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SI1. SAXS analysis 

SI1.1. SAXS measurement conditions  

 

Figure S1. Schematic illustrations of the SAXS experimental setup: (a) overall setup, (b) DNA-

NP dispersion in a capillary tube at a temperature higher than the melting temperature of DNA-

NPs, (c) hydrated DNA-NP aggregates in a buffer solution, (d) dehydrated DNA-NP aggregates 
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on PEEK films at room temperature, and (e) the sample for drying time-series SAXS 

measurements. 

 

SI1.2. Background correction and fitting of the form factor 

During SAXS measurement, the measured scattering intensities included the scattering from 

the capillary tube or polymer film, as well as the scattering from nanoparticle aggregates and 

dispersion. To remove the effect attributable to scattering from the capillary tube or polymer film, 

we fitted the experimental scattering intensities using a theoretical formula. We removed the 

background intensity, such that the measured scattering intensity approached the intensity 

suggested with the theoretical formula using a wide angle, that is, a high 𝑞𝑞  area. The 

background-corrected scattering intensities 𝐼𝐼s,bg(𝑞𝑞) were calculated as follows [1]:  

𝐼𝐼s,bg(𝑞𝑞) =
𝐼𝐼s
𝑇𝑇s
− 𝐵𝐵

𝐼𝐼bg
𝑇𝑇bg

 (SI1.1) 

Here, 𝐼𝐼s is the scattering intensity measured from nanoparticle aggregates or dispersed particles, 

and the background intensity is represented by 𝐼𝐼bg. 𝑇𝑇s and 𝑇𝑇bg represent the transmittance at the 

time of measurement of 𝐼𝐼s and 𝐼𝐼bg, respectively. 𝐵𝐵 is the background coefficient, which is the 

parameter used for fitting in this case; this coefficient depends on a capillary tube or the polymer 

film. The theoretical form factor is written as follows: 

𝐹𝐹(𝑞𝑞) = 4𝜋𝜋𝜋𝜋(Δ𝑝𝑝)2 � 𝑉𝑉2Φ(𝑞𝑞,𝑅𝑅)2𝐺𝐺(𝑅𝑅,𝜎𝜎, 𝜇𝜇)𝑑𝑑𝑅𝑅
∞

0
(SI1.2) 

Here, 𝜋𝜋 is the total number of nanoparticles, Δ𝑝𝑝 is the difference between the scattering length 

density of nanoparticles and that of the environmental substance, which is the buffer solution in 

the capillary tube or air on the polymer film; 𝑉𝑉  is the volume of a nanoparticle; Φ  is the 



 4 

theoretical formula for the scattering from spherical particles; 𝐺𝐺 is the particle size distribution, 

upon assuming the application of the Gaussian function here.  

Φ(𝑞𝑞,𝑅𝑅)2 = �3
sin(𝑞𝑞𝑅𝑅) − (𝑞𝑞𝑅𝑅) cos(𝑞𝑞𝑅𝑅)

(𝑞𝑞𝑅𝑅)3 �
2

(SI1.3) 

Here, 𝑞𝑞 is the scattering vector, and 𝑅𝑅 is the particle radius. 

𝐺𝐺(𝑅𝑅,𝜎𝜎, 𝜇𝜇) =
1

√2𝜋𝜋𝜎𝜎2
exp�−

(𝑅𝑅 − 𝜇𝜇)2

2𝜎𝜎2
� (SI1.4) 

Here, 𝜎𝜎 is the standard deviation of the nanoparticle radius and 𝜇𝜇 is the average nanoparticle 

radius; these are parameters used for fitting. Therefore, the theoretical formula is as follows:  

𝐹𝐹(𝑞𝑞) = 𝐴𝐴� �
4
3
𝜋𝜋𝑅𝑅3�

2

�3
sin(𝑞𝑞𝑅𝑅) − (𝑞𝑞𝑅𝑅) cos(𝑞𝑞𝑅𝑅)

(𝑞𝑞𝑅𝑅)3 �
2

�
1

√2𝜋𝜋𝜎𝜎2
� exp�−

(𝑅𝑅 − 𝜇𝜇)2

2𝜎𝜎2
�𝑑𝑑𝑅𝑅

∞

0
(SI1.5) 

Here, 𝐴𝐴  represents the amplitude of intensity, including 4𝜋𝜋𝜋𝜋(Δ𝑝𝑝)2 , and other experimental 

parameters, which are parameters used for fitting. We determined the parameters 𝐴𝐴, 𝜎𝜎, 𝜇𝜇, and 𝐵𝐵, 

by fitting and removing the effect of background intensity. 

