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A B S T R A C T

The emergence of DNA origami greatly accelerated the development of DNA nanotechnology. A thorough un-
derstanding of origami thermodynamics is very important for both fundamental studies and practical applica-
tions. These thermodynamic transitions usually take place in several seconds or even less, and are very difficult
to monitor by conventional methods. Numerous tests are required to characterize the origami molecule's be-
haviors at different temperatures, which is very labor-intensive and time-consuming. In this paper, an axially
distributed temperature gradient along a capillary was formed in a spatially varying temperature field. In such a
temperature gradient, the origami molecule's thermodynamic processes occur and remain stable at every posi-
tion along the capillary's microchannel. It looks like the time of the thermodynamic process is frozen along the
microchannel. With this method, the origami molecule's thermodynamic characteristics at different tempera-
tures can be obtained in a single experiment, and rapid processes can be monitored with ease by conventional
methods for an adequate time period at low cost. In order to show its potential abilities, this method has been
demonstrated in applications which the origami's assembly, denaturation and strand displacement are carry out
in a flowing or stationary solution.

1. Introduction

In 2006, Rothemund reported the DNA origami method, which
promotes the rapid development of structures for DNA nanotechnology
(Rothemund, 2006; Torring et al., 2011; Seeman, 2007). This method
allows the formation of arbitrary 2D or 3D nanostructures (Liu et al.,
2011; Douglas et al., 2009a; Andersen et al., 2009; Han et al., 2011;
Dietz et al., 2009). During the assembly process, M13 and pre-designed
staple strands are first mixed, and the assembly occurs in the sub-
sequent annealing step (Castro et al., 2011; Douglas et al., 2009b). DNA
origami possesses many unique characteristics useful for applications in
different areas, e.g., precise positioning of nanoparticles or molecules
(Derr et al., 2012; Ding et al., 2010; Fu et al., 2013), surface enhanced
Raman spectroscopy (Kühler et al., 2014), and drug delivery (Jiang
et al., 2012). Currently, DNA origami is receiving widespread attention

and been used in numerous areas (Sacca and Niemeyer, 2012; Pinheiro
et al., 2011; Nangreave et al., 2010).

DNA origami is very sensitive to temperature, which can affect its
state and properties. Many dynamic responses of origami are produced
by temperature changes. These dynamic processes generally correspond
to the characteristics and functions of origami and therefore have
meaning and value for research. Thermodynamic and kinetic studies of
DNA nanostructures is useful for identifying optimal structural char-
acteristics, efficient assembly procedures, precise positioning and
modification of functional groups, and developing many interesting
applications (Wei et al., 2014; Qu et al., 2017a, 2017b; Lai et al., 2018;
Yao et al., 2015). Much research work has been reported to investigate
the origami's thermodynamic characteristics. Using thermally con-
trolled atomic force microscopy (AFM), Song et al. investigated the
melting process of origami and revealed the reversible association/
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dissociation process of origami (Song et al., 2012). They also studied
the isothermal hybridization kinetics of multistrand DNA on DNA or-
igami nanopores (Song et al., 2013). Wei et al. used fluorescence re-
sonance energy transfer (FRET) to monitor the assembly and melting of
origami and examined the effects of local and long-range structural
defects on the thermal stability of common origami structures (Wei
et al., 2013). To avoid misfolded structures in the origami assembly,
Dunn et al. investigated the folding pathways and thermodynamics of
DNA origami (Dunn et al., 2015). Wah et al. investigated the assembly
and dissociation of DNA origami and found that significant structural
changes were observed between 65 °C and 55 °C (Wah et al., 2016). In
most of these studies, the origami molecule's state or property under
different temperatures needed to be collected or characterized one by
one, which is labor-intensive and time-consuming. These dynamic
processes usually take place in several seconds or even less. The per-
formance of current instruments and methods is insufficient to obtain
and analyze the signals from rapid dynamic processes. Only the origami
molecule's stable state can be investigated unless expensive or special
instrumentation is used.

