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Abstract: DNA origami (DO) nanotechnology has strong potential for applications including molec-
ular sensing, drug delivery, and nanorobotics that rely on nanoscale structural precision and the
ability to tune mechanical and dynamic properties. Given these emerging applications, there is
a need to broaden access to and training on DO concepts, which would also provide an avenue
to demonstrate engineering concepts such as kinematic motion and mechanical deformation as
applied to nanotechnology and molecular systems. However, broader use in educational settings is
hindered by the excessive cost and time of fabrication and analysis. Compliant, or deformable, DO
is especially difficult to design and characterize in a cost-effective manner, because analysis often
relies on advanced imaging methods to quantify structure conformations. Building on recent work
establishing classroom-ready methods for DO fabrication and analysis, we developed an experiment
module for classroom implementation focused on a DO compliant hinge joint. The module consists of
folding three distinct joint conformations that can be evaluated via gel electrophoresis using portable
and cost-effective equipment within ~120 min. To highlight the mechanical design, we present two
beam-based models for describing the deformation that controls the joint angle. We envision that this
module can broaden access to and interest in the mechanical design of DO.

Keywords: DNA origami; DNA nanotechnology; nanotechnology education

1. Introduction

The self-assembly process known as scaffolded DNA origami (DO) is a powerful
approach to fabricating user-defined shapes with sizes on the order of tens to hundreds
of nanometers and nanometer spatial resolution over structural features [1–3]. A ma-
jor developing area of DO is to fabricate dynamic nanodevices that are able to perform
programmed motions [4] or tasks such as signal transmission [5] or even computing [6].
These reconfigurable devices rely on actuated conformation changes, thermal fluctuations,
and/or mechanical deformations of DNA structures. These nanomechanical designs provide
a basis for devices with functions such as tunable force response and rapid reconfiguration
and unique properties such as having a negative Poisson’s ratio [7], all of which make DNA
origami highly promising for a wide range of applications, such as biosensors [8], targeted
or stimulus-responsive therapies [9], and nanomechanical measurement tools [10]. Given the
wide range of applications, there is a need to broaden access to training on DO concepts and
methods. Nanomechanical DNA origami structures also provide a unique platform to connect
fundamental engineering concepts to molecular-scale design. Here, we present an experiment
module that includes the folding and analysis of a DO device that can be folded into several dis-
tinct deformed configurations that can be examined by gel electrophoresis. We also present two
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mechanical models for describing the deformed shapes, thereby highlighting the connection to
engineering concepts such as force response, material properties, and beam bending.

The field of structural DNA nanotechnology was initiated decades ago with Ned
Seeman’s idea to build synthetic lattice structures from multi-arm DNA junctions [11]. The
concept of making DNA nanodevices dynamic, or responsive to some external input, was
also pioneered by Seeman and co-workers [12], and has become a major area of research and
development [3]. Figure 1 illustrates several examples of nanomechanical DNA devices,
highlighting their progression over multiple decades. The first demonstrations of recon-
figurable DNA devices included systems wherein DNA strands or small structural motifs
could be reconfigured via B-Z transition of DNA [12] or DNA strand displacement [13–15],
and later, DNA structures that could be triggered into three states [16]. The development
of scaffolded DNA origami [1] significantly advanced the geometric design space for DNA
nanostructures, which also led to corresponding advances in complexity and functional-
ity of nanomechanical DNA devices, including containers with controlled opening [17],
nanoactuators with reversibly reconfigurable structural elements [18], and dynamic struc-
tures exhibiting multiple stable states [19] or photoactivated shape changes [20]. Other
recent examples have leveraged the ability to tune mechanical properties of components
to create devices with various deformed states for polymorphic designs [21], or DNA
origami, in which conversions between double- and single-stranded DNA cause shape
changes [22]. These examples highlight the emergence of nanomechanical design in DNA
nanotechnology; more extensive overviews of nanomechanical DNA devices are available
in recent reviews [10,23,24].
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Figure 1. Examples of DNA nanomechanical devices. (A): a DNA tweezer that is closed and opened
through DNA binding and strand displacement interactions [13]. (B): A nanomechanical device where
rotation of domains is induced by exchanging multiple DNA strands [14,15]. (C): a DNA nanomechanical
device with three robust states [16]. Copyright (2008) National Academy of Sciences. (D): A bistable
DNA origami mechanism [19] (Reprinted (adapted) with permission from Direct Design of an Energy
landscape with Bistable DNA Origami Mechanisms. Zhou, et al., Nano Letters 2015 15(3), 1815–1821.
DOI: 10.1021/nl5045633. Copyright (2015) American Chemical Society). (E): Polymorphic design of
DNA origami through mechanical design of modular components [21]. (F): DNA origami compliant
nanostructures; conversion from double-stranded to single-stranded DNA induces forces that drive
deformation into distinct conformations [22]. (G): DNA origami rotary ratchet motor [25].
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Generally, DNA nanotechnology studies rely on a variety of principles from multiple
disciplines in science and engineering, thus making it an excellent field for interdisciplinary
education modules. Useful general introductions to structural DNA nanotechnology can be
found in a number of review or research articles [26–29]. Recent work has taken important
steps to translate simpler DNA constructs into classroom experiments [30,31], introduc-
ing concepts such as conformational changes, DNA structural motifs, and nanostructure
biostability. However, translating more complex DO into educational experiences has
been challenging, due to the complexity of design, long time periods for experiments,
and relatively high cost of materials and equipment. Hence, the study of complex DO
devices has been limited mainly to research institutions in graduate-level laboratories
with significant prior expertise and well-equipped laboratories. In an effort to lower this
barrier, we recently presented classroom-friendly methods for the fabrication and analysis
of DO structures [26]. These methods leverage the ability to fold DO rapidly at constant
temperature [32] and the ability to fold DO with low-cost equipment [33]. Building on
those advances, we developed an educational experiment module to demonstrate the basic
methods and concepts for folding a simple static DO nanorod design [26]. The fabrication
utilizes simple heated water baths, consisting of water-filled beakers heated on hot plates,
to carry out folding on the time scale of ~15 min. The analysis consists of an evaluation
of folding via agarose gel electrophoresis that can be carried out within ~40 min on a
cost-effective MiniOne gel electrophoresis system designed for classroom implementation.
Including sample and experiment prep time, the module can be completed in ~90–120 min,
or in ~60 min if experiment prep work is done beforehand.