 

SI1.3. Crystal structural analysis 

The arrangement of nanoparticles was revealed by the analysis of the structure factor peak 

positions and their ratios (𝑞𝑞ℎ𝑘𝑘𝑘𝑘/𝑞𝑞1); here, 𝑞𝑞ℎ𝑘𝑘𝑘𝑘 is the diffraction peak position on each index and 

𝑞𝑞1 is the first peak position. Based on Bragg’s law, we determined the crystal structure 𝑞𝑞ℎ𝑘𝑘𝑘𝑘/

𝑞𝑞1 = √1:√2:√3:√4:√5:√6:√7  in the bcc and 𝑞𝑞ℎ𝑘𝑘𝑘𝑘/𝑞𝑞1 = √3:√4:√8:√11:√12:√16:√19  in 

the fcc systems. The lattice spacing of the superlattices 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 was determined to be as follows: 

𝑑𝑑ℎ𝑘𝑘𝑘𝑘 =
2𝜋𝜋
𝑞𝑞ℎ𝑘𝑘𝑘𝑘

(SI1.6) 

For the cubic crystal system, the lattice constant 𝑎𝑎 is determined using the following relationship: 
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1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘

2 =
ℎ2 + 𝑘𝑘2 + 𝑙𝑙2

𝑎𝑎2
 (SI1.7) 

In this study, the lattice constant 𝑎𝑎 is the average value calculated from each peak position. 

The inter-particle distance 𝐷𝐷c, which indicates the nearest neighbor distance between the centers 

of the AuNPs, is represented as follows: 

𝐷𝐷c =

⎩
⎪
⎨

⎪
⎧√3

2
𝑎𝑎 (𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

√2
2
𝑎𝑎 (𝑓𝑓𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

(SI1.8) 

The inter-surface distance 𝐷𝐷s indicates the nearest neighbor distance between the surfaces of 

AuNPs as follows: 

𝐷𝐷s = �𝐷𝐷c −
(𝑟𝑟A + 𝑟𝑟B) (𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

𝐷𝐷c − 2𝑟𝑟A (𝑓𝑓𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) (SI1.9) 

Here, 𝑟𝑟A and 𝑟𝑟B  are the average radius values of the inorganic core AuNP A and AuNP B, 

calculated from the fitting parameters. Moreover, the inter-surface distance is the approximate 

length of DNA strands that contribute to the binding of nanoparticles with each other. 

The unit cell contained one DNA-AuNP A and one DNA-AuNP B for the bcc system, and it 

contained four DNA-AuNP A for the fcc system. Therefore, the nanoparticle volume fraction per 

unit cell, 𝜙𝜙, is determined by the following relationship: 

𝜙𝜙 = �

1
𝑎𝑎3
�
4𝜋𝜋
3

(𝑟𝑟A3 + 𝑟𝑟B3)� (𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

1
𝑎𝑎3
�
4𝜋𝜋
3
𝑟𝑟A3 × 4� (𝑓𝑓𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

(SI1.10) 

Not all theoretical peaks were observed in the measured structure factor, specifically in wide-

angle areas. To compare the measured structure factors with theoretical structure factors, we 

calculated the theoretical structure factor of a perfect crystal as follows: 
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𝑆𝑆(𝑞𝑞)theory = �
1

4𝜋𝜋𝑞𝑞ℎ𝑘𝑘𝑘𝑘2
𝑠𝑠ℎ𝑘𝑘𝑘𝑘𝛿𝛿(𝑞𝑞 − 𝑞𝑞ℎ𝑘𝑘𝑘𝑘) (SI1.11) 

Here, 𝛿𝛿(𝑞𝑞) is the delta function and 𝑠𝑠ℎ𝑘𝑘𝑘𝑘 is the multiplicity of the reflection [ℎ𝑘𝑘𝑙𝑙].  