Microfluidic chips can be applied to study origami thermodynamics
and kinetics, thereby overcoming the disadvantages of conventional
approaches. Microfluidic chips achieve specific functions and applica-
tions through automated manipulation of an extremely low volume of
fluids in microchannels and microstructures (Whitesides, 2006) and
possess advantages, such as rapid diffusion, small sample volume, short
time, high throughput, convenient operation, and high integration of
processes. In addition, because of the miniaturization, portability, and
automation of the instrumentation, this technique has been widely used
for biomedical detection (Shi et al., 2008; Clausell-Tormos et al., 2008;
Cai et al., 2012), immunoassays (Sato et al., 2003), diagnosis (Yager
et al., 2006), and other applications. Microfluidic chips can transform
temporal dynamic changes to spatial distributions (Garcia et al., 2007);
i.e., the dynamic process change can be set up as a stable distribution
along the microchannel. As a result, it can achieve and fix the origami
molecule's thermodynamic states under a spatial distribution as a
temperature gradient along the microchannel. This technique will
provide sufficient time to investigate rapid dynamic processes, and
obtain all the characteristics of different temperatures in a single test.
However, the current microfluidic chips have shortcomings, such as a
complex structure, difficult processing, and high cost (Lee et al., 2005;
Chiu et al., 2009; Kakuta et al., 2003). Several studies have reported
using capillaries to replace microfluidic chips for applications, in-
cluding enzyme inhibition assays, single cell analysis, high-throughput
drug screening and so on (Du et al., 2006; Gu et al., 2011; Jin et al.,
2014). The capillary-based analysis methods not only possess the
characteristics of microfluidic chips but also possess other advantages,
such as easy operation and low cost. In our previous works, DNA, ap-
tamer and nucleotide had been used for the detection of microRNA,
metal ion and Glucose (Qi et al., 2017a, 2017b; Chen et al., 2017;
Zhong et al., 2018). The DNA and aptamer arrays were also generated
along the capillary and served as a sensitive analytical platform for a
variety of molecules, including DNA, protein, drug and metal ions (Qu
et al., 2012, 2017c, 2017d, 2017e).

This paper proposes a capillary-based technique to facilitate and
accelerate the study of origami thermodynamics. An axially distributed
temperature gradient is formed along the capillary in a spatially varying
temperature field, which transforms the temporal gradient of tem-
perature to a spatial temperature gradient along the capillary's micro-
channel. The dynamic process caused by the temperature change can be
set up as a stable distribution of this process along the microchannel.
The sequential states of the thermodynamic process appear at the
continuous positions along the capillary and keeps stable, it looks like
that the time of the dynamic process was frozen, which was called
“time-frozen” technique here. As a result, this “time-frozen” technique
achieves and fixes the process under all the temperatures in a single
experiment, which also provides sufficient convenience such that

routine instruments and methods can be used to investigate the ther-
modynamics and kinetics of their rapid responses. To show this meth-
od's capability, several thermodynamic processes (including dynamic
assembly, strands displacement and localized investigation of origami
assembly and denaturation) are demonstrated in this paper.

2. Materials and methods

2.1. Chemicals and reagents

M13mp18 was purchased from New England Biolabs (Beijing,
China). The staple strands were purchased from Life Technologies Ltd.
(Shanghai, China) and purified using PAGE. The staple strands (iden-
tified as 1–1 and 19–1), which were labeled with 6-FAM and Dabcyl,
respectively, were purchased from Sangon Biotech Co., Ltd. (Shanghai,
China) and purified using ULTRAPAGE. The sequence information of all
staple strands can be found in the Supporting Information. The other
reagents were all analytical grades and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China) and Aladdin (Shanghai,
China).

