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Angle-controllable RNA tiles for
programable array assembly and RNA
sensing

Qi Yang 1, Xu Chang1, Jung Yeon Lee1, Henry Wisniewski1, You Zhou2,3,
Ashley D. Bernstein4, Edward M. Bonder5, Jason T. Kaelber 4, Teresa Wu2,3,
Giulia Pedrielli2,3 & Fei Zhang 1

Programmed self-assembly of RNA nanostructures presents a strategic
approach to developing biomaterials with tailored properties and functional-
ities. Despite advancements, the variety, complexity, and programmability of
de novo engineered RNA nanostructures remain limited. Here, we introduce a
category of artificially designedRNA tiles by integrating antiparallel crossovers
andT-junctions, featuring a controllable angle of either 65o or 90o. A total of 22
distinct tiles are explored, significantly expanding the collection of artificially
designed multi-stranded RNA tiles. We investigate the design strategies that
affect array assembly including T-loop configuration, sticky end pairing,
structural diversification, and variations in annealing methods. Additionally,
one single-stranded TC-RNA tile is designed and folded co-transcriptionally,
suggesting promising applications in synthetic biology and molecular engi-
neering. Furthermore, we demonstrate the integration of split broccoli RNA
aptamers into the multi-stranded monomer tiles, enabling fluorescence acti-
vation along linear arrays for programmable RNA sensing. The facile incor-
poration with RNA functional nanostructures highlights the vast potential of
these RNA tiles in constructing more sophisticated nanostructures for diverse
biomaterial applications.

The self-assembly of biomolecules, such as proteins, DNA, and RNA,
has become a practical approach to developing functional biomater-
ials for biotechnological and biomedical applications1,2. As a vital bio-
polymer, RNA naturally exhibits a broad spectrum of chemical,
structural, and functional diversities. Therefore, the development
of deliberately engineered artificial RNA nanostructures has gained
prominence in synthetic biology3, metabolic engineering4, and
therapeutics5. These RNA nanostructures are primarily based on either
rearranged natural RNAmotifs or design strategies adapted fromDNA
tiles6,7. For example, RNA nanocages were constructed by modifying
the packaging RNA of bacteriophage Phi29, taking advantage of its

natural T-shaped secondary structure8. RNAdouble crossover tiles and
RNA homooligomeric nanostructures were inspired by the design of
DNA double crossover tiles and branched kissing-loop motifs,
respectively6,9.

Although DNA nanostructure design principles provide a valu-
able framework, the variety and complexity of artificially engineered
RNA nanostructures currently available are comparatively limited10.
The unique attributes and challenges associated with RNA require
careful consideration when designing RNA tiles. The presence of an
additional 2’-hydroxyl group in RNA significantly influences its sta-
bility and folding properties, resulting in different assembly
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behaviors and requirements11. RNA molecules are more prone to
forming complex secondary structures, such as hairpins and bulges,
compared to DNA. Additionally, artificial RNA tiles adopt A-form
helices, while artificial DNA tiles typically feature B-form helices. The
A-form helix is characterized by inclined hydrogen bonds, in contrast
to the parallel hydrogen bonds found in the B-form helix12. These
differences emphasize the importance of developing design strate-
gies specifically tailored to the unique properties of RNA molecules
to unlock their full potential for creating diverse and complex
nanostructures.

Beyond structural design, RNA plays an important role in cellular
processes13,14. It acts as a template for protein synthesis and can be
secreted by disease-related cells15,16, making RNA detection essential
for understanding cellular mechanisms and diagnosing diseases. RNA
aptamers, known for their high specificity and binding affinity, have
been developed for various applications including diagnostics, mole-
cular detection, biomarker discovery, therapeutics, and drug
delivery17–20. By integratingRNAaptamers into rationally designedRNA
structures, we can create materials that are both sophisticated and
multifunctional21.

Additionally, DNA nanostructures face delivery challenges due to
their reliance on endocytosis via the endosome pathway in vivo22–24,
leading to limited efficiency. Rapid degradation and clearance from
the blood also further hinder their stability. Current solutions involve
chemical modifications, such as PEGylation and endosome-escape
peptides25,26. However, RNA nanostructures present a unique solution
by leveraging co-transcriptional folding, allowing cellular transcription
machinery to generate RNA materials directly inside cells. Recent
studies highlight co-transcriptionally folded RNA as promising mate-
rials for biomedical applications in vivo9,27–29. In this work, we develop
diverse RNA nanostructures, while showcasing co-transcriptional
folding capability, and demonstrating RNA sensing in vitro, which
will serve as a strong foundation for future in vivo applications.

In this research, we create 22 RNA tiles capable of assembling into
either one-dimensional (1D) or 2D arrays with controllable angles
(Fig. 1a, b). These tiles feature a T-junction loop (T-loop) and anti-
parallel crossovers are named as TC-RNA tiles. The angle between the
horizontal and vertical arm can be precisely adjusted bymodifying the
length of the T-loop. Specifically, T-loops of 6 nucleotides (nt) or 8 nt
produce angles of 90° or 65°, respectively. We explore the crucial
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Fig. 1 | A category of artificially designed TC-RNA tiles and their corresponding
arrays. a The design of RNA TC-RNA tiles contains an artificial 65o RNA T-junction
(colored in green) or an artificial 90o RNA T-junction (colored in blue). The red
circles highlight the locations of crossovers. The intrinsic angle of the artificial RNA
T-junction is controlled by the nucleotide length of the T-loop region. For example,
the 6 nt T-loop will form an off-plane 90° angle, while the 8 nt T-loop form an

