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There is a need for effective vaccine delivery systems and vaccine adjuvants without extraneous 

excipients that can compromise or minimize their efficacy. Vaccine adjuvants cytosine-phosphate-

guanosine oligodeoxynucleotides (CpG ODNs) can effectively activate immune responses to secrete 

cytokines. However, CpG ODNs are not stable in serum due to enzymatic cleavage and are difficult 

to transport through cell membranes. Herein, DNA microcapsules made of CpG ODNs arranged into 

3D nanostructures are developed to improve the serum stability and immunostimulatory effect of 

CpG. The DNA microcapsules allow encapsulation and co-delivery of cargoes, including glycogen. 

The DNA capsules, with >4 million copies of CpG ODNs per capsule, are internalized in cells and 

accumulate in endosomes, where the Toll-like receptor 9 is engaged by CpG. The capsules induce up 

to 10-fold and 20-fold increase in TNF-α and IL-6 secretion, respectively, in RAW264.7 

cells compared with CpG ODNs. Furthermore, CpGcap stimulated TNF-α and IL-6 secretion in a 

concentration and time-dependent manner. The immunostimulatory activity of the capsules correlates 

to their intracellular trafficking, endosomal confinement, and degradation, assessed by confocal and 

super-resolution microscopy. These DNA capsules can serve as both adjuvants to stimulate an 

immune reaction and vehicles to encapsulate vaccine peptides/genes to achieve synergetic immune 

effects. 
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1. Introduction 

Vaccines are an effective tool for control of human diseases. The efficacy of vaccines can be greatly 

enhanced through improving innate immunity with the co-delivery of potent adjuvants.[1] Cytosine-

phosphate-guanosine oligodeoxynucleotides (CpG ODNs) have been widely used as vaccine 

adjuvants owing to their immunostimulatory effects.[2] CpG ODNs are recognized by Toll-like 

receptor 9 (TLR9), which is expressed and located in the endosomes of immune cells, including 

macrophages, dendritic cells, and B cells.[3] The engagement of CpG ODNs with TLR9 leads to the 

activation of the transcription factor nuclear factor-kappa B and mitogen-activated protein kinase 

pathways.[4] These signaling pathways promote the secretion of pro-inflammatory cytokines, such as 

tumor necrosis factor (TNF)-α and interleukin (IL)-6, and initiate a cascade of innate and adaptive 

immune responses.[5] However, different biological barriers can hinder the activity of CpG ODNs. 

For instance, CpG ODNs are not stable in serum due to their sensitivity to deoxyribonuclease (DNase) 

and are difficult to transport through cell membranes because of their negative charge.[6] Therefore, 

significant efforts have been made to enhance the stability of CpG ODNs against degradation by 

DNase to improve their delivery efficacy and prolong the immune response. The backbone 

modification of CpG ODNs with phosphorothioate (PT)[7] is effective for inhibiting the degradation 

of CpG ODNs but potential side effects include reduced immune response, lymphoid follicle 

destruction, and organ enlargement. Alternatively, the delivery of CpG ODNs using nanoparticles 

has been attempted to protect CpG ODNs from degradation, resulting in improved adjuvant 

activity.[8–11] Nanomaterials have provided promising opportunities to deliver CpG ODNs through 

encapsulation, adsorption, and covalent conjugation.[12] In particular, DNA nanostructures have been 

proposed for CpG delivery.[13–15] Li et al. recently designed a functional DNA tetrahedral structure 

for non-invasive intracellular delivery of CpG ODNs.[16] The DNA nanostructures were readily 

internalized by immune cells and stimulated secretion of pro-inflammatory cytokines. Schuller et al. 

reported the efficacy of DNA origami structures in efficiently delivering CpG ODNs to target cells.[17] 

Although these DNA nanostructures could efficiently deliver CpG ODNs for immune stimulation, a 
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number of limitations remain, including poor stability in serum, expensive and non-scalable 

preparation approaches, and limited drug loading capacity. 

Recently, DNA microcapsules have emerged as a versatile platform for biological applications, 

including biosensing, bioimaging, and drug delivery, owing to their high cargo loading capacity, non-

toxicity, and tunable size and thickness.[18–21] A common method employed to fabricate DNA 

capsules is via the layer-by-layer (LbL) technique,[22–24] which requires chemically modified SiO2 

and CaCO3 templates, multiple deposition cycles of specific pre-designed DNA sequences and 

numerous washing steps.[25–28] An alternative and potentially scalable process for preparing DNA 

microcapsules made solely of CpG ODNs arranged into three-dimensional (3D) nanostructures would 

be desirable not only to prolong the stability of the immunostimulant in serum, but also to increase 

the payload delivery to allow encapsulation and co-delivery of multiple cargoes. To our knowledge, 

nanostructured DNA capsules composed solely of CpG ODNs, which differ from DNA origami 

structures because of their size and loading capacity, have not been reported to date. Previous studies 

have shown that antigen-presenting cells (APCs), including macrophages and dendritic cells, can 

internalize micrometer-sized particles locally and carry particles to lymph nodes upon subcutaneous 

injection.[29–31] Studies have also shown that micrometer-sized particles can induce higher immune 

stimulation than nanometer-sized particles owing to the higher uptake efficiency by APCs. [32,33] 

In the present study, we report a general method to fabricate DNA capsules using CaCO3 particles 

as templates. Briefly, a Y-shaped DNA building block bearing CpG sequences (Y-CpG) was loaded 

into CaCO3 particles with high loading efficiency, followed by cross-linking using a DNA duplex 

linker. After dissolving the CaCO3 templates, nanostructured DNA capsules bearing CpG motifs were 

obtained with uniform size. Unlike the single-stranded DNA (ssDNA) and the Y-CpG building block, 

the obtained capsules were remarkably stable in the extracellular milieu. They were efficiently taken 

up by macrophages and displayed high immunostimulatory activity, which correlated to their 

intracellular trafficking, endosomal confinement, and degradation, as evaluated by confocal and 

super-resolution microscopy. Furthermore, to demonstrate the versatility of our approach, a high 
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molecular weight biomacromolecule, i.e. glycogen, was readily co-loaded into the DNA capsules. 