2.2. Establishment of a temperature gradient and online detection system

The setup shown in Fig. 1A was used to establish the temperature
gradient which can be used to fix the origami's thermodynamic process
along the microchannel. Hot air form a hot air gun (Atten Technology
Co., Ltd, Shenzhen, China) was used to create a spatially temperature
field around the outlet of the hot air gun. The air speed and the tem-
perature were controlled to vary the temperature field. A capillary
(diameter of 1mm) was inside the temperature field and vertical with
respect to the hot air gun, and the left end of capillary was connected to
a syringe. A precision syringe pump (LSP02-1B, Longer Pump Co., Ltd,
Baoding, China) with the volume flow from 0.831 nl/min to 150.5ml/
min was used to drive the solution in the syringe to flow through the
capillary. The outflow liquid was collected from the right end of the
capillary. After the spatially varying temperature field stabilized, an
axially distributed temperature gradient along the capillary was then
established. A thermo couple probe (OMEGA Engineering, INC., Nor-
walk, USA) with an ultrafine tip (diameter of 0.35mm) was inserted
into the capillary to measure the temperature at the different positions
of the capillary.

FRET was used to monitor the variation in the fluorescence intensity
during the thermodynamic process, thus providing real-time informa-
tion of the process. A laser with a wavelength of 488 nm (MLL-III-488L,
Changchun New Industries Optoelectronics Tech. Co., Ltd., Changchun,
China) was installed on the right end of the capillary. The laser was
adjusted to axially penetrate the whole capillary to excite the fluor-
escent functional groups in the solution. A cooled charge coupled de-
vice (CCD) (Alta U4000, Apogee Imaging Systems, USA) was installed
on the side of capillary, and the excited fluorescence was collected by
the CCD through a bandpass filter.

2.3. Origami's thermodynamic processes in flowing or stationary state

As a prototype application, DNA origami was dynamic assembled
during the flowing by this method. M13 and staple strands were mixed
in a 1:5 ratio in 1×TAE-Mg2+ buffer solution (40mM Tris, 2 mM
EDTA and 12.5mM MgCl2), in which the final M13 concentration was
10 nM. After the temperature gradient along the capillary was estab-
lished, the mixture solution was driven by the syringe pump to flow
through the capillary, and the outflow liquid containing the assembled
origami was collected. FRET and AFM was used to realize the online
and offline detection the assembly.

The thermodynamic applications which the solution inside the mi-
crochannel was kept in the stationary state were also demonstrated. The
capillary's microchannel was filled with the origami or pre-mixed
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solution and then kept statically. The temperature gradient along the
capillary was then established to initiate the thermodynamic process.
AFM and FRET were used to perform the offline and online monitoring
of the process.

2.4. Offline detection of origami

AFM (Multimode Nanoscope IIIa, Vecco/Digital Instruments, USA)
was used for offline characterization of the origami in the collected
solution. The basic process was as follows: 2 μl of the collected solution
was dropped on a freshly cleaved mica surface for adsorption for 5min;
10 μl of buffer solution was added to stop the adsorption process; and
tapping mode AFM in liquid was used to scan the mica surface.

3. Results and discussion

3.1. Temperature gradient and “time-frozen” technique

Origami is very sensitive to temperature or its change, so its ther-
modynamic study is very important in its relative processes. In most
reports, the thermodynamic process was studied under the varying
temperatures over time, and the temperature variation can be described
as grad T( ) dT

d= (where T is temperature, and τ is time). In this paper,
the temporal temperature gradient was replaced with a spatial tem-
perature gradient; the expression of the temperature field is
grad T i j k( ) T

x
T
y

T
z= + + (where i, j, and k denote the unit vectors for

x, y, and z, respectively). A capillary was placed at a particular position
inside the spatially varying temperature field such that a gradually
increasing and then gradually decreasing temperature gradient was
formed axially along the capillary. The expression of the temperature
gradient can be simplified as grad T i( ) dT

dx= or grad T r( ) dT
dr= (r is the

unit vector along the axial direction of the capillary).
In this paper, the hot air blown out of the hot air gun was used to

