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ABSTRACT: Self-assembly processes, while promising for enabling the fabrication of complexly 

organized nanomaterials from nanoparticles, are often limited in creating structures with 

multiscale order. These limitations are due to difficulties in practically realizing the assembly 

processes required to achieve such complex organizations. For a long time, a hierarchical assembly 

attracted interest as a potentially powerful approach. However, due to the experimental limitations, 

intermediate-level structures are often heterogeneous in composition and structure, which 

significantly impacts the formation of large-scale organizations. Here, we introduce a two-stage 

assembly strategy: DNA origami frames scaffold a coordination of nanoparticles into designed 3D 

nanoclusters, and then these clusters are assembled into ordered lattices whose types are 

determined by the clusters’ valence. Through modulating the nanocluster architectures and inter-

cluster bindings, we demonstrate the successful formation of complexly organized nanoparticle 

crystals. The presented two-stage assembly method provides a powerful fabrication strategy for 

creating nanoparticle superlattices with prescribed unit cells. 

INTRODUCTION 

DNA-guided crystallization of inorganic nanoparticles (NPs) has proven to be an effective way to 

precisely organize NPs into three-dimensional (3D) ordered arrays1-7. Moreover, lattice types and 

relevant physical properties could be well-tuned according to the design of particle sizes8,9, 

shapes10,11, textures12,13 and the length14,15 and structure16,17 of DNA motifs. This structural 

tunability opens enormous space for creating optically, chemically and mechanically functional 

materials that can take advantage of complex architectures and collective NP effects18-25. In 
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contrast to atomic systems, which often exhibit multilevel organizations - atoms form molecules, 

and molecules form crystals, or even assemble into supramolecular structures first and then into 

crystals, rationally forming multiscale ordered materials from NPs using this multistage approach 

is proven to be challenging.  

DNA-based assembly provides ample ways to build larger-scale ordered structures from NPs, 

but the explored DNA-guided crystallization of NPs majority utilized a one-stage process5,10, 

where all components are mixed together for assembly. This approach might limit the ability to 

form complex organizations and create lattices from NPs of multiple types within a lattice. For 

example, building binary lattices requires considering packing and interactions effects14,26, which 

makes the design and assembly process complicated. Potentially it is possible to consider a 

different strategy, where a complex organization is formed not from elementary blocks (such as 

NPs), but from already pre-arranged composite blocks, such as NP clusters27,28. Recently, the idea 

of building more complex structures from NPs clusters was explored for assembly of linear 

morphologies27, which were formed by stacking planar NP clusters assembled by 2D DNA 

constructs.  Moreover, a class of 3D colloidal superstructures were fabricated in two-stage manner 

by introducing DNA-mediated interactions between preassembled large-sized colloidal tetrahedra 

and spheres29,30. However, crystallization of 3D lattice from clusters with nano-scale is a more 

challenging process due to difficulty of precise control the morphology, size and composition of 

the nanocluster, limited stability of the clusters during the required annealing process and complex 

binding modes in space and entropic considerations, required for coordinating a symmetry of the 

cluster and lattice31.  

DNA origami technology, benefiting from its structural programmability, provides a powerful 

toolbox to position or encapsulate guest molecules or NPs with nanoscale precision or within 3D 
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scaffold23,32-40. On the other hand, crystallization of DNA structures with well-defined shapes 

allows to rationalize assembly of specific lattice types41-45. It has been demonstrated that lattices 

with designed organizations of DNA motifs in templated lattices can exhibit novel photonic 

properties46. Although a massive progress has been achieved in this regard, the tailorable 

accommodation of guest species inside DNA frames is rarely investigated. Therefore, it is a 

promising strategy to explore for creating new types of superlattices with complex unit cells17,47. 

In this study, we investigated the concept of using 3D DNA frame as programmable scaffold to 

position NPs internally, thus, forming a prescribed cluster. Such clusters can be assembled into 

lattices based on the connectivity of the frames via vertex-linker-vertex interaction16,42. To 

implement this idea, we designed a tetrahedral DNA origami nano-frame, which is composed of 

six-helix bundles (6HB) with identical length (~64 nm) when scaffolded by one M13mp18 DNA 

strand. The large cavity of the frame permits placing guest NPs inside, and it provides more space 

for internal arrangements of NPs, compared with reported smaller DNA origami shapes16,41,48. By 

designing the specific DNA sequence extended from the defined locations of the inner side of the 

bundles, the guest NPs grafted with shells of complementary single stranded (ss) DNA can be 

placed as desired, inside the frame, to form a NP cluster. Here we used this approach to cage NPs 

in the tetrahedron frame (Figure 1). Crystallization of nanoclusters is achieved by the association 

between these encaged nanoclusters with tetravalent bonds and spherical NPs (SNP) grafted with 

