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ABSTRACT: Creating nanomachines capable of precisely capturing,
organizing, and regulating the activity of target biomolecules holds
profound significance for advancing nanotechnology and therapeu-
tics. Here, we develop a multistage reconfigurable DNA nanocage

Reconfigurable DNA nanocage
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Protein encapsulation and regulation

that can enclose and modulate proteins through multivalent

interactions, activated by specific molecular signals. By strategically
designing and manipulating the strut architecture of the DNA
nanocages, we can achieve precise control over their reconfiguration
among pyramid, square, and linear branch shapes. Additionally, we
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demonstrated its ability to capture thrombin and effectively inhibit its

coagulation activity by incorporating two thrombin-targeting aptamers into the designed arms of the DNA nanocage. The activity of
thrombin can be recovered by rearranging the conformation of the DNA nanocage and exposing the protein, thereby activating the
coagulation process. This approach enriches the design toolbox for dynamic nanomachines and inspires a new strategy for protein
encapsulation and regulation with potential future therapeutic applications.

B INTRODUCTION

In recent years, the fast development of DNA nano-
technology," particularly the DNA origami technique,” > has
enabled the creation of precise nanostructures and spatial
organization of molecules with nanometer accuracy.””'° DNA
origami is characterized by the use of a long scaffold DNA
strand and hundreds of short staple strands that fold into
predetermined 2D or 3D structures via a self-assembly process.
It is convenient to introduce dynamic behavior into DNA
origami using toehold-mediated strand displacement reac-
tions."' ™7 Leveraging these capabilities, DNA origami has
been instrumental in the development of dynamic nanodevices
and nanorobots.'®”>' Examples range from tweezers,>”
1‘otat0rs,23’24 boxes,12 to DNA walkers,25 and cargo-sorting
robots."” Particularly, DNA origami nanorobots with proteins
as guests have been demonstrated, such as a logic-gated DNA
robot designed for targeted payload delivery,"”” a DNA
nanovault for regulating enzyme—substrate interactions,*®
and a DNA nanotube for anticancer drug transport.”” A
notable recent development is the DNA icosahedral shell
system, which features 90 antibody binding sites, trapping virus
particles and reducing viral infections.”® Given that protein and
enzyme activities are essential for biological functions, it is
important to create synthetic nanodevices that can target and
regulate protein activities for future medical applications.
However, the creation of a reconfigurable DNA nanodevice
that mimics protein regulation processes demands intricate
dynamic designs and precise control over the parameters.
Inspired by the protein regulation process, we conceived the
idea of building a reconfigurable DNA nanocage that controls
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the coagulation activity of thrombin by occupying and
releasing its two exosite binding sites through conformational
changes triggered by molecular inputs. The reconfiguration of
DNA nanocages was achieved by employing the scaffold—strut
design at the joint of the DNA helix bundles. The length of the
strut was designated to support neighboring edges and to pull
them to a certain angle during the reconfiguration. Struts have
been established as practical units to stabilize the angles
between DNA arms, such as building DNA polyhedral
assembly,29 or to control the distance between DNA helixes,
such as in a DNA origami nanoactuator.’’ In this work, we
successfully showcased the effective reconfiguration of DNA
nanocages by altering their strut designs through strand
displacement reactions. By adding open and close set strands
to replace the staple DNA bound to the scaffold of the strut,
we were able to adjust the distance between DNA bundle
edges, thus switching the conformations of DNA nanocages
between linear branch, square, and pyramid shapes.

We next used thrombin as a case study to illustrate the
emulation of protein regulation through the reconfiguration of
DNA nanocages. Thrombin plays a central role in blood
clotting process, in which soluble fibrinogen is converted to

Received: May 20, 2024
Revised: ~ September 2, 2024
Accepted: September 4, 2024

Published: September 14, 2024

https://doi.org/10.1021/jacs.4c06871
J. Am. Chem. Soc. 2024, 146, 26131-26138


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jung+Yeon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Devanathan+Perumal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c06871&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/38?ref=pdf
https://pubs.acs.org/toc/jacsat/146/38?ref=pdf
https://pubs.acs.org/toc/jacsat/146/38?ref=pdf
https://pubs.acs.org/toc/jacsat/146/38?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c06871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS

a

_________________________________

1

|

: N N >

\ Long Strut V Open Set
1

___________________________________________________________________________

Cﬂ}'ﬁ\'ﬁi' Scaffold / Staple connections  mssss= Lock DNA connections \T)i,;* ‘—gJAptamer»staple DNA .Thrombin protein

