNA devices as duplex structures which are functionalized with fluorophores and quenchers.

Selective cleavage of PC and BNSMB is achieved in response to ultraviolet (UV) and visible light



irradiations as two inputs respectively. This leads to controllable dissociation of pieces of DNA
fragments which is followed by changes of fluorescence emission as signal outputs in of system.
By tuning the number and position of the photocleavable molecules, fluorophores and quenchers,
various DNA devices were developed in which they mimic functions of Boolean logic gates and
achieve logic operations in AND, OR, NOR and NAND gates in response to two different
wavelengths of light inputs. By sequence design, the photolysis products can be precisely
programmed in DNA devices and triggered release in a selective or sequential manner. Thus, this
photoregulated DNA device shows potentials as a wavelength dependent drug delivery system for
selective control over the release of multiple individual therapeutic oligonucleotide-based drugs.
We believe that our work not only enriches the library of photocleavable phosphoramidite
available for bio-conjugation, but also pave the way of developing spatiotemporal-controlled,
orthogonal regulated DNA-based logic circuits for a range of applications in materials science,

polymer, chemistry and biology.

1. Introduction

Silicon-based computational systems have been utilized in every aspect of human life due to
their excellent information storage and computing power.'? So far, the top-down
approach has been used to fabricate silicon chips, but they will be very soon reaching their physical
limits according to Moore’s Law 34 Alternatively, the bottom-up approach has been explored to
construct molecular devices that can be operated using external stimuli (input) and generate some
signals (outputs) for the continuous increase in computational power in various application
scenarios. In the past decades, logic devices based on organic and inorganic molecules or
molecular assemblies were widely introduced and studied.’¢ Among different materials, DNA
(deoxyribonucleic acid) molecules have recently drawn much attention as outstanding components
in the construction of molecular logic gates because of their unique predictability of base pairing,
ease of chemical synthesis, parallel processing capabilities, excellent data storage capacity, and

flexibility in design.”® In particular, the unique information processing and storage capabilities of



DNA not only are critical to life sciences but also signposts a promising direction for a new
generation of manmade information and control nanotechnologies. Several studies
have recently demonstrated that DNA-based logic gates can successfully replace the conventional
silica-based logic gates for information computing, encryption, and concealment.”~!!
Thus, it is believed that DNA logic gates can potentially address the bottleneck problem of
conventional logic circuits based on semiconductors in terms of operation speed of silicon
materials, which is difficult to further improve. Adleman first reported the use of DNA to construct
a logic gate system to solve a complicated mathematical problem in 1994.!2 Since
then, researchers have started to design and create a large variety of nucleic acid-based logic gates
as general computational devices, which mimic the precise control and
organization of electronic systems for DNA computing, molecular sensing, disease diagnostics,
and biomarker etection.’ So far, these DNA-based logic systems could simply be controlled using
stimuli including metal ions,'*!* small molecules,'*> pH,16,17 aptamers,18,19 and sequence-
defined oligonucleotides.?-2? Delicate designs on DNA enable the
formation of various functional motifs, which can provide responses to different stimuli for
molecular operations.”® For example, Li et al. developed a wedge-like DNA logic circuit,
which was composed of OR and AND gates based on the working principle of toehold-mediated
strand displacement reactions.”®> Chen and co-workers built a set of label-free and
enzyme-free logic gates using the G-quadruplex as a signal transducer to generate a visible output
signal. Formation of the G-quadruplex could catalyze the oxidation of 3,3'55'-
tetramethylbenzidine (TMB) by H202 in the presence of hemin to further induce a color change
from colorless to blue* Molecular beacons (MBs) are also widely employed
functional DNA structures for the construction of DNA logic gates. Their output signals are
generated after the conformational changes of the designed oligonucleotides to MB
structures. Based on this principle, Park’s team designed a universal single-stranded MB probe
labeled with a dye and quencher for a complete set of logic gates and multilevel
circuits. The suppression and restoration of fluorescence resulting from the input of different
oligonucleotide sequences acted as the output signals.?> However, a great limitation in the
current DNA-based logic gate design is the lack of direct interactions with lights for real-time
response. By comparison, light is the most promising noninvasive regulating input because it

remotely controls the reaction systems with high spatial and temporal precision with no



pollution.”s The traditional silicon-based computing devices typically rely on electrical signals
transported via mechanical wires on the semiconductors, generating a large amount of
heat. In contrast, optical signals can be rapidly delivered as pulses, even on the femtosecond time
scale, by remote control, while output signals can be acquired instantaneously. In this
regard, very little to no heat will be generated in the optical DNA-based systems. This will result
in enhancing the reliability of the systems by avoiding the variables arising
from other exogenous stimuli. Furthermore, parameters such as excitation wavelength, light
power, and exposure time can be simply adjusted to regulate the photoresponsive activity. In
recent years, researchers have devoted considerable effort toward developing diverse light-
activated DNA logic gate systems as synthetic chemical circuits based on several
strategies including nucleic acid hybridization,27 toehold- mediated strand displacement,*
aptamer ligand binding,* and catalytic DNAs.*! Deiters’s group constructed a variety of logic gates
with AND, NOT, NAND, and NOR functions with light as the input.323* Their method involved
the light-induced cleavage of 6-nitropipernyloxymethylene caging groups, which
were installed on thymidine nucleotides in DNA strands, to restore DNA oligonucleotide’s
activities for the toehold strand displacement reaction. Alternatively, Xing et al. employed the
insertion of a UV-cleavable nitrobenzyl linker within the oligonucleotide backbone to regulate the
conformational change of the DNA-based AND logic device to further control
the dynamic assembly of high-ordered DNA nanostructures.”’ Upon UV irradiation, the
photolabile molecule is cleaved, followed by dissociation of short oligonucleotides for activating
or inactivating its functions. For example, Li et al. also demonstrated the photorelease of small
molecules, proteins, and nanoparticles from a DNA origami-based molecular
platform operated with a DNAzyme-mediated logic gate.’! Recently, Pei’s group designed
intermolecular CG-C+ triple- based DNA structures in the presence of spiropyran as light-
activated DNA-switching circuits for controlling computation functions.>* After exposure to UV
irradiation followed by proton transfer from CG-C+, the C—O binding of spiropyran
was cleaved, and then, it was isomerized into ring-opened merocyanine. This would result in
structural transition of the DNA switch from triple to duplex conformations to inhibit the
strand displacement process. More recently, researchers have put much effort on the light-activated
DNA nanodevices to move forward for applications in cellular environments.?3