create a symmetrical temperature gradient distributed along the axial
direction of the capillary (as shown in Fig. 1A). A thermocouple was
used to measure the temperature at each position inside the empty
capillary. When the capillary was perpendicular to and 5 cm, 7 cm,
9 cm, and 11 cm away from the hot air gun, the maximum temperature
at the center was 127 °C, 94 °C, 78 °C, and 67 °C, respectively, as shown
in the temperature distribution (Fig. 1B curve left panel). When the
capillary was closer to the hot air gun, the temperature at the center of
the capillary was higher. Additionally, the distribution region of the
temperature gradient was relatively narrow, i.e., the temperature dis-
tribution curve was steeper when the capillary was closer. As the dis-
tance from the hot air gun increased, the temperature at the center
gradually decreased; the temperature gradient also gradually expanded
to the two sides, forming a smoother temperature distribution curve. To
obtain a denaturation temperature that was as high as possible and also
prevent the solution in the capillary from boiling, the capillary was
placed 7 cm away from the hot air gun. When the capillary formed
certain angles with the outlet of the hot air gun, an unsymmetrical
temperature gradient was formed along the capillary. The temperature
distribution curves for when the angle was 90°, 75°, 60°, 45°, and 30°
are shown in the right panel of Fig. 1B. Compared to the perpendicular
position, for positions with decreases in the angle, the temperature
gradient to the left of the maximum temperature gradually decreased
while that to the right gradually extended. When the angle was 30°, the
temperature gradient on both sides of the maximum temperature

exhibited some extension, albeit higher on the right side.
The flow field and temperature field caused by the hot air gun was

further computationally simulated. The flow field and temperature field
(shown as the upper and lower rows, respectively, in Fig. 1C) formed in
the 20 cm×20 cm 2D space, where the hot air was blown out from the
center of the bottom (1 cm in length). The initial temperature of the hot
air was set to be 160 °C, and the air speed was 1 cm/s, 5 cm/s, 10 cm/s,
50 cm/s, and 100 cm/s, respectively. For the air speed of 1 cm/s, which
is very low, the flow field and temperature field were different from
those caused by the other air speeds. At the other air speeds, the range
of the high temperature region at the center gradually increased with
increasing air speed; however, the temperature gradient was also much
steeper. At low air speeds, the high temperature region at the center
was very small. However, the relatively low speed provided more time
for heat diffusion, thus forming a flatter and wider temperature gra-
dient. The temperature gradients that formed when the air speed was
5 cm/s and the capillary was 5 cm, 7 cm, 9 cm, and 11 cm away from
and perpendicular to the outlet of the hot air gun are shown in the left
panel of Fig. 1D (i.e., the temperature gradient along the solid line in
the second figure of the second row in Fig. 1C). With increases in the
distance, the maximum temperature at the center gradually deceased
and the temperature gradient also expanded to both sides. The result
from the simulation shows the effect of varying conditions and reveal
the variation trend, which is agree with the result form the measure-
ment.

The temperature distribution obtained from simulations when the
distance between the capillary and the hot air gun was 7 cm, the air
speed was 5 cm/s, and the angle between the two was 30°, 45°, 60°, 75°
and 90° is shown in the right panel of Fig. 1D (i.e., the temperature
gradient along the dashed line in the second figure of the second row in
Fig. 1C). The different temperature gradients on the two sides of the
maximum temperature exhibited a similar trend and variation com-
pared with that of the experimental measurements.

The temperature gradient along the capillary was generated through
the heat transfer process, so it can be described as:T ek x

D
2

4= , where T
and x are the temperature and position along the capillary, k and D are
coefficients, τ is the time to form the temperature gradient by heat
transfer. The time τ is determined by the hot air velocity (v) and the
distance of the capillary to the hot air gun (s): s v/= . The position with
a certain temperature along the capillary can be calculated by:
x D4 ln( )s

v
T
k

s
v

= or T k ev
s

vx x
Ds4= . The corresponding positions to

the temperatures which the origami's thermodynamic transitions occur
at or between can be calculated accurately by this equation, and vice
verse. The spatial resolution of the temperature along the capillary is:

edT
dx

kvx
Ds

v
s2

vx
Ds

2
4= . During the annealing of the conventional method,

the temperature usually decreases with the time: T a bt= , where a
and b are the initial temperature and the cooling rate, T and t are the
temperature and time. The corresponding position on the capillary
whose temperature equals to that at a certain time during the con-
ventional annealing is: x D4 ln( )s

v
a bt

k
s
v

( )= or

t a k e b( )/v
s

vx
Ds

2
4= . The temporal gradient of temperature in the

conventional method is then transformed to the spatial temperature
distribution along the capillary, and vice verse. The spatial resolution of
the time (elapsed in the conventional method) is: edt

dx
kvx
Dbs

v
s2

vx
Ds

2
4= . By

adjusting the parameters, the different spatial resolutions of tempera-
ture and time can be realized along the capillary to facilitate the study