Figure 1. A strut enabled multistage reconfigurable DNA nanocage for protein caging and regulation. (a) Schematic representation of DNA
nanocage transforming between linear branch shape, open square shape, and closed pyramid shape. The body of DNA nanocage is made of DNA
six-helix bundle colored in cyan, while the strut is built by two double helical DNA. Three struts on the backbone are responsible for linear branch
to open square transition, while seven bevel struts are involved in the open square to pyramid transition. Struts (long) before reconfiguration are
labeled in silver color, while struts (short) after reconfiguration are colored pink. Cylinder model represents double helical DNA. (b) Schematics of
controlling the length of strut. Scaffold DNA and staple DNA on the strut are represented by black line and silver line with arrow, respectively.
Toehold region is highlighted in red on staples and in open set DNA. open set DNA will hybridize with staple DNA on long struts by toehold
displacement reactions, followed by close set DNA binding parts of scaffold and extruding extra scaffold DNA to produce short struts. (c) 3D
models of a pyramid DNA nanocage capturing and regulating human a-thrombin protein. Open set and close set DNA are added to rearrange the
shape of DNA nanocage and recover the activity of thrombin. DNA aptamers are modified in two staple strands and protrude toward the cavity of
DNA nanocage. One arm of DNA pyramid is rendered with transparency to show the aptamer-thrombin binding inside of the pyramid. Images of
thrombin protein and DNA aptamers are prepared using SEW1.pdb. Sequences of staples strands, staple connection strands, lock DNA connection
strands, and open and close sets DNA are listed in the Tables S3—S5 and S7.

insoluble fibrin network.”’ In living systems, a deficiency of
reactive thrombin will cause spontaneous bleeding, while the
excess will lead to vein thrombosis.”””* Regulating the activity
of individual thrombin molecules is essential to maintaining
the overall active thrombin within a safe range. DNA aptamers,
specifically TA-15 and TA-29, have been identified to bind
exosite I and exosite II of thrombin,*™*° respectively. By the
incorporation of these aptamer sequences into the staples, the
pyramid DNA nanocage was able to effectively encapsulate
thrombin within its cavity through bivalent binding.
Furthermore, an AND logic gate behavior was observed
between aptamers functionalized DNA nanocage and the
activity of thrombin, highlighting that neither the presence of a
single aptamer nor the DNA nanocage alone could inhibit
thrombin, due to the lack of bivalent encapsulation.®"”
Notably, our reconfigurable DNA nanocage was able to
respond to molecular modulators and recover the activity of
thrombin in a manner that is akin to natural protein regulation.
The enzyme reaction rate significantly increased upon the
introduction of neutralizer or modulator DNA strands during
real-time monitoring, showing the dynamic and responsive
nature of our system.

B RESULTS AND DISCUSSION

Design and Reconfiguration of the DNA Nanocage.
The synthetic DNA nanocage is folded using the DNA origami
technique” with three constructional parts: the main body of

the framework, DNA struts, and DNA connections. Taking the
linear branch conformation (Figure 1a) as an example, the
backbone and branched edges (cyan) are formed from DNA
six-helix bundles to maintain structural integrity and provide
space for strut designs. The scaffold DNA connections
(yellow) route through each DNA six-helix bundle and
connect two adjacent bundles at each joint. The second
functional part is the DNA strut (silver and pink). Scaffold
DNA route through two double-helical DNA and pull two six-
helix bundles together at a certain angle. Three such struts
immobilize the angle of a joint in 3D, and a total of 10 struts fix
the DNA nanorobot in one of the three configurations. The
third component is the lock DNA connectors and staple DNA
connectors in sapphire color and yellow, respectively. Lock
DNA connectors are located at the joint with only one strut,
and, as the name indicates, lock the head and tail of the
backbone after reconfiguration to maintain the square and
pyramid shape. Staple connectors serve the same role but are
located at the vertex of the pyramid shape during the square-
to-pyramid transition. The assembly of linear branch DNA
nanocages at different Mg>* concentrations was optimized and
validated by agarose gel electrophoresis (Figure S2).

