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Understanding the dynamic assembly process of DNA nanostructures is important for developing novel
strategy to design and construct functional devices. In this work, temperature-controlled dynamic light
scattering (DLS) strategy has been applied to study the global assembly process of DNA origami and
DNA bricks. Through the temperature dependent size and intensity profiles, the self-assembly process
of various DNA nanostructures with different morphologies have been well-studied and the temperature
transition ranges could be observed. Taking advantage of the DLS information, rapid preparation of the
DNA origami and the brick assembly has been realized through a constant temperature annealing. Our
results demonstrate that the DLS-based strategy provides a convenient and robust tool to study the dy-
namic process of forming hieratical DNA structures, which will benefit understanding the mechanism of
self-assembly of DNA nanostructures.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In last few decades, DNA nanotechnology has expanded a
new area to construct defined two-dimensional (2D) and three-
dimensional (3D) nanostructures with predesigned shapes and
sizes [1-10]. Taking advantage of the specificity and addressabil-
ity of DNA assembly, diverse functional nanodevices, including
biosensors [11-14], nanorobots [15-18], and reconfigurable nanos-
tructures [19-21], have been also realized. While the design and
construction of the DNA assembly has been widely investigated,
understanding the dynamic of DNA assembly process is also of
great importance, which will benefit understanding the synergis-
tic mechanism of the precise assembly of the macro-biomolecules.
However, investigation in the dynamic process is still challenged
by lack of efficient tools.

Recently, several methods have been developed to study
the thermodynamics and kinetics of DNA self-assembly [22-36].
Ultraviolet-visible spectroscopy (UV-vis) method [26,27] relied on
the different absorbance between the single strands and duplex at
260 nm, which was useful for study the formation of the DNA he-
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lix but suffered from a poor accuracy in complex DNA system. Flu-
orescent technology [28-31] has also been applied to reveal the
thermal folding and unfolding of 3D DNA origami nanostructures.
While more detailed information could be achieved, the position
of the fluorescent molecules could affect the detected results and
the expensive chemical modifications also limited the potential ap-
plications. Atomic force microscope (AFM) [32-35] could visualize
the formation of a DNA origami structure under relatively coarse
temperature control, however, the manipulation at a solid-liquid
interface of AFM may not reflect the formation process in solu-
tion. Moreover, while AFM exhibits advantage of the study in 2D
structures, the more complexed 3D structures have not been in-
vestigated. Recently, static light scattering (SLS) [36] has been em-
ployed to investigate the folding and unfolding of DNA origamis,
which has shown preponderance in detection and characterization
of molecular mass. However, it is also necessary to obtain other
important structure information for more precise analysis of the
DNA assembly process.

Dynamic light scattering (DLS) is a robust technology to char-
acterize the particle size and size distribution of samples on
the nanoscale. When the nanoparticles are dispersed in aqueous
media, the random Brownian motion results in time-progressive
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Scheme 1. Self-assembly process of DNA nanostructures was monitored by DLS
strategy during the annealing process.

fluctuations of the scattered light under laser beam illuminating.
The time-dependent scattering intensity fluctuation is converted
to correlation function by correlator, the average size and size
distribution of the nanoparticles can be calculated by cumu-
lants and multiple exponential algorithms, respectively. Based
on the DLS method, the time-dependent size change of the
monitored nanoparticle could be achieved [37-39]. Recently, the
temperature-dependent dynamic self-assembly behavior of the
nonlinear block polymers has been well-studied, which has shown
a promise potential for investigating the dynamic assembly of
various nanoparticles [40-42]. Here in this study, we utilized the
DLS strategy to study the self-assembly of DNA nanostructures
by investigating the temperature dependent of both size and
light intensity. The temperature transitions of particle size and
scattering intensity in different structures have been observed,
which has been demonstrated to be important indicators in the
formation of DNA origami. Furthermore, DNA bricks-based nanos-
tructures has also been investigated through DLS and indicated
a different nucleation mechanism, which will help us understand
the mechanism of self-assembly of complex DNA nanostructures.

To investigate the DNA assembly process through DLS, as il-
lustrated in Scheme 1, we firstly monitored the formation of a
3D DNA origami as a typical example in real-time temperature
ramp mode. DNA origami conceptually folds a long single strand
as scaffold into pre-designed structures by hundreds of short sta-
ples strands DNA, which provides a powerful tool for constructing
customized nanostructures. Here we chose a well-established 3D
DNA cubic origami (termed as O1) as an example with the size
of 20 nm x 20 nm x 40 nm (detailed design and sequence infor-
mation could be found in Supporting information). In our exper-
iments, a 7249-nt single stranded M13 (20 nmol/L) was selected
as the scaffold strand and incubated with 200 nmol/L short sta-
ple strands. Then the mixed solution was applied to DLS under an
annealing process from 85 °C to 25 °C with a cooling rate of 1
°C per step and the sample maintained equilibrium for 10 min at
each step. During the annealing process, the dimension (diameter,
number averaged) information was detected and recorded.