Here, we continue advancing the educational translation of DO nanotechnology with
a focus on introducing the mechanical design of DNA nanostructures [34]. We present the
optimized fabrication and analysis of a DO ‘compliant hinge joint’ (CHJ) structure [35] that
can be folded into multiple configurations with varying degrees of mechanical deformation.
The different configurations are achieved by substituting a small subset of the constituent
DNA strands, leveraging the concept of modular design. We demonstrate that the different
configurations result in different mobilities in gel electrophoresis using classroom-ready
gel equipment. As with the previous module [26], the experiments can be completed
within a ~120 min laboratory period including sample and experiment prep or within
a ~60 min classroom period (~15–20 min folding and ~40–45 min gel electrophoresis) if
experiment and sample prep is done beforehand. Additionally, to expand upon these
education experiment modules and introduce the interdisciplinary integration of DNA
nanotechnology and mechanical design to science and engineering classrooms, we also
propose two mechanical models based on beam-bending that relate the nanostructure
properties to the resulting deforming structure.

2. Methods
2.1. Fabrication of the DNA Origami Compliant Hinge Joint

The CHJ structure design was presented in a previous study [35]. The structure was
designed in caDNAno [36] and is folded using a 7560 nucleotide (nt)-long single-stranded
DNA (ssDNA) scaffold [2] and ~160 short ssDNA staple strands of ~20–50 nt purchased
from a commercial vendor (IDT, Coralville, IA, Supplementary). The scaffold was prepared
in our laboratory as previously described [27]. Folding reactions contained a 20 nM scaffold
and 200 nM of each staple strand in a ddH2O solution containing 5 mM Tris, 5 mM NaCl,
1 mM EDTA, and 20 mM MgCl2 at pH 8.0.

For control fabrication experiments, folding reactions were carried out as previously
described [35]. CHJ folding reactions were subjected to thermal annealing in a thermal
cycler (Bio-Rad T100, Hercules, CA, USA) over a 2.5-day ramp starting at 1 h/◦C from 65 to
61 ◦C, followed by an annealing phase at 2 h/◦C from 60 to 40 ◦C and a cooling phase at
30 min/◦C from 39 to 4 ◦C.

For the classroom setting, folding reactions were carried out similar to our previous
work [26]. Hot plates (Thermo Scientific Cimarec Basic, Waltham, MA, USA) were used
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as the heating element, replacing the thermal cycler, to heat 1000 mL beakers filled with
900 mL of tap water and the hot plate at the maximum temperature setting until the water
reached the target temperature (monitored with a thermometer placed in the water bath).
One water bath was heated to 65 ◦C for the melting phase and the other to 52 (±1) ◦C for
the folding phase of fabrication. Once the target temperature was reached, the beaker was
placed in a Styrofoam bucket. Then, the sample tubes were successively incubated in the
65 ◦C beaker for 5 min and transferred to the 52 ◦C beaker for 10 min with floating foam
tube racks (Avantor, Radnor Township, PA, USA). Throughout the folding process, the
temperature was monitored with a thermometer placed in each water bath, and the beaker
was placed back onto the hot plate to maintain the temperature as needed. After the 10 min
incubation in the annealing water bath, the sample tubes were quenched in an ice bucket
for 5 min. This process is slightly altered from our previously presented approach [26].
Here, we used a larger volume of water (900 mL instead of 500 mL) and the Styrofoam
cooler to slow down cooling of the water bath, whereas in our prior study, we used 500 mL
and placed the annealing beaker on a tabletop on a piece of cardboard for insulation. Both
methods are suitable, with the latter requiring closer monitoring of temperature.