These photochemical stimuli could generally narrow the gap between silicon-based circuits and



DNA-based logic devices using light to precisely control logic functions. However, the
reported photochemical control of oligonucleotide activities is highly restricted to the use of single
wavelength of light irradiation at 365 nm for UV-induced structural transformation
or bond cleavage of caging molecules. Over the past years, development of wavelength-selective,
photocontrollable logic gate systems was still in its infancy. As the systems are sensitive to
multiple wavelengths of excitation light, multiwavelength-excited systems could be developed
based on DNA nanotechnology for potential applications in display devices, optical information
storage, and camouflage technology.’® Furthermore, light-activated logic systems may
find potential applications in the areas of remote interrogation and sensing such as lock-in
detection. A very high signal-to- noise discrimination would be achievable if a single output is
observed after the application of light inputs at different wavelengths. Prokup et al. developed a
light-triggered AND gate through uncaging of caged thymidine nucleotides
followed by a toehold-mediated strand displacement cascade in a DNA-based logic gate in
response to two light irradiations at 365 and 532 nm.?® However, the input of 532 nm overlaps
with the excitation wavelength of the reporter tetramethylrhodamine; this strategy is limited when
designing other logic gates. Recently, our group also reported a photon-activated,
triangular-shaped 2D DNA device to emulate the operation of an OR gate. Two photon-cleavable
molecules, namely 1-(2- nitrophenyl)-ethyl (2-NP) derivative and 4-nitro-4’-phenoxy-
1,1'-biphenyl (4-NB) derivative, were simultaneously introduced into the system. Under light
irradiation at 365 or 740 nm, the photocleavage of (2-NP) and/or 4-NB compounds
results in the phototriggered release of two different pieces of fluorophore-labeled DNA strands
from quenchers, restoring their detectable fluorescence signals.37 However, orthogonal
activation of these two photolabile molecules for controlled release is not possible due to the
chromophore of 4-NB having overlapping absorbance bands with those of 2-NP. These
reported studies lack diversities and highly limit their applications for the development of
photoactivated DNA computation systems with a full set of logic gate functions. To
enhance the orthogonality in logic operations, functionalization of DNA oligonucleotides with
photoresponsive molecules sensitive to specific wavelengths of light is highly necessary to
regulate their hybridization activity in the circuit systems. Here, we first design and synthesize two
new phosphoramidites based on 2,7-bis-{4-nitro-8-[3-(2-propyl)-styryl]}-9,9-bis-[1-(3,6-
dioxaheptyl)]-fluorene (BNSF) and 4 A'-bis-{8-[4-nitro-3-(2-propyl)-styryl] }-3,3'-di-



methoxybiphenyl (BNSMB) motifs for DNA conjugation via standard cyanoethylphosphor-
amidite chemistry and further investigate their qualitative and quantitative analyses on photolysis
efficiency. Subsequently, wavelength-dependent, photoregulated DNA devices were designed and
constructed by hybridizing two DNA oligonucleotides, namely P-DNA and P-DNA’, which are
functionalized with fluorophores, a quencher, and two photocleavable molecules including PC and
BNSMB in different positions. After UV and/or visible light irradiations, selective cleavage of
the PC spacer and BNSMB is achieved, respectively. This results in controllable dissociation of
pieces of DNA fragments, followed by changes of fluorescence emission signals in the
reaction systems. These DNA devices mimic the functions of Boolean logic gates and achieve
logic operations in AND, OR,NOR, and NAND gates in response to two different

wavelengths of light inputs.

2. Experimental Section

2.1. Materials and Reagents

All reagents were reagent grade quality and be utilized as received from Alfa Aesar, Apollo
Scientific, Fluorochem, J&K Scientific, Sigma-Aldrich or TCI Chemicals. Anhydrous toluene,
anhydrous acetonitrile (ACN), anhydrous dichloromethane (DCM), anhydrous diethyl ether
(Et,0O), anhydrous tetrahydrofuran (THF), anhydrous pyridine, anhydrous triethylamine (Et;N) and
anhydrous dimethylformamide (DMF) were purchased and utilized as received from Alfa Aesar,
J&K Scientific, Sigma-Aldrich or TCI Chemicals. Deuterated solvents were used as received from
J&K Scientific or Sigma-Aldrich. All other solvents were technical grade unless specified. Column
chromatography was performed using 60 A 40-63-micron silica media (purchased from DAVISIL)
as the solid support. The progress of column chromatography was monitored by Merck Millipore
TLC silica gel 60 F254 plates, and the elutes were visualized under 254 nm and/or 365 nm UV
lamp. 40% acrylamide/bis-acrylamide solution (19:1) was purchased from Bio-Rad. 1000A

nucleoside-derivatized controlled pore glass (CPG) solid support and reagents used for automated



oligonucleotide synthesis were purchased from BioAutomation. Black hole quencher-1 (BHQ)
phosphormaidite, Cyanine 3 (Cy3) phosphoramidite, Cyanine 5 (CyS5) phosphoramidite, PC spacer
phosphoramidite and Fluorescein (FAM) CPG were purchased from Glen Research. Sephadex G-
25 (super fine DNA grade) was used as purchased from Amersham Biosciences. 1 X TBE buffer
was composed of 90 mM Tris and boric acid, 1.1 mM EDTA, with a pH of 8.0 £0.1. 2 X TAMg
buffer was composed of 80 mM tris(hydroxymethyl)aminomethane, 25 mM magnesium chloride
hexahydrate and 40 mM acetic acid (glacial). The pH was adjusted to 8.0 + 0.1 using hydrochloric

acid.