DNA commentary to the ones at tetrahedral vertices16. Thus, SNPs link tetrahedra-arranged NP 

clusters into larger-scale organization. This approach opens an opportunity to form a series of 

crystal types placing gold nanoparticles (AuNPs) of similar or different sizes at the inner and outer 

vertices and at the center of the tetrahedral frame (Figure 1). This two-stage assembly method 
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involves: (i) assembly of designed clusters, (ii) forming a complex lattice from these architectured 

NP clusters. 

 

Figure 1. Schematic of a series of crystal types assembled from DNA tetrahedral frame 

encapsulating AuNPs in specific cluster arrangements, and frame-linking spherical nanoparticle 

(SNP). The DNA frame-AuNP clusters were fabricated by encaging different types of AuNPs in 

the center and/or corners of frames: tetrahedral frame (P0), tetrahedral frame encaged single 

particle (P1_10 and P1_15) as well as tetrahedral frame encaged NPs of the same or different sizes 

(P4_10 and P5_10_5). These designed DNA frame-AuNP clusters bind with linking SNP (L_10 

and L_15) at the vertices to form different lattices. The light blue lines extended from tetrahedral 
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vertexes illustrates the hybridization of ssDNA at vertices with SNP linkers, grafted with 

complementary DNA strands. The green and red lines extended from inside of tetrahedron show 

“capture strands” that anchor NPs in the center and corners of the frame, respectively. The 

diameters of used AuNPs are 5.6 ± 0.5 nm (yellow), 9.0 ± 0.5 nm (orange) and 14.2 ± 0.7 nm 

(purple), respectively. 

RESULTS AND DISCUSSIONS 

We first designed the tetrahedral DNA origami frames with edge lengths of ~64 nm (nominal 64.3 

nm for 189 base pairs). Each edge was composed of a 6HB with honeycomb arrangement of 

duplexes. Four groups of single-stranded DNA (ssDNA) shown as light blue lines are designated 

to protrude from each vertex of the tetrahedron, acting as the “recognizable ends” to hybridize with 

complementary SNPs (Figure 1). The successful formation of tetrahedral DNA origami frames 

according to the design was confirmed by negative-stained transmission electron microscopy 

(TEM) images (Figure 2a and Figure S1). Through designing the specific DNA sequences 

extended from the inner side of the bundles (denoted as “capture strands”), DNA tetrahedron could 

anchor a certain number of AuNPs with particular sizes at the predetermined locations inside its 

cavity (Figure 1). 

We first attempted to anchor a single NP in the center of the tetrahedral frame. Although such 

strategy was shown previously for smaller frames49, here the challenge is to position NP in a larger 

frame cavity with much more degree of freedom for the NP. Experimentally, a set of capture 

strands (six sequences drawn in green, Figure 2b, top-right corner) were selected to protrude 

toward the interior with sequences partly complementary with ssDNA grafted to the surface of 

guest AuNPs (detailed sequences are given in Supporting Information). The representative 
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negative-stained TEM images of the complex showed that the DNA frame-AuNP conjugates were 

formed as designed and that the AuNPs (~10 nm and ~15 nm in diameter) are located in the center 

of the frames (Figure 2b, Figure 2c, Figure S2 and Figure S3). The statistical histogram shown in 

the bottom-left corners of Figure 2b and Figure 2c demonstrated a high yield of target products. 

We then adopted this strategy to fabricate 3D nanoclusters by introducing a larger number of 

guest AuNPs inside the frame. We here present two representative nanoclusters: (i) a regular 

tetrahedral nanocluster composed of four NPs of the same size that replicates the geometry of the 

DNA frame; (ii) a CH4-like heterogeneous nanocluster containing AuNPs of two sizes in pre-

determined positions (Figure 1). 