2.2. Analysis of CHJ by Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to evaluate DO folding and structure confor-
mation. Folded DO structures typically run faster than the ssDNA scaffold due to the
compact nature of the folded structure. For initial experiments carried out with laboratory
gel electrophoresis equipment, we followed typical DO gel electrophoresis protocols as
previously described [27]. Then, 15 µL of folded CHJ solution was mixed with 3 µL of
6× blue loading dye (New England BioLabs, Ipswich, MA, USA). The folding reaction and
loading dye mixture was then pipetted into wells of a 2% agarose gel containing 0.5× TBE
(Tris/Borate/EDTA buffer of 45 mM boric acid, 45 mM of Tris(hydroxymethyl)aminomethane
base, and 1 mM of ethylenedinitrilo-tetraacetic acid with 11 mM of MgCl2 and 0.5µg mL−1

of ethidium bromide. The gel was submerged in a running buffer containing 0.5× TBE and
11 mM of MgCl2, and the gel was run at 90 V for ~90 min. Gels were then imaged in an
Analytik Jena UVP GelStudio touch 12 MP imaging station.

For the classroom implementation, gels were run on a MiniOne gel electrophoresis
system. In the MiniOne system, 9 µL of folded CHJ solution was mixed with 2 µL of orange
loading dye (1000 mg Ficoll/10 mL ddH2O (Sigma-Aldrich, St. Louis, MO, USA) and
10 mg orange G (Sigma-Aldrich) and loaded into the wells of a 1% agarose gel containing
0.5× TBE, 6 mM of MgCl2, and 0.5 µg mL−1 of SYBR Safe (Thermo Fisher Scientific,
Hercules, CA, USA). Gels were run at 42 V for 40 min (unless otherwise noted) in an
adjusted running buffer containing 0.17× TBE with 2 mM of MgCl2 to accommodate the
MiniOne system resistance range (based on guidance from MiniOne® (San Diego, CA,
USA) Electrophoresis System Instructional Manual, see Supplement Table S2). Gels were
visualized with the LED-illuminated blue light that is directly built into the MiniOne
system, and images were taken with a cell phone camera. Note that here, we used SYBR
Safe gel stain, but we previously showed that Gel Green is also suitable for MiniOne gel
electrophoresis analysis of DO structures [28].

2.3. Imaging of DNA Origami via Transmission Electron Microscopy

Bands corresponding to well-folded CHJ structures were directly cut under UV illumi-
nation, and structures were filtered from gel bands by centrifuging at 10,000 g for 10 min
in freeze-and-squeeze gel-extraction spin columns (BioRad, Hercules, CA, USA). Prior to
deposition on transmission electron microscopy (TEM) grids, the final MgCl2 concentration
of the gel-extracted solution sample was adjusted to 10 mM. TEM grid preparation was
performed as previously described [27,35]. Then, 4 uL of sample volume was deposited
on Formvar-coated copper TEM grids, stabilized with evaporated carbon film (Ted Pella;
Redding, CA, USA). The sample was incubated on the grid for 4 min, wicked away with
filter paper, and then stained by applying 10 µL of 2% uranyl formate (SPI, West Chester,
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PA, USA) solution containing 25 mM NaOH twice, while wicking away the stain with filter
paper after 1 s each time. Samples were left to dry for at least 20 min before imaging. TEM
imaging was carried out at the OSU Campus Microscopy and Imaging Facility on an FEI
Tecnai G2 Spirit TEM at an acceleration voltage of 80 kV.

2.4. Simulation of DNA Origami CHJ

We selected one version of the CHJ design as an example for visualizing the molecular
details of the nanostructure via simulation. The caDNAno design json file was imported
directly to the website-based toolbox oxView [37,38]. The structure was first manipulated
manually with rigid-body translations to position components close to the target geometry
and then relaxed subsequentially using built-in rigid-body, Monte Carlo, and molecular
dynamics relaxation algorithms with default settings to ensure reasonable physical DNA
backbone distances for neighboring nucleotides. The simulation was then conducted using
the real-time oxServer with 106 simulation steps. The structure was finally rendered by
VMD. We selected the last configuration from the simulatioin for the purpose of visualizing
a molecular depiction of the CHJ structure.

3. Results
3.1. The Compliant Hinge Joint Design

The DO design process for nanomechanical DNA structures generally consists of
(1) determining a desired geometry based on the intended function; (2) dividing the target
geometry into sub-components (if necessary); (3) assigning a cross-section to each sub-
component (or assigning ssDNA component composition); (4) determining scaffold routing
to satisfy the desired geometry and component design; (5) determining the staple routing.
Since the design process for nanomechanical devices requires significant expertise, here, we
bypass the design process by using a previously established compliant DO structure. As a
brief note, over the last 15 years, the most widely used design tool is caDNAno [36]. More
recently, a number of additional design tools have been developed with varying levels of
automation [39–43]. An overview of design tools is provided in a recent review article [44],
and many tutorials can be found online (see Table S3 in Supplemental Information), if
educators wish to include lessons on DO design.