The structural characteristics, i.e., hollowness, tunable size and cross-linkable Y-shaped DNA units, 

make these DNA capsules unique with their simple design and synthesis, high stability, and high 

loading capacity and functionality. Overall, we highlight the potential use of the present capsules to 

co-deliver a controlled dose of CpG adjuvant and high molecular weight antigens for future vaccine 

and immunotherapy applications. 

2. Results and Discussion 

2.1. Synthesis and Characterization of CpGcap 

DNA capsules, hereafter referred to as CpGcap, were prepared from a Y-shaped building block 

containing CpG sequences using template-mediated assembly (Figure 1a). The DNA strands 

adsorbed onto the CaCO3 templates via electrostatic interactions between the phosphate groups of 

DNA and positively charged calcium ions present on the surface of the CaCO3 template.[34] First, the 

Y-shaped building block (Y-CpG) was assembled by mixing three different single strands (Y-1, Y-2, 

Y-3) bearing the same sticky ends (Figure 1a, Table S1). Through complementary base pairing, the 

three single strands hybridized to form a Y-shape with the sticky ends remaining single-stranded and 

available for further base pairing (Figure 1a). To endow CpGcap with strong immunostimulatory 

effect, three CpG motifs were embedded in one Y-CpG building block. The prepared DNA building 

blocks without further purification were characterized by agarose gel electrophoresis (Figure S1). The 

prepared DNA building blocks showed sharp bands without any detectable smear, demonstrating the 

successful assembly of the desired products. The Y-CpG was then loaded onto porous CaCO3 

particles of 2 µm in diameter (Figure S2) as shown in Figure 1a. The loading of Y-CpG was quantified 

by measuring the concentration of DNA in the supernatant—a loading efficiency of 85% was 

determined. After repeated washing to remove excess Y-CpG, the particles were mixed with the 

duplex DNA linker, which has sticky ends complementary to the sticky ends of Y-CpG, to cross-link 

the immobilized Y-CpG by hybridization. Finally, the CaCO3 templates were dissolved using 

ethylenediaminetetraacetic acid (EDTA) solution, yielding microcapsules made solely of DNA. The 
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number of particles before and after template removal was determined by flow cytometry, which 

showed that the yield of intact microcapsules was 90 ± 5%. By quantifying the amount of DNA loaded 

into the particles, we estimated that each CpGcap was composed of approximately 1.5 million Y-CpG 

units, embedding 4.5 million CpG motifs. Compared to DNA nanostructures that can deliver only a 

few copies of CpG,[16,17] the presently engineered CpG microcapsules possess a considerably higher 

adjuvant loading capacity. The density of CpG motifs of CpGcap was 10-fold higher than the density 

of CpG motifs of DNA origami.[17] More than 4 million copies of CpG can potentially be delivered 

to a cell with the uptake of a single CpGcap. 

To visualize and characterize the DNA capsules by fluorescence microscopy, Y-CpG labeled with 

Alexa Fluor 488 (AF488) was used. Confocal microscopy images showed that the CpGcap were well 

dispersed in cell culture medium, with diameters of 2.5 ± 0.3 µm after core removal (Figure 1b). This 

indicated swelling of approximately 25% relative to the original template diameter, which is typical 

of highly cross-linked hydrogel-like structures. Helium ion microscopy (HIM) analysis demonstrates 

the homogeneity and size uniformity of the CpGcap (Figure 1c). Transmission electron microscopy 

(TEM) images revealed the cross-linked and porous structure of CpGcap (Figure 1d and Figure S3) 

endowed with a brushed surface. The thickness of CpGcap was around 10 ± 3 nm, as assessed by 

atomic force microscopy (AFM) (Figure 1e and Figure S4). The TEM and AFM analyses both 

showed that CpGcap collapsed upon air drying, suggesting that CpGcap were soft and highly hydrated 

in aqueous solution. Because of the limited resolution (250 nm) of the confocal microscopy imaging 

of the microcapsules (Figure 1b), the nanostructured capsules shell was analyzed by stochastic optical 

reconstruction microscopy (STORM). STORM is a super-resolution microscopy technique with 

single-molecule sensitivity and a remarkable spatial resolution (typically 20 nm) based on the 

accurate localization of single photoswitchable fluorescent molecules such as Alexa Fluor 647 

(AF647). DNA microcapsules were therefore assembled using AF647-labeled DNA linker and 

imaged by STORM in the original hydrated state. As observed from the STORM image in Figure 1f, 

the microcapsules featured a hollow structure and a thickness of 300 ± 50 nm. It is worth noting that 
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the single-molecule localization performed by STORM enables imaging of the shell of the 

microcapsules including the brushes of DNA chains protruding out of the capsules. Comparison 

between the thickness values determined by AFM and STORM suggests that the shell of the capsules 

is highly hydrated and swollen. The permeability of CpGcap was investigated using standard dextran 

at different molecular weights (Mw). The microcapsules were more permeable to macromolecules 

with lower Mw ranging from 10 to 60 kDa, less permeable to macromolecules with higher Mw (250–

500 kDa), and impermeable to 2000 kDa dextran, (Figure 1g and Figure S5).  