As shown in Fig. 1a, from 85 °C to 50 °C, the diameter al-
most kept in a range of 3.5 nm during cooling process. With fur-
ther cooling process, a sharp size change to 30 nm was observed
around 49 °C. To exclude size effect of the long scaffold strand and
staples, control experiments were evaluated, and as shown in Fig.
S1 (Supporting information), no obvious size change was observed
both in only M13 group or only staples group during the annealing
process. These results demonstrated that sharp size change of the
experimental group was attributed to the origami formation.

To further illustrate the dynamic process and avoid the un-
expected environmental effect, the intensity correlation function
and average scattering light intensity were also recorded and
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analyzed during the annealing process. As illustrated in Fig. 1b,
compared with the sharp transition in the size distribution, the
time-dependent intensity correlation function was observed with
placid change, which indicated relatively gradual transfomation
of the particles in the system. The zoomed and detailed image
of the correlation function has also been provided in the Fig. S2
(Supporting information) to reveal the formation process of the
01. The smooth changes in the profiles have been found between
48 °C and 50 °C, which suggested that the process of forming the
DNA nanostructures in this temperature range underwent tardily.
Consistent with the results of intensity correlation function, a
smooth curve was detected and the intensity increased upon the
decreased temperature from 50 °C to 40 °C (Fig. 1c), which could
be also explained by formation of the origami. As control, no
obvious intensity change was detected in only M13 solution or
only staples group during the annealing (Fig. S3 in Supporting
information). Taken together, the O1-based results have demon-
strated the formation of the DNA origami induced the change of
the diameter and scattering intensity.

It has been recognized that while we used the number aver-
aged size in the size plot which reflects the average size of the
largest number population of particles, the contribution from the
minor amount of large aggregates would be neglected. Therefore,
the scattering intensity curve could provide more comprehensive
contribution from particle density which affects dn/dc, the scatter-
ing ability, and size distribution of total particles in detected sys-
tems. In the origami system, the content of target DNA structures
could be considered as a constant due to the fixed concentration of
scaffold (M13). The sharp transition in the temperature dependent
diameter curve might be attributed to the transition states of the
assembly, but it could not reveal the completed formation of the
origami. On the other hand, the smooth transition from 50 °C to
40 °C under the intensity curve could be explained that the intact
DNA origami was gradually formed in such temperature range and
the constant density after 40 °C indicated the successful formation
of O1. These results demonstrated that DLS could facilitate the in-
vestigation of the dynamic assembly process and revealing of the
important role of the temperature effect.

Moreover, the disassembled process of the formed O1 was also
explored for proving the robustness of DLS strategy. Both the
temperature dependent diameter and scattering intensity curves
showed that the formed O1 was stable below 50 °C. As illustrated
in Fig. S4 (Supporting information), the obvious hysteresis phe-
nomenon of disassembly of O1 could be observed when heated
above 50 °C and a higher temperature transition range from 50
°C to 60 °C has been recorded, which could be attributed to col-
laborative effects that the staples remained to maintain the folded
structure. These results have confirmed that the disassembly pro-
cess of O1 could be also well-monitored by robust DLS method.

To confirm the successful formation of the origami on the DLS
instruments, the sample was characterized by agarose gel elec-
trophoresis and transmission electron microscope (TEM). A tradi-
tional annealing method on PCR instrument (detailed information
in Supporting information) was also employed as a positive con-
trol. The sample prepared on the DLS instrument showed the iden-
tical migration rate with the well-established PCR group in the
agarose gel, which proved the intact structures were formed (Fig.
S5a in Supporting information). Furthermore, as shown in Fig. 1d,
ordered DNA origami structures could be also observed under
TEM, which was comparable to TEM result of PCR group (Fig. S5b
in Supporting information) and well-consistent with the design.
These results demonstrated that the well-defined DNA origami has
been prepared, which further supported the DLS-based data.