Fig. 1. (A) Schematic diagram of the setup used for the establishment of the temperature gradient and fluorescence detection; (B) Left: the measured temperature
distribution curves when the capillary was perpendicular to and 5 cm, 7 cm, 9 cm, and 11 cm away from the hot air gun, right: the measured temperature distribution
curves when the angle between the capillary and the hot air gun was 90°, 75°, 60°, 45°, and 30°; (C) Upper: the simulated flow fields when the air speed was 1 cm/s,
5 cm/s, 10 cm/s, 50 cm/s and 100 cm/s, lower: the simulated temperature fields when the air speed was 1 cm/s, 5 cm/s, 10 cm/s, 50 cm/s and 100 cm/s; (D) Left: the
simulated temperature distribution curves when the capillary was perpendicular to and 5 cm, 7 cm, 9 cm, and 11 cm away from the hot air gun, right: the simulated
temperature distribution curves when the angle between the capillary and the hot air gun was 90°, 75°, 60°, 45°, and 30°.
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Fig. 2. (A) AFM image of the origami and its height profile; (B) The normalized FRET efficiency compared to before assembly with different staple strand 1–1/M13
ratios; (C) The assembly efficiency calculated according to FRET and AFM images for the different cooling rates in the conventional method; (D) The assembly
efficiency calculated according to FRET and AFM images for the different flow rates in the dynamic assembly; (E) The fluorescence intensity for the dynamic assembly
under different flow rates along the microchannel, the position 0 is the center of the temperature gradient which is 94 °C; (F) The gel electrophoresis image of the
origami assembled under different conditions (lane 1: DNA ladder; lane 2: assembled by the conventional method; lane 3–9: assembled by the dynamic assembly, and
the flow rates are 9 µm/s, 18 µm/s, 36 µm/s, 72 µm/s, 144 µm/s, 192 µm/s and 288 µm/s; lane 10: the denaturation behavior of the assembled origami in the
temperature gradient; lane 11: the assembly behavior of the pre-mixed solution in the temperature gradient.
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on the origami's certain thermodynamic transition.

3.2. Dynamic assembly of DNA origami during flowing

The origami's dynamic assembly was developed to show the pro-
posed technique's capability in the flowing system. In most reports,
origami is assembled through the stationary annealing method, i.e., a
pre-mixed solution is in a stationary state. In this paper, the temporal
temperature gradient for the conventional annealing method was re-
placed with a spatial temperature gradient. The annealing of the pre-
mixed solution was completed after the solution flowed through the
temperature gradient, thus providing the dynamic assembly of origami.

Rectangular origami was used in the paper (as shown in Fig. 2A),
and the design schematic is shown in the Supporting Information; the
size was 90 nm×70 nm. In addition to the AFM characterization of the
morphology of the assembled origami, FRET was used to monitor the
assembly process and assembly efficiency. Two adjacent staple strands
(the 5′ end of strand number 1–1 and the 3′ end of strand number 19–1)
were labeled with the fluorescent dye 6-FAM and the fluorescent
quencher Dabcyl, respectively. Before the origami assembly, the two
staple strands were free in solution, and the fluorescent group could
emit strong fluorescence after excitation. However, after assembly, the
fluorescent group and the quencher group were brought into close
proximity; thus, the fluorescence intensity decreased considerably be-
cause of FRET. The FRET efficiency (E), which is related to the change
in distance between the FRET donor and acceptor, is defined by the
following equation: E F F1 /DA D= , where FD and FDA are the fluor-
escent intensity of the donor in the absence or presence of the acceptor,
respectively (Wei et al., 2013). In this study, the measured FRET effi-
ciency between the 6-FAM and the Dabcyl group was 70.0 ± 2.7%.