 

SI1.4. Fitting results of diffractions from SAXS profiles 

For the analysis of crystal imperfection, we distinguished the influence of the crystallite size 

from the influence of the lattice distortion using SEM data and SAXS profiles. Using the powder 

X-ray diffraction method, the Voigt function, pseudo-Voigt function, and Pearson VII function 

are generally used for profile functions [2, 3]. The pseudo-Voigt function is also used for the 

fitting of SAXS profiles [4]. Therefore, we adopted the pseudo-Voigt function, which is the sum 

of the Gaussian function and the Lorentzian function, as a peak profile function. The broadening 

of the peak width is attributable to instrument factors (X-ray beam divergence, energy bandwidth, 

and geometrical influence), single crystal domain (crystallite) sizes of the superlattices, and 

mainly the distortion in the superlattices. In general, the crystallite size contributes to the 

broadening of the Lorentzian function peak width, and the instrument factors and the distortion 

contribute to that of the Gaussian function peak width. The pseudo-Voigt function is as follows:  

𝑃𝑃(𝑞𝑞) = 𝐴𝐴dif �𝜂𝜂
𝜎𝜎L 𝜋𝜋⁄

(𝑞𝑞 − 𝑞𝑞ℎ𝑘𝑘𝑘𝑘)2 + 𝜎𝜎L2
+ (1 − 𝜂𝜂)

1
�2𝜋𝜋𝜎𝜎G2

exp�−
(𝑞𝑞 − 𝑞𝑞ℎ𝑘𝑘𝑘𝑘)2

2𝜎𝜎G2
�� + 𝐵𝐵dif (SI1.12) 

where 𝐴𝐴dif is the amplitude, 𝑞𝑞ℎ𝑘𝑘𝑘𝑘 is the peak position, 𝜎𝜎L and 𝜎𝜎G are standard deviations, 𝜂𝜂 is the 

ratio of the Gaussian to the Lorentzian function and 𝐵𝐵dif is the background. The integral widths 

of the Lorentzian and Gaussian functions are represented as 𝛽𝛽L = 𝜋𝜋𝜎𝜎L  and 𝛽𝛽G = √2𝜋𝜋𝜎𝜎G . 

However, it is impossible to accurately fit values without any limitations.  

In order to set limitations for peak fitting, we measured the crystallite sizes of the superlattices 

from SEM images and estimated the peak widths attributed to the crystallite sizes. SEM 
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observation determined crystallite sizes of dehydrated superlattices in bcc system and the number 

of {110} planes was calculated from the lattice spacing (Table S1). Although DNA-AuNP 

aggregates using smaller nanoparticles (7.9 nm and 13.6 nm) were rounded form, we defined 

crystallite sizes as these diameters from SEM images. On the other hand, determination of 

crystallite sizes of fcc superlattices is difficult because their shapes were not equilibrium shape, 

i.e. truncated octahedron. Additionally, in fcc system, the superlattices contained stacking faults, 

twinning and layers of hexagonal close-packed (hcp) lattices. Our observations clarified that 

sizes of fcc superlattices were between 500 nm and a few microns. For the above reasons, we 

assumed that fcc superlattices have coherent single lattices of approximately 40 layers of {111} 

planes in this study. We adopted 40 layers as initial conditions for crystallite sizes in fcc system, 

and each fitting area was set near the peak top to remove the effect of {200} planes. 

Peak broadening attributed to the crystallite size was estimated using the following Scherrer’s 

equation. 

𝛽𝛽size =
2𝜋𝜋𝜋𝜋
𝜏𝜏ℎ𝑘𝑘𝑘𝑘

 (SI1.13) 

Here, 𝜋𝜋 is the Scherrer constant, and 𝜏𝜏ℎ𝑘𝑘𝑘𝑘 is the length in the [hkl] direction, which is of the 1D 

crystallite size. Ignoring the crystallite shape and [hkl] dependence, the Scherrer constant 𝜋𝜋 is 

generally 1 when the peak width is equal to the integral width of the diffraction peak. Since 

electron microscopy is generally unable to measure the sizes of hydrated superlattices in a buffer 

solution, the crystallite sizes of the hydrated superlattices were calculated from those of the 

dehydrated superlattices because the number of layers of lattice planes did not change after 

dehydration. 

𝜏𝜏ℎ𝑘𝑘𝑘𝑘,h = 𝜏𝜏ℎ𝑘𝑘𝑘𝑘,d
𝑎𝑎h
𝑎𝑎d

 (SI1.14) 
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Here, 𝜏𝜏ℎ𝑘𝑘𝑘𝑘,h and 𝜏𝜏ℎ𝑘𝑘𝑘𝑘,d are the crystallite sizes of the hydrated and dehydrated superlattices, while 

𝑎𝑎h and 𝑎𝑎d are the lattice constants of the hydrated and dehydrated superlattices. The peak width 

of the Lorentzian function is estimated to be approximately equal to the value calculated using 

Scherrer’s equation (𝛽𝛽L ≈ 𝛽𝛽size). We fitted the first peak of the structure factor in such a manner 

that the peak width of the Lorentzian function was approximately equal to the estimated value. 

