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ABSTRACT: We synthesized new para-dialkylaminonitrobiphenyl (ANBP) derivatives, s-sANBP and t-ANBP, functionalized with
dimethyltrityl and phosphoramidite groups for incorporation into DNA backbones as photocleavable linkers via solid-phase
synthesis. Both derivatives exhibited excellent chemical stability under diverse conditions, including acidic, alkaline, and high-salt
environments and elevated temperatures. Their incorporation into DNA influenced duplex stability and antisense oligonucleotide
(ASO) dissociation efficiency, depending on the number of ANBP units and adjacent nucleotide deletions. The s-/t-ANBP-
conjugated DNA showed efficient one-photon photolysis at 415 nm and enhanced two-photon absorption for extended z-system in
t-ANBP, with §,®, values of 1.6 GM (740 nm) and 2.7 GM (800 nm). ANBP-conjugated DNA was used to construct a 3D DNA
nanocage capable of light-triggered ASO 4625 release, validated by an in vitro RNA digestion assay, confirming antisense
functionality. This platform demonstrates precise, light-mediated therapeutic delivery and offers potential for broader applications in
drug delivery and clinical use.

No RNA digestion

B INTRODUCTION nucleic acid tools. These tools have been employed in
applications such as biosensing, "’ gene editing,’ protein
function regulation,7 in vivo gene control,*’ and immunother-
apy,'” with activation triggered by UV or near-UV light.
Besides the photochemical regulation of duplex oligonucleo-
tides, a high-order photoresponsive self-assembled DNA-based
system has recently been explored. Photocleavable oNB-
functionalized DNAs have been widely used for the develop-
ment of photoresponsive DNA nanomaterials for structural
switching and property tuning.'' It is important to note that
the position at which these photocleavable molecules are

Light-responsive nucleic acids are invaluable tools in scientific
research, offering precise, noninvasive, and remote control over
biological processes." Their unique capabilities enable
researchers to explore gene regulation, protein function,
molecular assembly, and therapeutic interventions with
exceptional spatial and temporal resolution.” Since nucleic
acids are naturally unresponsive to light, various chemical
strategies have been developed to incorporate photoresponsive
molecules into their structure. These molecules include
photoisomerization compounds, photocages, photocleavage
linkers, and photo-cross-linking groups, which can be
integrated at specific positions within the nucleic acid sequence Received: February 2, 2025
to enable diverse light-activated functionalities. A pioneering Revised:  March 30, 2025
study by Ordoukhanian and Taylor introduced o-nitrobenzyl Accepted:  April 10, 2025
(oNB) esters into duplex DNA to facilitate phototriggered Published: April 24, 2025
strand breaks.? Since then, oNB and its derivatives have been

extensively applied in the development of light-responsive
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introduced can significantly influence their effects on the
nucleic acid’s structure and function. For example, oNB-
inserted nucleic acids have been used as building blocks to
assemble 3D DNA nanostructures in the form of nanotubes,'”
spheres,"’ and bipyramids.'* These nanostructures were locked
together on one side by oNB-inserted DNA strands and
permanently linked by regular DNA on the opposite side. UV-
induced bond cleavage of the photocleavable groups caused an
irreversible structural transition, from the closed to open state,
leading to the potential release of the internal cargo.
Furthermore, the use of 3D photoresponsive DNA ring'"
and icosahedral DNA nanocapsule'® as controllable nano-
carriers to deliver large proteins and neurosteroids, respec-
tively. In Endo’s study, photocleavable strands that bridge
between the anchoring strands and the single-guide RNA
(sgRNA) on the Cas9 protein were employed to entrap the
protein inside the nanocavity of the DNA ring."® Irradiating
the ring structure at 350 nm under 300 W for S min cleaved
the bridging strand, leading to the release of Cas9 for site-
specific sgRNA-guided cleavage of the target duplex substrate.
Furthermore, oNB-inserted nucleic acids were also applied to
engineer DNA microcapsules and DNA micelles. Willner’s
group reported the fabrication of DNA microcapsule by
sequential deposition of photocleavable DNA layers onto a
prefabricated calcium carbonate microparticle containing the
desired loads, such as fluorophores and anticancer drugs.'”
Irradiation with UV light induces the breakdown of the overall
microcapsule shells, resulting in the release of trapped cargoes.
Tan’s group also designed DNA micelles with adjustable
stability using photocontrollable dissociation of an intermo-
lecular G-quadruplex.'® An o0NB molecule was inserted into the
DNA hairpin loop as part of the nucleic acid backbone. Once
exposed to UV light, the oNB molecule broke, opening the
hairpin loop and subsequently releasing the C-rich sequence,
which blocked the formation of the G-quadruplex by strand
hybridization. This photocleavage causes the DNA micelles to
lose stability in the event of cellular uptake and serum albumin
interference.

Alternatively, Stephanopoulos’s group reported the use of a
nitropiperonyloxymethyl (NOPM) moiety as a photoremov-
able protecting group (PPG) to protect a poly T strand, which
was initially incorporated into a DNA nanotweezer in a closed
state. Upon 365 nm UV light irradiation under 18.2 W for 15 s,
the NOPM moieties were cleaved, unmasking the hydrogen
bonding sites associated with the thymidine residues for
hybridization with the corresponding hairpin loop to generate
the open state of the tweezer.'” The Heckel group also
protected the deoxyguanosine and deoxycytidine with 2-(2-
nitrophenyl)-propyl group and 1-(2-nitrophenyl)-ethyl group,
respectively, of a stem in an individual DNA minicircle. Upon
irradiation with UV light, the cage compounds were cleaved
off, and the stem strands could hybridize to another
deprotected DNA minicircle to form a dimer via Watson—
Crick base pairing or G-quadruplex formation in the presence
of Na* ions.”® Furthermore, the idea of end-capping photo-
responsive molecules in self-assembled nucleic acid nanostruc-
tures offers another strategy for drug delivery and motion.
Specifically, phototriggered release of anticancer drugs,”’
proteins™” and Immunoglobulin G (IgG) molecules™ was
achieved by breaking the chemical bonding between the cargo
and the photocleavable oNB group, leading to the dissociation
of the drugs from the DNA nanocarrier.
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Although significant progress has been made in the
photochemical manipulation of self-assembled DNA nano-
structures, research on photoresponsive nucleic acid nano-
structures predominantly concentrates on the transportation of
small molecules, with limited discourse on gene delivery
designs. Furthermore, the majority of these methodologies is
constrained to UV light activation. Notably, the liberation rates
of oNB and its analogs are relatively sluggish, and
postillumination, the formation of byproducts like nitro-
soaldehyde can undergo adverse reactions with amines. This
interaction may prove detrimental to adjacent proteins,
potentially instigating cytotoxic repercussions.”*

To address these challenges, we were motivated to
synthesize new stable, visible-light-photocleavable phosphor-
amidites for DNA conjugation in a cost-efficient manner.
While (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’-dimethoxybiphenyl (BNSMB) derivatives
have been reported as efficient photoreleasing tools for
glutamate and polymers, they also show a promising two-
photon uncaging cross-section at a wavelength of 800 nm,
which is beneficial for efficient photolysis reactions.”’
However, the chemical syntheses reported by Nicoud and
coworkers cannot be easily adapted for the preparation of
phosphoramidites suitable for oligonucleotide conjugation.”®
In response to this limitation, our group recently synthesized
two phosphoramidites based on the BNSF and BNSMB
structures, designed as visible-light-cleavable linkers for the
development of a series of photon-activated DNA logic gates.
Unfortunately, we found that incorporating BNSF and
BNSMB derivatives into the DNA backbone significantly
destabilized the formation of higher-order self-assembled DNA
nanostructures due to their symmetrical and bulky features.

In this study, we developed a p-dialkylaminonitrobiphenyl
(ANBP) derivative-functionalized DNA nanocage as a novel
platform for the phototriggered release of antisense oligonu-
cleotide (ASO), with potential applications in gene therapy.
This system represents a significant advancement in the
development of light-responsive systems for the precise and
controllable release of therapeutic drugs. The ANBP molecule,
a derivative of the o-nitrophenylpropyl family, features a
donor—acceptor biphenyl core and a dimethylamino sub-
stituent at the para position,”””® exhibiting remarkable
photophysical and photochemical pro erties under both
single- and two-photon excitation.””*" This enables the
efficient release of carboxylate,”***' phenol,** and phosphate
groups,” showcasing its versatility. Despite the promising
features of ANBP derivatives, their chemical functionality has
posed challenges when it comes to backbone insertion along
DNA strands. Presently, these derivatives are monofunctional,
primarily substituting for guanine, which limits their
applicability due to experimental and synthetic complexities.
To address this limitation, we designed and synthesized new
ANBP derivatives (s-ANBP) equipped with dimethyltrityl and
phosphoramidite groups to enable their integration into DNA
backbones. These modifications allow for solid-phase synthesis
and extend the versatility of ANBP molecules. To enhance the
two-photon absorption property by extending the length of the
conjugated system,’* a triple-bond version of the ANBP
derivative was further developed (t-ANBP). Our study
involved investigating the one-photon and two-photon
uncaging properties of single-stranded ANBP-conjugated
nucleic acids. The ANBP derivatives were integrated into
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DNA duplexes and DNA nanocages comprising antisense
oligonucleotide 4625 (ASO 4625). The photorelease of ASO
4625 upon exposure to 415 nm light was studied, and an in
vitro RNA digestion experiment was performed to demonstrate
the light-responsive gene regulatory potential of our
engineered ANBP-conjugated DNA nanocage.