The conformational regulation of the DNA nanocage was
achieved by dynamically changing the lengths of specific DNA
struts corresponding to certain configurations. During the
transition from a linear branch to a square configuration, three
struts along the linear backbone (backbone struts) play a

https://doi.org/10.1021/jacs.4c06871
J. Am. Chem. Soc. 2024, 146, 26131-26138


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c06871/suppl_file/ja4c06871_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c06871/suppl_file/ja4c06871_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c06871?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c06871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a
Linear Branch Square for Pyramid
- N

Figure 2. Conformation rearrangement of DNA nanocage between linear branch, square, and pyramid configurations. (a) Schemes and AFM
images of stepwise and one-step reconfigurations. (b) Schemes and AFM images of pyramid DNA nanocage transforming to linear brach shape.
Corresponding open set and close set were added in each step in (a) and (b). Size of AFM images: 2 ym X 2 pum, size of inset images 200 nm X
200 nm. The numbers inside images are the yield of interested structures counting from AFM. Detailed information can be found in Supporting

Figures S6—S11.

crucial role, whereas the remaining seven struts near the
branches (bevel struts) facilitate the transformation from a
square to a pyramid shape. Figure 1b shows the general
principles for changing the lengths of DNA struts from long to
short using strand displacements. The open set DNA strands
loosen the strut by binding and removing the primer staple
DNA on struts, while the close set DNA then hybridize with
scaffold DNA, redefining the length of DNA struts by creating
bulges with the unpaired scaffold DNA loops. The strut length
for each specific configuration is calculated from the theoretical
geometry of the configuration, where 10.5 nucleotide bases
correspond to a length of 3.4 nm.

We demonstrated several reconfiguration processes of the
DNA nanocage including step-by-step transformations from a
linear branch to an open square and then to a pyramid shape
and a one-step two-way transformation between the linear
branch and the pyramid shape (Figure 1). DNA open set was
added to relax struts, followed by the DNA close set, lock DNA
connections or/and staple DNA connections to redefine those
struts. Lock DNA connections and the DNA open set and
close set of the backbone struts are involved in the linear
branch-to-square transition, while the addition of staple
connection strands and the DNA open set and close set of
the bevel struts results in the reconfiguration from the square
to the pyramid shape (Figure lab). As for the two-way
reconfigurations, open set DNA strands are added together to
relax both the backbone and bevel struts of the linear branch
shape at one time, followed by the close set, lock DNA

connections and staple connections, redefining these struts and
transforming the nanocage to a pyramid shape. In the
transition from pyramid nanocage to linear branch, a 6-base
toehold is added to the struts of the pyramid to enable the
opening and redefining processes. The Open and Close Set
DNA in this transition changed accordingly.

Targeting moieties can be functionalized within the cavity of
the pyramid DNA nanocage and enable the capture of
biomolecules. We used the pyramid nanocage with aptamer
modification to target thrombin protein and captured it from
the solution by incubation. After the addition of the DNA open
set and close set, DNA nanocages undergo a pyramid to linear
branch shape transition and release the thrombin, thus
restoring its activity (Figure Ic).