The CHJ was developed by Zhou et al. [35] as a compliant nanostructure similar to a
torsional spring with tunable equilibrium angle and flexibility. The design is comprised of
two arms that are ~55 nm long from the vertex to ends of arms and made up of 18-helix
bundles each organized in a 6 × 3 hexagonal lattice cross-section (Figure 2A). The arms are
connected at the joint end by six flexible ssDNA linkers that span across the joint connecting
the bottom layer of helices on the two arms, and the top layer of six double-stranded DNA
(dsDNA) helices connects the two arms directly across the joint. The six-helix dsDNA
layer deforms in bending due to forces generated by the entropic elasticity of the ssDNA
linkers. Hence, the top layer is the compliant component that deforms to modify the
overall structure geometry. Here, the ssDNA linkers function as entropic springs that
apply forces causing the dsDNA compliant layer to bend. The geometry of loading and the
anisotropic bending stiffness of the six-helix layer ensures that bending occurs primarily in
a single direction, leading to a well-defined joint angle (deformations previously studied
in detail by Shi et al. [45]). The two outer arms are stiff and remain basically straight [35].
The CHJ was originally designed in caDNAno [36] with additional details provided by
Zhou et al. [35]. Figure 2B shows the CHJ structure configuration predicted from oxDNA
simulations conducted in the oxView web interface [37,38] and visualized using VMD
software (version 1.9.4a53) [46].
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joint. The CHJ design allows for easy tuning of the hinge configuration by introducing a 
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Figure 2. Design and folding of the CHJ. (A) The cylinder model schematic of the compliant hinge
joint (CHJ) made up of two arms (grey), a 6-helix dsDNA compliant layer connection at the joint (blue,
top), 6 ssDNA linkers that span across the bottom of the joint (blue, bottom), and a ssDNA reservoir
protruding from the bottom of the right arm. (B) The molecular model of CHJ simulated by oxDNA
and visualized by VMD. (C) The length of the ssDNA linkers controls the hinge configuration, which
can be altered by shifting ssDNA length between the reservoir and linkers. Shorter ssDNA linkers
cause higher force (HF), inducing stronger bending in the compliant layer. Likewise, the middle force
(MF) and low force (LF) have longer ssDNA linkers, leading to lower forces that induce less bending
in the compliant layer (i.e., larger angles between the hinge arms). (D) The 2% agarose gel analysis
for the 2.5 day folding protocol reveals a clear shift, indicating the distinct configurations. The L (1 kb
ladder) and S (7560 nt scaffold) bands are for reference. Scale bar = 50 nm.

The deformation of the compliant joint, and hence the overall conformation of the
CHJ, can be engineered by modifying the length of the ssDNA linker (Figure 2C). Shorter
ssDNA linkers will generate a larger force, inducing stronger bending of the compliant
joint. The CHJ design allows for easy tuning of the hinge configuration by introducing a
scaffold reservoir near the joint (blue loops protruding from right arm in Figure 2C), so
the length of the linkers can be easily adjusted by substituting a subset of staples near the
joint that shift scaffold length between the reservoir and linkers. We focus here on three
different configurations: high force (HF), medium force (MF), and low force (LF).

Figure 2D shows the three configurations of the CHJ analyzed by gel electrophoresis,
demonstrating a small shift between the HF and MF configurations and a larger shift be-
tween the MF and LF configurations. For all the structures, we observed some aggregation,
indicated by structures stuck in the well; for MF and LF structures, we observed a clear
slower running band, which is likely indicative of a dimer population. We focused the rest
of our analysis on the fastest running bands, which are the well-folded DO structures as
confirmed by TEM images (Supporting Figure S2).



Appl. Sci. 2023, 13, 3208 7 of 15

3.2. Folding the CHJ with Classroom-Friendly Protocols

The previous folding was carried out using laboratory thermocyclers, which are not
practical for use in most classrooms. Enabling folding of DO in a science or engineering
class or lab requires two key steps: (1) identifying a suitably short-duration and constant-
temperature annealing protocol, and (2) ensuring that the protocol can be carried out with
low-cost equipment (i.e., hot plates).