2.2. Instrumentation

All NMR spectra were recorded on Bruker Ascend AVANCE III HD (BBO probe) 600 MHz
NMR spectrometer, Bruker AVANCE III (BBO probe) 400 MHz NMR spectrometer or Bruker
AVANCE III HD (BBO Probe) 300 MHz NMR spectrometer. 'H NMR and '*C NMR chemical
shifts were reported in O units, parts per million (ppm) relative to the chemical shift of residual
solvents. 3'P NMR chemical shifts were reported in o units, parts per million, relative to the 85%
phosphoric acid as the internal standard. Electrospray ionization (ESI) mass spectrometry was
performed on a PE-SCIEX API 3200 triple quadrupole mass spectrometer. Standard automated
oligonucleotide solid-phase synthesis was performed on BioAutomation MerMade MM6 DNA
synthesizer. Gel electrophoresis experiments were carried out on an acrylamide 20 x 20 cm Maxi
Vertical electrophoresis apparatus (MV-20DSYS). Matrix-assisted laser desorption/ionization
time of flight (MALDI-TOF) mass spectrometry was performed on ABI 4800 Plus MALDI
TOF/TOF mass spectrometers. DHAP in 70% methanol was used as matrix. UV-Vis
measurements were carried out on NanoDrop™ One (Thermofisher). One-photon photolytic

uncaging was done on 415 nm or 430 nm light sources, which was achieved by using an UV



TaoYuan (415 nm, 200 mW/cm?) or LUMOS 43 LED (430 nm, 200 mW/cm?) LED lamps. Two-
photon photolysis experiments were performed on our home-made set-up at the “Plateforme
d'Imagerie Quatitative” PIQ at the faculty of pharmacy (University of Strasbourg) as described
recently.*® The excitation source was a Ti:sapphire femtosecond laser Insight DS (680-1300 nm)
with pulse width < 120 fs and a repetition rate of 80 MHz (Spectra-Physics). The reference was
dissolved in MeOH/H,O 9:1 in vol. and the studied compound in PBS buffer with the absorbance
of both solutions close to 0.4000 (at A,,.x). The kinetic of the two-photon process of the compound
of interest compared to the reference was studied using 80 uL of solutions (both reference and
sample alternatively) irradiated and analyzed by UV-vis spectroscopy after different times of
irradiation, without modifying the laser excitation settings with uncaging percentages lower than
15% to avoid interferences due to photolysis byproducts. The quadratic dependency of the
photolysis percentage vs the average laser power was verified 800 nm (Figure S83) to confirm a
two-photon process. HPLC analysis were performed on a high-performance chromatography
system from Waters® (Waters 1525 pump with Waters 2998 photodiode array detector) equipped
with a XBridge Peptide BEH C18 5-micron (4.6, 150 mm) analytical column. Spectroline® E-
Series UV lamp ENF-280C/FE with 8 W output power was used in UV photolysis of logic gates.
Visible light photolysis was carried out by Newport xenon light source (model of 66483-300XF-
R22) with 200 W output power inserted with a 420 nm longpass filter, the transmitted wavelengths

were in the range of 420-800 nm.
2.3. Synthesis of Photocleavable DNA Oligonucleotides and Reference DNA Oligonucleotides

Oligonucleotide synthesis was performed on 200 nmole scale using an automated
oligonucleotide synthesizer and standard cyanoethylphosphoramidite chemistry, starting from the

1000 A universal CPG solid support. Commercially available DNA nucleoside phosphoramidites,



BNSF phosphoramidite and BNSMB phosphoramidite were site-specifically coupled onto the
growing oligonucleotides chain as an artificial base with a prolonged detritylation and coupling
time. The coupling efficiency was monitored by the trityl concentration level. The DNA
oligonucleotides without Cy5 fluorophore were fully deprotected in 30% ammonium hydroxide at
55°C for 16 h. The DNA oligonucleotides with Cy5 fluorophore were fully deprotected in 30%

ammonium hydroxide at r.t. for 24 h.

2.4. Purification of Photocleavable DNA Oligonucleotides and Reference DNA

Oligonucleotides

DNA oligonucleotides were purified on 15% polyacrylamide/8M urea polyacrylamide gels
at constant current of 30 mA for 3 h (30 min at 250V followed by 2.5 h at 500 V), using 1 X TBE
buffer. For DNA containing fluorophores, target bands were cut and collected in a 15 mL
centrifuge tube. For DNA without fluorophores, the plates were wrapped in plastic after
electrophoresis and placed on a fluorescent TLC plate and then illuminated with a UV lam at 254
nm. The bands were excised quickly. The selected gel pieces were crushed and incubated in 12
mL of sterile water at 55 °C for 16 h. The samples were concentrated to about 1 mL by speed
vacuum concentrator, desalted using Sephadex G-25 column chromatography. Quantification was

carried by UV-Vis analysis.

2.5. HPLC Analysis on One-photon Photolysis of Photocleavable DNA Oligonucleotides

Cy5-d15-BNSF/BNSMB-d19-FAM after irradiation of LED was subjected to reversed
phase HPLC system with Waters 2998 photodiode array detector. Analysis was done by using a

gradient elution starting from 100% 25 mM triethylammonium acetate (TEAA) buffer to 100% of



acetonitrile/water (v/v = 1:1) in 30 min. The signal of FAM was monitored at 495 nm and signal
that of Cy5 was monitored at 650 nm. Subsequently, the quantification of photolytic products was

calculated from the peaks area correlated to the calibration curves of d15 and d19-FAM.