B EXPERIMENTAL SECTION

Materials. All chemicals and reagents were reagent grade and were
utilized as received from Acros Organics, Alfa Aesar, Fluorochem,
Sigma-Aldrich, Toronto Research Chemicals, or Tokyo Chemical
Industry. Anhydrous solvents, including acetonitrile (MeCN), N,N-
dimethylformamide (DMF), pyridine, tetrahydrofuran (THF),
toluene (PhMe), and triethylamine (TEA), were used as received
from Acros Organics, Alfa Aesar, Sigma-Aldrich, or Tokyo Chemical
Industry. Deuterated solvents were used as received from Sigma-
Aldrich. All other solvents, including dichloromethane (DCM),
ethanol (EtOH), ethyl acetate (EtOAc), n-hexane, and petroleum
ether 40—60 (PE 40—60), were technical grade. Flash column
chromatography was performed on silica gel (60 A, 40—63 ym) as the
stationary phase. The progress of flash column chromatography was
monitored by TLC silica gel 60 F254 plates, and the elutes were
visualized under a 254 nm UV lamp. Acetic acid, acrylamide,
ammonium citrate dibasic, ammonium hydroxide, bis-acrylamide, 2’,
6'-dihydroxyacetophenone, ethylenediaminetetraacetic acid (EDTA)
disodium salt dihydrate, hydrochloric acid, and N, N’ methylenebis-
(acrylamide) were obtained from Sigma-Aldrich. Boric acid,
magnesium chloride hexahydrate, and tris(hydroxymethyl)-
aminomethane (Tris base) were purchased from J&K Scientific.
Nucleoside-derivatized LCAA-CPG solid support (1000 A) with
loading densities of 25—40 ymol/g and chemicals used for automated
DNA synthesis were purchased from BioAutomation. Black hole
quencher-1 (BHQ) CPG/phosphoramidite, Cy3 CPG, 6-carboxy-
fluorescein (FAM) CPG, and Spacer Phosphoramidite 9 were
purchased from Glen Research. 40% acrylamide/bis-acrylamide
solution in a ratio of 19:1 was purchased from Bio-Rad. Sephadex
G-25 (super fine DNA grade) was used as purchased from Amersham
Biosciences. RNase H was purchased from Beyotime Biotechnology.
1X TBE buffer was composed of 90 mM Tris base and boric acid with
1.1 mM EDTA, the pH was adjusted to 8.0 = 0.1 using hydrochloric
acid. The 1X TAMg buffer was composed of 40 mM Tris base, 12.5
mM magnesium chloride hexahydrate, and 20 mM acetic acid, with
the pH adjusted to 8.0 + 0.1.

Instrumentation. Nuclear magnetic resonance (NMR) spectros-
copy was analyzed on a Bruker AVANCE III (BBO probe) 400 MHz
NMR spectrometer or a Bruker AVANCE III HD (BBO probe) 300
MHz NMR spectrometer. 'H and *C NMR chemical shifts were
reported in & units, parts per million (ppm), relative to the chemical
shift of residual solvents. ''B NMR chemical shifts were reported in &
units, ppm, relative to the boron trifluoride diethyl etherate (BF;—
O(C,H;),) as an external standard. >'P NMR chemical shifts were
reported in § units, ppm, relative to the phosphoric acid (H;PO,) as
an external standard. "*C and *'P NMR measurements were executed
and acquired with 'H-decoupling methodologies. Electrospray
ionization mass spectrometry (ESI-MS) was analyzed on a PE-
SCIEX API 3200 triple quadrupole mass spectrometer, monitored,
and recorded in positive ion mode. Automated oligonucleotide solid-
phase synthesis was performed on a BioAutomation MerMade MM6
DNA synthesizer. Matrix-assisted laser desorption/ionization-time-of-
flight mass spectrometry (MALDI-TOF-MS) was analyzed on either
an ABI 4800 Plus MALDI-TOF/TOF mass spectrometer or a Bruker
autoflex maX MALDI-TOF/TOF mass spectrometer. Ammonium
citrate dibasic and 2’,6’-dihydroxyacetophenone saturated in methanol
(70%) were used as the matrix. UV—vis spectrometry was performed
on a Thermo Scientific NanoDrop One or Agilent Cary 300 UV—vis
spectrometer. Fluorescence emission measurements were performed
on a Horiba FluoroMax 4 spectrofluorometer. Gel electrophoresis
experiments were carried out on an acrylamide 20 cm X 20 cm Maxi
Vertical electrophoresis apparatus (MV-20DSYS). Gel scanning was
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performed on a Fujifilm FLA-9000 scanner. Photolysis at 415 nm was
performed using a 200 W LED lamp (UV TaoYuan LED source from
Shenzhen Taoyuan Optoelectronics Co., Ltd.). High-performance
liquid chromatography (HPLC) was performed on a Waters HPLC
system, assembled with a Waters 1525 pump, an XBridge BEH C18
(5 mm, 46 X 150 mm) analytical column, and a Waters 2998
photodiode array detector. Analysis was conducted using gradient
elution, starting from 100% 25 mM of triethylammonium acetate
(TEAA) buffer and reaching a 100% mixture of MeCN/H,0 (v/v =
1:1) in 30 min.

Synthesis of Photocleavable DNA Oligonucleotides and
Reference DNA Oligonucleotides. Oligonucleotide synthesis was
performed on a 200 nmol scale using an automated oligonucleotide
synthesizer and standard cyanoethylphosphoramidite chemistry,
starting from the 1000 A universal CPG solid support. Commercially
available DNA nucleoside phosphoramidites and s-/t-ANBP
phosphoramidites were site-specifically coupled onto the growing
oligonucleotide chain as artificial bases with prolonged detritylation
and coupling times. The coupling efficiency was monitored by
measuring the trityl concentration level. The DNA oligonucleotides
were deprotected in 30% ammonium hydroxide at 55 °C for 16 h.

Purification of Photocleavable DNA Oligonucleotides and
Reference DNA Oligonucleotides. DNA oligonucleotides were
purified on 15% polyacrylamide/8 M urea polyacrylamide gels at a
constant current of 30 mA for 3 h (30 min at 250 V followed by 2.5 h
at 500 V), using 1x 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 lamp at 254 nm. The bands were excited
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 using a speed vacuum concentrator and desalted using
Sephadex G-25 column chromatography. Quantification was carried
out by UV—vis analysis.

HPLC Analysis of One-Photon Photolysis of Photocleavable
DNA Oligonucleotides. Cy3-d15-s-/t-ANBP-d19-FAM, after irra-
diation with an LED, was subjected to a reverse-phase HPLC system
with a Waters 2998 photodiode array detector. Analysis was done by
using a gradient elution starting from 100% 25 mM triethylammo-
nium acetate (TEAA) buffer to 100% acetonitrile/water (v/v = 1:1)
in 30 min. The signal of FAM was monitored at 495 nm, and the
signal of Cy3 was monitored at 550 nm. Subsequently, the
quantification of photolytic products was calculated from the peak
area correlated to the calibration curve of d19-FAM.

Photolysis Quantum Yield. The quantum yield for the
photoconversion was determined in MeOH/H,0 9:1 in volume
ratio at 25 °C in a 1 mL quartz cuvette by comparison with the
DEACAS-p-methoxybenzoic (® = 0.2)*° at the same concentration
(20 uM) as the reference. For the light source, LUMOS 43 LED
equipment (from Atlas Photonics Inc.) was used in the 405 nm
irradiation mode (typical optical output: 200 mW/ cmz). The reaction
was monitored by UV spectroscopy on 2 mL 20 yM solutions. To
determine the extent of the photolytic conversions, difference spectra
(tirr-t0) were used. The absorbance evolution at 450 and 420 nm for
DEACAS-p-methoxybenzoic and s-ANBP, t-ANBP , respectively, was
plotted to follow the uncaging kinetics (ksample for s-ANBP and t-
ANBP, and k¢ for DEACAS-p-methoxybenzoic reference molecule),
and the values were normalized. According to the following equation,
the ratio of the rate constants was directly proportional to the one-
photon uncaging sensitivities of the new compound (&,

le at 405 nm X
Qsample) and the reference compound (€,f 4t 405 nm X P S

ref)*

(0)

ref

ksample / kref = 8sample ><cl)sample/ € X (1)

Two-Photon Uncaging Action Cross-Section Determina-
tion. Two-photon uncaging action cross-section experiments were
performed on our homemade setup at the plateforme d’imagerie
Quatitative (PIQ-QuESt) at the Faculty of Pharmacy (University of
Strasbourg), as described recently.’® The excitation source was a
femtosecond laser (Insight Spectra-Physics, 680—1300 nm) with a
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Scheme 1. Synthesis of Electron Donating Motifs 4, 5, and 6, and Electron Accepting Ortho-Nitrobenzyl Motif 10
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40°C, 1h 2.HCl, 0°C, 15 min O CHy ®
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NO, CHg NO; CHg
OH
CHgl, KOtBu, THF, DMF \|<CH DlBAL H, THF,
0 °C to r.t., overnight CHj3 °C 3h
9, 69% 10, 68%
Br Br
pulse width of <120 fs and a repetition rate of 80 MHz. The reference the laser excitation settings, with uncaging percentages lower than
and the sample were dissolved in MeOH/H,O 9:1 in a volume ratio, 15% to avoid interferences due to photolysis byproducts.
with the absorbance of both solutions close to 0.4 (at 4,,). The Assembly of the ANBP Cage. Equimolar amounts of FAM-
kinetics of the two-photon process of the compound of interest, labeled T1a, T1b, and Tlc strands (0.07 nmol) were mixed in 1X
compared to the reference, was studied using 75 uL of solutions (both TAMg buffer to generate a discrete FAM-labeled T1 product. FAM-
reference and sample alternately) irradiated and analyzed by UV—vis labeled T2 was formed using the same strategy by adding equimolar
spectroscopy after different times of irradiation, without modifying amounts of FAM-labeled T2a, T2b, and T2c strands in 1X TAMg
3116 https://doi.org/10.1021/acs.biomac.5c00162