To demonstrate the versatility of our CpGcap in co-loading high molecular weight 

biomacromolecules, positively charged glycogen nanoparticles (Mw = 350 kDa, diameter = 20 nm) 

were loaded within the cavity of CpGcap, as described in the Experimental Section. HIM, TEM, and 

AFM images revealed the formation of spherical glycogen-bearing CpGcap (Gly-CpGcap) with a 

uniform size (2.5 µm) (Figure S6a–c). The thickness of Gly-CpGcap was ~15 nm, as measured by 

AFM (Figure S6c). The surface of Gly-CpGcap was not as smooth as that of CpGcap, as noted from 

the presence of small “dots” on the capsule surface (black and bright dots in Figure S6a–c), indicating 

that the positively charged glycogen nanoparticles were embedded and immobilized within the porous 

CpGcap. It is likely that there are electrostatic interactions between the negatively charged DNA and 

positively charged glycogen.[35] This was confirmed by fluorescence microscopy imaging of Gly-

CpGcap, prepared using AF488-labeled DNA and AF555-labeled glycogen, which showed green and 

red overlapping emission (Figure S6d). Overall, these results reveal that high molecular weight 

biomacromolecules can be embedded into CpGcap. 

To study the stability of CpGcap in fetal bovine serum (FBS) containing a low concentration of 

DNase,[36] CpGcap were incubated with cell culture medium containing 10% FBS at 37 °C and the 

mixture was analyzed by gel electrophoresis (Figure S7). CpGcap maintained structural integrity even 

after incubation in FBS for 24 h, demonstrating the remarkable stability of CpGcap in cell culture 

medium. The stability in serum of CpGcap can be ascribed to the entanglement and confinement of 

the DNA strands in the 3D nanostructure of the microcapsules, which reduces the enzyme binding 
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affinity and prevents chain distortion that is required for the catalytic degradation.[36,37] However, a 

DNA degradation study performed using a high concentration of DNase (1 U mL−1) in phosphate-

buffered saline (PBS) showed that CpGcap degraded slowly but they were significantly more stable 

than a double-stranded DNA (linker) (Figure S8). These results indicate that the engineered CpGcap 

are stable in the extracellular environment (e.g. serum) but may degrade in environments with high 

concentrations of nucleases, potentially in the endo–lysosomal vesicles that contain hydrolytic 

enzymes.  

2.2. Cytotoxicity and Cellular Internalization of CpGcap 

To investigate the interactions of CpGcap with immune cells, the viability of RAW264.7 cells was 

examined after incubation with CpGcap. CpGcap showed no detectable cytotoxicity at the different 

capsule-to-cell ratios examined after incubation for 24 h (Figure 2a), as measured using thiazolyl 

blue tetrazolium bromide (MTT) cell viability assay. To compare the association of CpGcap, ssDNA, 

and Y-CpG with RAW264.7 cells, cells were incubated with the three systems for 2 h, using the same 

concentration of AF488-labeled oligonucleotides, and analyzed by flow cytometry after washing 

three times with PBS. CpGcap showed high cellular association (Figure 2b) when compared with Y-

CpG and ssDNA. The association of CpGcap with RAW264.7 cells was time-dependent and the 

percentage of positive (CpGcap associated) cells reached 50% after 2 h of incubation and plateaued at 

85% after 24 h of incubation. (Figure 2c). The cellular association and internalization of Y-CpG and 

ssDNA was likely limited by their degradation in the cell culture medium or their negative charge. 

Conversely, the internalization of CpGcap is likely mediated by endocytosis processes as observed and 

reported for other 3D DNA nanostructures.[38,39] 

To gain further insight into the cellular internalization and trafficking of CpGcap, confocal laser 

scanning microscopy (CLSM) was used. Figure 2d shows the CLSM images of RAW264.7 cells 

treated with AF488-labeled ssDNA, Y-CpG, or CpGcap for 24 h. Weak fluorescence was observed in 

cells incubated with ssDNA and Y-CpG, whereas strong green fluorescence was observed in the 

CpGcap-treated cells. The internalization of CpGcap in cells was tracked using CLSM as a function of 
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incubation time (0.5, 2, 4, 8, 24, and 36 h). After incubation for 0.5 h, a low fluorescence signal was 

detected in the cells, suggesting that uptake required a longer incubation time (Figure 2e and Figure 

S8). A progressive increase in cellular uptake of CpGcap was observed as the incubation was 

prolonged from 0.5 to 36 h, as suggested by the strong fluorescence signal arising from internalized 

CpGcap. Close inspection of single cells (Figure S9) suggested that the internalized CpGcap were 

smaller than the original CpGcap (before internalization). Overall, these results show that CpGcap are 

non-cytotoxic to RAW264.7 cells in vitro, can be efficiently internalized by cells within 2 h of 

incubation, and experience a reduction in size following internalization. 