To determine the assembly efficiency, a fluorescence spectro-
photometer (F-7000, Hitachi, Ltd., Japan) and cooled CCD were used
for offline and online measurements of the fluorescence intensity due to
FRET. First, fluorescence background needed to be reduced to improve
the detection sensitivity and to more accurately calculate the efficiency
of origami assembly. Therefore, the amount of staple strand number
1–1 should be minimized to the smallest amount sufficient for the as-
sembly. The ratio of M13 to the other staple strands was maintained at
1:5; the ratio of M13 to staple strand number 1–1 staple strand was
adjusted to 1:0.8, 1:1, 1:1.1, 1:1.2, 1:1.3, 1:1.5, and 1:2. The conven-
tional method was used for the origami assembly, and the fluorescence
spectrophotometer was used to measure the fluorescence intensity be-
fore and after the assembly; the results are shown in Fig. 2B. The nor-
malized FRET efficiency (FA/FB, expressed as a percentage) decreased
after assembly (FA) compared to before assembly (FB), indicating that
when there was a sufficient amount of staple strand number 1–1, this
strand participated in the assembly. When the ratio was increased from
1:0.8–1:1.1, the normalized FRET efficiency was approximately 30.4%;
as the ratio further increased, the normalized FRET efficiency gradually
increased to 90.5%. Theoretically, when the ratio was 1:1, all of staple
strand number 1–1 should pair with M13; there should be no unpaired
staple strand number 1–1 and M13 after assembly, and the fluorescence
intensity should decrease to the minimum. However, in real situation,
there is an operational error in transferring small amounts of solution.
As a result, to ensure that all M13 are paired with staple strand number
1–1, a ratio of 1:1.1 was chosen for the subsequent assembly. Assume
that the origami assembly efficiency is 100% at this ratio (i.e., all M13
has been assembled to form origami). The assembly efficiency in the
later part of the paper will be calculated by referring to this relative
ratio.

In the conventional assembly process, the annealing normally takes
approximately 2 h; there was also literature report showing that the
origami assembly can be achieved with tens of minutes of annealing (Fu
et al., 2013). To study the required flow rate for the dynamic assembly,
the conventional method was used to investigate the effects of different
cooling rates on the assembly. The cooling rate in the temperature cycle

controller was set to 0.25 °C/min, 0.5 °C/min, 1 °C/min, 2 °C/min and
6 °C/min (cooled from 95 °C to 25 °C). In addition, the denatured so-
lution was also placed directly in room temperature (rapid cooling;
reaching room temperature after 1min, i.e., a cooling rate of 70 °C/min)
and ice water (extremely rapid cooling, reaching 0 °C in 15 s, i.e., a
cooling rate of 380 °C/min) to investigate the limit of the cooling rates
required for the assembly. The assembly efficiency calculated according
to FRET and AFM images for the different cooling rates are shown in
Fig. 2C. The AFM results show that rectangular origami can be as-
sembled for the various cooling rates except for the extremely rapid
cooling rate. However, the FRET results show that when the cooling
rate was increased from 0.5 °C/min to 70 °C/min, the assembly effi-
ciency gradually decreased from approximately 100–60.6%. When the
cooling rate was further increased to 380 °C/min, the assembly effi-
ciency decreased to 15.2%. For these rapid cooling conditions (as short
as 1min of annealing time), the AFM results showed excellent origami
morphology; however, the FRET results indicated that perfect assembly
may not have occurred for the fine structures. Therefore, to obtain
perfect assembled origami through the conventional method, at least
2 h of annealing time is recommended; if only a limited quality of or-
igami structures is required, rapid cooling can be used.