in-plane 65° angle. Note that a single-stranded TC-RNA tile, designed for
cotranscriptional folding, is highlighted with a blue background. b Schematics
of 21 TC-RNA tiles and arrays. Two annealing methods, in solution and on mica,
are employed. c Split RNA broccoli aptamers functionalized TC-RNA tiles for
target RNA sensing. Fluorescence ON is triggered by the irradiation of UV light.
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design parameters for de novoRNA tile design, including thematching
rules and locations of sticky ends, the placement of unpaired nucleo-
tides, strut structure, and arm stiffness. To demonstrate its potential
for future in vivo applications, a co-transcriptionally folded single-
strandedTC-RNA tile is designed and shown to forma ladder structure.
Furthermore, we demonstrate the functionalization of TC-RNA tiles by
introducing split broccoli aptamers into monomer tiles, enabling
fluorescence turn-on upon target RNA presence (Fig. 1c).

Results
Design of angle-controllable TC-RNA tiles
Unlike double-stranded DNA with a B-form helix, RNA adopts an
A-form (Supplementary Fig. 1). The inclination of the hydrogen bond
makes the RNA T-junction geometrically different from DNA
T-junctions30. Adapting from DNA T-junction design strategies, we
introduced three types of RNA T-junctions: T1, T2 and T3 (Supple-
mentary Fig. 2). The schematics show that a DNA T-junction, featuring
an in-plane 6 nt T-loop, possess a 90° angle. In contrast, RNA
T-junctions vary: T1, with a 6 nt T-loop at the center, forms an off-plane
90° angle; T2, incorporating an elongated 8 nt T-loop, maintains an in-
plane orientation and natural connection, resulting in an in-plane 65°
angle; T3 introduces an 8 nt T-loop and an unpaired nucleotide at the
joint, enhancing the flexibility of the vertical arm and aiming for an in-
plane 90° angle.

Drawing on DNA tile design strategies, we can control the rigidity
and angled geometry of an RNA tile by integrating unpaired nucleo-
tides and strut structures31. We first designed two tiles, TC-RNA-1 and
TC-RNA-2, based on RNA T-junction T3 and T2, respectively. The
atomic force microscopy (AFM) and native gel results confirmed our
predictions, showing that these tiles formed angle-controlled ladder
structures (Supplementary Figs. 3–5). This indicates that an unpaired
nucleotide at the joint can change the angle of an RNA tile from 65o to
90o. Then we tested two tiles with struts, TC-RNA-3 and TC-RNA-4, to
investigate whether the flexibility introduced by an unpaired nucleo-
tide could be stabilized by strut structures (Supplementary Fig. 6). The
AFM images showed twists and mismatches in both arrays, suggesting
that struts cannot fully compensate for the flexibility generated by the
unpaired nucleotide.

We hypothesize that the structural design of sticky ends,
T-junction joints, and arm rigidity are critical factors in assembling TC-
RNA tiles into large arrays. The guiding principles for our study on 1D
and 2Dassembly included: placing sticky ends at the 5’ end to avoid the
elongation or shortening at the 3’ sticky ends during transcription,
using unequal lengths of sticky ends within the same tile to reduce
mismatches between different pairs, investigating RNA T-junctions (T1
and T2) that do not have anunpaired nucleotide at the joint for precise
control over the angle of TC-RNA tiles, and incorporating crossovers
into horizontal and/or vertical arms of the RNA tiles to ensure their
stable formation. In addition, sequencedesign is crucial for the correct
assembly of RNA tiles. Sequences for the TC-RNA tiles were generated
by Tiamat and evaluated by NU-ResNet and NUPACK32–34. The criteria
for sequence design included the following: each RNA strand must
start with at least one G at the 5’ end, avoid incorporating G-U wobble
pairs, limit repeating bases to six nucleotides, minimize secondary
structures in the DNA template from which the RNA strand is tran-
scribed, and the G/C content in the RNA sequences is between
40% and 60%.

Self-assembly of TC-RNA tiles into ladders
Todemonstrate that the angle of TC-RNA tiles canbe controlled by the
length of T-loop, we designed tiles TC-RNA-5 andTC-RNA-6 (Fig. 2a) by
employing RNA T-junctions T2 (with a 6 nt T-loop) and T1 (with an 8 nt
T-loop), respectively. Both tiles aimed to assemble into ladder struc-
tures. After annealing in solution for 12 h, the native gel images showed
an aggregation on top indicating the formation of target ladders

(Supplementary Figs. 7, 8). AFM further confirmed that both tiles
formed the target ladder configurations (Fig. 2b and Supplementary
Figs. 9, 10). As expected, TC-RNA-2 produced ladderswith a right angle
(~90°), whereas TC-RNA-1 formed ladders with an acute angle (~65°), as
confirmed by transmission electron microscopy (TEM) imaging
(Fig. 2a, b and Supplementary Fig. 11). These findings suggested that
the angle of TC-RNA tiles can be modulated by adjusting the T-loop
length.