2.3. Deformation and Degradation of CpGcap During Internalization 

The reduction in size of CpGcap (green fluorescence in Figure S9) is likely due to deformation upon 

internalization by cells and/or degradation by DNase in the endosomes.[40,41] To gain more insight 

into the mechanism of internalization of CpGcap, RAW264.7 cells were imaged at the early stage of 

incubation (2 h) and after staining the cell membrane. Figure 3a and Figure S10 show representative 

images of the endocytic process. CpGcap first interacted with the cell membrane and induced the 

formation of ruffles (Figure 3a I). Figure 3a II and III show that flexible CpGcap can deform during 

the uptake process. Previous studies have shown that soft polymeric capsules inside cells are 

deformed upon ingestion because of the mechanical stress exerted by the cell membrane.[42,43] The 

acquired images suggest that RAW264.7 cells can exert high shear forces on CpGcap during their 

internalization. As CpGcap are highly hydrated, hollow, and flexible, they are prone to deformation 

upon internalization. After internalization, the CpGcap enveloped by the plasma membrane are 

localized in subcellular vesicles (Figure 3a IV) and likely undergo endocytic trafficking. Numerous 

studies have reported that DNA nanostructures, such as DNA origami, remain confined in endosomes 

and lysosomes.[44] Abundant enzymes exist in endosomes/lysosomes to facilitate the degradation of 

proteins and oligonucleotides. Hence, DNA nanostructures are likely degraded in the endo-lysosomes 

after cellular internalization.[41]  
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We investigated the intracellular degradation of CpGcap in cells using super-resolution microscopy 

techniques such as STORM and structured illumination microscopy (SIM). After incubation for 2 h 

with cells, CpGcap were both internalized and surface bound (Figure 3b and c). Notably, CpGcap 

attached to the outer surface of cell membrane were intact (Figure 3b), whereas those found inside 

the cells were present as small fragments with sizes ranging from 100 to 500 nm (Figure S11). These 

results confirm that CpGcap are readily degraded after internalization. 

2.4. Intracellular Trafficking of CpGcap in Macrophages 

To further investigate the intracellular trafficking process of CpGcap, the colocalization of CpGcap 

with specific biomarkers of early endosome antigen 1 (EEA1), late endosome Ras-related protein 7 

(Rab7), and lysosomal-associated membrane protein 1 (LAMP1) were analyzed. It is worth noting 

that TLR9 is located in the endosome of macrophages and serves as the receptor for CpG sequence 

recognition and immune cell activation. Hence, the endosomal accumulation of CpGcap is an essential 

prerequisite for the efficient delivery of CpG ODNs.  

After cells were incubated with AF488-labeled CpGcap for 2 h, the unbound free CpGcap were 

washed out and cells were kept under incubation in fresh medium for 2, 4, and 8 h. Cells were fixed 

at different time points (0–8 h), and different biomarkers, EEA1, Rab7, and LAMP1, in the cells were 

stained with the corresponding monoclonal antibodies. Strong colocalization of CpGcap and EEA1 

(protein localized in early endosome) was observed after incubation for 2 h and quantified using the 

Pearson’s colocalization coefficient (PCC). The colocalization persisted 8 h post-incubation (Figure 

4 and Figure S12) as indicated by the high PCC values (0.800–0.900). CpGcap showed partial 

colocalization with Rab7 (protein localized in late endosomes) at all the time points (PCC ~0.5). 

Interestingly, we did not observe appreciable colocalization between the fluorescence signals of 

CpGcap and markers for lysosomes (LAMP1) over the entire incubation period of 10 h. Our data 

suggested that CpGcap did not progress through the typical route of the endo-lysosomal pathway. 

Instead, over 10 h of observation, CpGcap remained within the early and late endosome, where 

degradation occurred to ultimately release their active cargo (CpG ODNs) at high local concentrations 
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(4.5 million CpG motifs/capsule). This highlights the potential of these DNA capsules in engaging 

receptors that are localized within the endosome and subsequently trigger signaling pathways, as well 

as the potential for co-delivered vaccine antigens to be released for presentation by antigen presenting 

cells. 

2.5. Immunostimulatory Effect of CpGcap   

In response to CpG ODN activation, immune cells, such as dendritic cells and macrophages, secrete 

several cytokines, including TNF-α and IL-6, which in turn amplify immune responses to vaccines 

and immunotherapies.[45] To investigate whether CpG ODN-containing CpGcap efficiently induce 

cytokine release by macrophages, the DNA capsules (CpG concentration of 240 nM) were incubated 

with RAW264.7 cells at 37 °C for 8 h. The immunostimulatory activities of CpGcap and the control 

samples (ssDNA, Y-CpG, and GpCcap) were assessed by measuring the triggered secretions of pro-

inflammatory cytokines (TNF-α and IL-6) in the culture medium supernatant of stimulated 

RAW264.7 cells using enzyme-linked immunosorbent assays (ELISA). Incubation with ssDNA and 

Y-CpG induced limited secretion of TNF-α (Figure 5a) and IL-6 (Figure 5d) in RAW264.7 cells. In 

contrast, CpGcap induced high levels of TNF-α and IL-6 in RAW264.7 cells (Figure 5a and d). 

Furthermore, CpGcap stimulated TNF-α and IL-6 secretion in a concentration- (Figure 5b and e) and 

time-dependent (Figure 5c and f) manner. To investigate the TLR9 targeting specificity of CpGcap on 

immune activation, capsules were prepared using Y building blocks that contained GpC dinucleotides 

instead of CpG (GpCcap) as controls. After incubation of an equivalent number of GpCcap with 

RAW264.7 cells, negligible secretion of TNF-α and IL-6 was observed (Figure 5a and d). This result 

confirms that the immunostimulatory effect of CpGcap is mediated by the specific interaction between 

CpG ODNs and TLR9 receptor. The difference in the immunostimulatory effect exerted by CpGcap 

could be ascribed to the more efficient cellular uptake of CpGcap when compared to that of ssDNA 

and Y-CpG.  