To verify the importance of the temperature transition range
as indicated in the temperature dependent intensity curve, we
conducted a series of assembly experiment under constant tem-
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Fig. 1. Self-assembly process of O1 monitored through DLS. (a) Size distribution of O1 at different temperatures during the annealing process. (b) The curves of time
dependent intensity correlation function at different temperatures. (c) Temperature dependent scattering intensity curve during the annealing procedure. (d) TEM image of
01 after annealing process on the DLS instruments. The insert figure showed the schematic morphology of the O1. The scale bar is 200 nm.

a) c) e)
2 ”e = Scattering intensity at 45 °C 2 0o « Scattering intensity at 35 °C am « Scattering intensity at 55 °C
o — Fitting Curve S 750 O 625
S ; xX S o
- 20 .z
2 700 8 - 2
g §wo e o S
E E - . E .
o 600 @ 600{ ou vt * o] L e T ofe% o v
£ £ £ s00 - ’
T e s T
§ ool B % e S 475
0 20 40 60 80 100 120 8 0 20 40 60 80 100 120 § 0 20 40 60 80 100 120

|
|
|
|
|
|
|
|
|
|
| Time / min
| m w—_—
|
|
|
|
|
|
|
|
|

Fig. 2. Self-assembly of O1 at constant temperatures. (a) Time dependent scattering intensity curve during the constant incubation of O1 at 45 °C and (b) its TEM image. (c)
Time dependent scattering intensity curve during the constant incubation at 35 °C and (d) its TEM image. (e) Time dependent scattering intensity curve during the constant

incubation at 55 °C and (f) its TEM image. The scale bar is 200 nm.

peratures and the scattering intensity was constantly monitored
for 2 h. As shown in Fig. 2a, the rapid increase of scattering in-
tensity was observed in the first 40 min at 45 °C, which indicated
the origami was folded rapidly under such temperature (Fig. S6
in Supporting information). After DLS measurement, intact and
shape-defined origami structure could be observed under the TEM
as illustrated in Fig. 2b, which was consistent with the DLS data.
It should be mentioned that, as illustrated in Fig. S7 (Supporting
information), time-dependent formation experiment characterized
at 45 °C was also investigated by TEM, which further proved that
the intact origamis were well-formed after 45 min incubation.
In addition to 45 °C, the incubation at other temperatures in the
detected temperature transition range (50 °C to 40 °C) was also
investigated, and similar results have been observed (Fig. S8 in
Supporting information). On the other hand, under the incubation
below or above the temperature transition range (35 °C and 55 °C),
there was no obvious change in scattering intensity or diameter
during the assembly process (Figs. 2c and e). The TEM experiments

also demonstrated that no regular structures could be observed in
these conditions (Figs. 2d and f). These results demonstrated that
DLS could provide a convenient strategy to the investigate the dy-
namic folding process and the proper temperature transition range
for formation of the origami was also revealed through such tool.
To further demonstrate the versatility of the DLS strategy, a cu-
bic origami (02, 25 nm x 25 nm x 30 nm) and another 3D rod-
like (03, 10 nm x 10 nm x 60 nm) were also investigated (Fig. 3).
The experiments were carried out under identical procedure with
same concentration as O1. As shown in Fig. S9 (Supporting infor-
mation), the 02 showed an obvious change in diameter when the
temperature cooled to 48 °C, and gradual increase in scattering
intensity curve was recorded from 55 °C to 40 °C (Fig. 3a). Simi-
lar results of the origami formation were observed in 03 detected
system (Fig. 3c, Fig. S10 in Supporting information). After detec-
tion, the samples were also studied by TEM and the intact struc-
tures as predesigned were observed in both systems (Figs. 3b and
d). Subsequently, the constant temperature assembly experiments
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Fig. 3. Versatility of DLS strategy to reveal the formation of different origamis. (a, c, e) Temperature dependent scattering intensity curves of 02, 03 and 04, respectively,
during the annealing process. (b, d) TEM images of assembly result of 02, 03 after the annealing procedure, respectively. The insert figures showed the schematic morpholo-
gies of the 02 and 03, respectively. The scale bar is 200 nm. (f) AFM image of 04-based assembly result after DLS-based annealing procedure. The insert figure showed the

schematic morphology of the O4.

were also conducted. Consistent with O1, well-assembled 02 and
03 could be observed in TEM images (Figs. S11 and S12 in Sup-
porting information) after incubation at the selected temperature
(48 °C for 02, 43 °C for 03) or PCR based annealing. These results
further supported that DLS could provide a robust tool to monitor
dynamic assembly of origamis with different morphologies.

In addition to 3D origami structures, we have also applied DLS
to investigate the two-dimensional DNA origami structure. Com-
pared to the rigid 3D structure, a more flexible planar rectangu-
lar origami (04) with 60 nm x 70 nm (Fig. 3) was designed and
the dynamic assembly process was monitored. As shown in Fig. 3e,
04 showed an increase of temperature dependent scattering inten-
sity with a temperature transition range from 65 °C to 45 °C, and
similar change tendency was observed in diameter curve (Fig. S13
in Supporting information). After test, the sample was also stud-
ied by TEM (Fig. S14a in Supporting information), which agreed
well with DLS experiment. It should be noted that under TEM, the
curled structures of 04 could be attributed to the flexible prop-
erty of the 2D origami. Therefore, AFM was also employed and the
shape-defined and uniform nanosheets could be clearly observed
(Fig. 3f). Furthermore, the constant incubation experiments under
55 °C were also conducted and the intact 04 has also been char-
acterized by TEM (Fig. S14b in Supporting information). The results
were well-consistent with the DLS-based TEM result, which further
suggested that the dynamic self-assembly of 2D origami could be
also well-monitored by versatile DLS strategy.