We validated the reconfiguration of a linear branch DNA
nanocage using agarose gel and atomic force microscope
(AFM). The linear branch DNA nanocage was initially folded
by annealing and characterized by AFM. Next, we applied
strand displacement reactions to change its conformation to a
square and then to a pyramid with an option for a one-step
transition directly to the pyramid. The products from each step
were characterized using agarose gel electrophoresis and AFM
(Figures 2a, S2, and S3). AFM images showed a clear
conformation change from the linear branch to the square
shape, where the straight backbone was reformed to a closed
square with the branched arms deposited randomly on mica
due to the flattening effect of the 3D structure under AFM
tips.”® The pyramid-shaped DNA nanocages without opened
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Figure 3. Controlling the configuration of DNA nanocage by the double-stranded level of strut and the length of lock DNA connections. (a) 3D
model of the linear branch DNA nanocage. Struts in black dashed circles control linear to square reconfiguration. (b) Four designs of strut with
varied hybridization levels, their model representations, pairing sketches and their AFM images. The double-stranded level of strut and straightness
level of linear backbone reduce from left to right. Cylinders refer to double-stranded DNA. The length of the loop and stem added on the strut are
21 nucleotides (nt) and 6 base pairings (bp), respectively. Two loops mean two 21-nt loops. The sequence information on staple DNA on the strut
can be found Table S3. Scaffold DNA and staple DNA on the strut are labeled in black and silver lines with arrow, respectively. Hydrogen bonds
between DNA are represented by two or more short black lines. (c) 3D model of square DNA nanocage and a zoom-in of the conner with lock
DNA connection. (d) DNA pairing sketches of Long and Short Lock DNA bridging scaffold, respectively. A long lock staple is broken into two
short staples. All Lock DNA are shown in blue and navy lines with arrows and the navy color indicates the one that is broken into two. (e) AFM
images of linear branch DNA nanocage with four different strut designs and two lock DNA designs. From the left column to the right are of double-
stranded design, one loop design, one stem and a loop design, and two loops design, respectively. Long lock DNA connection is added in the four
images at the top row, while short lock DNA connection is used at the bottom row. Numbers in images are the yield of square shape out of all

folded DNA origami. Scale bar in (b): 200 nm, in (f): 600 nm, in inset images: 80 nm.

arms hanging around appeared more compact than the square
shapes under AFM. More AFM images of the one-step
reconfigured pyramid DNA nanocage are given in Figure S4.
For the transition from the pyramid DNA nanocage to the
linear branch shape, we annealed the DNA pyramid nanocage
and rearranged its shapes by adding the corresponding open
and close sets. Upon addition of the open DNA set, a strut-
relaxing conformation was observed (Figure SS). This relaxed
DNA nanocage then is hybridized with the close set DNA,
fixing all struts to the length and orientation of the linear
branch configuration (Figure 2b). The detailed yield
calculation of the DNA nanocage and the criteria about
differentiating nanocages under AFM were given in Figures
S6—S11 and Table S1.

Exploration of Different Strut and Lock DNA
Connection Designs. After studying the reconfiguration
enabled by struts, we further explored the impact of different
types of DNA struts on the shape control of DNA nanocage.
DNA struts play a critical role in maintaining the angles
between edges, thereby stabilizing the structure of the DNA
nanocage. For example, three struts, parallel to the backbone of
linear branch DNA nanocage are designed to keep the
backbone straight (Figure 3a). If they are relaxed, then the