From the above equation, we accurately determined the parameters 𝑞𝑞ℎ𝑘𝑘𝑘𝑘 , 𝜎𝜎L , and 𝜎𝜎G . 

Furthermore, when the integral widths of the diffraction peaks were greater than 0.05 nm-1 

during this study, the g factor did not change by 0.01, even if the crystallite size was twice as 

erroneous. 

Next, we considered that the instrument factor was derived from the broadening of the X-ray 

and detector errors. The peak width attributed to the instrument factor 𝛽𝛽inst contributes mainly to 

the determination of three values. 

𝛽𝛽inst2 = 𝛽𝛽geo2 + 𝛽𝛽BW2 + 𝛽𝛽div2  (SI1.15) 

Here, 𝛽𝛽geo, 𝛽𝛽BW, 𝛽𝛽div are the widths contributing to the geometry, energy bandwidth, and X-ray 

beam divergence, respectively. In this study, the beam divergence is negligible as the divergence 

angle is small. 

𝛽𝛽geo =
2𝜋𝜋
𝜆𝜆
𝑤𝑤
𝐿𝐿

tan2𝜃𝜃ℎ𝑘𝑘𝑘𝑘 ≈  
4𝜋𝜋
𝜆𝜆
𝑤𝑤
𝐿𝐿D

𝜃𝜃ℎ𝑘𝑘𝑘𝑘 (SI1.16) 

𝛽𝛽BW =
2𝜋𝜋
𝜆𝜆
2Δ𝐸𝐸
𝐸𝐸

tan𝜃𝜃ℎ𝑘𝑘𝑘𝑘 ≈  
4𝜋𝜋
𝜆𝜆
Δ𝐸𝐸
𝐸𝐸
𝜃𝜃ℎ𝑘𝑘𝑘𝑘  (SI1.17) 

Here, 𝜆𝜆 is the X-ray wavelength, 𝑤𝑤 is the X-ray spot diameter on a detector, 𝐿𝐿D is the sample-to-

detector distance, 𝜃𝜃ℎ𝑘𝑘𝑘𝑘 is the diffraction angle, and 𝛥𝛥𝐸𝐸 ⁄ 𝐸𝐸 is the energy bandwidth. In this study, 

the wavelength was 0.11 nm, the sample-to-detector distance was 1 m, the dimensions at half 

maximum of the spot diameter were approximately 0.2 mm × 0.2 mm at the detector position, 
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and the energy bandwidth was approximately 10-4. The instrument factor is assumed to be a 

Gaussian function. The integral width attributed to lattice distortion 𝛽𝛽dist can be determined as 

follows: 𝛽𝛽dist2 = 𝛽𝛽G2 − 𝛽𝛽inst2 . 

Fitting results of diffraction peaks characterize DNA-AuNP superlattices. Figure S2 shows 

fitting results of diffraction peaks. Blue and red plots represent measured structure factors 

obtained from SAXS profiles, and black curves represent fitting curves. The number of layers of 

{110} planes for bcc system were calculated from fitting parameter 𝜎𝜎L of diffraction peaks. We 

confirmed that these values converged close to those from SEM observation in Table S1 and 

Table S2. Additionally, we also compared the effect of distortion, crystallite size and instrument 

factors such as geometry and energy bandwidth. The comparison of integral widths attributed to 

distortion, crystallite size and instrument factor shows that the widths of distortions have 

different orders of magnitude in other contributions (Figure S3). This result also shows that the 

contributions of instrument factors are negligible. The contribution of crystallite sizes is not 

dominant for the peak width. It is important to note that the contributions of crystallite sizes 

might affect this analysis when the crystallite sizes are smaller than 500 nm or g factors are 

smaller than 0.04 (4%). In fcc system, the number of {111} planes converged close to 44 layers. 

In this study, we assumed that DNA-AuNP superlattices are paracrystals, not considering the 

strain field due to defects such as vacancies, dislocation and stacking faults, and mosaicity. 