2.6. Formation and Operation of DNA logic gates

In OR gate, P-DNA-OR strand was hybridized with P-DNA-OR’ strand in a mole ratio of
1.2:1, the number of moles of P-DNA-OR’ used was 0.11 nmol. The preparation of NOR gate was
the same as OR gate. In AND gate, P-DNA-AND strand was hybridized with P-DNA-AND’
strand in a mole ratio of 1.2:1, the number of moles of P-DNA-AND’ used was 0.16 nmol. The
preparation of NAND gate was same as AND gate. The mixture was prepared in 20 L. with buffer
concentration of 2X TAMg and stored at 4 °C overnight. For fluorescence measurement, the
samples were then diluted with 2X TAMg buffer to 120 uL prior to light irradiations. In photolysis
by UV light, the samples were irradiated by an 8 W handheld UV lamp for 2 h. In photolysis by
visible light, the samples were irradiated by 200 W xenon arc lamp with the 420 nm longpass filter
for 1 h. Fluorescence measurement was conducted after storage at 4 °C overnight. The excitation
wavelength of Cy3 was 514 nm and the emission range was collected at 550-650 nm. For gel
electrophoresis, samples were prepared in 20 yL but no dilution was performed on the samples.
After UV/visible light photolysis, the samples were mixed with 6.67 uL. of 70% glycerol and the
whole mixture was loaded to 6.5% native polyacrylamide gel in running buffer of 2X TAMg. The
fluorescence of Cy3 was detected upon excitation of 532 nm and the gel was stained by Stains-All

solution for visualization of bands.
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2.7. Statistical Analysis

All the results were performed in triplicate and repeated for two times. Data were presented
as mean =* standard deviation where applicable. Statistical analysis was conducted by one-way

ANOVA with Tukey post hoc test using SPSS Statistics software.

3. Results and Discussion

3.1.Design and Synthesis of Photocleavable Phosphoramidites

The PC spacer phosphoramidite is a commercially available UV-cleavable linker for DNA
conjugation. It provides high uncaging efficiency under irradiation of UV light at 365 nm.
Numerous studies have demonstrated that the PC linker is feasible to synthesize photoactive DNA
oligonucleotides for construction of UV-responsive DNA-based nanomaterials, which are
potentially suitable for controlled drug release.’”- *-#! However, UV light is a high-energy light
source, which would result in harmful effects for long-term applications. Currently, availability of
photoresponsive molecules outside the UV region is the major obstacle for building diverse DNA
logic gates with dual light inputs. Coumarin derivatives are one of the most popular caged
compounds with visible light activation in a physiological environment.*** Introduction of
substituents with electron-donating/withdrawing groups can shift the absorption wavelength of
coumarin derivatives to a lower energy region.* Nevertheless, intermediates of recently developed
coumarins are very light-sensitive and hard to be handled in the common laboratory
environment.*® 447 Most of the processes must be carried out in the dark. To address these
problems, we are motivated to generate stable visible light-photocleavable phosphoramidites in a
cost-effective way. BNSF and BNSMB derivatives were reported as efficient photoreleasing tools
of glutamate and polymers.**:* As reported, the synthesis of BNSF or BNSMB starts from 2,7-
dibromofluorene or 4,4'-diiodo-3,3"-dimethoxybiphenyl compounds, respectively. These starting
materials were reacted with 3-ethyl-4-nitrostyrene in 1:2 ratio, then followed by deprotonation and
nucleophilic addition on formaldehyde to generate symmetrical and highly conjugated products.

We attempted to apply the same synthetic strategy to further couple the 4,4'-dimethoxytrityl group
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and phosphitylation units on these dihydroxyl-functionalized bis(stilbene) molecules BNSF and
BNSMB. Unfortunately, the synthetic yields of these resulting phosphoramidites were extremely
low (~5%). Indeed, the chemical syntheses reported by Nicoud and co-workers*® cannot be
effectively adapted to the preparation of phosphoramidites for oligonucleotide conjugation. Thus,
we first designed and synthesized two new phosphoramidites based on BNSF and BNSMB motifs
for further DNA conjugation. The detailed synthetic procedures and schemes are shown in the
Supporting Information (Schemes S1-S3). The photocleavable phosphoramidites were
synthesized starting from generating common molecular fragments, brominated NPPOC 3,
tritylated NPPOC 4, and 2-cyanoethyl N,N,N',N'-tetraisopropylphosphorodiamidite S. Then, the
fluorenyl core of BNSF 8 was constructed by bromination and alkylation on the fluorene ring, and
the biphenyl core of BNSMB 16 was built by successive Miyaura, Suzuki, and Sandmeyer
reactions. After conversion of aromatic bromine to terminal alkene by the Heck reaction or Stille
reaction, sequential intermolecular Heck reactions were performed on the fluorenyl and biphenyl
cores to generate the conjugated chromophores. Finally, the synthesis of BNSF and BNSMB
phosphoramidites 12 and 20 were completed by phosphitylation. The intermediates and final
products were characterized by electrospray ionization mass (ESI-MS) spectrometry and 'H, 13C,
and/or *'P nuclear magnetic resonance (NMR) spectroscopies (Figures S1-S51). The data obtained

were in good agreement with the proposed structures. In this work, the facile synthesis of BNSF
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and BNSMB linkers is highly achieved, as their intermediates are not light-sensitive. The overall

synthetic experiments can be carried out under normal environments in the laboratory.
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Scheme. 1 Conjugation of photocleavable phosphoramidites on DNA oligonucleotides by solid

phase synthesis.

3.2.Synthesis and Characterization of Photocleavable DNA Oligonucleotides

To facilitate the characterization of fragments after photolysis, two different lengths of
DNA oligonucleotides including d15 (sequence: 5-CTGAGACTTTAATAA-3") and d19
(sequence: 5'-TTGAAATTCACCTGGTAGC-3") were chosen, which have already been used in
our previous studies.’>>! Commercially available cyanine 5 (Cy5) and 6-carboxyfluorescein
(FAM) non-nucleosidic phosphoramidites were conjugated on the 5’ and 3, respectively (Scheme
1). These fluorophores were utilized for the visualization of DNA fragments and increasing

polarity difference between d15 and d19. The synthetic protocol of photocleavable and reference
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DNA oligonucleotides was referred from our previous study.’? The successful synthesis of DNA
oligonucleotides was confirmed by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (Figures S52-S61). The mobilities and purities of DNA
oligonucleotides were also investigated by denaturing polyacrylamide gel electrophoresis (PAGE)
analysis, as shown in Figures la and S62. UV-Vis absorption spectroscopy studies were also
performed on the BNSF- and BNSMB-conjugated DNA oligonucleotides. The maximum UV-Vis
absorptions for BNSF and BNSMB were 415 and 400 nm, respectively.*®# As shown in Figure
Ib,c, the UV-Vis absorption spectra illustrated two absorption bands at 260 nm for DNA
nucleobases and at 415/400 nm for the biphenyl and fluorenyl chromophores, confirming the
successful conjugation of BNSF or BNSMB motifs onto the DNA strands. The stability of DNA
oligonucleotides containing BNSF and BNSMB linkers was also tested under pure water, 50 mM
sodium acetate buffer at pH 4, 50 mM sodium carbonate—sodium bicarbonate buffer at pH 10, and
500 mM potassium chloride solution and at 37 °C. As characterized by denaturing gel
electrophoresis, no degradation of DNA oligonucleotide was observed in each treatment (Figure
S63). It is confirmed that the photocleavable linker is stable under acidic, alkaline, and high-salt

content conditions and even at high temperature.