Subsequently, we designed three TC-RNA tiles to evaluate the
effect of reinforcing the arms with double helices by incorporating
crossovers. Tile TC-RNA-7 and TC-RNA-8 were engineered with a ver-
tical arm strengthened by one antiparallel crossover and one or two
antiparallel crossovers strengthened horizontal arm. The AFM images
showed that both tiles assembled into ladders with angles nearing 90°
(Fig. 2a and Supplementary Figs. 12–14). The native gel data suggested
the formation of large aggregates (Supplementary Fig. 14). We
employed cryo-electron tomography (cryoET) to analyze the assem-
blies of TC-RNA-8, revealing a mix of configurations including linear,
branched, and ring-shaped ladders (Fig. 2c). Measurements of the
vertical and horizontal spacing of the ladders in one tomogram are
summarized in Supplementary Fig. 15, showing that the observed
dimensions of the RNA tile in this image closely match the designed
model. Tile TC-RNA-9 contained off-plane, two-layered helices by
overlapping two RNA T-junction helices and tightening them up
through antiparallel crossovers on both horizontal and vertical arms.
AFM imaging revealed a right-handed twist in the ladders, indicating an
intrinsic twist of the double-layer monomer tile (Supplementary
Fig. 16). From the study on these three tiles, we concluded that the
reinforcement of the tile arms is preferable for the in-plane one-layer
helices rather than the off-plane multi-layered ones.

We tested a single-stranded TC-RNA tile, TC-RNA-10, designed for
co-transcriptional folding. Four conditions were explored: co-
transcriptional folding in solution, co-transcriptional folding on
mica, thermo-annealing in solution, and thermo-annealing on mica.
AFM images confirmed that all four conditions successfully formed the
target ladders (Fig. 2d and Supplementary Fig. 17). Among them,
thermo-annealing in solution produced the longest and most well-
formed ladders. In contrast, co-transcriptional folding on mica led to
the formation of shorter half-ladder nanostructures, likely due to the
surface-assistedmethod restricting themobility of the initially formed
half-ladders during assembly.

Self-assembly of TC-RNA tiles into grids
To investigate the factors influencing the 2D array formation of TC-
RNA tiles, we explored a variety of design and experimental para-
meters. These included the configuration of T-junctions, rules for
matching sticky ends, the lengths of arms, the placement of cross-
overs, and annealing conditions. In total, we designed 12 tiles (TC-RNA-
11 to TC-RNA-22) for 2D array self-assembly. Seven tiles had a double
helix arm and a double helices arm, and five tiles had two double
helices arms. Each tile was subjected to four different annealing con-
ditions: in solutionTAE, in solutionHEPES, onmica in TAE, andonmica
in TAB (see Methods for the detailed annealing conditions). The in-
solution annealed samples were characterized by native gel, revealing
large aggregates across all samples (Supplementary Figs. 7, 8, 14,
18–21). Comparing the AFM images of the samples under the four
different annealing conditions, the on-mica annealing programs gen-
erally produce larger and more regular grids than those in-solution
annealing methods.

As shown in Fig. 3a, tile TC-RNA-11 and TC-RNA-12 have the same
structural design but different sticky-end matching rules (Fig. 3). For
example, to enclose one rhomboid shape inside the 2D patterns, tile
TC-RNA-11 required four monomer tiles while tile TC-RNA-12 required
six. TheAFM images showed thatboth tiles formed target acute-angled
grids, and the on-mica TAB annealing method generated larger array
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pieces than the on-mica TAE (Supplementary Figs. 22, 23). Similar
results were also found in tiles TC-RNA-13 and TC-RNA-14 (Fig. 3 and
Supplementary Figs. 24, 25), indicating different sticky-end match
rules could be adapted to form different 2D patterns. Notably, tile TC-
RNA-11 self-assembled into tubular arrays when annealed in TAE
solution, while tile TC-RNA-13 formed small flat array pieces under the
same buffer conditions, suggesting that an 8 nt T-loop brings a more
flexible center than that of a 6 nt T-loop (Supplementary Figs. 24, 26).

Further, we designed tile TC-RNA-15 and TC-RNA-16 with 21 nt and
28 nt lengths of vertical arms, respectively (Fig. 3a and Supplementary
Figs. 27, 28). Both tiles share identical horizontal arms reinforced by
two antiparallel crossovers. AFM results revealed that TC-RNA-15
formed more regular grids than TC-RNA-16 in 1×TAE Mg2+ buffer. This

difference in assembly was attributed to two factors. First, the longer
arm of tile TC-RNA-16 had more flexibility in the vertical direction.
Second, the assembly pathway for tile TC-RNA-15 included a self-
correction mechanism for any potential curvatures along the vertical
direction, involving a 180o

flip of alternative tiles along the X-axis. In
contrast, tile TC-RNA-16 with a 180o rotation along the Y-axis, without
flipping, tended to accumulate curvature (Supplementary Fig. 29).
Additionally, tile TC-RNA-15 and tile TC-RNA-14 formed comparably
sized 2D arrays, suggesting that the crossover numbers in monomer
tile were not restricted for 2D array assembly in our TC-RNA tile
systems.

We next tested the reinforcement on the vertical arm rather than
on the horizontal arm by designing tile TC-RNA-17 with double
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Fig. 2 | Self-assembly of TC-RNA tiles to ladders. a The design schematic show-
cases five TC-RNA tiles alongside their corresponding assembled ladders. Colored
region indicates complementary sticky end pairing. Each complementary sticky-
end-sticky-end pair or sticky-end-T-loop pair is labeledwith the same color. The red
circles highlight the locations of crossovers. The blue circles label the locations of
crossovers. b AFM images of assembled arrays. From left to right, the arrays are
assembled from tile TC-RNA-5, tile TC-RNA-6, tile TC-RNA-7, tile TC-RNA-8, and tile
TC-RNA-9, respectively. All the AFM images are taken after annealing in 1×TAEMg2+

buffer from 70 °C to 15 °C for 12 h. The scale bar is 100 nm for all images. cCryo-EM