Although dislocations and vacancies to alleviate lattice strain were discovered in thin films of 

DNA-NP superlattices, dislocation behavior is still unclear [5]. Developing a method for the 

analysis of detailed local crystal structure is required for defect detection and a more precise 

strain evaluation in future studies. 
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Table S1. Crystallite sizes of dehydrated DNA-AuNP bcc superlattices measured from SEM 

images. 

AuNP diameter 

(nm) 

Average crystallite 

size (nm) 

Standard error of 

crystallite size (nm) 

The number of layers 

of {110} planes 

Number of 

samples 

7.9 673 ±25.3 65 24 

13.6 853 ±48.6 52 27 

16.1 924 ±32.6 50 91 

19.0 858 ±29.2 40 88 

 

 

 

Figure S2. Fitting results of diffraction peaks of hydrated (blue) and dehydrated (red) samples 

for bcc system (a–d) and fcc system (e–h). 
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Table S2. The number of layers of {110} planes for bcc system calculated from fitting results of 

diffraction peaks. 

AuNP diameter (nm) Hydrated Dehydrated 

7.9 63 62 

13.6 54 54 

16.1 50 50 

19.0 41 41 

 

 

 

Figure S3. The comparison of integral widths 𝛽𝛽 attributed to the distortion, crystallite size and 

instrument factor for (a) bcc system and (b) fcc system. Blue and red plots represent the values of 

the integral widths of first peak of hydrated and dehydrated states. Circle, triangle and cross plots 

represent the distortion, crystallite size and instrument error, respectively. The integral width of 

the distortion is much higher than that of crystallite size, and that of instrument error is negligible.  
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SI2. Influence of drying conditions and measurement methods on structural changes 

Drying conditions such as drying time, temperature, humidity, amount of droplets, and 

substrate type, and measurement conditions such as in air or vacuum, generally affect the 

structures of dehydrated DNA-AuNP aggregates. The samples for SAXS measurements and 

those for SEM observations were prepared under different conditions as follows: the samples for 

SAXS were dried on PEEK films, while those for SEM were dried on osmium-coated glass 

slides and observed in a vacuum. The solvent evaporation rates were probably different. 

Moreover, SAXS measurements and SEM observations were conducted under different 

conditions. SAXS can be conducted in air and the scattering and diffraction from the X-ray 

transmission region can be observed over a wider area, which was approximately 0.2 mm × 

0.2 mm in this case. Therefore, the analysis of SAXS diffraction data provides information about 

the average structure of samples, which do not reflect local structures. On the other hand, SEM 

entirely images the local structure of the crystal surface of each crystal, which does not reflect 

the average structure samples.   

 However, the results from SAXS and SEM data showed no significant difference. For 

example, the dehydrated samples with sharp diffractions in SAXS patterns corresponded to 

faceted polyhedra with ordered nanoparticle arrangements in SEM images.   

To check the differences between values measured by SAXS and SEM in detail, we compared 

the inter-particle distances from the SEM image 𝐷𝐷c,SEM and SAXS pattern 𝐷𝐷c,SAXS (Table S3). 

The inter-particle distances of the SEM images were analyzed on a nearly horizontal surface 

using ImageJ [6, 7]. Table S3 shows the average inter-particle distances determined from the 

distributions of the inter-particle distance. Specifically, in the case of using 7.9 nm AuNPs, the 

inter-particle distance of SAXS patterns could not be calculated accurately by crystallographic 
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analysis because both of SAXS patterns and SEM images revealed that the dehydrated DNA-

AuNP aggregates were disordered. Except when using 7.9 nm AuNPs, the inter-particle 

distances of the SEM images were about 1 nm smaller than those of SAXS patterns. This is 

because the crystal planes used for the analysis were not completely horizontal, and the distance 

between two points on a tilted surface was generally smaller than that on a horizontal surface.  

Despite different drying methods and different measurement conditions, SAXS patterns and 

SEM observations indicate almost the same results. Therefore, the contributions of the drying 

methods and the measurement conditions were negligible in this study. It is considered that the 

difference in solvent evaporation rate did not affect the structural change in the superlattices 

during the dehydration process.  

 

Table S3. Comparison between inter-particle distances of DNA-NP superlattices measured from 

SEM images and those from SAXS diffraction data. 