d15-BNSF-d19 Cy5-d15-BNSF-d19-FAM

Cy5-d15-BNSMB-d19-FAM
d15-BNSMB-d19 Cy5-d15-d19-FAM
d15-d19 Cys-d15

d1s
d19-FAM

d19
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Figure 1. Characterization of the BNSF- and BNSMB- conjugated DNA oligonucleotides. (a)
Denaturing PAGE analysis for mobilities and purities. (b) UV-Vis absorption spectra of (b) BNSF-

conjugated and (c) BNSMB-conjugated DNA oligonucleotide.

3.3.Oualitative Analysis on the Photolysis Efficiency

Previously, effective one-photon uncaging performances of BNSF and BNSMB in glutamate and
the polymer were reported.”®* However, the photolytic efficiency of two molecules was never
reported in DNA oligonucleotides, so their photolysis was investigated qualitatively. In the
literature, one-photon uncaging processes could be examined by monitoring the decreasing
absorption of PPGs and increasing absorption of photolyzed products by UV—Vis spectroscopy .**:
49.53.54 In our studies, one-photon induced photolysis was examined by irradiation of d15-BNSF-
d19 and d15-BNSMB-d19 oligonucleotides (15 pM) at 430 nm (using a LUMOS 43 LED source
from Atlas Photonics Inc.) in 1x PBS (pH 7.2). During these photolysis experiments, both caged
DNA oligonucleotides showed new broad absorbance features from 300 to 600 nm, while the
initial absorbance features at 405 or 415 nm gradually diminished, as shown in Figure 2ab.
Noteworthily, for longer irradiation time, the broad absorbance between 300 and 600 nm started
to decrease presumably due to the instability of the BNSF and BNSMB subproducts. The samples
after irradiation were also subjected to MALDI-TOF mass spectrometry analysis. As shown in

Table S2 and Figures S64-S65, two peaks representing the d15 and d19 molecular fragments were
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observed after irradiation of d15-BNSF-d19 and d15-BNSMB-d19 with LEDs. These UV-Vis
absorption and mass spectral results were good evidence to prove the successful fragmentations
on BNSF- or BNSMB-conjugated DNA oligonucleotides under irradiation with a LED light
source. Further confirming the photorelease of two shorter DNAs, one-photon uncaging was done
on 100 uM Cy5-d15-BNSF-d19-FAM and Cy5-d15-BNSMB-d19-FAM oligonucleotides in 2x
TAMg (pH 8.0) under irradiation as a function of time. The denaturing PAGE analysis in Figure
3 revealed that the photo-uncaging of Cy5-d15-BNSF-d19-FAM and Cy5-d15-BNSMB-d19-FAM
oligonucleotides could be done within 30 s using a LED to completely release the two DNA
fragments. To further confirm the photolytic products, the samples after irradiation were also
subjected to reversed-phase high-performance liquid chromatography (HPLC) analysis, then
followed by MALDI-TOF mass spectrometry analysis. As shown in Table S3 and Figures S66—
S69, mass peaks at 6395.9536 and 6399.7979 Da were found from the elutes collected at 10 min
from HPLC analysis after photolysis of Cy5-d15-BNSF-d19-FAM and Cy5-d15-BNSMB-d19-
FAM, respectively, confirming the release of d19-FAM. Additionally, mass peaks at 5189.9312
and 5192.2905 Da were found from the elutes collected at 17 min from HPLC analysis after
photolysis of Cy5-d15-BNSF-d19-FAM and Cy5-d15-BNSMB-d19-FAM, respectively,
confirming the release of Cy5-d15. In addition, it was demonstrated that d15-BNSF-d19 showed
two-photon uncaging activity at 800 nm (Figure S70). Compared to PC and coumarin derivative
linkers, the photocleavage of our BNSF- and BNSMB-functionalized DNA oligonucleotides
results in controlled release of pure DNA fragments without other functional groups for potential

biomedical applications.>
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Figure 2. Variation of UV-Vis absorbance after irradiation at 430 nm of 1 mL of 15 pM solutions

of samples in 1X PBS. (a) BNSF- conjugated DNA oligonucleotide (b) BNSMB- conjugated DNA

oligonucleotide.

(b)

Figure 3. Denaturing PAGE analysis of (a) Cy5-d15-

-d19-FAM and (b) Cy5-d15-

-d19-FAM after irradiating with 415 nm light as a function of irradiation time at O s

(lane 1), 2 s (lane2), 5 s (lane 3), 10 s (lane 4), 30 s (lane 5). Uncaged products were compared

with the Cy5-d15 (lane 6) and d19-FAM (lane 7).
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3 4 .Quantitative Analysis on the Photolysis Efficiency