and tomography reconstruction images of TC-RNA-8. Left, slice through a tomo-
gram of TC-RNA-8; right, 3D segmentation of that tomogram with individual par-
ticles visualized in insets. d The design schematic and AFM images of single-
stranded TC-RNA-10 tile. The AFM images of cotranscriptional folding in solution
and onmica are taken after annealing in 1×TAEMg2+ buffer at 37 °C for 1 h. The AFM
images of thermos-annealing in solution and on mica are taken after annealing in
1×TAE Mg2+ buffer from 70 °C to 15 °C for 12 h. All AFM images in this figure were
reproduced at least three times, with each experiment conducted independently.
The scale bar is 100 nm for all images.
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T-junctions including a double-helix horizontal arm and an antiparallel
crossover between the two helices (Supplementary Fig. 30). Aligned
with our design, AFM images of samples assembled on mica showed
the formation of target grids (Fig. 3b, c), highlighting the effectiveness
of the reinforced vertical arms in TC-RNA tiles design. Furthermore,
tile TC-RNA-17 formed tubular structures under in-solution annealing
in TAE buffers, indicating intrinsic curvature in the monomer tile
(Supplementary Figs. 31, 32).

Subsequently, we created four TC-RNA tiles with reinforced ver-
tical and horizontal arms and varying the number of crossovers and
sticky ends (Fig. 4, TC-RNA-18 to TC-RNA-21). All four tiles formed
smaller pieces under in-solution annealing (Supplementary Fig. 33).
After on mica self-assembly, the two tiles with blunt ends formed
smaller grid pieces, while the other two tiles with two sticky ends
formed larger assemblies (Supplementary Figs. 34–37). It is suggested
that sticky ends on the vertical arms of TC-RNA tiles are important for
array self-assembly. Lastly, we demonstrated a two-layered tile TC-
RNA-22 with stacked helices on both arms (Supplementary Fig. 38).
Similar to the layer design for ladder assembly (Fig. 2, TC-RNA-17), the
flexibility at the joint of the T-junction caused the formed small pieces
of the array to twist and overlap with each other, resulting in tangled
aggregates in 3D (Supplementary Fig. 39).

Incorporation of fluorescent aptamers on TC-RNA arrays
RNA aptamers exhibit sensitive and specific binding to target mole-
cules such as proteins and small molecules35. Researchers have
developed various RNA aptamer-functionalized nanostructures for
applications in targeted drug delivery, molecular sensing, and ther-
apeutic applications36,37. Multi-stranded TC-RNA tiles, as highly mod-
ular nanostructures, are particularly well-suited for incorporating
aptamers, thus enabling customizable biosensing applications.

We explored this capability by integrating a split broccoli aptamer
into TC-RNA tiles (Supplementary Fig. 40)38. As shown in Fig. 5a, two
TC-RNA tiles containingRNAT-junctionT2 andT1were assembled into
Array 1 and Array 2, respectively, displaying broccoli aptamer
sequences on 65° or 90° vertical arms. Confirmation via AFM imaging
showed that both arrays formed the target comb-like linear objects
(Fig. 5b, c) and the native gel results showed the size difference
between individual broccoli aptamers and the corresponding arrays
(Supplementary Fig. 41). The activities of the aptamer-modified arrays
were evaluated through fluorescence images and intensity measure-
ments (Fig. 5d and Supplementary Fig. 42). Upon UV light irradiation,
bothArray 1 andArray2, alongwith their respective individual aptamer
controls, exhibited visible green fluorescence to the naked eyes, while
no fluorescence was observed in the pure (5Z)-5-[(3,5-difluoro-4-
hydroxyphenyl) methylene]-3,5-dihydro-2-methyl-3-(2,2,2-tri-
fluoroethyl)-4H-imidazol-4-one (DFHBI-1T) dye control (Supplemen-
tary Figs. 42b, c). Quantitative analysis of normalized fluorescence
intensity revealed that compared to the DFHBI-1T control, the fluor-
escence intensity of Broccoli control 1 and Array 1 increased by 99.6-
fold and 138-fold, respectively and Broccoli control 2 and Array 2
increased by 147-fold and 129-fold, respectively. This data suggests
that both arrays retained the fluorescence from the broccoli aptamers.

Next, we applied anABhalf-ladder concept into the functionalized
TC-RNA assemblies (Fig. 5e). The RNA broccoli aptamer was split into
Strand 1 and Strand 2, integrated into two separated TC-RNA tiles.
Annealing them separately would form two non-fluorescent arrays,
Array 3 andArray 4. AftermixingArray 3 andArray 4 at a 1:1 ratio (Array
3 + 4), Strand 1 and Strand 2 interacted to form the complete broccoli
aptamer structure, activating fluorescence. The corresponding fluor-
escence intensity changeswere recorded (Fig. 5f), whereArrays 3 and4
were mixed at time 0, but no significant fluorescence change was
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Fig. 3 | 2D array self-assembly fromTC-RNA tiles with a double helix arm. a The
design schematic showcases six TC-RNA tiles alongside their corresponding 2D
array assemblies. The red circles indicate the locations of crossovers.bAFM images
of assembled arrays of six TC-RNA tiles on mica assembly in 1×TAE Mg2+ buffer.
c AFM images of assembled arrays of six TC-RNA tiles on mica assembly in 1×TAB
Mg2+ buffer. From left to right in panel (b) and (c), the arrays assembled from tile