AuNP diameter (nm) Crystal structure 𝐷𝐷c,SEM (nm) 𝐷𝐷c,SAXS (nm) 

7.9 bcc 13.6 12.6 

13.6 bcc 18.2 20.3 

16.1 bcc 21.4 22.5 

19.0 bcc 24.0 26.0 

7.9 fcc 13.2 13.5 

13.6 fcc 19.2 20.4 

16.1 fcc 21.9 22.7 

19.0 fcc 24.5 25.6 
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SI3. Geometric calculation for the area in which nanoparticles can move 

The inter-particle potential in DNA-NP superlattices can be attributed to the steric repulsion of 

DNA strands (𝑈𝑈steric ), van der Waals attraction between core nanoparticles (𝑈𝑈vdw ), and 

electrostatic repulsion between DNA-NPs (𝑈𝑈el). The total inter-particle potentials are represented 

as: 

𝑈𝑈total = 𝑈𝑈steric + 𝑈𝑈vdw + 𝑈𝑈el (SI3.1) 

DNA-NP superlattices were observed under certain Na ion concentrations as counter ions of 

DNA strands; thus, as the buffer solution evaporated, the Na ion concentration increased. The 

screening length of the core AuNP 𝜅𝜅−1 (𝜅𝜅−1 = 0.304/√𝐼𝐼, where 𝐼𝐼 represents the ionic strength, 

depended on the Na ion concentration.) decreased, and the electrostatic repulsion was negligible. 

Steric potential is represented by the expression of Alexander-de Gennes (AdG) [8]. 

𝑈𝑈steric ≈
100𝑟𝑟𝐿𝐿ADNA2Γ

3
2

𝜋𝜋𝐷𝐷𝑠𝑠
𝑘𝑘B𝑇𝑇exp �−

𝜋𝜋𝐷𝐷𝑠𝑠
𝐿𝐿ADNA

�  (SI3.2) 

Here, 𝐷𝐷s is the inter-surface distance, while 𝑟𝑟, the radius of the inorganic core nanoparticle, is 

4.0 nm for smaller nanoparticles and 9.5 nm for larger nanoparticles; 𝐿𝐿ADNA is half the thickness 

of the DNA strands between nanoparticles in the hydrated state, and represents the half value of 

the inter-surface distance from A-DNA. The coverage ratio of DNA strands, Γ , is approximately 

0.2 strands/nm2 [9], while 𝑘𝑘B is the Boltzmann constant, and 𝑇𝑇 is the room temperature, that is, 

25°C. The van der Waals potential was calculated using the following equation [10]: 

𝑈𝑈vdw = −
𝐴𝐴H
3
�

𝑟𝑟2

(𝐷𝐷𝑠𝑠 + 2𝑟𝑟)2 − 4𝑟𝑟2
+

𝑟𝑟2

(𝐷𝐷𝑠𝑠 + 2𝑟𝑟)2 +
1
2

ln�
(𝐷𝐷𝑠𝑠 + 2𝑟𝑟)2 − 4𝑟𝑟2

(𝐷𝐷𝑠𝑠 + 2𝑟𝑟)2 �� (SI3.3) 

Here, 𝐴𝐴H  is the Hamaker potential, whose value is approximately 1.56 eV for gold-gold 

attraction [11]. Figure S4 shows the inter-particle potentials between the core nanoparticles. The 

van der Waals attraction is negligible because it is much lower than the steric potential. 
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Therefore, we determined that steric repulsion is the most dominant of the different types of 

potentials. Inter-particle potentials were calculated from the AdG expression level after 

considering the first and second nearest neighboring nanoparticles.  

 

 

 

 

Figure S4. Inter-particle potential of Au nanoparticles. The purple and green curves indicate the 

steric potential and van der Waals potential. The van der Waals potential is negligible compared 

to the steric potential.  
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SI4. Dynamic force applying to nanoparticles during dehydration process 

Driving forces behind drying shrinkage are considered to be mainly capillary force due to the 

formation of a liquid meniscus and shrinkage force with decreasing disjoining pressure during 

solvent evaporation. However, their roles are still unclear during the drying process of DNA-NP 

superlattices. Here, we discuss the shrinkage forces acting on the contraction of the DNA-NP 

superlattice. Basically, the steric potential discussed in the main text is a repulsive potential and 

plays a role in stabilizing the ordered structure against the shrinkage force. Taking into account 

the nanoparticle volume, energy densities of steric repulsions are approximately 10-1 MPa for 

large nanoparticle systems and about 10-2 MPa for small nanoparticle systems. Shrinkage 

attraction should be higher than steric repulsion for contraction of the superlattices. We assumed 

that most DNA strands might be compressed and lying on a nanoparticle because they have 

flexible ssDNA spacers (8 bases) and rigid DNA duplexes (18 bp and 6 bp for bcc system or 

4 bp for fcc system), even though inter-surface distances of the dehydrated superlattices were 

between 4.7 and 7.0 nm. The driving force of contraction of DNA-NP superlattices is considered 

to be attributable to capillary force in a higher relative humidity range and shrinkage force with a 

decrease in disjoining pressure in the lower relative humidity range.  