Nanoclusters composed of four same-sized NPs framed by DNA tetrahedra were formed by 

mixing appropriate ratio of 10 nm AuNPs encoded with ssDNA shells, whose sequences were 

complementary with the capture strands protruding from the specifically defined locations on the 

inner side of the frame (totally four positions near the inner-corner of the DNA tetrahedron , as 

shown in Figure 1). This designed nanocluster was named as “P4_10”, where “4” and “10” 

indicated the number and diameter of the encaged NPs, respectively. Representative negative-

stained TEM images presented in Figure 2d and Figure S4 confirmed the effective synthesis of 

P4_10 nanocluster. Statistical analysis of 372 nanoclusters shown that 85.7% of the observed 

nanoclusters had a correct number and most of them have designed arrangement of NPs (Figure 

2d, bottom-left corner). Furthermore, the single-axis tomographic reconstruction based on cryo-

EM technique was adopted to reveal the spatial configuration of the designed 3D nanocluster. The 

rotation of a chosen nanocluster was monitored via observing from different orientations and the 

representative cryo-EM images were illustrated with corresponding models shown below (Figure 

2e and Figure S5). The density map of the reconstructed P4_10 nanocluster indicated that the four 
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coordinated NPs were arranged in pre-designed positions (Figure 2f), where the inter-particle 

distances of the reconstructed nanocluster (d1 ~31.1 nm) are matching well the spacing in the 

designed model (~30.0 nm). 

To substantiate the broad applicability of the proposed strategy for fabricating 3D clusters 

guided by DNA tetrahedral scaffold, we investigated another type of nanocluster: a CH4-like 

cluster (named “P5_10_5”) containing one AuNP (~10 nm in diameter) in the center and four 

AuNPs (~5 nm in diameter) in the inner-corners of the tetrahedral frame respectively (Figure 2g, 

top-right corner). Representative negative-stained TEM images, shown in Figure 2g and Figure 

S6, demonstrated that 73.0% of the observed nanoclusters had a correct number of NPs, and most 

of them had designed arrangements of NPs, as evaluated in our analysis based on 303 well-

dispersed clusters. Please note that, the fabrication of P5_10_5 composed of two steps: the first 

step is inserting the 10 nm AuNP into the center of tetrahedral frame and the second step is 

encaging another four 5 nm AuNPs into the inner-corners of the DNA frame (see details in 

Supporting Information). To reveal the 3D coordinates of NPs in the fabricated nanocluster, an 

individual P5_10_5 nanocluster was characterized using multi-orientations by rotating the object 

holder of cryo-EM (Figure 2h and Figure S8), with the corresponding model displayed below. The 

reconstructed images of the nanocluster showed that the interparticle distances of NPs (d1 ~33.8 

nm, d2 ~20.6 nm, respectively) are in good agreement with the parameters of designed clusters (d1 

~33.4 nm, d2 ~20.5 nm, respectively, Figure 2i). 
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Figure 2. AuNP clusters fabricated by encapsulating a different number of AuNPs of various sizes 

inside the tetrahedral frames. (a, b, c, d and g) Representative negative-stained TEM images of 

fabricated tetrahedral DNA frames (a), tetrahedral DNA frames embedded with single 10 nm 

AuNP (b) and 15 nm AuNP (c), tetrahedral DNA frames guided assembly of nanocluster of the 

same-size AuNPs (d), as well as nanocluster of AuNPs in different sizes (g), respectively. Inset: 

schematic structure of the cluster and clusters’ population histogram for the assembled tetrahedral 

DNA frame-AuNP architecture. (e and h) Images of selected nanoclusters obtained from cryo-EM 

in different orientations (Top) and corresponding models (Bottom). (f and i) Reconstructed 3D 

structure of one selected P4_10 and P5_10_5 nanoclusters obtained from integration of 2D 

projections of AuNP arrangements. Measured inter-particle distances: d1 = 31.1 nm (f); d1 = 33.8 
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nm, d2 = 20.6 nm (i), respectively. Scale bars: (a, b, c, d, and g), 100 nm; (e, f, h and i), 10 nm. 

Note that the distances cannot be assessed directly from the images (f) and (i) due to the perspective 

effects of 3D image.  

Following the successful fabrication of the designed NP clusters, we studied the crystallization 

of these cluster architectures, including empty DNA frames and DNA frames encaged with one 

and several AuNPs, by using ssDNA coated SNP as the inter-frame linking motif (Figure 1, L_10 

or L_15). The ssDNA sequences of SNP were partially complementary with the ssDNA located 

outside of the vertices of the tetrahedral frames (Figure S11). We firstly mixed empty tetrahedral 

frames and SNP linkers (L_10) at the molar ratio of 1:1, followed by a slow thermal annealing 

procedure (see details in Supporting Information). Reddish aggregates were visually observed after 

the annealing process, which were then probed by small angle X-ray scattering (SAXS) to 

determine the arrangement of AuNPs within the formed assemblies.  