TC-RNA-11, tile TC-RNA-12, tile TC-RNA-13, tile TC-RNA-14, tile TC-RNA-15, and tile
TC-RNA-17, respectively. All the AFM images are taken after annealing from70 °C to
15 °C for 12 h. All AFM images in this figure were reproduced at least three times,
with each experiment conducted independently. The scale bar is 200nm. The inset
image size is 100nm × 100nm.
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observed until the DFHBI-1T dye was added at approximately 5min.
TheAFM images of Array 3 andArray4 both showed amixture of linear
comb and ladders (Fig. 5g, h) due to the self-binding of Strand 1 in
Array 3 and Strand 2 in Array 4. Array 3 + 4 mainly formed ladders
under AFM (Fig. 5i and Supplementary Fig. 43) and showed a 68.9-fold
increase in fluorescence intensity compared to the DFHBI-1T control
(Fig. 5j), suggesting that functional broccoli aptamer structures were
assembled between the two half ladders. Notably, the Broccoli control
sample (Strand 1 + 2) had a 110-fold fluorescent increase, which was
higher than Array 3 + 4. This difference possibly resulted from a small
portion of uncompleted binding between the half ladders, which
contained long single-stranded regions with strong secondary struc-
tures and mismatches. Overall, the AB half-ladder binding event trig-
gered the fluorescence turn-on mechanism, allowing visualization of
the specific interaction between Array 3 and 4. This approach enabled
precise control over fluorescence activation by selectively assembling
AB components, offering potential applications in monitoring binding
events involving other targets such as enzymes and cells.

Split-aptamer-modified TC-RNA arrays for programmable RNA
sensing
To further explore thepotential of our system,weengineered twoRNA
sensing systems based on TC-RNA tiles by incorporating split broccoli
aptamers (Fig. 6 and Supplementary Figs. 44–50). As illustrated in
Fig. 6a, each monomer tile within Array 5 had two open ends of a split
aptamer and a target RNA sensing domain named Strand A and Strand

B. In state 1, no fluorescence signal was detected as the broccoli
structure remained unformed in the absence of the target RNA. Upon
introducing the target RNA in state 2, the RNA sensing domain of the
split aptamers binds the target RNA and stabilizes the broccoli struc-
ture, triggering an increase in fluorescence signal. In state 3, a DNA
invader strand is introduced to displace the target RNA from Array 5
and shut off the signal. The programmable sequences of Strand A and
B allow for easy adaptation to different RNA targets by adjusting their
sequences.We assessed the sensing capability of our RNA arrays using
two RNA derivates from human KRASmRNA and E. coli mreBmRNA39.

Experimentally, we engineered TC-RNA Array 5 to sense the KRAS
derivative (Fig. 6a). AFM images showed clear differences between
states: in state 1, only short linear arrays formed,whereas states 2 and 3
displayed longer linear arrays (Fig. 6b–d, Supplementary Fig. 44).
Native gel images for state 1 had a smeared band without top aggre-
gates, while state 2 and 3 both showed distinct top aggregates bands
(Supplementary Fig. 45). The smaller assemblies in state 1 may result
from insufficient stabilization by the 8 nt stem in Strand A and Strand
B, compromising robust T-loop assembly at the joint (Supplementary
Fig. 46a). In state 2, the target RNA binding enhanced T-loop stability,
promoting larger array formation.

Quantitative fluorescence analysis revealed that directly transi-
tioning state 1 to state 3 resulted in a 4.7-fold increase in fluorescence
relative to the negative control, indicating that when target RNA and
DNA invader are added simultaneously to state 1, the target RNA prefers
bindingwith theDNA invadermore thanwith strandA andB (Fig. 6e and
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Fig. 4 | 2D array self-assemble from TC-RNA tiles that with two double
helices arms. a The design schematic showcases the five TC-RNA tiles alongside
their corresponding 2D array. The orange squares label the blunt end. The red
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independently. The scale bar is 200 nm. The inset image size is 100nm × 100nm.
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Supplementary Fig. 46). A 71.3-fold increase was observed when tran-
sitioning from state 1 to state 2, which was comparable to the 89-fold
increase observed for the direct formation of state 2. However, transi-
tioning from state 2 to state 3 resulted in a small decrease in fluores-
cence, suggesting that a 1:1 DNA invader to RNA target ratio was
insufficient for effectively removing the target RNA. To address this,
kinetic analysiswas performedby addingdifferent ratios ofDNA invader
to the state 2 of Array 5. As shown in Fig. 6f, fluorescence intensity
decreased with prolonged incubation times and increased DNA invader
ratios, indicating that a higher DNA invader ratio and longer incubation
times enhance the removal efficiency of the target RNA. Additionally, an
RNA dose-response curve for Array 5 was recorded (Supplementary
Fig. 47a). State 1 of Array 5 (500nM)was premixed with DFHBI-1T dye at
a 1:20 ratio. The fluorescence intensity of Array 5 increased linearly as
the target RNA concentration ranged from 1nM to 500nM (Fig. 6f). The
lowest detectable concentration of target RNAwas recognized as 10nM,
corresponding to approximately a 2.5-fold increase compared to the
negative control. The dye response curve of Array 5 showed that the
equilibrium was reached within 10min (Fig. 6g), while the RNA target
response curve stabilized around 1 h (Fig. 6h).