Standard folding procedures include annealing for long times over many precisely
controlled temperatures, which is why a thermocycler is typically used. However, previous
work has shown that DO structures can be folded at constant temperature over shorter
periods of time [32], which is conducive to folding with low-cost equipment in a reasonable
classroom period time. Figure 3A shows the thermal ramp comparison between laboratory
(top curve) and classroom (bottom curve) folding approaches. Both consist of three phases:
melting, annealing, and quenching; however, for the classroom approach, we could achieve
constant temperature annealing over short times by using a heating element consisting of a
water bath heated by a hot plate. To first explore short annealing times, we tested the three
different versions (HF, MF, and LF) with different annealing times of 10 min, 20 min, and
30 min at a constant annealing temperature of 52 ◦C in the thermal cycler. We previously
showed that 52 ◦C works well for the constant temperature annealing of many different DO
structures [33]. All folding reactions still included a melting phase of 5 min at 65 ◦C and
a quenching phase of 5 min at 4 ◦C. After folding, structures were evaluated via agarose
gel electrophoresis (with the research laboratory electrophoresis setup). Figure 3B shows
the gel results for the three versions of the CHJ, illustrating a similar pattern of gel shifts
to the control structures (Figure 2D). For all annealing times, MF ran slightly faster than
HF, and LF exhibited a larger shift with respect to MF. TEM for all versions and annealing
times confirmed well-folded structures (Supporting Figure S2). These results demonstrated
that the 10 min annealing time is suitable for illustrating the gel shifts that are indicative
of distinct deformed configurations. Interestingly, we also found that there is much less
aggregation in the shorter folding time in comparison with the 2.5-day protocol. This is
consistent with prior work showing that shorter annealing times may help avoid aggregate
formation for DO structures [32].
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Figure 3. Protocol optimization for class. (A) Schematic of annealing ramp during folding pro-
cess between laboratory and class. (B) Folding time optimization and temperature sensitivity test.
(C) Temperature tested in 55, 54.7, 54.2, 53.2, 52, 51, 50.3, 50 ◦C for structure annealing.

Since we aimed to fold the CHJ using low-cost equipment, which would lead to
less precise control over the folding temperatures, we also tested if the folding yield was
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sensitive to the exact annealing temperature. We conducted a screen of constant annealing
temperatures from 55 ◦C to 50 ◦C in a thermal cycler with the same folding protocol
(5 min melting at 65 ◦C, 10 min at set annealing temperature, 5 min quenching at 4 ◦C).
Figure 4C shows the results of this temperature screen for MF (LF, HF shown in Supplement
Figure S3). For all annealing temperatures, the folded structure bands exhibited a similar
mobility to the previously tested structures, with proper folding confirmed by TEM. These
results indicate that the folding quality is mostly insensitive to annealing temperature over
the range of 50–55 ◦C. That said, for higher temperatures in this range, we observed that
the yields were slightly lower, as indicated by a more smeared structure band and some
intensity in the wells. We concluded that the CHJ folding can be effectively carried out
with precise control over temperature (i.e., only needing to control within a few ◦C). We
chose to move forward with a desired annealing temperature range of 52 ± 1 ◦C.
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Figure 4. Analysis of CHJ in classroom modules. (A) Gel electrophoresis image of the three different
CHJ configurations folded with the classroom protocol; image taken in the MiniOne agarose gel
electrophoresis kit. From left to right: 1 kb ladder, 8064 bp scaffold, CHJ.HF, CHJ.MF, CHJ.LF. (B) TEM
image of the CHJ.HF cut from the gel in panel A. (C) TEM image of the CHJ.MF cut from the gel in
panel A. (D) TEM image of the CHJ.LF cut from the gel in panel A. Scale bars = 50 nm.

We determined that this level of temperature control can be easily achieved with
hot plate heating by placing and removing the beaker water bath from the hot plate. We
found that the cooling rate of the beaker water bath (1 L beaker with 900 mL of water) is
relatively low if the beaker is covered by aluminum foil and placed in a Styrofoam container
for insulation when removed from the hot plate (~1 deg drop in 5 min). Alternatively,
simpler insulation methods are also suitable, such as simply placing the beaker on a piece of
cardboard on a table (as we previously showed [26]), but with a slightly faster cooling rate,
requiring more careful monitoring. We tested the hot-plate folding approach for the three
different CHJ versions. Supporting Figure S4 shows structures folded using the classroom
folding protocol to structures folded in a thermocycler using laboratory gel electrophoresis,
confirming that hot-plate folding leads to well-folded CHJ structures.

3.3. Analysis of the CHJ with Classroom Gel Electrophoresis

In addition to keeping the hot-plate folding step within a ~20 min duration, we
also aimed to develop a classroom-ready approach for students to evaluate the folding
and conformation of the CHJ structures. Typically, imaging methods such as TEM or
AFM imaging are needed to assay nanostructure conformations; however, we previously
demonstrated that the distinct conformations lead to varying mobilities in agarose gel
electrophoresis (Figure 2D). In prior work, we established gel electrophoresis protocols [26]
for examining DO structures in the classroom using the MiniOne gel electrophoresis system,
which we leveraged here to analyze the three versions of the CHJ made with the hot-plate
folding approach. As illustrated in Figure 4A, we observed a similar pattern of gel shifts
between the HF, MF, and LF after running the gel for 40 min in the MiniOne System. To
further confirm that the structures remain well-folded in the MiniOne gel system, we
extracted the bands from the gel and then imaged the MiniOne gel-purified structures.
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TEM images (color-coded in Figure 4B–D) confirmed the well-folded structure for all three
hinge configurations.