26134

backbone of our DNA device can easily bend and significantly
reduce the homogeneity and the quality control over the
assembly, which is one of the key advantages of this approach.
To assess this impact, we tested four different designs with
varied double-strand level on the backbone struts, including
fully double-stranded strut, strut with a 21-nt loop, strut with a
6-bp stem, a 21-nt loop, and strut with two 21-nt loops (Figure
3b). The original design with the highest strut straightness
level produced linear branch DNA with the most homoge-
neous morphology. Regarding the loops on struts, certain
sequences designed to be unpaired with the scaffold were
added to the strut staples, resulting in loops on both the
scaffold and staples. These loops shortened the defined regions
on the struts, thereby increasing their flexibility. A 6 bp stem
region was designed to assist in and reinforce the formation of
the 21-nt loop. Thus, the product of struts with stem and loop
was more easily bent than those with a 21-nt loop only. The
last design, featuring two 21-nt loops with a total of 42
unpaired nucleotides, exhibited the greatest flexibility in the
conformations. The double-stranded level of struts gradually
decreased from the first to the last design, leading to
morphology changes of the linear branch DNA nanocage
observed under AFM (Figure 3b).
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Figure 4. Analysis of caging and inhibition of thrombin by pyramid biaptamer DNA nanocage. (a) Scheme of free thrombin catalyzing fibrinogen
to fibrin clots, thrombin inhibition by pyramid DNA nanocages, and corresponding light scattering readouts. To load and inhibit thrombin,
biaptamer DNA nanocage is incubated with thrombin prior to mixing with fibrinogen. Thrombin captured by DNA nanocage is inhibited and takes
longer time to produce fibrin. The model of fibrinogen is prepared using 3GHG.pdb file. (b) The scheme of DNA nanocage with different distance
between two aptamer overhangs. The distance is managed by the number of thymine and calculated by 3.4 nm per 10.5 nt. Short, medium, and
long aptamer overhangs, displayed from top to bottom, have S nm, 0 nm, and —S nm (overlay) straight distance between two aptamers,
respectively. Blue framework denotes pyramid DNA nanocage and arrowed segments refer to DNA aptamer overhangs. (c) Light scattering
measurement of thrombin caged by biaptamer DNA nanocage with short, medium, and long distance between aptamer overhangs. (d) Truth table
of pyramid DNA nanocage inhibiting thrombin activity with different aptamers combination. From top to bottom are pyramid DNA nanocage
without aptamer, with TA-29 aptamer, with TA-15 aptamer, and with both aptamers. The last combination indicates positive result that inhibits the
activity of thrombin. (e) Light scattering measurement of 2.5 nM thrombin incubated with 5 nM nanocage with TA-1S aptamer, with TA-29
aptamer, and with both aptamers. (f) Light scattering measurement of 10 nM thrombin incubated with S nM, 10 nM, and 20 nM nanocage. (g)
The thrombin activity of control experiments including open square nanocage with biaptamers, with TA-15 only, with TA-29 only and with free
TA-15. The concentration of nanocage and free aptamer is S nM. The concentration of thrombin is 2.5 nM. (h) The half reaction time of thrombin
with different nanocage component. The concentration of thrombin, pyramid nanocage, two free aptamers, linear branch biaptamer nanocage, and
pyramid biaptamer nanocage were all 10 nM. Each experiment is carried out three times individually and the error bar is calculated based on the
mean value. Curve fitting and normalization are performed for all plotting and information can be found in the Material and Method section in the
Supporting Information. Sequences of DNA aptamer staples are listed in Table S4.

The transition between the linear branch and square shape enabled shape rearrangement (Figure 3c). To study the impact
also relies on the design of the lock DNA connections. The of the lock DNA connections, we compared two designs: one
lock DNA connection draws the head and tail of the backbone design featuring a single long staple and the other
together and stabilizes the square configuration after the strut- incorporating two shorter staples (Figure 3d). We observed
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Figure S. Restoration of thrombin’s activity. (a) Schematic representations of thrombin reactivity restoration by adding aptamer neutralizer and by
performing reconfiguration. The aptamer neutralizer is a single strand DNA complementary to the TA-1S aptamer (green single strand DNA). It
interferes with aptamer-substrate interaction to reverse the inhibition of thrombin. In the second method, reconfiguration, pyramid DNA nanocages
respond to the open and close sets DNA and transform to linear branch configuration, releasing thrombin to interact with substrate. (b) Light
scattering versus time plotting of thrombin—fibrinogen reaction after adding neutralizer and reconfiguration DNA set to the nanocage captured
thrombin. Aptamer neutralizer and open and close sets are added in real-time during the light scattering test. The red arrow to the red curve
corresponds to the addition of the aptamer neutralizer strand at 250 s. The blue arrows to the bright curve refer to the adding of the open and close
sets at 250 and 1000s, respectively. In both methods, thrombin restores its activity and reaction finishes faster than the positive control, nanocage

inhibited thrombin.