To assess the detection specificity of the RNA target, we com-
pared the original RNA target sequence with seven RNA mutants
(Fig. 6i and Supplementary Fig. 47b). The original RNA target, labeled
as M0, served as a positive control, while M1–M7 represented the
seven mutants. The results showed that fluorescence intensity
decreased as the number of mutations increased, with Array 5 effec-
tively detecting up to two nucleotide mutations. Specifically, M1 and
M2, each containing a single nucleotide mutation, exhibited a 10-20%
decrease in fluorescence intensity compared to the positive control.
M3, which contained two nucleotide mutations, showed a dramatic
drop, retaining only 6% of the fluorescence signal. Similarly, M6 and
M7, with 9 and 13 nucleotide mutations, displayed fluorescence levels
below 5% of the positive control. Beyond the number of mutations,
their location also played a critical role. Interestingly, both M4 andM5
contained three mutations, but their effects differed significantly:
while M5 retained 75% fluorescence intensity, M4 dropped to 3%. This
discrepancymaybedue tomutationpositioning—M5’smutationswere
at the left edge of the target recognition region, leaving the central
domain unaffected, allowing partial target RNA binding. Additionally,
we designed TC-RNA arrays to detect a different RNA target, a mreB
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derivative, further demonstrating the feasibility of programmableRNA
sensing (Supplementary Figs. 48, 49).

Finally, we designed another TC-RNA sensing structure, Array 6,
by integrating two split broccoli aptamers into each monomer tile
(Fig. 6j and Supplementary Fig. 50). In this design, we also introduced a
turn-onmechanism via a DNA inhibitor strand, whereas the sensor will
remain inactive until a DNAactivator sequence is present. In the kinetic
study of state 1 to state 3 transition in Array 6, no significant fluores-
cence changes were observed before or after adding theDNA activator
to state 1. Fluorescence only occurred upon the introduction of the
target RNA into the system (Supplementary Fig. 51a). Similar to Array 5,
the dye response curve of Array 6 reached equilibrium within 10min
(Supplementary Fig. 51b), while theRNA target response curve reached
equilibrium around 2 h (Supplementary Fig. 51c). Gel electrophoresis
indicated a large array formation in all states (Supplementary Fig. 45,
48). AFM images revealed that by-product ladders in state 1, likely due
to the mismatching caused by the single-stranded regions in Strand C
and D (Fig. 6k). In contrast, state 2 and 3 displayed linear arrays
because of the binding and stabilizing of Strand C and D by DNA
inhibitor or target RNA (Fig. 6l, m & Supplementary Figs. 50, 52). Most
notably, state 3 showed a significant increase in fluorescence, while
state 1 and 2 did not fluoresce. The transition from state 2 to state 3
resulted in a 41.5-fold increase in fluorescence and direct annealing to
state 3 led to a 165.6-fold increase (Fig. 6n). This fluorescence differ-
ence arises from the strand displacement reaction, where the DNA
inhibitor and RNA target compete for binding to the aptamer domain.
Moreover, by only adding target RNA to state 2 would result fluores-
cence OFF (State 2 + RNA), which indicated the RNA target and DNA
activator were necessary factors for fluorescence turn on when tran-
sition from state 2 to state 3. We also evaluated the sensing process
without the inhibitor and turn-on sequences. Direct transitioning from
state 1 to state 3 resulted in a fluorescence increase of approximately
143.4-fold, which was comparable to the direct annealing of the
structures in state 3. Compared to arrays with a single aptamer per tile
(Array 5), the double-aptamer sensing array exhibited higher fluores-
cence intensity under identical conditions. This suggested that incor-
porating multiple aptamers into one tile can enhance fluorescence
intensity without compromising array assembly.

Discussion
The development of RNA nanotechnology has produced a variety of
functional nanostructures for molecular recognition and biomedical
applications through innovative RNA structural designs40,41. This study
advanced 21 TC-RNA tiles for 1D and 2D assemblies and demonstrated
the RNA sensing applications by integrating split aptamers into the
arrays. It expanded the family of artificial RNA tiles and elucidated key
design parameters for TC-RNA tiles. For the structural design, we
identified three key factors: a T-junction with an appropriate loop
length and no unpaired nucleotides, stick ends that ensured specific
bindings, and a rigid arm reinforced by crossovers. Regarding
sequence design, it was crucial to minimize unwanted secondary
structures within individual strands and enhance the specificity of
inter-strandpairing for target assembly. Additionally, a single-stranded
TC-RNA tile was shown to fold and assemble into ladders under both
isothermal co-transcriptional folding conditions and gradient thermo-
annealing processes. Experimental conditions, such as buffer compo-
sition, surface assistance, and annealing program significantly influ-
ence the assembly of the RNA arrays.

The feasibility of easily functionalizing our TC-RNA assemblies
was demonstrated through programable RNA sensing. Future efforts
could focus on incorporating different types of fluorescent aptamers
to develop multiplex sensors or implementing molecular computing
circuits into the array for intelligent sensing with logic gates. Addi-
tionally, themulti-stranded nature and distinctive geometry of the TC-
RNA tiles allow formodificationwith functionalRNA sequences such as

protein-binding RNA, ion-binding RNA, siRNA, microRNA, and anti-
sense oligos42,43. Moving forward, TC-RNA tiles equipped withmultiple
functional groups could accelerate the development of next-
generation molecular robots and serve as scaffolding elements or
drug delivery vectors43. Since we have demonstrated the co-
transcriptional folding of single-stranded TC-RNA in vitro, the multi-
stranded tiles presented in this paper could also be adapted into
single-stranded designs, further expanding the structural diversity of
synthetic RNA nanostructures. Additionally, in vivo transcription pro-
vides a powerful approach to enhance the delivery efficiency and
biocompatibility of functional RNA in living systems. Future research
could explore the development of co-transcriptionally folded TC-RNA
nanostructures optimized for in vivo applications. Overall, the TC-RNA
tiles hold great potential for advancements in biomaterials, sensing,
and therapeutics.