The SAXS pattern revealed a high degree of lattice order, as indicated by a large number of 

resolution-limited Bragg’s peaks (Figure 3a1), which demonstrated an excellent long-range order 

of the formed crystal (Figure 3a2, black curve). The peak positions matched well with the ratio: 

qn/q1= 1:√4/3:  √8/3: √11/3 :2…, identifying the obtained crystalline domains as the face-

centered-cubic (FCC) structure (Figure 3a2, red curve for the fitting result) 16. The heights of the 

measured S(q) peaks also matched well the expected S(q) pattern for the FCC lattice. Therefore, 

we proposed a similar model of the DNA tetrahedron/NP superlattice (Figure 3a3). The inter-

particle distance calculated from SAXS, ~91.2 nm, agrees with the expected value from the 

modelled structure (~91.0 nm).  
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Highly ordered FCC lattice provides a possibility for assembly of other types of crystals by 

tailoring the placement of NPs inside the DNA frames (Figure 3b1). According to the symmetry 

of the tetrahedral frame16, a cubic diamond lattice could be fabricated by firstly immobilizing one 

10 nm AuNP in the center of the DNA tetrahedron (P1_10 conjugate). The conjugates were then 

mixed with L_10 AuNPs, following by a slow thermal annealing procedure to obtain the 

superlattices, which were measured by SAXS. The obtained SAXS curve is shown in Figure 3b2 

(black curve). The ratios of SAXS peaks at the position of qn/q1= 

1:√8/3: √11/3: √16/3:√19/3…, revealed a diamond structure, as proposed by design (Figure 

3b3). The calculated inter-particle distance from SAXS result was ~56.3 nm, matching with the 

value of the model (~55.7 nm).  

To explore whether the designed tetrahedral frame could be used for crystallization of 3D 

nanoclusters formed through encapsulation of several NPs inside the frame, we fabricated two 

different types of cluster architectures by altering the sites and number of the capture strands 

extended from the inner-side of the DNA edges. The overall lattice formation procedure included 

two steps: i) fabricating the designed nanoclusters as described above; ii) adding SNP linkers with 

predetermined stoichiometric ratio corresponding to the required inter-frame connectivity (see 

Supporting Information for details). In the case of crystallizing P4_10 nanoclusters (Figure 3c1) 

guided by L_10 SNP linkers, SAXS results revealed the formation of well-ordered lattices with 

~20 well-defined SAXS peaks (Figure 3c2, black curve). Detailed S(q) modelling (see Supporting 

Information for details) ascertained that the four particles were precisely located at the inner-

corners of the DNA frame (Figure 3c2, red curve), which corresponded well to the predicted 

structure (Figure 3c3). The nearest center-to-center distances between inner-corner and adjacent 
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vertex of tetrahedron calculated from SAXS fitting result was ~37.2 nm, in a close correspondence 

with the model (~38.7 nm).  

Using a similar approach, we assembled a superlattice from P5_10_5 nanoclusters and L_10 

SNP linkers, as shown in Figure 3d1. The SAXS pattern of the assembled structures shows a high 

degree of order. The experimental S(q) curve also matched well by the fit with the corresponding 

model (Figure 3d2 & Figure 3d3, black curve for the experimental result, red curve for the model). 

In this structure, the inter-particle distance between center and vertex as well as inner-corner and 

adjacent vertex of the tetrahedron measured from SAXS fitting result were ~55.1 nm and ~34.6 

nm, respectively, similar to the model (~55.7 nm and ~39.0 nm, respectively). 
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Figure 3. Different lattice types assembled from NP clusters scaffolded by tetrahedral frames and 

SNP linkers (L_10). (a-d) ssDNA coated AuNPs (SNP linkers, core diameter ~10 nm) bound to 

four types of NP clusters at the frame vertices. The four clusters are: (a1) tetrahedral frame, (b1) 

P1_10 architecture, (c1) P4_10 nanocluster and (d1) P5_10_5 nanocluster. For each structure, we 

plot a structure factor S(q) obtained from 2D SAXS pattern (a2, b2, c2 and d2) and the proposed 

lattice structure (a3, b3, c3 and d3). The experimental S(q) profiles are shown in black, and the 

fitting results are in red. 