A single internalized CpGcap can potentially deliver 4.5 million CpG motifs that are available to 

bind the endosomal TLR9 receptor upon degradation and disassembly. It was recently discovered that 
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the quality and quantity of TLR9 signaling by CpG in murine dendritic cells is dependent on structural 

properties, especially ligand density and size of the CpG-presenting micro and nano carriers.[31,39] The 

interaction of stimulatory CpG with TLR9 was investigated and the results indicated that activated 

TLR9 dimerizes prior to signaling.[31] Therefore, we speculate that the effective dimerization and/or 

clustering of engaged TLR9 molecules require a high CpG density on the carrier surface or a threshold 

concentration of CpG must be reached for proper signaling. The dose and time dependency observed 

in our study is consistent with this hypothesis as a threshold of internalized capsules must be reached 

to observe the maximum stimulatory effect (Figure 5b and e). In addition, STORM imaging (Figure 

3b and Figure S11) indicated that the disassembly of CpGcap into submicrometer debris occurred 

within 2 h of incubation, at which poor immunostimulatory effect was observed (Figure 5c and f). 

This indicates that the signaling process and the kinetics and magnitude of the stimulatory effect are 

controlled by the complete disassembly and degradation of CpGcap to release a stimulatory CpG dose. 

Interestingly, the cytokine (TNF-α) release induced by the internalization of Gly-CpGcap by 

RAW264.7 cells (Figure S13a) was only slightly decreased when compared with CpGcap (Figure 

S13b). These results suggest that CpGcap can co-deliver bioactive CpG ODNs and high molecular 

weight biomacromolecules into RAW264.7 cells and efficiently induce immune responses. 

3. Conclusion 

A facile method to fabricate DNA capsules constituting of immunostimulatory CpG 

oligodeoxynucleotides using a sacrificial template was demonstrated. The major advantage is that the 

microcapsules are composed entirely of the active oligonucleotides, with potential to co-load 

therapeutics or vaccine antigens for a synergistic effect. The DNA capsules could be endowed with 

immunostimulatory properties by incorporating CpG ODNs into the DNA building blocks and were 

degradable. Macrophages could internalize the CpGcap effectively, which accumulated in the early 

and late endosomes where TLR9 was located. This led to TNF-α and IL-6 secretion caused by CpG 

immune stimulation. Overall, our results demonstrate how the composition and structural properties 

of CpGcap can directly modulate intracellular internalization, trafficking, interaction with TLR9 and 
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ultimately, the stimulatory response of macrophages. The templated approach of DNA capsule 

assembly could enable further particle engineering, including size (Figure S14). This is important for 

designing improved, tunable vaccines and immunomodulatory therapies against cancer, infectious 

diseases, and autoimmune applications. Although beyond the scope of the present study, we expect 

that in the subcutaneous in vivo environment our soft and deformable microcapsules may undergo 

passive drainage to lymph nodes and be internalized by peripheral APCs. DNA capsules composed 

entirely of DNA containing CpG ODNs can not only be employed as drug carriers, but also act as 

adjuvants, highlighting the potential of DNA capsules as a vehicle for gene delivery, and when 

combined with other drugs, to achieve immune responses for immunotherapy.[10,46,47]  

4. Experimental Section  

Materials: All oligonucleotides used in this study were synthesized and purified by Sangon Biotech 

Co., Ltd. (Shanghai, China). MTT, agarose, dimethyl sulfoxide (DMSO), PBS, calcium chloride 

dihydrate (CaCl2·2H2O), sodium carbonate (Na2CO3), poly(sodium 4-styrenesulfonate) (PSS, Mw 70 

kDa), Dulbecco’s phosphate-buffered saline (DPBS), and EDTA were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), trihydrochloride (Hoechst 

33342, 10 mg mL−1), and Alexa Fluor 594 wheat germ agglutinin conjugate (AF594-WGA) were 

obtained from Life Technologies. Picogreen DNA quantitation assay was from Thermo Fisher 

Scientific. Ultra-pure water with a resistivity of greater than 18 MΩ cm was used in all experiments 

and obtained from a three-stage Millipore Milli-Q Plus 185 purification system. All chemicals were 

used without further purification. 

Minimum Information Reporting in Bio−Nano Experimental Literature (MIRIBEL): The studies 

conducted herein, including material characterization, biological characterization, and experimental 

details, conform to the MIRIBEL reporting standard for bio–nano research, and we include a 

companion checklist of these components in the Supporting Information.[48] 

CaCO3 Synthesis Protocol: CaCO3 particles were synthesized using a previously described protocol. 

[49] Briefly, PSS (5 g) was dissolved in Milli-Q water (500 mL) to form 10 mg mL−1 PSS solution. 
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Then, a precursor solution consisting of 1 M Na2CO3 (1 mL), 10 mg mL−1 PSS (0.5 mL), and Milli-

Q water (3.5 mL) was prepared. In a separate flask, 10 mg mL−1 PSS solution (20 mL) was added to 

Milli-Q water (175 mL) with vigorous stirring. After stirring for 1 min, 1 M Ca(NO3)2·4H2O solution 

(5 mL) was added with vigorous stirring for 2 min. The precursor solution (5 mL) was then added 

and the resulting mixture was stirred vigorously for 1 min. Then, the mixture was allowed to stand 

for 3 min, followed by further vigorous stirring for 1 min. The obtained CaCO3 particles were dried 

overnight in an oven at 80 °C and subsequently ground using a mortar and pestle. The fine CaCO3 

powder was then calcined under air flow at 500 °C for 2 h to remove any organic materials. 