To quantify the amount of DNA fragments released by one-photon uncaging photolysis,
reversed-phase high-performance liquid chromatography (HPLC) analysis was used. By
comparing the peak areas of the uncaged product and the reference standards, the quantities of
uncaged products could be determined. Nevertheless, we were not able to separate the d15 and
d19 oligonucleotides using reversed-phase HPLC analysis, as the retention times of d15 and d19
DNA oligonucleotides were almost identical. This may be attributed to the nonpolar stationary
phase of reversed-phase HPLC for separating the negatively charged DNA oligonucleotides. To
address this problem, we attempted to utilize the Cy5-d15 and d19-FAM as standards based on
their hydrophobic nature and polarity differences between Cy5 and FAM fluorophores. As shown
in Figure 4ab, the Cy5 and FAM fluorophores facilitated the separation of d15 and d19 in
reversed-phase HPLC. The difference in the retention times of Cy5-d15 and d19-FAM was large
enough to separate the two peaks for qualitative and quantitative analysis. Subsequently, Cy5-d15-
BNSF-d19-FAM and Cy5-d15-BNSMB-d19-FAM (100 uM) were irradiated using a LED in 2x
TAMg (pH 8.0) for 30 s. Afterward, the solvent was evaporated, and the residue was concentrated
to 25 pL in volume for injecting into the HPLC system. Triplicate experiments were done on both
samples, and the HPLC chromatograms are shown in Figures S71-S83. Calibration curves, as
shown in Figures S84 and S85, were generated accordingly. By comparing the peak areas of
uncaged products from Cy5-d15-BNSF-d19-FAM and Cy5-d15-BNSMB-d19-FAM, it was found
that the one-photon uncaging efficiencies of BNSF- and BNSMB-conjugated DNA
oligonucleotides were 97 + 1 and 90 + 3%, respectively. These were much higher as compared

with those in the literature using a xenon lamp or mercury lamp.*#
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From the one-photon uncaging studies, both BNSF and BNSMB exhibited high-
efficiency photolysis under visible light irradiation. The planarity of the chromophore,
rigidity of the molecular structure, and steric hindrance raised by the BNSF motif might alter
the hybridization of duplex DNAs. Therefore, the BNSMB motif was chosen for the

construction of DNA-based logic gates.

3.5.8elective Photocleavage of PC spacer and BNSMB

To orthogonally activate the DNA logic devices, selective response of two photocleavable
molecules to two particular wavelengths of light inputs is an important criterion. The PC spacer is
an effective and commercially available photocleavage molecule activated by UV light at 365 nm,
which is far away from the absorption region of BNSMB. Therefore, light inputs under the UV
region and visible light region are used to activate our designed DNA devices with different logic
operations. As shown in Figure 5a, the overall molecular structures of the PC spacer and BNSMB
are not exactly the same; the PC spacer is a nitrobenzyl-based linker, whereas BNSMB is a
nitrophenethyl linker.> Particularly, there is an additional methylene group on the benzylic carbon
of the nitrobenzyl group in BNSMB, which makes the photolytic pathways of BNSMB
significantly different from those of the PC spacer. Consequently, UV irradiation on the PC spacer
converted the benzylic carbon of the nitrobenzyl group to o-nitrosoacetophenone, while the 2-(2-
nitrophenyl)propyloxycarbonyl (NOPPC) motif in BNSMB was converted to o-nitrostyrene after
photolysis.’’® To verify the selective cleavage of the PC spacer and BNSMB by light inputs of
different wavelengths, a 24-base pair (bp) oligonucleotide inserted with these two molecules was
synthesized and tested (5'-BHQ/GTTGTAAG/BNSMB/GTCAGCTA/PC/TGTACAAC-3').
Conjugation of the BHQ molecule at the 5 end created a larger mass difference between

photolyzed fragments (Figure 5b). Upon UV illumination, the PC spacer was cleaved to give a
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DNA fragment with 8 bases and a DNA with 16 bases consisting of BHQ, BNSMB, and o-
nitrosoacetophenone group. In denaturing PAGE analysis (lane 2 in Figure 5¢), a DNA band was
obtained with higher mobility than that of noncleaved DNA. However, the presence of the
BNSMB molecule made the fragment migrate slower than that of a normal DNA strand with 16
bases. Irradiation of visible light resulted in two photolytic products including a DNA fragment
with 8 bases and BHQ and another DNA fragment with 16 bases and a PC spacer. A DNA band
was observed at a position near the DNA band of 16 bases in denaturing PAGE analysis (lane 3 in
Figure 5c¢). Irradiations of both UV and visible lights completely cleaved the DNA into three 8-
base fragments as expected. In general, the mobility of the DNA strand in PAGE analysis depends
not only on its molecular weight and conformation but also on its polarity and hydrophilicity after
molecular functionalization. The 8-base DNA fragments produced in lane 2 and lane 3 were too
short and impossible to visualize after staining with Stains-All. Our observations are in agreement
with previous studies.’’** Thus, the two 8-base DNA fragments are unobservable in Figure 5c.
In contrast, the photolytic product of the 8-base DNA fragment consists of a nonpolar o-
nitrosoacetophenone group in lane 4, which confers a mobility shift when compared to pure 8-base
DNA strands or even DNA with longer lengths. Therefore, its mobility is a bit slower than that of
the 16-base DNA fragment in lane 3. All these photolytic products were further characterized and
confirmed by the MALDI-TOF mass analyses (Table S4 and Figures S86—S90). The results of
mass characterization and denaturing PAGE analyses confirmed the selective and orthogonal
photocleavage of PC-and BNSMB-functionalized DNA strands with two different wavelengths of

lights.
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Figure 5. a) Schematic representation of photocleavage of PC spacer and BNSMB by UV and
visible light respectively. b) Fragmentation of DNA containing PC spacer and BNSMB under
different light irradiations. ¢) 20% denaturing gel electrophoresis analysis of b). Lane 1: non-
cleaved DNA; lane 2: DNA cleaved by UV; lane 3: DNA cleaved by visible light; lane 4: DNA

cleaved by UV and visible light; lane 5: normal DNA with 16 bases.

n our design, the logic devices are basically constructed by hybridizing two DNA oligonucleotides,
namely P-DNA and P-DNA'’, which are functionalized with the fluorophore Cy3, quencher, and
two photocleavable molecules including PC and BNSMB at different positions. (0,0) represents
the initial state without the input of radiations. (1,0) refers to the input of only UV radiation. Input
of visible light only is indicated as (0,1), and (1,1) represents the input of both UV and visible

lights. In response to the light irradiations, variation of Cy3 fluorescence creates an output signal
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in the logic operations by changing the proximity between BHQ and Cy3 due to dehybridization
of the duplex. In addition, the concept of molecular beacon (MB) formation is also introduced into
the DNA logic gate systems. The self-hybridization of MB can hold Cy3 and BHQ in close
proximity, which is an important conformational change in the operations of NOR and NAND
gates to create a false output signal. The successful synthesis of all functionalized oligonucleotides

was fully characterized by MALDI-TOF mass spectrometry (Figures S91-S102).