Methods
RNA sequence design and preparation
The structural and sequence design of TC-RNA tiles was first created in
Tiamat and further evaluated by NU-ResNet and NUPACK32–34. The
evaluation of the sequence and structure pairs using the NU-ResNet
platformprovided an idea of the likelihood of successful folding34. The
detailed RNA sequences are listed in Supplementary Notes. The
detailed sequences of primers and DNA templates used in this study
are provided in the Source Data file. Each designed RNA strand was
transcribed from a corresponding DNA template with T7 polymerase
guided transcription in vitro (AmpliScribe T7-Flash transcription kit,
#ASF3507, Epicenter, Inc.). DNA templates were purchased from
Integrated DNA Technologies (IDT). DNA templates and in vitro tran-
scribed RNA strands were purified by denaturing polyacrylamide gel
electrophoresis (PAGE), followed by ethanol precipitated, and sus-
pended in ultrapure water. Nanodrop 2000 (Thermo Scientific) was
used to determine concentrations of nucleic acids.

Polyacrylamide gel electrophoresis (PAGE)
Denaturing PAGE: The components of denaturing PAGE gel were
ammonium persulfate (APS), urea, ultrapure water, acrylamide/bis-
acrylamide 19:1, 40% solution, and Tetramethylethylenediamine
(TEMED). Thedenaturing PAGE gelswere cast at room temperature for
3 h before electrophoresis and run at 37 °C and 45 A in 1× TBE buffer.
After electrophoresis, the gels were stained for 5 min with SYBR® Safe
Nucleic Acid Gel Stain (Invitrogen, #S33102) for the DNA template or
SYBR® Green Nucleic Acid Gel Stain (Invitrogen, # S7585) for RNA
transcripts, respectively. Then, the gels were imaged using a Bio-rad
gel imaging system.

Non-denaturing PAGE: The gel was prepared with pre-mix Acry-
lamide/bis-acrylamide 19:1, 40% solution, 10 × TAE Mg2+ buffer, APS,
and TEMED with appropriate concentrations, then cast at room tem-
perature for 3 h before use. Gels were run at 4 °C at 200V in 1× TAE
Mg2+buffer. After electrophoresis, the gels were stained with gel red
(Millipore sigma, SCT123) and imaged by a Bio-rad gel imaging system.

TC-RNA tiles self-assembly
In solution self-assembly: Each RNA strand was individually tran-
scribed, gel extracted and purified, then suspended in ultrapure water.
The OD of each RNA strand was measured after gel purification. Each
RNA strand was mixed at a 1:1 ratio in an annealing buffer with a final
concentration of 0.5 μM and then annealed in a thermocycler.
Annealed samples were directly electrophoresed or imaged by AFM.
Note, in-solution self-assembly used two annealing buffers, 1× TAE-
Mg2+ buffer and HEPES buffer, with annealing programs of 70 to 15 °C
in 12 h and 90 to 25 °C in 2 h, respectively.

On mica self-assembly: A freshly cleaved mica was placed in a
small petri dish, and then 80μL of annealing buffer was added to the
mica surface. A 0.5μM sample mix was prepared, and 5 μL of the
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sample mix was added to the mica surface. The petri dish was cov-
ered and annealed in a thermocycler from 70 to 15 °C over 12 h.
Annealed samples were directly electrophoresed or imaged by AFM.

Cotranscriptional folding: DNA templates were commercially syn-
thesized and purified by Integrated DNA Technologies. The cotran-
scriptional folding mix included 1X transcription buffer, 200nM DNA
templates, 1mM dithiothreitol (DTT), and 25mM rNTPs, and was initi-
ated by the addition of T7 RNA polymerase (5% v/v). For cotranscrip-
tional folding in solution, the reactionmix (20 µL) was directly annealed
in a PCR tube using a thermocycler at 37 °C for 2h. For cotranscriptional
folding on mica, the reaction mix was diluted 10-fold with 1X tran-
scription buffer and added to freshly cleavedmica placed in a small petri
dish (80 µL). The petri dish was covered and annealed in a thermocycler
at 37 °C for 2h. Note: The 1X transcription buffer is prepared by diluting
the 10X transcription buffer with ultrapure water. All transcription
reagents are from the AmpliScribe T7-Flash Transcription Kit (Catalog
#ASF3507, Epicenter, Inc.).

Annealing conditions
Annealing buffers: 1× TAE-Mg2+ buffer: 20μMTris-acetate buffer, 2mM
EDTA, 12.5mM MgCl2, and at pH 7.6; 1× TAB-Mg2+ buffer: 20μM Tris-
acetate buffer, 45mM boric acid, 4mM MgCl2, 45mM NaCl, 45mM
KCl, and at pH 7.6; HEPES buffer: 40mM HEPES, 100mM KCl, 1mM
MgCl2, and at pH 7.4.

Annealing program: For the assembly of ladders and 2D arrays,
2 h, and 12 h annealing programswere used. The spit-broccoli aptamer
functionalized linear array assembly used the 2 h program.

2 h program: 90 °C to for 2min; 85 °C to 70 °C at 5 °C per minute;
69 °C to 38 °C at 1 °C per minute, 37 °C for 30min; 30 °C for 30min;
then held at 25 °C.

12 h program: 70 °C to 54 °C at 1 °C per 5min; 53 °C to 41 °C at 1 °C
per 10min; 40 °C to 21 °C at 1 °C per 25min; then held at 15 °C.

The four annealing conditions were abbreviated as in solution
TAE, in solution HEPES, on mica TAE, and on mica TAB.