Preparation of Y-CpG Building Block and Linker: The Y-shaped DNA building block was prepared 

using an enzyme-free self-assembled procedure. The building block was prepared by mixing the three 

oligonucleotide strands (Y-1, Y-2, and Y-3) in Tris-HCl buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0, 

containing 150 mM sodium chloride) and the final concentration of each strand was 20 µM. The duplex 

linker was prepared using a similar procedure from two different oligonucleotide strands (see Table 

S1). The DNA strands were annealed by heating at 95 °C for 5 min and cooled to 4 °C at a rate of 

1 °C min−1. Y-CpG and linker were then directly used without further purification. Y-GpC was also 

prepared as described above and were used to prepare the control capsules (GpCcap). 

Preparation of CpGcap: The CpGcap were synthesized using CaCO3 particles of 2 μm in diameter as 

templates. The porous CaCO3 particles (1 mg) were suspended in Milli-Q water (10 μL, 10% w/v). 

Then, Y (20 μL, 20 µM) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (20 

μL, 10 mM, pH 7.2, 500 mM sodium chloride, 50 mM magnesium chloride) were added to the CaCO3 

particle suspension with stirring at 2000 g for 8 h. After 8 h of adsorption, the CaCO3 particles were 

washed three times with HEPES buffer (100 μL) by centrifugation (2000 g, 2 min) to remove excess 

Y. Then, the linker (30 μL, 20 µM) was added to the pellet to cross-link the Y adsorbed onto the 

CaCO3 particles, with stirring for 4 h at 2000 g. The CaCO3 particles were washed three times with 

HEPES buffer (100 μL) by centrifugation (2000 g, 2 min) to remove excess linker. To dissolve the 

CaCO3 template, EDTA (50 μL, 100 mM, pH 7.4) was added to the pellet suspension (20 μL). After 



  

14 

5 min of incubation at room temperature, CpGcap were obtained, which were then purified using a 40 

kDa column (Zeba Spin Desalting Columns, molecular weight cutoff 40000, 0.5 mL). Drug (CpG) 

loading efficiency (85%) was measured by spectroscopic quantification of the concentration of DNA 

in the supernatant before and after incubation with CaCO3 templates. The loading efficiency was 

calculated as follows: loading efficiency (%) = 100 × (1 − amount of Y-shaped DNA in the 

supernatant/total amount of Y-shaped DNA added).   

Gel Electrophoresis Analysis: The DNA structures were analyzed by electrophoresis in a 1% agarose 

gel in 1× TBE buffer (90 mM Tris, 90 mM boric acid, and 10 mM EDTA, pH 8.0) at 80 V for 1 h at 

4 °C. Mobility retardation of DNA was evaluated by staining the gel with SYBR Gold reagent and 

imaged using a ChemiDoc XRS þ Imaging System (BioRad, USA). 

Characterization of CpGcap: TEM analysis was conducted using a FEI Tecnai TF20 instrument at an 

operation voltage of 80 kV. The sample for TEM imaging was prepared by placing the test sample 

solution (5 μL) on formvar-carbon-coated copper grids, which were precleaned using plasma. After 

deposition for 2 h, the grid was washed with Milli-Q water (10 µL) 15 times using a filter paper to 

absorb the water. Then, the grid was treated with a drop of 1% uranyl acetate for 15 s and the excess 

solution was removed using a filter paper. The grids were kept at room temperature to evaporate the 

excess solution. JPK NanoWizard Ⅱ atomic force microscope to measure the thickness of CpGcap. In 

a typical analysis, the test sample solution (10 µL) was deposited onto a clean glass for 2 h. The 

sample was washed by placing water (10 µL) onto the surface that was then removed using a filter 

paper. Washing was repeated 15 times. The sample was placed in a desiccator for 3 h and imaged in 

tapping mode with MikroMasch silicon cantilevers (NSC/CSC). For the thickness measurement, 20 

CpGcap were analyzed. The same sample preparation was used for the HIM (Orion Nanofab, Zeiss) 

studies. STORM images of CpGcap labeled with AF633 in aqueous buffer (e.g., PBS buffer, pH 7.4, 

in the presence of 50 mM 2-mercaptoethanol and an oxygen-scavenging system based on glucose 

oxidase/catalase as per manufacturer protocol) were acquired. The images were acquired on a Nikon 

N-STORM system configured to achieve total internal reflection fluorescence imaging (TIRF). The 
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focus and TIRF angle were adjusted and tuned to maximize the signal-to-noise ratio. Fluorophores 

were excited by 647 nm laser lines. No activation by ultraviolet light was used. Fluorescence was 

collected through a Nikon 100× 1.4 NA oil immersion objective and passed through a quad-band-

pass dichroic filter. The dispersion of CpGcap was mixed with fluorescein isothiocyanate (FITC)-

dextran solutions (1 mg mL−1) prepared with different molecular weights (10, 20, 60, 250, 500, and 

2000 kDa) of dextran. CLSM images of the capsules were taken within 10 min of mixing and the 

capsules with dark interiors were considered to be impermeable, whereas capsules with interiors of 

similar fluorescent intensity to the outer environment were considered to be permeable. For the 

analysis, 100 capsules were examined. Solutions of CpGcap were separately mixed with FBS (10%) 

and incubated at 37 °C. After incubation for 0, 2, 4, 8, or 24 h, the mixtures were run on a 1% agarose 

gel and stained with SYBR Gold reagent. CpGcap and double-stranded DNA were incubated with 

DNase (1 U mL−1) for 1 h. Picogreen was used to fluorescently label DNA and the fluorescence was 

measured using a fluorometer (Fluorolog, Horiba).  