First, we calculated the capillary force due to the meniscus between nanoparticles by Young-

Laplace equation and Kelvin equation. As it is known that nanopores smaller than approximately 

5 nm form rarely due to the effect of water adsorption on polymers, we assumed that the 

minimum pore radius is 5 nm. In fact, rigorous prediction of meniscus geometry is difficult, and 

the pore size cannot be accurately determined. In this study, we calculated roughly and estimated 

an order of magnitude of the shrinkage pressure. The capillary pressure 𝑃𝑃l is represented as: 

𝑃𝑃l =
𝜌𝜌w𝑅𝑅𝑇𝑇
𝑀𝑀w

ln �
𝑝𝑝
𝑝𝑝∗
� =

2𝛾𝛾
𝑟𝑟m

 (SI4.1) 
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where 𝜌𝜌w is the mass density of water (997 kg/m3), 𝑀𝑀w is the molar mass of water (18 g/mol), 𝑅𝑅 

is the universal gas constant, 𝑇𝑇 is the temperature (300 K), 𝑝𝑝 𝑝𝑝∗⁄  is the relative humidity (RH), 

𝑟𝑟m is the radius of the meniscus curvature and 𝛾𝛾 is the surface tension of water (72.75 mN/m). 

Our calculation indicated that the meniscus radius was less than the pore radius under 80% RH, 

meaning that capillary force due to the formation of the meniscus did not exist. However, the 

capillary force was between 1 MPa and 30 MPa over 80% RH, which is sufficiently high to 

shrink the superlattices. However, there is usually a thin gas film of water vapor in the vicinity of 

the wet material surface, thus, rigorous prediction of relative humidity requires consideration of 

gas flow around a meniscus. In addition, liquid water flux is also an important factor in the 

dehydration process of wet materials, therefore, we must focus on these dynamics in our future 

studies. 

Next, we considered an increase in shrinkage force with decreasing disjoining pressure due to 

solvent evaporation. Disjoining pressure plays an important role in the contraction and expansion 

of soft and wet materials such as polymer gels. In the equilibrium state of water evaporation, 

disjoining pressure is balanced by the attractive pressure, i.e. van der Waals force. The driving 

force of contraction, shrinkage force, increases with decreasing disjoining pressure due to lower 

relative humidity during solvent evaporation. Additionally, the effect of decreasing disjoining 

pressure is dominant in the case of absence of the meniscus, that is, under 80% RH [12] and acts 

as a shrinkage force between a solid substrate and polymers [13]. In our study, we considered 

that DNA strands were lying on the surface of a nanoparticle because of this pressure, which is 

attributable to the existence of a thin water film. Disjoining pressure is the sum of various inter-

surface forces; here, we assumed that van der Waals interaction between a DNA strand and the 

surface of the nanoparticle is dominant.  
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ΠD(𝛿𝛿D) ≈ Πvdw =
𝐴𝐴D

6𝜋𝜋𝛿𝛿D
3  (SI4.2) 

where 𝐴𝐴D is the Hamaker constant (10-21 –10-19 J) between general polymer and nanoparticle, and 

𝛿𝛿D is the thickness of the thin water layer (~1 nm). Then, the shrinkage pressure between a DNA 

strand and a nanoparticle is approximately 0.05–5 MPa. Furthermore, an attractive force 𝑓𝑓D (in 

units J/m) from a DNA bond is integral of all water layers thinner than 5 nm in a DNA bond.  

𝑓𝑓D = �ΠD(𝛿𝛿D)𝑑𝑑𝑑𝑑 (SI4.3) 

where 𝑑𝑑 is the surface area of the thin water layer. The total attractive pressure (in units J/m3) of 

DNA bonds between a pair of nanoparticles is multiplied by the number of DNA bonds 𝜋𝜋b. Thus, 

the total shrinkage pressure is represented by the following equation:  

ΠD,total = 𝜋𝜋b𝑓𝑓D 𝑆𝑆cross⁄ (SI4.4)

where 𝑆𝑆cross is the cross-sectional area of a sphere nanoparticle received by the attractive force 

(𝑆𝑆cross = 𝜋𝜋(𝑟𝑟 sin𝜃𝜃teth)2 , where 𝑟𝑟  is the core nanoparticle radius and 𝜃𝜃teth  is the angle in 

Figure S7, the angle 𝜃𝜃teth varies with particle size). Here, we calculated the number of DNA 

bonds which bind a pair of nanoparticles. 