Biomacromolecules 2025, 26, 3113—-3127


https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?fig=sch1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules pubs.acs.org/Biomac

Scheme 2. Synthesis of s-~ANBP-Phosphoramidite 13 and t-ANBP-Phosphoramidite 16
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\’r/ \O/\/
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nBu—Sn—==—"S{"CH, on 4 ETT, MeCN, THF
nBu CHs PdCl,(PPhs),, r.t., overnight
10 1-Pd(PPhs),, Phve, 110°C, 18 h Cul, PPh, TEA
2.nBuyNF, THF, rt., 1h - N
4 ’ 90°C, 18 h HoC”
3. Hy0, r.t.,, 20 min

O

14, 45% or 67%

6
PdCIy(PPh3),, Cul, PPhs, TEA 16, 76%
90°C, 24 h OCH,
buffer. Three times the equivalent amount of LS-ANBP (3x) was was detected upon excitation at 488 nm, and the gel was stained with
mixed with T2 to yield an intermediate of LS-bound T2, followed by Stains-All solution for DNA band visualization.
the addition of T1. Finally, three times the equivalent amount of Transmission Electron Microscopy. 10 uL of ANBP-Cage at a
4625-BHQ was added to produce a fully hybridized ANBP-Cage. The concentration of 3.5 uM was deposited on a carbon-coated copper
mixture was incubated at 4 °C for 15 min after the addition at each grid for 30 min. Excess liquid was removed with a piece of filter paper
step. after the sample incubation. The grid was stained with NanoVan for 1
Native Polyacrylamide Gel Electrophoresis. 20 L portion of min and washed with deionized water for 1 min. It was roughly dried
ANBP-conjugated DNA at a concentration of 3.5 #M was mixed with with a piece of filter paper and dried in a desiccator overnight. TEM
6 uL of 70% glycerol in water. The samples were loaded into a native imaging was conducted by a transmission electron microscope
PAGE gel in a running buffer of 1X TAMg. The fluorescence of FAM (Philips Tecnai 12).
3117 https://doi.org/10.1021/acs.biomac.5c00162

Biomacromolecules 2025, 26, 3113—-3127


https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?fig=sch2&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

B RESULTS AND DISCUSSION

Synthesis of ANBP Phosphoramidites. Synthesis began
with the construction of electron-donating motifs 4, 5, and 6,
as shown in Scheme 1. Starting from aniline, sequential
methylation and alkylation of the amino group gave 2-
(methylphenylamino)ethanol 2. Bromination at the para-
position of the aromatic ring using N-bromosuccinimide
yielded aryl bromide 3. In the next step, the aliphatic alcohol
group in compound 3 was protected with 4,4’-dimethoxytrityl
chloride (DMT-CI), affording the tritylated product 4.
Palladium (Pd)-mediated borylation of aryl bromide 4 with
pinacolborane produced boronate ester S. Alternatively, a
Sonogashira reaction of aryl bromide 4 with dimethyl ethynyl
carbinol, in the presence of Pd and copper (Cu) catalysts,
introduced an alkyne motif to the substrate. Subsequently,
removal of the dimethyl carbinol group using hydroxide ions,
followed by protonation in water, afforded terminal alkyne 6.
To generate the electron-accepting ortho-nitrobenzyl motif,
aromatic nitration at the para-position was performed by
treating bromobenzene with sodium nitrate in an acidic
medium, yielding 1-bromo-4-nitrobenzene 7. Vicarious
nucleophilic substitution at the ortho-position relative to the
nitro group, using an ester derivative and potassium tert-
butoxide as a base, furnished compound 8. Methylation of the
benzylic carbon in compound 8, followed by carbonyl
reduction with diisobutylaluminum hydride (DIBAL-H)
resulted in the o-nitrobenzyl intermediate 10.

To construct the z-conjugated cores, two synthetic
approaches were employed, both involving various cross-
coupling reactions to link the corresponding electron-accepting
and electron-donating motifs, as shown in Scheme 2. Miyaura
borylation of o-nitrobenzyl bromide derivative 10 with
bis(pinacolato)diboron afforded the corresponding boronate
ester 11. The biphenyl core 12 was constructed by performing
a Suzuki reaction between aryl bromide 4 and boronate ester
11 in the presence of Pd catalysts and alkali metal carbonates.
Alternatively, biphenyl core 12 could also be synthesized by
reacting compound 10 with boronate ester 5 under similar
coupling conditions. Finally, compound 12 was phosphory-
lated with 2-cyanoethyl N,N,N’,N’-tetraisopropylphosphoro-
diamidite, using S-(ethylthio)-1H-tetrazole (ETT) as the
activator, to yield s-ANBP-phosphoramidite 13.

To synthesize the triple bond-functionalized ANBP
phosphoramidite, a Stille reaction was performed on
intermediate 10 by treating it with tributyl-
(trimethylsilylethynyl)tin and a Pd catalyst. Subsequent
removal of the trimethylsilyl group using a fluoride ion,
followed by protonation of the resulting anionic acetylide in
water, afforded terminal alkyne 14. The internal alkyne 15 was
then constructed via a Sonogashira reaction between aryl
bromide 4 and terminal alkyne 14 in the presence of Pd and
Cu catalysts. Alternatively, compound 15 could also be
synthesized by reacting compound 10 with terminal alkyne 6
under similar Sonogashira coupling conditions. Finally,
compound 15 was phosphorylated to afford t-ANBP-
phosphoramidite 16. All intermediates and final compounds
were characterized by 'H, “C, !B, and/or *P nuclear
magnetic resonance (NMR) spectroscopies, as well as
electrospray ionization mass spectrometry (ESI-MS) (Figures
S1—S34). The data obtained were in good agreement with the
proposed structures.
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Synthesis and Photocleavage of s-/t-ANBP-Conju-
gated Single-Strand DNA. Once the pure s-ANBP and t-
ANBP derivatives functionalized with DMT and phosphor-
amidite groups were ready, they were separately conjugated to
DNA strands via solid-phase synthesis (Scheme 3). Based on

Scheme 3. Conjugation of Photocleavable s-/t-ANBP to
DNA via Solid-Phase Synthesis and their Photolysis by 415
nm Illumination
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our previous study,”” an ANBP molecule was inserted between
two different lengths of DNA oligonucleotides, d15 (sequence:
5’-CTGAGACTTTAATAA-3’) and d19 (sequence: §'-
TTGAAATTCACCTGGTAGC-3'), to facilitate the character-
ization of fragments after photolysis (Table S1). The
commercially available Cyanine 3 (Cy3) and 6-carboxyfluor-
escein (FAM) non-nucleosidic phosphoramidites were de-
signed to be conjugated to the 5’ and 3’ ends, respectively,
while these fluorophores were utilized for the visualization of
DNA fragments and to increase the polarity difference between
d15 and d19. The synthetic protocols for the photocleavable
DNA oligonucleotides, including Cy3-d15-s-ANBP-d19-FAM
and Cy3-d15-t-ANBP-d19-FAM, as well as the reference DNA
oligonucleotides (e.g.,, Cy3-d1S and d19-FAM), were based on
our previous study.”” The successful synthesis of the modified
DNA oligonucleotides was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Figures S35—S38). The stability of the modified
DNA oligonucleotides containing s-ANBP and t-ANBP linkers
was also tested in pure water, S0 mM sodium acetate buffer at
pH 4, 50 mM sodium carbonate-sodium bicarbonate buffer at
pH 10, 500 mM potassium chloride solution, and at 37 °C. No
degradation of the DNA oligonucleotides was observed in any
of these treatments, as shown by denaturing polyacrylamide gel
electrophoresis (PAGE) analysis (Figure S39). This strongly
confirms that the ANBP-based photocleavable linker is stable
under acidic, alkaline, and high salt content conditions, as well
as at high temperatures.