Recently, a DNA brick method has also been proposed to fabri-
cate the defined DNA structures assembly via only short strands,
which was also investigated in our study through DLS. A tar-
geted 3D cubic structure called D1 (Fig. 4a) with a diameter of
15 nm x 15 nm x 35 nm was selected, and 200 nmol/L bricks
were annealing from 80 °C to 25 °C with a constant cooling rate of
1 °C per 20 min. As showed in Fig. 4b, significant change of diam-
eter of D1-based system could be observed at a temperature about
36 °C, which indicated the targeted structure begun to form. The
similar tendency was observed in temperature dependent intensity
curve (Fig. 4c), a temperature transition range from 37 °C to 33
°C could been seen. To confirm the formation under DLS anneal-
ing, TEM characterization was also conducted. As shown in Fig. 4d,
well-defined targeted structure with predesigned size and shape
could be clearly seen.

Furthermore, the time dependent incubation of the bricks un-
der 35 °C was also studied by DLS and characterized by agarose gel

electrophoresis. As shown in Fig. S15 (Supporting information), lit-
tle intensity change was recorded at the first 2 h. The scattering in-
tensity dramatically increased from 3 h to 6 h, and then stabilized
at constant value. Consistent with the DLS result, a weak band of
targeted DNA nanostructure could be found (Fig. S16 in Support-
ing information) after 2 h incubation, and the yield was obviously
increased after 6 h incubation. With further incubation to 8 h, the
yield of D1 comparable to that of PCR group could be achieved. To
prove indeed formation of the intact D1, the samples were further
studied by TEM. As shown in Fig. S17 (Supporting information), the
small proportion of well-formed D1 could be seen after 2 h, but in-
creased yield could be observed with further incubation to 6 h, and
comparable yield to PCR could be achieved with further incubation
to 8 h. Compared to the assembly mediated by long scaffold, the
relative low formation speed of D1 indicated that the assembly of
the small bricks underwent a different pathway, which was also
consistent with the previous assumption that sparse and slow nu-
cleation was involved, then followed by fast growth to the intact
assembly [43]. These results suggested that DLS could be also uti-
lized to monitor the relatively slow assembly process of the DNA
bricks, which has been proven to be a versatile method to investi-
gate the assembly process of different DNA nanostructures.

In conclusion, we have applied DLS to investigate the dynamic
assembly process of DNA nanostructures including DNA origami
and DNA bricks. Both the temperature dependent size and scatter-
ing intensity curves have been analyzed, and the increased aver-
age diameters and intensity have been detected upon the anneal-
ing process of the DNA origami. While the size curve of DLS di-
rectly reflects the size change of the particles with temperature,
the scattering intensity curve provides the combined information
of particle density, size distribution and scattering ability. There-
fore, the transition range in the intensity mode may indicate the
gradual formation of the intact DNA origami in such temperature
region. Benefiting from the information of DLS, a rapid and easy
assembly strategy of DNA origami in half an hour has been op-
timized under a constant temperature. Furthermore, the assem-
bly process of the DNA bricks-based nanostructures has also been
investigated through DLS. While similar transition range has also
been observed, the constant annealing assembly results indicated
a more complex pathway, where a potential slow and subtle nu-
cleation process might be involved. Our results have demonstrated
that DLS could facilitate the investigation of the dynamic assem-
bly process of the DNA nanostructures. The DLS technology has
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Fig. 4. DLS monitored self-assembly process of DNA bricks. (a) The schematic planar rectangular structure of D1. (b) Temperature dependent diameter curve of D1. (c)
Temperature dependent scattering intensity curve of D1. (d) TEM image of D1-based assembly result after DLS-based annealing procedure. The scale bar is 200 nm.

been demonstrated to provide label-free, robust and convenient
tool to study the dynamic process of the complex DNA assembly.
Furthermore, the manipulation of the DLS is unsophisticated and
the structure information can be obtained simultaneously upon the
dimension transition, which will reveal more accurate and use-
ful clues for analyzing the dynamic assembly. While more efforts
should be paid in understanding the DLS data for complex system,
it can still be anticipated that, combined with fluorescence reso-
nance energy transfer (FRET) and cryogenic electron microscopy
(cryo-EM), more effective information could be achieved, which
will benefit understanding the mechanism of self-assembly of DNA
nano-structures.
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