Fluorescence measurement
The fluorescence of DFHBI-1T dye control, split-broccoli aptamer
control, and split-broccoli aptamer functionalized TC-RNA linear
arrays were measured in a buffer (40mM HEPES pH 7.4, 100mM KCl,
1mM MgCl2, pH 7.4, 10μM DFHBI-1T) at a total volume of 50μL. The
DFHBI-1T (cat. no. SML2697-5MG) was purchased from Sigma-Aldrich.
The concentration of Broccoli aptamer control and split-broccoli
aptamer functionalized TC-RNA linear arrays was 0.5μM for fluores-
cence measurement. The DNA invader, DNA inhibitor, DNA activator,
and RNA targets mentioned in this work are added 1 to a 1 ratio com-
pared to each RNA strand (0.5μM). All the samples were incubated
with DFHBI-1T dye at 37 °C for 30min before fluorescence measure-
ment. The fluorescence spectrums were measured using an excitation
wavelength of 470 nm and an emission range from 485 to 700nm. All
the quantitative fluorescence intensity analyses were obtained by
using a HORIBA Fluorolog-3 spectrofluorometer. The fluorescence
intensity data of emission at 505 nm were used for quantitative ana-
lysis. The formula for converting the raw fluorescence data to nor-
malized values is: Normalized Fluorescence = (Fluorescence of
Sample)/(Average Fluorescence of DHFBI-1T dye). All the kinetic ana-
lysis data were collected by using a Cary Eclipse spectrofluorometer.
The means ± SEs were calculated based on six individual experi-
ments (n = 6).

AFM imaging
In solution annealed sample: 5μL of annealed sample (0.5μM) pre-
mixed with 1×TAE Mg2+ buffer (70μL) was added onto a freshly
prepared mica (Ted Pella), then NiCl2 (100mM, 2μL) solution was
added and incubating for 5 min. The remained solution was blotted
away by Kimwipe. Then 1×TAE Mg2+ Buffer (70μL) and NiCl2 solution

(100mM, 2μL) were added, and the sample underwent AFM imaging.
Images were collected by using ScanAsyst-fluid+ probe (Bruker) on a
Bruker Fastcan AFM in the ‘ScanAsyst in liquid’ mode.

Onmica annealed sample: Themica from the petri dish was taken
out and left on a flat bench. 1×TAE Mg2+ buffer (70μL) was added and
left for 5min. The top solution was gently removed by lightly touching
a corner of filter paper to the edge of themica. Then 1×TAEMg2+ Buffer
(70μL) and NiCl2 solution (100mM, 2μL) were added and incubating
for 5 min. The top solution of the mica was removed with filter paper.
Then 1×TAE Mg2+ Buffer (70μL) and NiCl2 solution (100mM, 2μL)
were added before AFM imaging. Images were collected by using a
ScanAsyst-fluid+ probe (Bruker) on a Bruker Fastcan AFM in the ‘Sca-
nAsyst in liquid’ mode.

TEM imaging
Transmission electron microscopy (TEM) images were collected using
a Thermo Fisher FEI Tecnai 12 electron microscope, which was oper-
ated at 80 kV and equipped with a GATAN OneView 4K-by-4K CMOS
camera. A 3μL of annealed RNA solution (5μL, 500nM)was deposited
onto a glow-discharged carbon-coated copper grid (Electron Micro-
scopy Sciences) and incubated for 3min. The excess solution was
gently blotted away by filter paper. The sample was then negatively
stained with 5μL of 0.75% (w/v) uranyl formate for 1min. After air
drying overnight, the samples were processed for TEM analysis with-
out further treatment.

Cryo-electron tomography
3μL of TC-RNA-8 at 5 μM in 1×TAE-Mg2+ buffer was preincubated on a
200mesh R2/2 Quantifoil grid with a 2 nm continuous carbon coating
(Electron Microscopy Sciences) for 7min. Then, vitrification was con-
ducted using a Vitrobot Mark IV (Thermo Fisher Scientific) with
3 secondsof blotting and95%chamberhumidity. Tilt series of TC-RNA-
8 were collected on a Talos Arctica cryo-electronmicroscope (Thermo
Fisher Scientific) equipped with a K2 camera (Gatan) using the Seri-
alEM acquisition software. Tilt series were acquired at 2.134 Å/pixel
with a 100μM objective aperture inserted and target defocus ranging
from −3.5 μm to −8 μm. The accumulated dose per tilt series was 90
electrons/Å2. The tilt series was acquired in a dose-symmetric fashion
with 35 steps at 4° per step in groups of 4 tilt steps or 47 steps in 3°
increments in groups of 5. The representative tomogram shown in
Fig. 2c was acquired from -60° to +60° in 4° step increments in groups
of 4 with a target defocus of -8 μm, and continuous carbon was not
visible in the tilt series, indicating a lack of coverage of continuous
carbon in that region.

Motion correction was performed in SerialEM at the time of
acquisition. Tomogram generation was performed in the IMOD soft-
ware package with patch-tracking (no fiducials), CTF correction by
phase-flipping of tilted micrographs, and SIRT for reconstruction.
Tomograms were filtered with nonlinear anisotropic diffusion and
segmented using Segger during visualization with UCSF Chimera.

Statistics and reproducibility
The data statistics in the manuscript are based on six independent
experiments. Each experimental condition was reproduced at least
three times or more for AFM image collection, optimization of
annealing and imaging protocols, and control experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the
main text and its Supplementary Information. The raw data and sta-
tistical analysis of fluorescence intensity in this study are provided in
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the Source Data files. Source data is available for Fig. 3b, c, Fig. 4b, c,
Fig. 5b–d, f–j, Fig. 6b–i&k–n, and Supplementary Figs. 42b–d, 43b–d,
46b–d, 47a, 49b–e, and 50b-d in the associated Source Data
files. Source data are provided with this paper.
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