Synthesis of Positively Charged Glyocogen Nanoparticles: The synthesis of positively charged 

glycogen nanoparticles was performed according to a previously reported protocol.[35] Briefly, bovine 

liver glycogen (100 mg, Sigma-Adrich) was dissolved in 0.6 M acetic buffer (6 mL, pH 5.0). Then, 

sodium periodate (0.12 mmol) was added and the reaction proceeded for 2 h with stirring protected 

from light. Ethylenediamine (0.6 mmol) and sodium cyanoborohydride (1.2 mmol) were added. The 

reaction was incubated overnight, and the product was purified by dialysis against Milli-Q water and 

freeze-dried. For fluorescence labeling, the positively charged glycogen nanoparticles (4 mg mL−1) 

were dissolved in 0.1 M sodium bicarbonate buffer (0.5 mL), pH 8.0, and mixed with of 1 mg mL−1 

Alexa Fluor 555-NHS dye (20 μL). The reaction proceeded for 4 h at room temperature (21 °C ), 

followed by purification on Illustra NAP-5 filter columns (GE Healthcare) according to the 

manufacturer’s protocol.  
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Cell Cultures: RAW264.7 cells were purchased from the American Type Culture Collection. 

RAW264.7 cells with a passage number of 8–26 were cultured in complete DMEM supplied with 10% 

FBS at 37 °C, 5% CO2, and 95% humidity. 

MTT Assays: RAW264.7 cells were seeded into 96-well culture plates at a density of 1 × 104 cells per 

well overnight. After cells were incubated with CpGcap at different capsule-to-cell ratios (10:1, 20:1, 

30:1, 50:1, and 100:1) for 24 h, the culture medium was removed. Then, MTT solution (150 µL, 0.5 

mg mL−1) was added to each well, followed by 4 h of incubation at 37 °C. The formazan crystals 

were dissolved by adding DMSO (50 µL) to each well. The absorbance of the supernatant was 

measured at 570 nm using a microplate reader (TECAN, InfiniteM200, Switzerland). 

Flow Cytometry Analysis: RAW264.7 cells were seeded in 24-well culture plate at a density of 1 × 

105 cells per well overnight. Then, cells were incubated with AF488-labeled ssDNA, Y, or CpGcap (Y-

2 equivalent 160 nM) in fresh DMEM supplemented with 10% FBS for 2 h at 37 °C, harvested, and 

washed three times with PBS. The fluorescence intensity of the cells was then determined by flow 

cytometry (A50-Micro, Apogee Flow Systems Ltd.). For the time course experiments, cells were 

treated with AF488-labeled CpGcap at 37 °C for 2, 4, 8, or 24 h, harvested, and washed three times 

with PBS. Then, the fluorescence intensity of the cells was determined by flow cytometry. 

CLSM Imaging: RAW264.7 cells were seeded at 3 × 104 cells per well in Labtek 8-well chamber 

slides and incubated overnight. The medium was replaced with fresh culture media. CpGcap labeled 

with AF488 were added at a capsule-to-cell ratio of 100: 1. After 0.5, 2, 4, 8, 24, or 36 h of incubation, 

the medium was removed. The cells were washed three times with PBS to remove unbound CpGcap 

from the cells and to prevent nonspecific binding on the cell surface. Cells were fixed with 4% 

paraformaldehyde for 15 min and gently washed three times with DPBS. The membrane was stained 

with AF594-WGA (5 μg mL−1) for 5 min and the nucleus was stained with Hoechst 33342 (1 μg mL−1) 

for 10 min. The cells were imaged with a Nikon A1R confocal microscope with a 60× 1.4 NA oil 

immersion objective. The same sample preparation was used for super-resolution imaging by SIM 

(OMX V4 Blaze). 
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Cell Imaging by STORM: For the STORM analysis, RAW264.7 cells were seeded at 3 × 104 cells per 

well in Labtek 8-well chamber slides and incubated overnight. The medium was replaced with fresh 

standard media. CpGcap labeled with AF633 were added at a capsule-to-cell ratio of 100:1. After 2 h 

of incubation, the medium was removed. The cells were washed three times with PBS to remove 

unbound CpGcap from the cells and to prevent nonspecific binding on the cell surface. Cells were 

fixed with 4% paraformaldehyde for 15 min and gently washed three times with DPBS. STORM 

images were acquired as per the description in Characterization of CpGcap.  

Intracellular Trafficking Evaluated by Confocal Microscopy: RAW264.7 cells were seeded at 3 × 104 

cells per well in Labtek 8-well chamber slides and incubated overnight. The medium was replaced 

with fresh standard media. CpGcap labeled with AF488 were added at a capsule-to-cell ratio of 100:1. 