Although the one-photon uncaging performance of ANBP in
polyurethanes’ and y-aminobutyric acid®’ was previously
reported, the photolytic efficiency of modified ANBP in DNA
oligonucleotides has never been studied. To investigate this,
Cy3-d15-s-ANBP-d19-FAM and Cy3-d15-t-ANBP-d19-FAM
were subjected to 1X PBS at a concentration of 100 uM and
irradiated with a 415 nm LED at different time points. The
one-photon photolytic efliciency of Cy3-d15-s-ANBP-d19-
FAM and Cy3-d15-t-ANBP-d19-FAM was examined through
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Figure 1. 15% denaturing PAGE gel analysis of (a) Cy3-d15-s-ANBP-d19-FAM and (b) Cy3-d15-t-ANBP-d19-FAM upon 415 nm irradiation for
0, 10, 30, 60, 120, and 300 s. (c) HPLC chromatograms of s-ANBP and t-ANBP conjugated DNA oligonucleotides after 415 nm irradiation. (d)
HPLC quantification of s-ANBP- and t-ANBP-conjugated DNA oligonucleotides at different time points of 415 nm irradiation. MALDI-TOF
spectra of eluents collected from irradiated (e) s-ANBP and (f) t-ANBP after HPLC quantification.
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PAGE analysis. As shown in Figure lab, the Cy3 and FAM
fluorescence signals from the DNA bands corresponding to the
photocleaved d15 and d19 fragments increased with increasing
irradiation time for both s-/t-ANBP-conjugated oligonucleo-
tides, while the fluorescence intensities of their parent bands
decreased over time. The quantification of the photolytic
efficiency of Cy3-d15-s-ANBP-d19-FAM and Cy3-d15-t-
ANBP-d19-FAM was performed by using reverse-phase high-
performance liquid chromatography (HPLC) analysis. The
difference in polarity between Cy3 and FAM allows the d15
and d19 fragments to have different retention times on the
reversed-phase HPLC column. From the HPLC chromato-
grams of photocleaved Cy3-d15-s-ANBP-d19-FAM and Cy3-
d15-t-ANBP-d19-FAM, it was found that photocleaved d19-
FAM eluted at 8 min, while Cy3-d15 eluted at 15 min (Figure
Ic). The quantification of the photoreleased fragments was
calculated from the peak area, which was correlated to the
calibration curve of d19-FAM (Figure S40). The maximum
cleavage yields of Cy3-d15-s-ANBP-d19-FAM and Cy3-d15-t-
ANBP-d19-FAM were determined to be 51.2 + 2.0% and 61.5
+ 4.2% after irradiating for 120 s, respectively (Figure 1d). The
molecular masses of the two eluted fragments were confirmed
by MALDI-TOF mass spectrometry (Figure le,f).
Quantitative One- and Two-Photon Uncaging. One-
photon uncaging quantum yields (®,) have been determined
using s-ANBP- and t-ANBP-conjugated DNA oligonucleotides
and DEACAS as a reference at 405 nm (Table 1 and Figures

Table 1. One-Photon Uncaging Quantum Yield and Two-
Photon Uncaging Action Cross-Section of the s-ANBP-
Conjugated DNA Oligonucleotide and t-ANBP-Conjugated
DNA Oligonucleotide

6,®,/740 nm 0,P,/800 nm

Compound D, (GM) (GM)
s-ANBP-conjugated 0.009 0.40 0.39
DNA
t-ANBP-conjugated 0.011 1.6 2.7
DNA

S41—843 for photolysis curves). The two systems show low
uncaging quantum yields, 0.9 and 1.1% for s-ANBP- and t-

ANBP-conjugated DNA oligonucleotides, respectively. This
low uncaging quantum yield is not surprising, as it is reported
that the cleavage of nucleic acids is less efficient than that of
other small molecules, such as neurotransmitters. In a similar
way, two-photon uncaging action cross-sections (6,®,) have
been determined using DECAS as reference’ at 740 and 800
nm using a fs pulsed laser (Table 1 and Figure S44 for
photolysis kinetics). The smaller conjugated system com-
pound, s-ANBP, based on a biphenyl system, shows low two-
photon-induced photolysis efficiencies, with values of 6,®,
under 0.5 GM at both 740 and 800 nm (0.40 and 0.39 GM,
respectively). These values are 1 order of magnitude lower
than those reported for neurotransmitter uncaging, mainly
because of the diminution of the uncaging quantum yield of
nucleic acid uncaging. However, the extended z-system
molecule t-ANBP, with an ethynyl bridge between the two
phenyl rings, exhibits higher 6,®, values of 1.6 GM at 740 nm
and 2.7 GM at 800 nm. Our results align with a previous study
on 2-(o-nitro-phenyl)propyl caging group with a 7-extended
diphenylacetylene core structure.”

Design of ANBP-Conjugated DNA Duplexes and
Their Photocleavage Properties. The design of photo-
cleavable oligonucleotides, especially those conjugated with
ANBP derivatives, offers a pathway to develop programmable
DNA nanostructures that can be disassembled or reconfigured
using light. The key challenge lies in balancing the stability of
the DNA duplex with its ability to undergo efficient
dissociation upon photoactivation. In this study, we initially
focused on the design and evaluation of such duplexes, with an
antisense oligonucleotide (ASO 4625), a 20-mer sequence,
chosen as the target to be released after photocleavage. To
protect ASO 4625 prior to its functional release, we designed a
complementary photocleavable DNA strand (sense 4625) to
form a stable duplex with ASO 4625. Two critical factors that
influence the stability and dissociation efficiency of the duplex
are the number of ANBP molecules inserted and the deletion
of nucleotides adjacent to the ANBP. To investigate these
factors, we designed and synthesized two sets of photo-
cleavable sense 4625 strands. They were fully characterized by
MALDI-TOF mass spectrometry studies (Figure S$45—S46). In
one set, s-I1, a single s-~ANBP molecule was inserted at position

a) i.
ASO 4625

s-11

iii.
ASO 4625

= GAGGCX@ERGGATG—-

s-1E1

. -hv +ho ..

b) i. i
.

-,
-

s-11 s-12

- — GAGGCT@p GGGATG—

..... ASO 4625

----- GGAQGGCTGGGAQTGC
s-12

iv.

ASO 4625

-hv +hv ...

s-1E1

s-1E2

Figure 2. (a) Graphical illustration of ASO 4625 hybridized with complementary sense 4625 with different numbers of s-ANBP molecule insertion
and base elimination. (b) 8% native PAGE analysis of duplexes shown in (a). Lane 1: modified sense 4625; lane 2: ASO 4625; lane 3: nonirradiated
duplex of modified sense 4625 with ASO 4625; lane 4: duplex of modified sense 4625 with ASO 4625 irradiated with 415 nm for S min.
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Figure 3. Characterization of photolysis of s-ANBP-ds and t-ANBP-ds. (a) Schematic diagram of photocleavage of s-/t-ANBP-ds labeled with FAM
and BHQ. (b) Relative fluorescence measurement of s-/t-ANBP-ds labeled with FAM and BHQ over different time points of 415 nm irradiation.
The fluorescence intensity of nonirradiated ANBP-ds was treated as 1. UV—vis absorption spectra of (c) s-ANBP-ds and (d) t-ANBP-ds after
irradiating with 415 nm for 0, 10, 30, 60, 120, and 300 s. 8% native PAGE analysis of (e) s-ANBP-ds and (f) t-ANBP-ds assembly and photolysis.
Lane 1: FAM-labeled ASO 4625; lane 2: s-IE2-BHQ/t-IE2-BHQ; lane 3: nonirradiated ANBP-ds; and lane 4: ANBP-ds were irradiated with 415
nm for 2 min. The excitation wavelength applied in the fluorescence channel was 488 nm.

11, while in the second set, s-12, two s-ANBP molecules were
inserted at positions 7 and 16 (Figure 2a and Table S2). Both
strands were hybridized with ASO 4625 and subjected to LED
irradiation. Native polyacrylamide gel electrophoresis (PAGE)
analysis was employed to assess the duplex stability and
dissociation following light irradiation. Compared to the parent
sense 4625 strand, s-I1 formed a highly stable duplex with ASO
4625 (Figure 2bi, lane 3), on the other hand, s-12 showed a
slight destabilization in duplex formation, as evidenced by the
presence of unhybridized ASO 4625 (Figure 2bii, framed in
lane 3). However, after 415 nm irradiation, neither duplex
formed by s-I1 nor s-I2 successfully released ASO 4625, as
observed in Figure 2bijii, lane 4. To further optimize
photocleavage efficiency, we designed sense strands, such as
s-IE1 and s-IE2, in which two nucleotides adjacent to the s-
ANBP insertion sites were deleted (Figure 2aiiiiv and Figure
S47—-548). Like s-12, s-IE1 exhibited slight destabilization of
the DNA duplex with ASO 4625 and poor dissociation after
light irradiation at 415 nm (framed region in Figure 2biii).
However, s-IE2 demonstrated improved duplex stability and,
more importantly, a significant enhancement in the release of
ASO 4625 after irradiation (Figure 2biv, framed in lane 4).
Our results strongly indicate that merely inserting photo-
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cleavable molecules along the DNA strand is insufficient to
trigger the release of ASO 4625, emphasizing that structural
modifications, such as nucleotide deletions, are necessary to
create mechanical strain or weaken the duplex stability in a
controlled manner. The superior performance of s-IE2, with
both ANBP insertions and nucleotide deletions, suggests that
modifying the local DNA environment around the photo-
cleavable sites can enhance the cleavage efficiency. The design
of s-IE2 was selected for further optimization and adopted in
subsequent experiments involving t-ANBP, a variant of the
ANBP photocleavage molecule.