The annealing process can be achieved from the flow of the pre-
mixed solution along the temperature gradient, and the cooling rate is
determined by the flow rate of solution in the capillary. The effect of
different flow rates (9 µm/s, 18 µm/s, 36 µm/s, 72 µm/s, 144 µm/s,
192 µm/s, and 288 µm/s with corresponding average cooling rates of
1.5 °C/min, 3 °C/min, 6 °C/min, 12 °C/min, 24 °C/min, 32 °C/min, and
48 °C/min, respectively) on the dynamic assembly was investigated.
The resulting assembly efficiency and AFM images are shown in
Fig. 2D, respectively. When the flow rate was less than 72 µm/s, intact
rectangular origami can be obtained, as shown in AFM results. As the
flow rate increased further, origami with a partially intact structure
gradually appeared. When the flow rate was greater than 288 µm/s, no
intact origami was observed by AFM. The variation in the assembly
efficiency also exhibited this trend; the assembly efficiency gradually
decreased from 84.5% to 18.4% with increasing flow rate. The fluor-
escence intensity for the dynamic assembly under different flow rates
along the axial direction of the capillary is shown in Fig. 2E. The curves
began from the center of the temperature gradient which had highest
fluorescence intensity. The fluorescence gradually decreased from left
to right, indicating that the pre-mixed solution assembled during the
flow process. The decrease in the fluorescence intensity was more
pronounced for low flow rates, indicating that the assembly efficiency
of origami was higher when the flow rate was low. In contrast, the
assembly efficiency gradually decreased with increasing flow rate. The
outflow solutions generated at different flow rates were collected and
separated by gel electrophoresis. A distinct origami band appeared in
the gel electrophoresis image for all solutions. The intensity of the band
decreased and the boundary of the band also gradually became blurred
with increasing flow rate (as shown in lane 3 - lane 9 in Fig. 2F). With
this dynamic assembly method, the origami can be assembled con-
tinuously with more output in less time, and the whole process can be
online monitored to ensure better quality in a low-cost way.

3.3. DNA origami's thermodynamics in stationary state

The “time-frozen” technique can be also used in those thermo-
dynamic studies which the solution is kept stationary inside the mi-
crochannel. It has the ability of investigating the thermodynamic pro-
cess under all the temperatures simultaneously, which provides
sufficient time such that routine instruments and methods can be used
to characterize the thermodynamics and kinetics of these rapid re-
sponses. Some thermodynamic processes have been chosen in this paper
as examples to show its capability.

The effect of different temperatures on strand displacement reac-
tions was investigated inside the capillary. The staple strand number
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19–1 contains 40 bases and was labeled with the quenching group
Dabcyl at its 3′ end. The 19–2 staple strand was synthesized, which
lacks 16 bases and the Dabcyl labeling that are found in staple strand
number 19–1. The 19–2 staple strand was used instead of staple strand
number 19–1 in the origami assembly performed using the conven-
tional method. Then, the 19–1 staple strand was mixed with the as-
sembled origami at a ratio of 1:1; the strand displacement reaction was
then carried out under the effect of the temperature gradient in the
capillary. The results are shown in the left panel of Fig. 3A. Because the
temperature on the two sides of the capillary was low, the rate of the
strand displacement reaction was very low. As a result, the fluorescence
groups in origami were not quenched and therefore emitted strong
fluorescence when excited. The temperature gradually increased when
the temperature gradient moved to the center of the capillary; thus, the
rate of the strand displacement reaction also gradually increased. As the
amount of the 19–2 staple strand displaced by staple strand number
19–1 increased, more and more fluorescent groups were quenched by
the quenching groups in staple strand number 19–1, resulting in a
gradual decrease in the fluorescence that was excited in the solution.
When the temperature was further increased to exceed the denaturation
temperature of origami, all number 1–1 staple strands labeled with 6-
FAM dissociated into the solution and could be excited to give a high
fluorescence intensity. The strand displacement reaction was also per-
formed in the bulk solution to compare with that performed inside the
capillary; the results are shown in the right panel of Fig. 3A. When the
reaction temperature was lower than 30 °C, the rate of the strand dis-
placement reaction was very low; when the temperature increased from
40 °C to 60 °C, the rate of the strand displacement reaction gradually
increased from 65.8% to 87.5%. When the temperature was further
increased, the temperature could exceed the denaturation temperature,
resulting in dissociation of origami. Compared with that in the bulk
solution, the replacement reaction rates under all the temperatures can
be obtained in the capillary in a single experiment with higher