3.4. Mechanical Modeling of the Compliant Hinge Joint Angles

To guide the design of the CHJ structures and similar compliant hinge joints, we
previously developed mechanical models that describe the structure deformation that
results from the entropic force of the ssDNA linkers, causing bending of the joint [35,47]. In
our previous work, we modeled the large bending deflection of the six-helix layer using
Euler–Bernoulli beam theory [48]. These models, however, require the use of differential
equations. Here, we aimed to develop simpler models that are more readily relatable to
basic undergraduate-level engineering mechanics. We present two models to quantify
the CHJ deformation and compare them with experiment data [35] (see Supplemental
Materials for angle measurement tutorial).

Given the high bending stiffness of the two arm extensions of the CHJ, we assumed
that they are rigid, maintaining a straight configuration, so the angle is fully described
by the bending of the six-helix layer, which has a lower bending stiffness. Here, we
modeled the six-helix layer as a beam whose cross-section contains six helices (each helix
being modeled as a circular shape) connected in the appropriate single-layer honeycomb
cross-section (Figure 5A).
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Figure 5. (A) The CHJ vertex is modeled as a symmetric bent beam. The extension force of the
ssDNA linker balances the force required to bend the beam. (B) The symmetric bent beam is further
simplified by PRBM or SDM. Both capture the deflection of the beam at the end, which defines the
hinge angle. PRBM replaces the bent beam as the combination of a torsional spring and a solid
beam. SDM applies a small-angle approximation, assuming small deformation (i.e., the beam is only
under a pure bending moment and the buckling force effect is negligible). (C) Both models result in
good agreement with experimental data for MF and LF. HF was not included in the modeling as the
springs had 0 ssDNA length. The standard error from experiment data was less than 1◦, which is
not shown in the bar plot (for a detailed geometrical description of the HF version, please refer to
Supplementary Figure S6).

Bending of the six-helix layer is caused by the entropic force of the ssDNA linkers. As
the six-helix layer bends, the end-to-end distance of the ssDNA linkers changes, thereby
reducing the entropic force. In equilibrium, the entropic force generated by the ssDNA
linkers in a particular configuration is balanced by the resistance force caused by the
bending strain energy in the six-helix layer. To model the force from the ssDNA linker
strands, we regard them as non-linear springs whose force-extension behavior is described
by the Marko–Siggia approximation to the worm-like-chain (WLC) [49]:

FWLC(Lc, x) =
kBT
Lp

 1

4
(

1 − x
Lc

)2 − 1
4
+

x
Lc

 (1)

where kB is the Bolzman factor, T is the absolute temperature, Lp is the ssDNA persistence
length, x is the end-to-end distance of the ssDNA linkers, and Lc is the ssDNA contour
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length, which is a parameter that varies for different versions of the CHJ. The WLC is a
model that is often used to describe the nonlinear force-extension behavior of biopolymers.
All six ssDNA linkers that span the joint connecting the bottom layer of the 18-helix bundle
arms apply a force. Due to the hexagonal lattice structure [2], the end-to-end distance of the
three upper ssDNA springs of the bottom layer are not the same length as the three lower
ssDNA springs in the bottom layer if the hinge angle is not 180◦. To accommodate this
spatial difference, the upper three linkers have the additional length of ssDNA (Table 1),
while the lower three helices have 10 extra dsDNA base pairs (~3.4 nm). The total force
from these six ssDNA strands would be as follows:

Fss(x) = Flow + Fup = 3FWLC(Lc_low, x) + 3FWLC
(

Lc_up, x + 3.4
)

(2)

As previously noted, the force generated by these ssDNA linkers causes bending of
the six-helix layer to deform the structure into a particular joint angle. Here, we proposed
two simple models to describe the bending of the six-helix layer: (1) a pseudo-rigid-body
model (PRBM) [35,50] and (2) a small deflection model (SDM) [51] (Figure 5B). We used
these models to predict the deformation of the MF and LF versions; we do not predict the
HF, because the zero-length of three of the ssDNA springs makes it challenging to calculate
forces for those springs. However, a simple geometric approach also allows reasonable
prediction of the HF joint angle (see details in Supporting Information Figure S7). Below,
we first introduce the models and then discuss the results of their application to the CHJ.

Table 1. Contour length of ssDNA in the base unit of the design.