To investigate and compare the photolytic efficiency of
DNA duplexes conjugated with either s-ANBP or t-ANBP, we
synthesized and characterized FAM-labeled ASO 4625 (ASO
4625-FAM) (Figure S49) and the corresponding BHQ-labeled
IE2 strands (s-IE2-BHQ or t-IE2-BHQ) (Figure SS0—S51).
These were then mixed to form the respective duplexes, s-
ANBP-ds and t-ANBP-ds (Figure 3a). The photolytic behavior
of these duplexes was monitored using fluorescence spectros-
copy, UV—vis analysis, and native PAGE. In the fluorescence
study of s-ANBP-ds, a significant fluorescence enhancement
was rapidly observed after irradiating for 10 s, with the
fluorescence intensity continuing to increase over the
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Scheme 4. Schematic Illustration of ANBP-Cage and its Photolysis Under 415 nm Irradiation
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irradiation period. The maximum fluorescence intensity
reached a 2.4-fold increase after 2 min of 415 nm irradiation
(Figure 3b). Similarly, t-ANBP-ds dissociated under 415 nm
irradiation, with fluorescence enhancement reaching a plateau
after 2 min. However, the fluorescence increase was only 1.8-
fold, indicating a slightly lower dissociation efficiency of ASO
4625-FAM from t-ANBP-ds compared to s-ANBP-ds. This
suggests that the s~ANBP duplex system may be more efficient
in releasing ASO 4625 upon irradiation. UV—vis spectroscopy
further supported the photocleavage of ASO 4625 from both
the s-ANBP-ds and t-ANBP-ds systems. As shown in Figure 3c,
the nonirradiated s-ANBP-ds (without FAM labeling)
exhibited a characteristic absorption at 420 nm. Upon
irradiation, this absorption decreased as a function of time,
while the absorbance at 320 and 500 nm increased
concurrently. Additionally, an isosbestic point was observed
at 354 nm between 0 and 120 s of irradiation, suggesting a
clean and defined transition between the intact duplex and the
cleaved products, and further supporting the homogeneity of
the photocleavage process. Our findings are consistent with
previous studies, which demonstrated that the ANBP molecule
undergoes a photolytic reaction following a p-elimination
pathway, leading to the formation of biphenyl and 2-(o-
nitrophenyl)propene derivatives.”’ Similar UV absorption
changes were observed in t-ANBP-ds as a function of
irradiation time (Figure 3d). The phototriggered dissociation
of ASO 4625 from s-ANBP-ds and t-ANBP-ds was further
confirmed using native PAGE. As shown in Figure 3e,f, the
successful formation of both s-ANBP-ds and t-ANBP-ds
duplexes (lanes 3) was observed after mixing ASO 4625-
FAM with the corresponding s-IE2-BHQ_or t-IE2-BHQ. The
quenching of the fluorescence indicated that the duplexes were
intact, with BHQ_effectively quenching the fluorescence of
ASO 4625-FAM. After 2 min of 415 nm irradiation, new DNA
bands were observed in both systems (Figure 3e,f, lane 4).
These bands exhibited mobility comparable to that of ASO
4625-FAM, and the fluorescence intensity was strongly
restored, indicating that ASO 4625-FAM had been released
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from the duplexes. This effect can be attributed to the
photocleavage of the IE2 strand, which destabilized the duplex
structures and led to the release of ASO 4625-FAM. The
combined results from fluorescence restoration, UV absorption
changes, and altered DNA mobility confirm the phototriggered
release of protected ASO 4625 from the ANBP-modified DNA
duplex structures. Notably, the s-ANBP duplex system showed
slightly better dissociation efficiency compared to that of the t-
ANBP system, although both systems exhibited efficient
photocleavage under 415 nm irradiation. These findings
provide valuable insights into the design of responsive DNA
nanostructures for controlled-release applications.
Construction and Characterization of a Photoactivat-
able DNA Cage Using s-ANBP for Controlled Oligonu-
cleotide Release. Since the duplex system formed by the s-
ANBP molecule demonstrated superior dissociation efficiency
compared to that formed by the t-ANBP molecule, we selected
s-ANBP as the photocleavable motif for constructing a
photoactivatable DNA nanostructure. This structure would
allow light-controllable release of a target oligonucleotide. For
our design, we chose a DNA nanocage in the form of a
triangular prism as the model system. Previous studies have
shown that such DNA cages exhibit excellent properties,
including efficient cellular uptake, high drug-loading capacity,
and the capability to penetrate the blood-brain barrier.””*" In
this study, we used a self-assembly strategy similar to that of
previously reported methods to construct the DNA nanocages.
The assembly involved mixing the two preformed triangular-
shaped DNAs (T, and T,), three linking strands (LS-ANBP)
functionalized with four ANBP molecules, and three rigidified
strands (ASO 4625) as shown in Scheme 4, Table S3, and
Figures S52—S59. Specifically, the rigidified strands were
designed to have the same sequences as the antisense
oligonucleotide 4625 and were labeled with BHQ_at both
terminals. The middle part of the linking strands was designed
to be complementary to the sequence of ASO 4625, facilitating
the formation of a stable DNA nanocage structure. To monitor
the photocleavage of the ANBP-Cage, all the DNA scaffolds
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Figure 4. Characterization of assembly and photolysis of the ANBP-Cage. (a) 6.5% native PAGE analysis of ANBP-Cage assembly. Lane 1: FAM-
labeled T2; lane 2: T2 + LS-ANBP; lane 3: T1 + T2 + LS-ANBP; lane 4: ANBP-Cage; lane S: ANBP-Cage irradiated with 415 nm; and lane 6:
ASO 4625-BHQ. The excitation wavelength applied in fluorescence channel was 488 nm. (b) TEM imaging of ANBP-Cage with negative staining.
Scale bar is 50 nm. (c) Fluorescence spectra of ANBP-Cage with and without irradiated with 415 nm, ANBP-Cage without adding LS-ANBP acted
as a control sample. The excitation wavelength applied was 488 nm and the emission was collected from S00 to 600 nm. (d) Percentage of
fluorescence increase of ANBP-Cage over different times of 415 nm irradiation. Data are presented in mean + standard deviation (n = 3).

used to assemble T1 and T2 were labeled with FAM
fluorophores at their 3’-ends. This design allowed us to track
changes in fluorescence during and after irradiation. The
assembly of FAM-labeled T1 and T2 was confirmed via
stepwise native PAGE analysis (Figure S60). We then
proceeded with the stepwise assembly of ANBP-functionalized
DNA cages (ANBP-Cage) at room temperature, achieving
product formation within 20 min (Figure 4a, lane 4). Upon
cage formation, the fluorescence signal of the DNA band
associated with ANBP-Cage was significantly diminished. This
reduction in fluorescence can be attributed to the close
proximity of the FAM fluorophores and the BHQ_quencher,
which resulted in efficient quenching of the FAM signal. After
the ANBP-Cage was irradiated with 415 nm, the original DNA
band of ANBP-Cage disappeared, and a new fluorescent DNA
band with higher mobility was observed (Figure 4a, lane $).
Additionally, a faint band appeared near the bottom of the gel,
with a mobility comparable to that of ASO 4625 (Figure 4a,
lane 6). These results confirmed the phototriggered release of
the target oligonucleotide, ASO 4625, from the ANBP-Cage.
Size characterization of the ANBP-Cage was determined to be
~12.2 nm by TEM imaging (Figure 4b). This observation was
similar to our previous work.”> The fluorescence changes
observed upon light irradiation of the ANBP-Cage in solution
were consistent with the PAGE analysis. Initially, the FAM
fluorescence emission at 520 nm from T1 and T2 was recorded
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before cage formation (Figure 4c, green curve). After mixing
the LS-ANBP and ASO 4625 strands to assemble the DNA
cages, the FAM fluorescence intensity dramatically dropped
(Figure 4c, blue curve), further supporting the formation of the
ANBP-Cage and the quenching of FAM by BHQ due to their
close proximity. Upon irradiation at 415 nm for 2 min in
TAMg buffer solution, the FAM fluorescence signal was
significantly restored (Figure 4c, orange curve), indicating that
the cage structure was disrupted and the ASO 4625 strand was
released into the solution. However, the fluorescence signal did
not fully return to its original state, suggesting that while the
cage was partially or fully destroyed, some structural elements
or residual interactions may still have been present, preventing
complete fluorescence recovery. The fluorescence intensity
increased gradually with longer irradiation times, eventually
reaching a maximum increase of approximately 65% (Figure
4d). This increase in fluorescence was indicative of the
progressive dissociation of the DNA nanocage and the release
of the target oligonucleotide. The kinetics of the fluorescence
recovery for the ANBP-Cage closely matched those observed
in the s-ANBP-ds system, showing a similar magnitude of
fluorescence increase and a similar time to reach a plateau.
We then investigated the stability of ANBP-Cage in
biological environments to evaluate its potential for therapeutic
studies. The ANBP-Cage was subjected to DMEM supple-
mented with 10% FBS and incubated at 37 °C for different
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time points. Although it was observed that there was a slight
degradation of ANBP-Cage, the majority of the product
remained intact after 6 h of incubation (Figure S61). This
proved our ANBP-Cage exhibited a certain degree of
enzymatic stability. The cellular uptake of Cy3-labeled
ANBP-Cage was tested in triple-negative breast cancer
MDA-MB-231 cells. MDA-MB-231 cells were incubated with
68.7 nM of Cy3-labeled ANBP-Cage for different time points,
and the cells were harvested for flow cytometric analysis. The
fluorescence intensity increased with the duration of
incubation, as shown by the results of flow cytometry,
indicating substantial cellular uptake of Cy3-labeled ANBP-
Cage within 6 h of incubation (Figure $62). Confocal imaging
results were consistent with those of flow cytometry, showing a
clear Cy3 fluorescence signal in MDA-MB-231 cells incubated
with Cy3-labeled ANBP-Cage (Figure S63). With organelle
tracker staining, it was observed that the ANBP-Cage did not
localize in endosomes or mitochondria but was predominantly
localized in lysosomes. Trapping of ANBP-Cage in lysosomes
could hinder the antisense oligonucleotides from reaching their
target sites, which is unfavorable for drug delivery applications.