Next, we investigated how the developed strategy can be used for forming the lattice composed 

of three kinds (sizes) of AuNPs. We changed the particle types placed in the corners and center of 

the frame to fabricate two types of 3D clusters and selected L_10 SNP as the interframe linking 

motif. Using the same strategy, we constructed a more complex crystal by choosing three different 

kinds of AuNPs (Figure 4a), where two kinds of AuNP were within a cluster (P5_10_5) and one 

kind of AuNP is a linker (L_15 AuNPs). The unit cell of assembled superlattice consisted of 

AuNPs with core sizes of ~15 nm, ~5 nm and ~10 nm, which were placed on the outside-vertices, 

inside-corners and center of the tetrahedral nanoframe, respectively, as shown in Figure 4b. These 

three kinds of AuNPs were named as “shell NPs”, “sandwiched NPs” and “core NP”. SAXS data 

exhibited a well-defined scattering pattern with more than 15 peaks, indicating an excellent long-

range order (Figure 4c). The fitting curve of the proposed model (red line) was well matched with 

the experimental data (black line), validating the structure of assembled crystals. The inter-particle 

distance between tetrahedral center and vertex (d1) as well as inner-corner and adjacent vertex (d2) 

of the tetrahedron measured from SAXS result were ~59.4 nm and ~38.8 nm, respectively, which 

corresponds well with designed distances of the model, ~58.9 nm and ~41.2 nm, respectively. 
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Figure 4. Assembly of lattice composed of three different types of AuNPs. (a) Schematic 

illustration showed a successful assembly from P5_10_5 cluster and L_15 SNP linker. (b) Structure 

of the crystal containing three kinds of AuNPs (Purple: ~15 nm; yellow: ~5 nm; orange: ~10 nm) 

which were correspondingly placed in the vertices, inner-corners and center of the tetrahedral 

frame, to act as “shell NPs”, “sandwiched NPs” and “core NP”, respectively. The inter-particle 

distances between center and vertex (d1) as well as inner-corner and adjacent vertex (d2) of the 

tetrahedron, which were obtained from SAXS, were ~59.4 nm and ~38.8 nm, respectively. (c) 2D 

SAXS pattern (inset), related structure factor S(q) (black curve) and a S(q) model (red curve) of 

multicomponent crystal. 
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Finally, our study shows that the two-stage assembly strategy permits formation of complex 

lattices by creating designed tetrahedra-scaffolded clusters and crystallizing them by connecting 

their vertices with SNP linkers. The main findings are shown in Table 1: (i) FCC crystals 

assembled via placing AuNPs (~10 nm and ~15 nm in diameter) on the outside-vertices of empty 

DNA nanoframes (Figure 3a1 and Figure S14); (ii) Diamond and zinc blende crystals constructed 

by arranging the same or differently sized AuNPs at the vertices and center of the DNA tetrahedra 

respectively (Figure S16a-c); (iii) Complex crystals composed of 3D nanoclusters and SNP linkers, 

containing Dia_10_P4 crystal (vertices and corners: ~10 nm AuNPs for both positions), Dia_15_P4 

crystal (vertices: ~15 nm AuNPs; corners: ~10 nm AuNPs, Figure S16d), Dia_10_P5 crystal 

(vertices, ~10 nm AuNPs; corners, ~5 nm AuNPs; center, ~10 nm AuNP) and Dia_15_P5 crystal 

(vertices, ~15 nm AuNPs; corners, ~5 nm AuNPs; center, ~10 nm AuNP). 

Table 1. Summary of two-stage assembly of lattices: from NP into clusters and from cluster into 

lattices. 
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CONCLUSIONS 

In summary, we demonstrated a new lattice assembly method that utilizes a two-stage assembly 

process for creating complex NP-based crystals. In our approach, we fabricated 3D designed 

nanoclusters using tetrahedra frame as a scaffolding motif at the first stage, and then the clusters 

were assembled into ordered lattices in the second stage. By rationally placing capture strands 

inside the frame, predefined numbers of AuNPs of specific sizes can be encapsulated, forming 

prescribed cluster, a new building block for lattice assembly. We then showed that these designed 

NP clusters can be crystalized into well-ordered lattices. The two-stage assembly method is 
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important both conceptually and experimentally for fabricating complex superlattices, since the 

DNA origami frame can serve for creating the designed clusters from nanoparticle,  while inter-

frame binding allow for assembly these cluster in 3D lattices.  From self-assembly point of view, 

the proposed assembly approach permits fabricating a variety of crystals by merely manipulating 

cluster architecture through NP kinds and controllable placements within the frame, which opens 

a new route to broaden the rational fabrication of NP crystals. From a functional and applied point 

of view, the assembled superlattices with programmable NP size, species, crystal parameters and 

dielectric matrix may provide inspiration of fabricating and optimizing metallodielectric photonic 

crystals with a larger bandgap50 as well as development of a versatile and effective platform toward 

achieving unnatural optical refractions51 which are difficult to attain via top-down approach. 
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