3.6.1 OR Gate
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Figure 6. a) Schematic representation of OR gate under different light irradiations. b) The truth
table of OR gate. c) The relative fluorescence of OR gate under different irradiations which the
initial state was treated as 1. Data are presented in mean + standard deviation (n = 3). **p < 0.01,

*#%p < 0.001, one-way ANOVA with the Tukey post hoc test.
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The OR gate was designed as an 18-bp duplex by hybridizing BHQ-labeled P-DNA-OR and
its Cy3-labeled complementary strands (P-DNA-OR’) (Figure 6a). The two photocleavable
molecules including PC and BNSMB were inserted at every 6-base position on P-DNA-OR.
Referring to the truth table of the OR gate, its output signal is true (1) when either one of the inputs
is true (Figure 6b). At the initial state of the OR gate, the fluorescence emission of Cy3 on P-DNA-
OR’ was quenched due to the close proximity to BHQ as proved by fluorescence measurements
and native PAGE analyses (lane 4 in Figure S103a,b). As a control, a C-OR duplex was also
assembled without any photocleavable molecule (Figure S103a, lane 5). The initial quenched state
of the OR gate was given as a false output signal (0), while the fluorescent state triggered by two
light inputs was assigned as a true output signal (1). With UV irradiation applied, the DNA band
of the designed OR gate disappeared and a new DNA band with higher mobility corresponding to
the 18-mer P-DNA-OR' was observed (Figure S104, lane 3). It is noted that the PC spacer on P-
DNA-OR underwent photolysis to generate a 6-base DNA fragment containing BHQ and a 12-
base DNA fragment consisting of BNSMB. These two shorter DNA fragments were unstable and
dissociated from the Cy3-labeled P-DNA-OR’, resulting in the restored fluorescence as an output
signal (Figure 6c). In contrast, when visible light is applied, a new DNA band corresponding to P-
DNA-OR' with higher mobility was observed and the fluorescence emission of Cy3 was restored
(Figures 6¢ and S104, lane 4). These observations were attributed to the selective photocleavage
of BNSMB to generate a 6-base DNA fragment and a 12-base DNA fragment consisting of PC
and BHQ. Although a slight hybridization between a 12-bp PC-containing fragment and P-DNA-
OR’ was observed, the relative fluorescence intensity of Cy3 significantly increased (p < 0.01) by
the input of (0,1). Subsequently, inputs of both light radiations led to a complete fragmentation of

P-DNA-OR into three 6-base DNA fragments as both PC and PMSNB were cleaved. The Cy3-
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labeled P-DNA-OR’ was completely free from the BHQ molecules, resulting in the restored

fluorescence emission of Cy3 (Figures 6¢c and S104, lane 5). No such DNA cleavage and no

restoration of the fluorescence signal were observed in the C-OR duplex upon light irradiations

(Figure S104). Importantly, the dependence of the readout signals of our DNA system based on

the UV and visible light irradiations can imitate the function of signal communication in the OR

logic gate.

3.6.2 NOR Gate
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initial state was treated as 1. Data are presented in mean + standard deviation (n = 3). ***p <0.001,

one-way ANOVA with the Tukey post hoc test.

The NOR gate was also designed as an 18-bp duplex by hybridizing the P-DNA-NOR
strand and its complementary strand (P-DNA-NOR'), which was functionalized with Cy3 and
BHQ at the 3" and 5’ ends, respectively (Figures 7a and S105a, lane 4). Importantly, the sequence
of P-DNA-NOR' was designed to self-assemble into the molecular beacon (MB) structure with
low fluorescence when it was unhybridized (lane 3 in Figures S105a and S105b). As a control, a
C-NOR duplex was also generated without any photocleavable molecule (Figure S105a, lane 5).
Referring to the truth table of the NOR gate, the pattern of signal change in its operation is opposite
to that of the OR gate. The output signal is only true (1) without any input. Otherwise, the output
signal becomes false (0) when either single or both inputs are present (Figure 7b). At the initial
state without any input (0,0), the fluorescence emission of Cy3 was at the highest level (Figures
7c and S106a, lane 2) as the distance between Cy3 and BHQ is far away by forming a duplex.
When either UV or visible light was applied, a new DNA band with higher mobility corresponding
to the MB formed and the emission of Cy3 was dramatically reduced. It is worth noting that 6-mer
DNA fragments and 12-mer DNA fragments were generated by photocleavage of the PC spacer
or BNSMB and then dissociated from P-DNA-NOR'. This selective photolysis would promote the
self-hybridization of P-DNA-NOR' into a MB structure with the close proximity of Cy3 and BHQ.
Similar results were obtained when the reaction system was irradiated with both light inputs. This
is because the PC spacer and BNSMB were simultaneously cleaved, and then, three 6-mer DNA
fragments were unhybridized from P-DNA-NOR’, giving rise to a diminished fluorescence by
forming the MB structure (Figures 7c and S106a, lane 5). In contrast, there is no significant

decrease of the fluorescence emission signal of Cy3, and no MB structure was formed in the C-
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NOR duplex (Figures S106 and S107). Overall, the result of native PAGE analysis was consistent
with that of the fluorescence studies. Through normalizing the intensity detected in the NOR gate
with that of the control C-NOR duplex, the relative fluorescence in the outputs of (0,1) and (1,1)

was suppressed. The output signals of (0,1) and (1,1) were both considered false.