𝜋𝜋b = 4𝜋𝜋𝑟𝑟2ΩΓ (SI4.5) 

where Γ is the coverage rate of DNA strands on a nanoparticle, Ω is the ratio of the overlap area 

of DNA sticky ends to the total surface area of DNA-NP (where Ω = (1 − cos 𝜃𝜃teth)/2 ), almost 

corresponding to the ratio of the surface area where DNA strands are related to a pair of DNA 

bonds modified to the surface area of the core nanoparticle. Based on complementary contact 

model (CCM), the ratio Ω is represented by geometrical calculation [14].  

Ω =
1
2
�1 −

𝐷𝐷c
2𝑅𝑅hyd

�  (SI4.6) 
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where 𝐷𝐷c  is the inter-particle distance between the center of nanoparticles and 𝑅𝑅hyd  is 

hydrodynamic radius of DNA-AuNP, which includes the length of DNA strands. The maximum 

value of the ratio Ω depends on the coordination number 𝜋𝜋c( Ω ≤ 1 𝜋𝜋c⁄ , where the coordination 

number is 8 for bcc system and 12 for fcc system.). Furthermore, using the ratio Ω, the cross-

sectional area is represented as 𝑆𝑆cross = 4𝜋𝜋𝑟𝑟2Ω(1 − Ω). Thus, the total shrinkage pressure is 

rewritten as:  

ΠD,total =
Γ𝑓𝑓D

1 − Ω
 (SI4.7) 

Although an accurate estimation of the shrinkage pressure ΠD is difficult, the shrinkage force 

per DNA strand 𝑓𝑓D might have almost the same value owing to the use of the same combination 

of DNA sequences. Consequently, the total shrinkage pressure ΠD,total depends on the ratio Ω. 

The value of the ratio Ω decreases with increasing nanoparticle size, which indicates that lower 

shrinkage pressure applies to larger nanoparticles, in contrast, higher pressure applies to smaller 

nanoparticles (Figure S7). Here, we assumed that the water layer thickness is approximately 

1 nm and there are several water thin layers per a DNA bond, and Γ is 0.2 strands/nm2 [9]. Our 

rough calculation indicated that the total shrinkage pressure is 0.1–102 MPa, which is sufficiently 

high to shrink DNA-NP superlattices against steric potential.  

Finally, we concluded that the capillary pressure depends on the relative humidity and the 

effect of disjoining pressure depends on the nanoparticle size. These pressures compress DNA-

NP superlattices against steric repulsion during solvent evaporation. Our estimations revealed 

that larger nanoparticles are subjected to lower attractive shrinkage pressure and relatively higher 

steric repulsion for stabilizing lattice symmetries. In contrast, smaller nanoparticles are subjected 

to higher attraction and lower repulsion. Consequently, it explains our experimental results that 

DNA-AuNP superlattices with larger nanoparticles tend to maintain their symmetries. 
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Figure S5. Capillary pressure and the liquid meniscus radius between nanoparticles. Red and 

blue curve represent capillary pressure and meniscus radius, respectively. Capillary pressure 

cannot be calculated under 80% RH because a nanopore smaller than 5 nm in radius cannot form.  
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Figure S6. (a) Schematic drawing of shrinkage pressure, i.e. van der Waals force, and disjoining 

pressure at the area of a flexible ssDNA spacer attached on a surface of a nanoparticle. Water 

molecules between the DNA strand and the surface evaporate during the dehydration process, 

and then a water layer becomes thin. Accordingly, the DNA strand is compressed and lying on 

the surface. (b) Schematic drawing of the geometric relationship between a pair of DNA-NPs. 

The red area represents the cross-sectional area of the core nanoparticle.  
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Figure S7. The ratio of overlap surface area to total surface area on each nanoparticle radius. 

Blue and red curves represent the ratio for bcc and fcc systems, respectively. The ratio for bcc 

system decreases with increasing nanoparticle radius. The ratio for fcc system is constant under 

about 8 nm in radius, which indicates that all DNA strands can bind geometrically.  
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