Hinge Name Lower Three ssDNA Springs
(Unit: Nucleotides)

Upper Three ssDNA Springs
(Unit: Nucleotides)

HF 0 24

MF 32 56

LF 74 84

3.5. Pseudo-Rigid-Body Model

Pseudo-rigid-body (PRB) models are used to model the deflection of flexible mem-
bers using structures comprised of rigid elements connected by joints and springs to
provide equivalent force-deflection characteristics to the real structure [50,52,53]; we have
previously demonstrated the application of PRB models to deformable DNA origami struc-
tures [47]. Here, the six-helix layer that bends to form the joint angle can be considered as a
flexible beam in a compliant DO structure. Following a PRB approach, we modeled the
beam as a combination of a linear torsional spring and ‘L-shape’ solid bar (Figure 5B). The
torsional stiffness of the spring in this PRB model of the compliant joint is as follows:

K = c
EI

Lhal f
(3)

where EI is the original beam stiffness, Lhal f is the half beam length, and c is the correc-
tion factor.

Then, the force from the beam would be

Fbeam =
T
h
=

K
(

π
2 − φ

2

)
h

(4)

where T is the torque on the torsional spring, h is the vertical displacement of force at the
tip, and φ is the hinge angle. Here, both h and φ are explicitly dependent on the length of
ssDNA linker x (see detailed configuration in Supplement Figure S6).
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Finally, when the hinges are in the equilibrium states, the force from ssDNA is equal
to the force from the hinge:

Fss(x) = Fbeam(x) (5)

This is a nonlinear algebraic equation dependent on the end-to-end distance of the
ssDNA springs, x, and it can be solved by a numerical solver such as ‘fsolve’ in MATLAB
to find a solution with an appropriate initial guess.

3.6. Small Deflection Model

Using the small deflection model (SDM), we assumed that dsDNA linkers are made of
two symmetric cantilever beams with small deflections. As shown in Figure 5B, the force
provided from the ssDNA linker results in a force and an additional moment at the tip of
the cantilever beam model. The force would tend to cause direct axial compression in the
straight beam configuration but could increase the bending moment as the beam deforms.
However, since this model assumes small deflection and any axial compression is likely
small and does not contribute to the joint angle, we ignore the direct effect of the force.
Therefore, we only consider the bending moment M, which causes a deflection angle in the
beam of

θ =
Lhal f

EI
M(θ) (6)

Note that the moment M is a function of θ, because the force, F, is a function of θ (i.e.,
linker end-to-end distance depends on joint angle). In the small deflection configuration, it
can be further expressed as

M = HF(θ) (7)

where the H is the beam offset (length of gray bar next to beam in Figure 5B).
Meanwhile, the amount of force can be expressed by WLC model with replacement of

variable from x to θ by using the following trigonometric expression:

x(θ) = L cos θ − 2H sin θ (8)

Again, we can use a numerical solver (e.g., MATLAB ‘fsolve’) to find the solution of θ,
and the hinge angle can be determined as follows:

φ = π − 2θ (9)

3.7. Predicting the CHJ Joint Angles

As shown in Figure 5C, both PRBM and SDM have a good agreement with the
experimental data [35] (we provide a step-by-step tutorial in the Supporting Information in
Figure S8 and Table S5 to show students how to determine the CHJ angle from experimental
data) with a maximum relative error of 5.5%. Additionally, the force in equilibrium can be
subsequently determined by directly evaluating with the given hinge angle. For MF, the
force in balance is 12.3 pN from PRBM and 14.8 pN from SDM. For LF, it is 9.3 pN in PRBM
and 9.9 pN in SDM.

The HF condition was not reported in these models, since the lower three ssDNA
strands do not exist (0 bases). Therefore, it is infeasible to use the WLC model to determine
the force. However, the angle in equilibrium can be determined geometrically by assum-
ing 0 extensions, i.e., the ends of two L-shapes are touched (see Supplement Figure S7).
The angle result from this calculation gives 60◦, which agrees well with experimental
results (61◦).

4. Discussion

Here, we demonstrated the ability to fold a series of compliant DO structures and
analyze their conformations via agarose gel electrophoresis with the use of low-cost portable
equipment that is well-suited for classroom implementation. The folding can be carried out
in ~20 min, and the gel electrophoresis can be carried out in ~40 min. Including sample and
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experiment preparation time, the full module can be completed in a 2 h laboratory period,
or if prep work is done ahead of time, the folding and gel analysis can be carried out within
~1 h. The cost of the materials needed for these educational experiments is relatively low.
Based on the typical costs of DNA staple and scaffold strands (see details of cost estimates
here: [33]), we estimate the costs for the material required for five lab groups to be ~$1–5.
Hence, an educator could order materials for ~$10–100 to cover the materials for a full
semester or year for a typical sized class. Costs could be slightly higher, as materials often
have to be purchased in some minimum amount. In the future, we envision that kits could
be produced to provide all the required materials and reagents in amounts appropriate for
one class for one semester.