3.6.3. AND Gate

Using a similar strategy, 24-mer P-DNA-AND was designed and functionalized with PC
and BMSMB at every 8-base position and with two BHQ molecules at both ends. Its
complementary strand P-DNA-AND’ was modified with two fluorophores at both terminals and
further hybridized with P-DNA-AND to form an AND gate as a 24-mer duplex (Figures 8a and
S108a, lane 4). Referring to the truth table of the AND gate, a true output signal is produced only
when both inputs are true. Input of either one false signal would result in a false output signal
(Figure 8b). At the initial state without any light input, the fluorescence signal of the two
fluorophores was completely quenched by the two BHQ molecules (Figure S108b). When either
UV or visible light input is applied to the reaction systems, the PC spacer or BNSMB was
photocleaved, respectively, to generate an 8-mer BHQ-labeled DNA fragment dissociated from
the P-DNA-AND' strand. The resulting partially hybridized DNA complex was still stable enough
to maintain the quenching effects, leading to low fluorescence intensity of the fluorophores. In
contrast, upon irradiation of two light inputs, both the PC spacer and BNSMB were completely
cleaved to release three 8-mer DNA fragments, while the two fluorophores on P-DNA-AND’ were
free from BHQ molecules. This photolysis by two light inputs would result in at least twofold
enhancement of the fluorescence intensity of fluorophores (Figure 8c), and a clear fluorescence
signal in the native PAGE analysis is shown in Figure S109, lane 5. No such fluorescence

enhancement is observed in a control C-AND duplex (without functionalization of photocleavable
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molecules) in response to the two light inputs as shown in Figure S109. Importantly, an immense
increase of fluorescence signals was observed by both light irradiations with the output of (1,1),
which became differentiable to those of states at (1,0) and (0,1). The output of (1,1) was considered
a true signal, while the others were false. In our design, the dependence of the readout signals

based on both UV and visible light irradiations can mimic the function of signal communication

in AND logic gates.
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Figure 8. a) Schematic representation of AND gate under different light irradiations. b) The truth
table of AND gate. ¢) The relative fluorescence of AND gate under different irradiations which
the initial state was treated as 1. Data are presented in mean + standard deviation (n = 3). **p <

0.01, ***p <0.001, one-way ANOV A with the Tukey post hoc test.
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3.64 NAND Gate
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Figure 9. a) Schematic representation of NAND gate under different light irradiations. b) Truth
table of NAND gate. c) The relative fluorescence of NAND gate under different irradiations which
the initial state was treated as 1. Data are presented in mean + standard deviation (n = 3). **p <

0.01, one-way ANOV A with the Tukey post hoc test.

The pattern of output signals in the operation of the NAND gate is just the reverse of that
of the AND gate. In our design, the construction of the NAND gate comprised the components in
the AND gate and NOR gate. The length of the duplex was kept as 24 bp, and the DNA sequences

were the same as those of the AND gate to ensure the hybridization between the fragments, while
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the complementary strand can be maintained when a single input is present. The PC spacer and
BNSMB molecules were functionalized at every 8-base position on the P-DNA-NAND strand,
while Cy3 and BHQ were conjugated to the 3’ and 5’ ends of its complementary strand P-DNA-
NAND', respectively (Figures 9a and S110a, lane 4). Referring to the truth table of the NAND
gate, the output signal is only false when both of the input signals are true (Figure 9b). A strong
fluorescence was detected at the initial state of the NAND gate without inputs, which was treated
as a true output signal (Figures 9c and S110b). By irradiating with either UV or visible light, the
PC spacer or BNSMB was photocleaved, respectively, to generate a short 8-mer DNA fragment,
which is not stable enough to hybridize with P-DNA-NAND'. Meanwhile, the resulting 16-mer
DNA fragment is still able to hybridize with 24-mer P-DNA-NAND' to prevent the formation of
the MB structure of P-DNA-NAND'. Consequently, the fluorescence intensities of Cy3 detected
as the output of the NAND gate at inputs of (1,0) and (0,1) are observed at a high level, which
showed no significant difference to the NAND gate at the initial state (p > 0.5) (Figures 9c and
S111). The output signals of (1,0) and (0,1) were both considered true. In contrast, a new DNA
band with higher mobility was formed and the fluorescence emission of Cy3 was dramatically
reduced upon both UV and visible light irradiations. These results are attributed to the
simultaneous photocleavage of the PC spacer and BMSNB molecules and generation of three 8-
mer DNA fragments dissociated from P-DNA-NAND'. This would promote the self-hybridization
of P-DNA-NAND' into a MB structure with the close proximity of Cy3 and BHQ. The output
signal of (1,1) became false. The fluorescence variation of the DNA system response to the UV
and visible lights matched the logic operation pattern of the NAND gate. Consequently, the
dependence of the readout signals based on the two light inputs can mimic the function of signal

communication in NAND logic gates.
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Conclusions

In summary, we successfully synthesized two 400 nm light-activated phosphoramidites based on
the BNSF and BNSMB structures as photocleavable linkers for oligonucleotide conjugation. The
BNSF- and BNSMB-functionalized DNA oligonucleotides showed fast and efficient one-photon
uncaging properties by cleavage of photolabile bonds of NPPOC PPGs, resulting in short pieces
of DNA fragments. BNSF-functionalized DNAs have also shown two-photon sensibility at 800
nm. Together with UV-cleavable molecules, photoregulated DNA devices were further designed
and constructed as duplex structures, which are functionalized with fluorophores, a quencher, and
two photocleavable molecules including PC and BNSMB molecules. Selective cleavage of PC and
BNSMB is achieved in response to UV and visible light irradiations, respectively, as two inputs.
This results in the controllable dissociation of pieces of DNA fragments, then followed by changes
of fluorescence emission as signal outputs in the reaction systems. By tuning the number and
position of the photocleavable molecules, fluorophores, and quenchers, various DNA devices were
developed, in which they mimic the functions of Boolean logic gates and achieve logic operations
in AND, OR, NOR, and NAND gates in response to light inputs of two different wavelengths. By
sequence design, oligonucleotides with antisense or aptamer sequences can be precisely
programmed in DNA devices and triggered to release in a selective or sequential manner by
irradiation of certain wavelengths of lights. Therefore, this DNA device shows potential as a
wavelength-dependent drug delivery system for selective control over the release of multiple
individual therapeutic oligonucleotide-based drugs such as aptamers, microRNA mimics,
antagomirs, DNAzymes, DNA decoys, and synthetic guide strands for CRISPR/Cas. We strongly

believe that our work enriches the library of photocleavable phosphoramidites available for
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bioconjugation and paves the way for constructing wavelength-selective, orthogonal-regulated

DNA-based logic devices for applications in materials science, polymers, chemistry, and biology.
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