that the short lock DNA connections generally yielded more
square DNA nanocages than the long lock design in each type
of strut design (Figure 3e). The lowest percentage of squared
DNA nanocage (~7%) was obtained in the long lock DNA
with double-stranded strut group, where most nanostructures
remained linear branch shapes. The sample with the same strut
design but a shorter lock DNA showed a higher percentage of
square shapes (~25%). Notably, eye-shaped dimers (inset
image at the bottom left panel of Figure 3e) were observed in
this sample. The gel image showed separated bands for the
dimer and monomer of the linear branch structure and the
squared nanocage (Figure S12). This interesting intermolec-
ular connection emerged from the rigid linear backbone and
strong lock connection DNA in this design. With the same lock
DNA design, the formation yields of the square nanocages
increased when the struts have more unpaired loops. For
example, the square nanocages surged to ~79% of the total
configurations in the design of long lock DNA with two-loop
struts and ~88% in the short lock DNA connections with two-
loop struts. A table is made to show the detailed yield
information on all samples in Figure 3 (Table S2) and the
related AFM images were provided in the Figures S15—S522.
This study demonstrates the critical roles of both DNA struts
and lock DNA connections in defining the conformations of
DNA nanocages and in controlling the reconfiguration process.
The gel results of all the combinations of the four different
strut designs and the two types of lock DNA connections were
provided in Figures S13 and S14.

Encapsulation and Inhibition of Thrombin by DNA
Nanocage. Motivated by using DNA nanostructures to
regulate proteins, we encapsulated a thrombin protein into
the nanocage, leading to the inhibition of thrombin’s
coagulation activity by bivalent aptamer binding. Our pyramid
DNA nanocage offers an inner cavity that can host a sphere of
~23 nm diameter. Biomolecules and nanoparticles can be
anchored inside with the desired locations and orientations
after the nanocage is functionalized with targeting moieties. To
cage thrombin, we incorporated two well-established DNA
aptamers, TA-29 and TA-15,°** into the staple DNAs along

the diagonal edges of the DNA pyramid, oriented toward the
inside cavity. TA-29 bound to exosite I of thrombin, exhibiting
a higher binding affinity, while TA-15 bound to exosite II,
acting as a coagulation inhibitor. Our study revealed that the
bivalent capture of thrombin inside the pyramid DNA
nanocage effectively inhibits thrombin-fibrinogen reaction
(Figure 4). Pyramid DNA biaptamer nanocages were first
incubated with thrombin to allow encapsulation of thrombin
from the environment. The sample was then introduced into a
fibrinogen solution for real-time light scattering monitoring by
using a fluorometer. Fibrinogen is the natural substrate of
thrombin and can be transformed to insoluble fibrin clots.
Light scattering measurements can detect these fibrin clots,
shown as a sharp, rapidly plateauing curve. In contrast,
thrombin captured by DNA biaptamer nanocage is inhibited,
resulting in the formation of fibrin clots at a significantly slower
rate, shown as a gently ascending curve (Figure 4a).

For effective bivalent aptamer binding, the orientation and
distance between the two aptamers are critical. Taking
advantage of four DNA six-helix-bundle edges, we can access
multiple positions on these four edges facing toward the center
of the nanocage. We chose two positions on the diagonal edges
to align with the distribution of aptamer binding sites of
thrombin, thereby promoting bivalent aptamer binding. In
addition to the orientation, the optimal spacing between two
aptamers also influences the binding efliciency significantly. To
control the distance, a spacer domain is added between the
staple sequence and the aptamer sequence. Each aptamer
overhang strand consists of three domains: a staple domain
that hybridizes with the DNA scaffold, a spacer domain for
separation and length control, and an aptamer domain for
target binding. Three different spacer designs were tested with
distances of S nm, 0 nm, and minus $ nm (indicating a S nm
overlap) between two aptamers (Figure 4b). Results showed
that the nanocage with a medium-length spacer, about 0 nm in
distance, exhibited the best thrombin inhibition efficiency
(Figure 4c). Following the optimization of the spacer distance,
we evaluated the thrombin inhibition by incubating it with
different concentrations of DNA nanocage. We observed that
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higher nanocage concentrations corresponded to slower fibrin
clot formation. Notably, the reaction involving 5 nM thrombin
and 20 nM DNA nanocages showed the slowest formation rate
among the conditions tested (Figure 4f).