Evaluation of the Antisense Function of Photo-
released ASO 4625 Using RNase H-Mediated RNA
Digestion. To evaluate the antisense function of the
photoreleased ASO 4625, we conducted an in vitro RNA
digestion assay using RNase H, an enzyme that specifically
cleaves the RNA strand in RNA—DNA hybrids (Figure Sa).
The target RNA used in this assay was a 30-mer RNA
sequence complementary to the sequence of ASO 4625. RNase
H cleaves the RNA strand when it forms a duplex with a
complementary DNA strand, as shown in Figure Sb, lane 4.
The experiment was designed to assess whether ASO 4625,
once released from the ANBP-Cage, could hybridize with its
complementary RNA and restore its antisense function, leading
to RNA cleavage. In this experiment, ANBP-Cage was mixed
with the sense RNA, followed by 415 nm irradiation. After
forming the DNA—RNA hybrid, RNase H was added to
incubate for 1 h, and the mixture was analyzed using 6.5%
native PAGE to assess the formation of DNA—RNA hybrids
and the subsequent RNA cleavage. This analysis allowed us to
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confirm the release of ASO 4625-BHQ_from the ANBP-Cage
upon irradiation and to determine whether it could function as
an antisense molecule by hybridizing with the target RNA. As
shown in Figure Sb, light-irradiated ANBP-Cage successfully
released ASO 4625-BHQ, which then hybridized with the
sense RNA to form a DNA—RNA duplex. This was evidenced
by the disappearance of the sense RNA band (lane 6),
indicating the formation of the hybrid. Upon the addition of
RNase H, the hybridized target RNA was digested, resulting in
fragmentation of the RNA strand and the release of single-
stranded ASO 4625-BHQ _(lane 7). This confirmed that the
photoreleased ASO 4625-BHQ retained its antisense function,
as it was able to hybridize with the complementary RNA and
trigger RNA cleavage via RNase H. In contrast, when RNase H
was added to the nonirradiated ANBP-Cage (lane 8), the band
corresponding to the target RNA remained intact, indicating
that ASO 4625-BHQ_remained sequestered within the cage
and was unable to hybridize with the target RNA. The results
of the RNA digestion test confirm the successful photo-
triggered release of ASO 4625-BHQ from the ANBP-Cage
system. Upon release, ASO 4625-BHQ_hybridized with its
complementary RNA sequence and restored its antisense
function, leading to RNase H-mediated RNA cleavage. In
contrast, without light irradiation, ASO 4625-BHQ_remained
trapped within the cage, and no RNA cleavage occurred, as
demonstrated by the unchanged RNA bands in the non-
irradiated samples. These findings suggest that the designed
ANBP-Cage can act as a versatile tool for the controlled release
of therapeutic agents, such as antisense oligonucleotides, in
response to specific external stimuli (e.g, light). This system
holds potential for drug delivery applications, where spatial and
temporal control over the release of therapeutic agents is
crucial for targeting specific tissues or disease sites, thereby
minimizing off-target effects and enhancing therapeutic
efficacy.

B CONCLUSION

We have synthesized novel ANBP derivatives, s-ANBP and t-
ANBP, functionalized with dimethyltrityl and phosphoramidite
groups to enable seamless integration into DNA backbones via
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solid-phase synthesis. These derivatives exhibit excellent
chemical stability under acidic, alkaline, high-salt, and high-
temperature conditions, making them robust for various
applications. Single-stranded s-/t-ANBP-conjugated DNA
oligonucleotides demonstrated reasonable one-photon photo-
Iytic efficiency under 415 nm LED irradiation, while t-ANBP,
with an ethynyl-bridged extended z-system, showed enhanced
two-photon absorption properties with 6,®, values of 1.6 GM
at 740 nm and 2.7 GM at 800 nm. In duplex forms, the
stability and dissociation of complementary antisense oligonu-
cleotides (ASOs) depended on the number of ANBP
molecules incorporated and adjacent nucleotide deletions,
highlighting the tunable hybridization behavior conferred by
ANBP modifications. Leveraging these properties, we con-
structed a 3D DNA nanocage incorporating ANBP-conjugated
DNA for light-triggered ASO 4625 release, which was validated
by an in vitro RNA digestion assay using RNase H. This system
offers precise spatial and temporal control over therapeutic
agent release, with significant potential for photoactivated drug
release and gene expression in retinal therapy.*"** The two-
photon uncaging property of ANBP derivatives at 740—800
nm, which falls into the biological-tissue transparency window,
facilitates clinical applications. Future work on modifying the
DNA nanocage with functional moieties, e.g., peptide-based
polymer®’ or cationic nucleus localization signaling (NLS)
peptide,** to escape from lysosomes could expand its utility for
delivering other therapeutic molecules and optimizing its
clinical performance.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162.

Synthetic procedures of phosphoramidites of s-ANBP
and t-ANBP, 'H, *C, 'B, and *'P NMR spectra, one-
photon uncaging kinetics, two-photon measurements,
and mass spectra of all synthetic DNA oligonucleotides
and gel electrophoretic analysis are included in the
Supporting Information (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Pik Kwan Lo — Department of Chemistry and State Key
Laboratory of Marine Pollution, City University of Hong
Kong, Kowloon Tong, Hong Kong, China; Key Laboratory of
Biochip Technology, Biotech and Health Care, Shenzhen
Research Institute of City University of Hong Kong, Shenzhen
518057, China; © orcid.org/0000-0001-5255-1718;
Email: peggylo@cityu.edu.hk

Frédéric Bolze — Laboratoire de Chémo-Biologie Synthétique
et Thérapeutique (CBST), Equipe Nanoparticules
Intelligentes, CNRS, CBST UMR 7199, Université de
Strasbourg, Illkirch F-67401, France; ©® orcid.org/0000-
0002-7955-4668; Email: frederic.bolze@unistra.fr

Alexandre Specht — Laboratoire de Chémo-Biologie
Synthétique et Thérapeutique (CBST), Equipe
Nanoparticules Intelligentes, CNRS, CBST UMR 7199,
Université de Strasbourg, Illkirch F-67401, France;

orcid.org/0000-0001-5056-5278;
Email: alexandre.specht@unistra.fr

3125

Authors

Hoi Man Leung — Department of Chemistry and State Key
Laboratory of Marine Pollution, City University of Hong
Kong, Kowloon Tong, Hong Kong, China

Hau Yi Chan — Department of Chemistry and State Key
Laboratory of Marine Pollution, City University of Hong
Kong, Kowloon Tong, Hong Kong, China

Maxime Klimezak — Laboratoire de Chémo-Biologie
Synthétique et Thérapeutique (CBST), Equipe
Nanoparticules Intelligentes, CNRS, CBST UMR 7199,
Université de Strasbourg, Illkirch F-67401, France

Ling Sum Liu — Department of Chemistry and State Key
Laboratory of Marine Pollution, City University of Hong
Kong, Kowloon Tong, Hong Kong, China

Pierre Karam — Department of Chemistry, American
University of Beirut, Beirut 1107 2020, Lebanon;

orcid.org/0000-0003-4550-7641

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.5¢00162

Author Contributions

1H.M.L. and H.Y.C. contributed equally. HM.L,, LSL, AS,,
F.B, and P.KL. conceptualized and initiated the project.
H.M.L. and H.Y.C. synthesized and characterized all the DNA
oligonucleotides, investigated the formation and photolysis of
DNA nanocages, and also performed the in vitro study of DNA
nanocages. L.S.L. synthesized the phosphoramidites of s-~ANBP
and t-ANBP molecules. M.K,, A.S., and FB. performed the one-
photon and two-photon measurements of s-ANBP- and t-
ANBP-conjugated DNA oligonucleotides. P.K. revised the
data. HM.L, HY.C, L.S.L,, A.S., EB,, and P.K.L. wrote the
manuscript. A.S., F.B.,, and P.K.L. supervised the project. All
authors agreed on the final version of the manuscript.

Funding

This work is supported by the Hong Kong Research Grants
Council (11307421, 11301220, and 11304719), the PRO-
CORE-France/HK Joint Research Scheme (F—CityU104/23),
the Health and Medical Research Fund (07181396 and
09203576), the SKLMP Seed Collaborative Research Fund
(SCRF/0040), City University of Hong Kong (7005832,
7006006, and 9680104), the Université de Strasbourg, the
CNRS, and grants from the Agence Nationale de la Recherche
(ANR-18-CE09—0016—01, ANR-21-CE18—0011—02) and
PHC-Procore (2024 50804WB).

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the Department of Chemistry and the State
Key Laboratory of Marine Pollution at City University of Hong
Kong for providing the required facilities and equipment.