efficiency, which will save lots of labor and time.
After the capillary was filled with the pre-mixed solution, FRET was

used to monitor the stationary assembly behavior of the solution at
different temperatures in the spatially varying temperature gradient;
the results are shown in Fig. 3B. The temperature in the central region
of the capillary was higher than the denaturation temperature of DNA,
leading to no assembly; the free staple strand number 1–1 emitted
strong fluorescence upon laser excitation. Along the temperature gra-
dient, the temperatures on the two sides gradually decreased to the
melting temperature of DNA; in this region, the origami assembly
gradually began, thus resulting in a gradual decrease in the fluores-
cence intensity. The temperature gradient continually decreased along
the two sides of the capillary, and the temperature was evidently lower
than the melting temperature of DNA. Because the origami could not
assemble effectively, the fluorescence intensity gradually recovered to
the maximum. Lane 11 in Fig. 2F is the gel electrophoresis result of the
solution collected from the capillary. Because only part of the solution
was in the temperature region suitable for assembly, only a blurred
origami band was observed in the electrophoresis result. With this
method, the temperature corresponding to the maximal origami as-
sembly efficiency can be obtained. As a result, this method can provide
some guidance in identifying the ideal assembly temperature for the
isothermal assembly of origami with different structures.

Additionally, the denaturation behavior of the assembled origami in
the capillary in the spatially varying temperature gradient can be
monitored; the fluorescence distribution along the capillary is shown in
Fig. 3C. The temperature at the central region of the capillary is higher
than the denaturation temperature, resulting in the dissociation of or-
igami and thus the emission of strong fluorescence. For the regions at
the two sides, the temperature gradually decreased to below the
melting temperature; thus, the origami remained in an intact state and
did not emit strong fluorescence. The transition region can be con-
sidered as the denaturation curve of the origami which was very similar
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Fig. 3. (A) Left: the fluorescence and temperature distribution curves along the temperature gradient during the strand displacement reaction, right: the efficiencies
of the strand displacement reactions in bulk solution under different temperatures; (B) The fluorescence and temperature distribution curves along the temperature
gradient to monitor the assembly behavior of the pre-mixed solution at different temperatures; (C) The fluorescence and temperature distribution curves along the
temperature gradient to monitor the denaturation behavior of the assembled origami at different temperatures.
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to the denaturation curve of nucleic acids. The capillary was then ra-
pidly placed inside ice water, and the solution in the capillary was
collected for gel electrophoresis separation; the result is shown in lane
10 in Fig. 2F. Only part of the origami was degraded. Therefore, more
marked origami bands appeared. From this temperature gradient, the
stability of origami at different temperatures can be determined. In
addition, the average dissociation temperature of origami can also be
obtained.

4. Conclusions

In this paper, a spatially varying temperature field was used to
transform the temporal gradient in temperature to spatial temperature
gradient along the microchannel. And then the dynamic process caused
by the temperature or its change was set as a stable distribution of this
process in space, where the time of process was frozen along the mi-
crochannel. This “time-frozen” technique has two major advantages.
First of all, it saves labor and time by obtaining all thermodynamic
characteristics under all different temperatures in a single test. Second,
it provides enough time to investigate the rapid thermodynamic process
of origami by transfer such time-varying process into a spatial-varying
process along the microchannel, thus, the rapid thermodynamic process
can be easily studied without the need of sophisticated and expensive
instruments. By extending this method, kinetic or thermodynamic
parameters, such as the diffusion coefficient, may be obtained. This
method was demonstrated in two kinds of applications where the so-
lution inside the microchannel was kept in flowing or stationary state.
Those applications included the origami's assembly, strand displace-
ment and localized investigation of origami's assembly and denatura-
tion behaviors. This “time-frozen” technique is a very convenient
method to evaluate the rapid response processes that occur for origami
during a temperature change and can promote such research to certain
extents.
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