The necessity of having both aptamers on a DNA nanocage
to inhibit thrombin generates a logical AND gate. In this
system, the DNA biaptamer nanocage inhibits thrombin, and
its corresponding light scattering signal is treated as output “1”.
The absence of any aptamer results in insufficient inhibition
against thrombin, showing a “0” output signal (Figure 4d). Our
experiments demonstrated that only the DNA nanocage with
both aptamers (AND) could effectively inhibit thrombin
activity (Figure 4e), indicating that bivalent binding between
nanocage and thrombin was the key factor of caging and
regulating protein activity. We further tested the half-reaction
time of samples containing thrombin and different reagents,
including empty (aptamer-free) DNA nanocages, single-
stranded free aptamers, and linear branch DNA nanocages
modified with aptamers on two branches (Figure 4h). Both
samples with empty DNA nanocage and free aptamer strands
showed similar results as the thrombin-only sample (a negative
control), due to the lack of bivalent binding. For linear branch
DNA nanocage, although it contained both aptamers, the
unfavored distance/orientation between aptamers and the rigid
linear backbone hindered the binding between nanocage and
thrombin, leading to a small increase in reaction half time. We
also tested control samples, such as open square nanocages
with biaptamers, with TA-15 only, and with TA-29 only, and
with external free TA-15 added (Figure 4g). All these samples
could barely inhibit thrombin, indicating the necessity of
thrombin bivalent binding in pyramid nanocage.

Restoring Thrombin’s Activity by DNA Nanocage
Reconfiguration. Inhibition and activation of protein
functions are the two main purposes of protein regulation.
After demonstrating the reconfigurable DNA nanocage for
encapsulation and inhibition of thrombin, we then explored the
strategy to recover its activity, resembling the protein
regulation processes by conformational rearrangement in
response to molecular triggers. In our system, two approaches
were adopted to reactivate the thrombin caged in the
reconfigurable DNA device (Figure Sa). One strategy was
introducing a DNA strand that was complementary with TA-
1S aptamer, named aptamer neutralizer, to compete aptamer-
protein binding and release thrombin. The reaction rate of
fibrin clotting accelerated after adding the aptamer neutralizer
at 250 s, as observed in real-time monitoring (red curve in
Figure Sb). The other strategy was to open the DNA nanocage
to expose and release the captured protein. By changing the
conformation of the DNA nanocage from the pyramid to the
linear branch shape, the two aptamers were pulled away from
their optimal distances and orientations, therefore releasing the
thrombin and restoring its function (Figure Sa). The
experimental data showed that the reaction rate increased
when reconfiguration strand sets were added at 250 and 1000 s
in real-time light scattering and reached the plateau earlier than
the other group, indicating the effectiveness of this approach
(blue curve in Figure Sb). Raw light scattering data are
available in Figure S28.

B CONCLUSION

Designing and creating nanodevices for protein regulation
offers invaluable tools for biomolecular research and
pharmaceutical development. In this study, we presented a
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reconfigurable DNA nanocage capable of capturing proteins
from solutions by multivalent aptamer binding and regulating
protein activity by changing configurations in response to
molecular triggers. We proved that strutted framework design
enabled robust DNA nanostructure assembly and controllable
multistage conformation rearrangement. This system is ready
to adapt to various proteins. The only module requiring
modification is the targeting moieties located within the cavity.
For example, antibodies can be modified onto the edges facing
the cavity to bind proteins or other targets when aptamers are
unavailable. Protein cofactors, agonists, and blockers can be
placed within the cavity at the desired number, distance, and
orientation to facilitate protein regulation and interaction
studies.

This DNA nanocage can be scaled up for larger targets. For
example, if one DNA origami folds only a strutted joint of a
pyramid, four DNA origami assemble into a larger version of
the pyramid nanocage. The higher-order assembly of DNA
origami monomers has been demonstrated in previous work,”
but the dynamic features of the struts are not introduced yet.
In this case, the length of the edge will increase from ~40 to
~160 nm, which will be large enough to cage a virus or an
exosome, thus enabling antivirus study or exosome analysis.

Finally, computational and signaling modules can be
incorporated into the DNA device. As preliminary demon-
strated in our work, where an AND logic gate was
implemented in the multivalent target recognition and binding
processes of this DNA nanocage (Figure 4ef), other DNA
circuits can be introduced, such as a hybridized chain reaction
for signal amplification.”® To conclude, the design and
functionality of this reconfigurable DNA nanocage for protein
encapsulation and regulation contribute to the development of
dynamic nanomachines and expand the scope of DNA
nanotechnology applications.
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