B ABBREVIATIONS

ANBP, p-dialkylaminonitrobiphenyl; s-ANBP, single-bond
ANBP; t-ANBP, triple-bond ANBP; ASO, antisense oligonu-
cleotide; Cy3, cyanine 3; FAM, 6-carboxyfluorescein; DNA,
deoxyribonucleic acid; RNA, ribonucleic acid; HPLC, high-
performance liquid chromatography; LS, linking strand;
MALDI-TOF, matrix-assisted laser desorption/ionization-
time-of-flight; 0-NB, o-nitrobenzyl;; PAGE, polyacrylamide
gel electrophoresis; TAMg, tris-acetate magnesium; UV,
ultraviolet

https://doi.org/10.1021/acs.biomac.5c00162
Biomacromolecules 2025, 26, 3113—-3127


https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c00162/suppl_file/bm5c00162_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pik+Kwan+Lo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5255-1718
mailto:peggylo@cityu.edu.hk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fre%CC%81de%CC%81ric+Bolze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7955-4668
https://orcid.org/0000-0002-7955-4668
mailto:frederic.bolze@unistra.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Specht"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5056-5278
https://orcid.org/0000-0001-5056-5278
mailto:alexandre.specht@unistra.fr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoi+Man+Leung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hau+Yi+Chan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxime+Klimezak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ling+Sum+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Karam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4550-7641
https://orcid.org/0000-0003-4550-7641
https://pubs.acs.org/doi/10.1021/acs.biomac.5c00162?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

B REFERENCES

(1) Tavakoli, A.; Min, J.-H. Photochemical modifications for DNA/
RNA oligonucleotides. RSC Adv. 2022, 12 (11), 6484—6507.

(2) Chen, L; Liu, Y.; Guo, W.; Liu, Z. Light responsive nucleic acid
for biomedical application. Exploration 2022, 2 (S), 20210099.

(3) Ordoukhanian, P.; Taylor, J.-S. Design and Synthesis of a
Versatile Photocleavable DNA Building Block. Application to
Phototriggered Hybridization. J. Am. Chem. Soc. 1995, 117 (37),
9570-9571.

(4) Lin, M; Yi, X; Wan, H; Zhang, J; Huang, F; Xia, F.
Photoresponsive Electrochemical DNA Biosensors Achieving Various
Dynamic Ranges by Using Only-One Capture Probe. Anal. Chem.
2020, 92 (14), 9963—9970.

(5) Hong, S.; Zhang, X.; Lake, R. J.; Pawel, G. T.; Guo, Z.; Pei, R;;
Lu, Y. A photo-regulated aptamer sensor for spatiotemporally
controlled monitoring of ATP in the mitochondria of living cells.
Chem. Sci. 2020, 11 (3), 713—720.

(6) Jain, P. K; Ramanan, V.; Schepers, A. G; Dalvie, N. S.; Panda,
A.; Fleming, H. E.; Bhatia, S. N. Development of Light-Activated
CRISPR Using Guide RNAs with Photocleavable Protectors. Angew.
Chem., Int. Ed. 2016, 55 (40), 12440—12444.

(7) Rohrbach, F.; Schifer, F.; Fichte, M. A. H.; Pfeiffer, F.; Miiller, J.;
Potzsch, B.; Heckel, A,; Mayer, G. Aptamer-Guided Caging for
Selective Masking of Protein Domains. Angew. Chem., Int. Ed. 2013,
52 (45), 11912—11915.

(8) Tang, X.; Dmochowski, I. J. Controlling RNA Digestion by
RNase H with a Light-Activated DNA Hairpin. Angew. Chem., Int. Ed.
2006, 45 (21), 3523—3526.

(9) Griepenburg, J. C.; Ruble, B. K,; Dmochowski, I. J. Caged
oligonucleotides for bidirectional photomodulation of let-7 miRNA in
zebrafish embryos. Biorg. Med. Chem. 2013, 21 (20), 6198—6204.

(10) Govan, J. M.; Young, D. D.; Lively, M. O.; Deiters, A. Optically
triggered immune response through photocaged oligonucleotides.
Tetrahedron Lett. 2015, 56 (23), 3639—3642.

(11) O’Hagan, M. P,; Duan, Z.; Huang, F,; Laps, S.; Dong, J; Xia,
F.; Willner, I. Photocleavable Ortho-Nitrobenzyl-Protected DNA
Architectures and Their Applications. Chem. Rev. 2023, 123 (10),
6839—-6887.

(12) Dai, Z.; Tam, D. Y.; Xu, H.; Chan, M. S.; Liu, L. S.; Bolze, F.;
Sun, X. H,; Lo, P. K. Conformational Change of Self-Assembled DNA
Nanotubes Induced by Two-Photon Excitation. Small 2015, 11 (33),
4090—4096.

(13) Kohman, R. E.; Han, X. Light sensitization of DNA
nanostructures via incorporation of photo-cleavable spacers. Chem.
Commun. 2015, 51 (26), 5747—5750.

(14) Tohgasaki, T.; Shitomi, Y.; Feng, Y.; Honna, S.; Emura, T,;
Hidaka, K.; Sugiyama, H.; Endo, M. A Photocaged DNA Nanocapsule
for Controlled Unlocking and Opening inside the Cell. Bioconjugate
Chem. 2019, 30 (7), 1860—1863.

(15) Abe, K; Sugiyama, H.; Endo, M. Construction of an optically
controllable CRISPR-Cas9 system using a DNA origami nanostruc-
ture. Chem. Commun. 2021, 57 (4S), 5594—5596.

(16) Veetil, A. T.; Chakraborty, K.; Xiao, K.; Minter, M. R.; Sisodia,
S. S.; Krishnan, Y. Cell-targetable DNA nanocapsules for spatiotem-
poral release of caged bioactive small molecules. Nat. Nanotechnol.
2017, 12 (12), 1183—1189.

(17) Huang, F.; Liao, W.-C.; Sohn, Y. S.; Nechushtai, R.; Lu, C.-H,;
Willner, I. Light-Responsive and pH-Responsive DNA Microcapsules
for Controlled Release of Loads. J. Am. Chem. Soc. 2016, 138 (28),
8936—8945.

(18) Jin, C.; Liu, X.; Bai, H; Wang, R.; Tan, J.; Peng, X.; Tan, W.
Engineering Stability-Tunable DNA Micelles Using Photocontrollable
Dissociation of an Intermolecular G-Quadruplex. ACS Nano 2017, 11
(12), 12087—12093.

(19) Liu, M; Jiang, S; Loza, O, Fahmi, N. E; §ulc, P,;
Stephanopoulos, N. Rapid Photoactuation of a DNA Nanostructure
using an Internal Photocaged Trigger Strand. Angew. Chem., Int. Ed.
2018, 57 (30), 9341—934S.

3126

(20) Schmidt, T. L.; Koeppel, M. B.; Thevarpadam, J.; Gongalves, D.
P. N.; Heckel, A. A Light Trigger for DNA Nanotechnology. Small
2011, 7 (15), 2163-2167.

(21) Xu, C; Li, H; Zhang, K; Binzel, D. W,; Yin, H.; Chiu, W,;
Guo, P. Photo-controlled release of paclitaxel and model drugs from
RNA pyramids. Nano Res. 2019, 12 (1), 41—48.

(22) Kohman, R. E;; Cha, S. S.; Man, H.-Y.; Han, X. Light-Triggered
Release of Bioactive Molecules from DNA Nanostructures. Nano Lett.
2016, 16 (4), 2781—2785.

(23) Brglez, J.; Ahmed, L; Niemeyer, C. M. Photocleavable ligands
for protein decoration of DNA nanostructures. Org. Biomol. Chem.
2015, 13 (18), 5102—5104.

(24) Huy, X; Tian, J; Liu, T.; Zhang, G; Liu, S. Photo-Triggered
Release of Caged Camptothecin Prodrugs from Dually Responsive
Shell Cross-Linked Micelles. Macromolecules 2013, 46 (15), 6243—
6256.

(25) Gug, S.; Charon, S.; Specht, A.; Alarcon, K.; Ogden, D.; Zietz,
B.; Léonard, J.; Haacke, S.; Bolze, F.; Nicoud, J.-F.; Goeldner, M.
Photolabile Glutamate Protecting Group with High One- and Two-
Photon Uncaging Efficiencies. ChemBiochem 2008, 9 (8), 1303—1307.

(26) Gug, S.; Bolze, F.; Specht, A,; Bourgogne, C.; Goeldner, M.;
Nicoud, J.-F. Molecular Engineering of Photoremovable Protecting
Groups for Two-Photon Uncaging. Angew. Chem., Int. Ed. 2008, 47
(49), 9525—9529.

(27) Specht, A;; Thomann, J.-S.; Alarcon, K; Wittayanan, W.;
Ogden, D.; Furuta, T.; Kurakawa, Y.; Goeldner, M. New Photo-
removable Protecting Groups for Carboxylic Acids with High
Photolytic Efficiencies at Near-UV Irradiation. Application to the
Photocontrolled Release of L-Glutamate. ChemBiochem 2006, 7 (11),
1690—1695.

(28) Biihler, S.; Lagoja, L; Giegrich, H.; Stengele, K.-P.; Pfleiderer,
W. New Types of Very Efficient Photolabile Protecting Groups Based
upon the [2-(2-Nitrophenyl)propoxy]carbonyl (NPPOC) Moiety.
Helv. Chim. Acta 2004, 87 (3), 620—659.

(29) Garcia-Fernandez, L.; Herbivo, C.; Arranz, V. S. M.; Warther,
D.; Donato, L,; Specht, A; Del Campo, A. Dual Photosensitive
Polymers with Wavelength-Selective Photoresponse. Adv. Mater.
2014, 26 (29), 5012—5017.

(30) Fichte, M. A. H,; Weyel, X. M. M,; Junek, S.; Schifer, F;
Herbivo, C.; Goeldner, M.; Specht, A.; Wachtveitl, J.; Heckel, A.
Three-Dimensional Control of DNA Hybridization by Orthogonal
Two-Color Two-Photon Uncaging. Angew. Chem., Int. Ed. 2016, 5§
(31), 8948—8952.