The major cost savings is in avoiding the need for expensive equipment. We focused
on demonstrating these modules with equipment that is readily available in many science
classrooms or is relatively low-cost. It is likely possible to further simplify the educational
experiments or adapt them based on available equipment. For example, a microwave
could be used to heat a water beaker and then placed in insulation once at the correct
temperature. The folding could also likely be carried out with insulation to achieve slow
cooling, instead of a constant temperature. However, since annealing rates may vary based
on the insulation setup, maintaining a constant temperature (52 ± 1 ◦C) would likely lead
to more consistent results. One opportunity to enhance the modules could be to expose
students to imaging methods for direct visualization. Here, we visualized structures by
TEM, which is not practical for classroom implementation. However, images provided
here (including Supporting Information) could be provided to students to give structural
context for the observed changes in gel mobility. Another option for direct visualization
is atomic force microscopy (AFM), which may be feasible for classroom implementation
given some possible low-cost custom-built options [54].

This experiment module could be presented as a stand-alone experience or in com-
bination with our previously established experiment module focused on the folding of a
static DO nanostructure [26]. In either case, from the fabrication and analysis, students can
learn basic biology skills such as pipetting, mixing reactions, DNA annealing, agarose gel
electrophoresis, and UV imaging. Students are also exposed to DNA origami nanotechnol-
ogy concepts, which can connect to and reinforce mechanical engineering concepts through
mechanical models of structure deformation. We propose a set of learning outcomes in
Supporting Table S4 that could be adopted, edited, or added to for future use by educators
implementing the module into a classroom.

Furthermore, this work focuses on introducing the strong connection between compli-
ant DO structures and mechanical design. To highlight this connection, we implemented
pseudo-rigid-body models and small-deformation bending models to describe the de-
formed state of the compliant hinge. Importantly, these approaches agree reasonably with
the experimental results while relying on, reinforcing, and providing new application con-
text for undergraduate-level engineering mechanics. The force balance was employed to
build up the connection between the ssDNA linkers and the bending of the compliant joint.
Therefore, after determining the hinge angle, the corresponding force could also be deter-
mined, i.e., by using the hinge angle to determine the ssDNA extension and then applying
the WLC to determine the force. Students could further be introduced to other efforts to
quantify and model the bending stiffness of DNA origami structures [55], and we also in-
cluded a sample bending stiffness comparison for different configurations (Supplementary
Figure S9). More broadly, this module can serve to introduce the concept and value of
inter-disciplinary research, through which students can experience connections between
multiple fields, especially biology, nanotechnology, and mechanical engineering.

This work provides the first classroom-friendly characterization of a deformable (i.e.,
reconfigured by force application) DNA origami structure, where in this case, the force
application occurs during folding to achieve the target shape. This work bridges mechanics
and DNA nanotechnology to provide an immersive, hands-on interdisciplinary learning
environment. The utilization of inexpensive and accessible lab equipment allows middle
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school, high school, and undergraduate students the opportunity to learn about DNA
origami in a mechanical sense while gaining wet-lab skills. Furthermore, there are multiple
opportunities for educators to dive deeper into DO nanotechnology, especially on the
front-end design, in computational modeling or more advanced characterizations or actu-
ation. These experiments could be implemented into research-intensive universities and
primarily undergraduate institutions that have biological engineering, biology, biochem-
istry, mechanical engineering, and chemical engineering departments, where we believe
they could be fit into courses incorporating DNA nanotechnology, biophysical interactions,
or biomechanical curricula. These protocols would be straightforward for current research
labs focused on DNA nanotechnology to implement in classes taught by the principal
investigators. We provide a step-by-step overview of the experiment workflow to guide
classroom implementation (Supporting Information). In the future, materials and reagents
could be provided in kits to make implementation easier. We envision that the wet-lab
experience and application of mechanical modeling that this module provides can expose
students to STEM-related careers and research practices and thereby potentially stimulate
interest in higher education.

Supplementary Materials: The following information can be downloaded at: https://www.mdpi.
com/article/10.3390/app13053208/s1, Figure S1: Typical TEM images for laboratory folded CHJ
structures; Figure S2: Typical TEM images for rapidly folded CHJ structures; Figure S3: Temperature
screen of CHJ; Figure S4: Gel electrophoresis analysis of rapidly folded CHJ structures; Figure S5:
Force-extension behavior of ssDNA springs; Figure S6: Parameters used for PRBM; Figure S7:
Geometric estimation of HF configuration; Table S1: Basic parameters used for analytical models;
Table S2: resistance of ionic liquids; Table S3: DNA nanotechnology design software tools; Table S4:
Table of sample learning objectives; Figure S8: Workfolow for experimental analysis of hinge angle
distributions; Table S5: Sample code for generating angular distributions; Figure S9: A general
comparison of bending stiffness with different number of layers and lattice type, hexagonal lattice
and square lattice; Figure S10: Full size gel electrophoresis images; Overview of suggested classroom
protocol with required equipment and expected results; Sample questions for laboratory assignment
focused on mechanical modeling aspects.
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