(31) Donato, L.; Mourot, A,; Davenport, C. M.; Herbivo, C.;
Warther, D.; Léonard, J.; Bolze, F.; Nicoud, J.-F.; Kramer, R. H,;
Goeldner, M.; et al. Water-Soluble, Donor—Acceptor Biphenyl
Derivatives in the 2-( o -Nitrophenyl)propyl Series: Highly Efficient
Two-Photon Uncaging of the Neurotransmitter y-Aminobutyric Acid
at 4 =800 nm. Angew. Chem., Int. Ed. 2012, 51 (8), 1840—1843.

(32) Warther, D.; Bolze, F.; Léonard, J.; Gug, S.; Specht, A.; Puliti,
D.; Sun, X.-H.; Kessler, P.; Lutz, Y.; Vonesch, J.-L; Winsor, B.;
Nicoud, J.-F.; Goeldner, M. Live-Cell One- and Two-Photon
Uncaging of a Far-Red Emitting Acridinone Fluorophore. J. Am.
Chem. Soc. 2010, 132 (8), 2585—2590.

(33) Herbivo, C; Omran, Z,; Revol, J; Javot, H; Specht, A.
Synthesis and Characterization of Cell-Permeable Caged Phosphates
that Can Be Photolyzed by Visible Light or 800 nm Two-Photon
Photolysis. ChemBiochem 2013, 14 (17), 2277—2283.

(34) Pawlicki, M.; Collins, H. A;; Denning, R. G.; Anderson, H. L.
Two-photon absorption and the design of two-photon dyes. Angew.
Chem., Int. Ed. 2009, 48, 3244—3266.

(35) Lin, Q; Yang, L.; Wang, Z.; Hua, Y.; Zhang, D.; Bao, B.; Bao,
C.; Gong, X;; Zhu, L. Coumarin Photocaging Groups Modified with
an Electron-Rich Styryl Moiety at the 3-Position: Long-Wavelength
Excitation, Rapid Photolysis, and Photobleaching. Angew. Chem., Int.
Ed. 2018, 57 (14), 3722—3726.

(36) Chaud, J.; Morville, C.; Bolze, F.; Garnier, D.; Chassaing, S.;
Blond, G.; Specht, A. Two-Photon Sensitive Coumarinyl Photo-
removable Protecting Groups with Rigid Electron-Rich Cycles

https://doi.org/10.1021/acs.biomac.5c00162
Biomacromolecules 2025, 26, 3113—-3127


https://doi.org/10.1039/D1RA05951C
https://doi.org/10.1039/D1RA05951C
https://doi.org/10.1002/EXP.20210099
https://doi.org/10.1002/EXP.20210099
https://doi.org/10.1021/ja00142a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00142a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00142a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC04773E
https://doi.org/10.1039/C9SC04773E
https://doi.org/10.1002/anie.201606123
https://doi.org/10.1002/anie.201606123
https://doi.org/10.1002/anie.201306686
https://doi.org/10.1002/anie.201306686
https://doi.org/10.1002/anie.200600954
https://doi.org/10.1002/anie.200600954
https://doi.org/10.1016/j.bmc.2013.04.082
https://doi.org/10.1016/j.bmc.2013.04.082
https://doi.org/10.1016/j.bmc.2013.04.082
https://doi.org/10.1016/j.tetlet.2015.01.165
https://doi.org/10.1016/j.tetlet.2015.01.165
https://doi.org/10.1021/acs.chemrev.3c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201500333
https://doi.org/10.1002/smll.201500333
https://doi.org/10.1039/C5CC00082C
https://doi.org/10.1039/C5CC00082C
https://doi.org/10.1021/acs.bioconjchem.9b00040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.9b00040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC00876E
https://doi.org/10.1039/D1CC00876E
https://doi.org/10.1039/D1CC00876E
https://doi.org/10.1038/nnano.2017.159
https://doi.org/10.1038/nnano.2017.159
https://doi.org/10.1021/jacs.6b04773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b04882?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201804264
https://doi.org/10.1002/anie.201804264
https://doi.org/10.1002/smll.201100182
https://doi.org/10.1007/s12274-018-2174-x
https://doi.org/10.1007/s12274-018-2174-x
https://doi.org/10.1021/acs.nanolett.6b00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5OB00316D
https://doi.org/10.1039/C5OB00316D
https://doi.org/10.1021/ma400691j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400691j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma400691j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.200700651
https://doi.org/10.1002/cbic.200700651
https://doi.org/10.1002/anie.200803964
https://doi.org/10.1002/anie.200803964
https://doi.org/10.1002/cbic.200600111
https://doi.org/10.1002/cbic.200600111
https://doi.org/10.1002/cbic.200600111
https://doi.org/10.1002/cbic.200600111
https://doi.org/10.1002/hlca.200490060
https://doi.org/10.1002/hlca.200490060
https://doi.org/10.1002/adma.201401290
https://doi.org/10.1002/adma.201401290
https://doi.org/10.1002/anie.201603281
https://doi.org/10.1002/anie.201603281
https://doi.org/10.1002/anie.201106559
https://doi.org/10.1002/anie.201106559
https://doi.org/10.1002/anie.201106559
https://doi.org/10.1002/anie.201106559
https://doi.org/10.1021/ja9074562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9074562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201300425
https://doi.org/10.1002/cbic.201300425
https://doi.org/10.1002/cbic.201300425
https://doi.org/10.1002/anie.200805257
https://doi.org/10.1002/anie.201800713
https://doi.org/10.1002/anie.201800713
https://doi.org/10.1002/anie.201800713
https://doi.org/10.1021/acs.orglett.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

Obtained by Domino Reactions Initiated by a S-exo-Dig Cyclo-
carbopalladation. Org. Lett. 2021, 23 (19), 7580—7585.

(37) Liu, L. S.;; Leung, H. M.; Morville, C.; Chu, H. C.; Tee, J. Y,;
Specht, A.; Bolze, F.; Lo, P. K. Wavelength-Dependent, Orthogonal
Photoregulation of DNA Liberation for Logic Operations. ACS Appl.
Mater. Interfaces 2023, 15 (1), 1944—1957.

(38) Schelkle, K. M.; Griesbaum, T.; Ollech, D.; Becht, S.; Buckup,
T.; Hamburger, M.; Wombacher, R. Light-Induced Protein
Dimerization by One- and Two-Photon Activation of Gibberellic
Acid Derivatives in Living Cells. Angew. Chem., Int. Ed. 2015, 54 (9),
2825-2829.

(39) Chan, M. S.; Tam, D. Y.; Dai, Z.; Liu, L. S.; Ho, J. W.-T.; Chan,
M. L, Xu, D.; Wong, M. S,; Tin, C.; Lo, P. K. Mitochondrial Delivery
of Therapeutic Agents by Amphiphilic DNA Nanocarriers. Small
2016, 12 (6), 770—781.

(40) Tam, D. Y.; Ho, J. W.-T.; Chan, M. S.; Lau, C. H,; Chang, T. J.
H.; Leung, H. M,; Liu, L. S.; Wang, F.; Chan, L. L. H,; Tin, C; et al.
Correction to Penetrating the Blood—Brain Barrier by Self-Assembled
3D DNA Nanocages as Drug Delivery Vehicles for Brain Cancer
Therapy. ACS Appl. Mater. Interfaces 2020, 12 (37), 42447.

(41) Wang, Y,; Liu, C.-H,; Ji, T.; Mehta, M.; Wang, W.; Marino, E.;
Chen, J; Kohane, D. S. Intravenous treatment of choroidal
neovascularization by photo-targeted nanoparticles. Nat. Commun.
2019, 10 (1), 804.

(42) Brandhorst, E,; Xu, L.; Klimezak, M.; Goegan, B.; Hong, H.;
Hammes, H.-P.; Specht, A.; Cambridge, S. In Vivo Optogenetic
Manipulation of Transgene Expression in Retinal Neurovasculature.
JACS Au 2024, 4 (8), 2818—2825.

(43) Wang, Q; He, Z,; Zhu, H.; Gao, W.; Zhang, N,; Li, J.; Yan, J;
He, B.; Ye, X. Targeting drug delivery and efficient lysosomal escape
for chemo-photodynamic cancer therapy by a peptide/DNA nano-
complex. . Mater. Chem. B 2022, 10 (3), 438—449.

(44) Liang, L; Li, J.; Li, Q; Huang, Q. Shi, J.; Yan, H.; Fan, C.
Single-particle tracking and modulation of cell entry pathways of a
tetrahedral DNA nanostructure in live cells. Angew. Chem., Int. Ed.
2014, 53 (50), 7745—7750.

3127

https://doi.org/10.1021/acs.biomac.5c00162
Biomacromolecules 2025, 26, 3113—-3127


https://doi.org/10.1021/acs.orglett.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02778?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c20757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c20757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201409196
https://doi.org/10.1002/anie.201409196
https://doi.org/10.1002/anie.201409196
https://doi.org/10.1002/smll.201503051
https://doi.org/10.1002/smll.201503051
https://doi.org/10.1021/acsami.0c14625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c14625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c14625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-08690-4
https://doi.org/10.1038/s41467-019-08690-4
https://doi.org/10.1021/jacsau.4c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1TB02441H
https://doi.org/10.1039/D1TB02441H
https://doi.org/10.1039/D1TB02441H
https://doi.org/10.1002/anie.201403236
https://doi.org/10.1002/anie.201403236
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c00162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