After 2 h of incubation, the medium was removed. The cells were washed three times with PBS to 

remove unbound CpGcap from the cells and to prevent nonspecific binding on the cell surface. Cells 

were incubated further in clean medium for 0, 2, 4, or 8 h. Cells were fixed with 4% paraformaldehyde 

for 15 min, washed, permeabilized with 0.1% Triton X-100 solution in PBS for 5 min, and washed 

again three times with 1% bovine serum albumin in PBS. Samples were then incubated overnight 

with mouse anti-EEA1 monoclonal antibody, rabbit anti-Rab7 monoclonal antibody, or rat anti-

LAMP1 monoclonal antibody (2.5 μg mL−1). The cells were washed three times and incubated for 1 

h with goat anti-mouse, goat anti-rabbit, or goat anti-rat AF647 conjugate antibody (2 μg mL−1). Cells 

were gently washed three times with DPBS and incubated with Hoechst 33342 (1 μg mL−1) for 10 

min to stain the nucleus. The cells were imaged with a Nikon A1R confocal microscope with a 60 × 

1.4 NA oil immersion objective. 

Cytokine Assays: RAW264.7 cells were seeded into 96-well culture plates at a density of 1 × 104 cells 

per well overnight. Then, cells were incubated with ssDNA, Y-CpG, or CpGcap (CpG motifs 

equivalent 240 nM) in fresh DMEM supplemented with 10% FBS. The concentration of CpG motifs 

was selected based on a previous study.[37] Cells were incubated at 37 °C for 8 h (for TNF-α analysis) 

or 24 h (for IL-6 analysis), and the supernatants were collected and stored at 80 °C until use. The 
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levels of TNF-α and IL-6 in the supernatants were determined by ELISA using antibody pairs specific 

to these cytokines, using protocols recommended by the manufacturer (TNF-α: Cat. No. 88-7324 and 

IL-6: Cat. No. 88-7064, Invitrogen). For the concentration-dependent experiment, cells were treated 

with CpGcap at different capsule-to-cell ratios (10:1, 20:1, 30:1, 50:1, and 100:1) at 37 °C for 8 h (for 

TNF-α analysis) or 24 h (for IL-6 analysis), and the supernatants were collected and stored at 80 °C 

until use. For the time course experiment, cells were treated with CpGcap at a capsule-to-cell ratio of 

100:1 at 37 °C for 2, 4, 8, and 24 h, and the supernatants were collected and stored at 80 °C.  
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Figure 1. Preparation and characterization of CpGcap. (a) Schematic representation of the template-
mediated assembly of CpGcap: (Ⅰ) loading of CaCO3 particles with Y-CpG; (Ⅱ) cross-linking by the 
duplex DNA linker; and (Ⅲ) removal of CaCO3 particles to yield CpGcap. The yellow strands on 
DNA represent sticky ends from Y-CpG and linker, which are complementary to each other. (b) 
CLSM, (c) HIM, (d) TEM, (e) AFM, and (f) STORM images of CpGcap. (g) Percentage of permeable 
CpGcap plotted against different molecular weights of FITC-dextran. 
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Figure 2. Cytotoxicity and cellular uptake of CpGcap by RAW264.7 cells. (a) MTT assay of cell 
viability. CpGcap were incubated with cells for 24 h. (b) Comparison of cell association of ssDNA, Y-
CpG, and CpGcap after 2 h of incubation with cells. (c) Cell association kinetics of CpGcap after 
incubation for 2, 4, 8, and 24 h. (d) CLSM images of untreated cells (blank) and cells treated with 
ssDNA, Y-CpG, or CpGcap for 2 h. (e) CLSM images of cells after incubation with CpGcap for 0.5, 2, 
4, 8, 24, and 36 h at a capsule-to-cell ratio of 100:1. Green, AF488-labeled CpGcap; blue, nuclei; and 
red, cell membrane. t-test: *P < 0.05, **P < 0.01, ***P < 0.001. 
 

  



  

24 

 
 
Figure 3. Microscopy images representing different stages of the micropinocytosis process. (a) 
CLSM images of cells treated with CpGcap for 2 h: (Ⅰ) formation of a ruffle at the cell membrane; (Ⅱ) 
association of CpGcap with the cell membrane; (Ⅲ) macropinosome closure; and (Ⅳ) internalization 
of CpGcap. Green, AF488-labeled CpGcap; blue, nuclei; and red, cell membrane. (b) STORM and (c) 
SIM images of cells treated with CpGcap.  
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Figure 4. Intracellular trafficking of CpGcap in RAW264.7 cells. CLSM images showing the 
intracellular trafficking of CpGcap in RAW264.7 cells at varying incubation times of 0, 2, 4, and 8 h 
(following initial incubation for 2 h) and associated schematic. The capsule-to-cell ratio was 100:1. 
Compartments in cells (red) were stained with EEA1 monoclonal antibody (early endosome), anti-
Rab7 monoclonal antibody (late endosome), or anti-LAMP1 monoclonal antibody (lysosome). Green, 
AF488-labeled CpGcap; blue, nuclei; and red, early endosome/late endosome and lysosome. Pearson’s 
colocalization coefficients are displayed in yellow. 
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Figure 5. Cytokine release from RAW264.7 cells stimulated by CpGcap. (a) and (d) ELISA 
measurements of TNF-α and IL-6 release stimulated by different DNA structures after incubation for 
8 h with RAW264.7 cells (concentrations of CpG motifs were equivalent, 240 nM). (b) and (e) TNF-
α and IL-6 secretion from RAW264.7 cells incubated with CpGcap at varying concentrations for 8 h. 
(c) and (f) TNF-α and IL-6 secretion from RAW264.7 cells incubated with CpGcap (CpG: 240 nM, 
capsule-to-cell ratio of 70:1) for 2, 4, 8, and 24 h. The results are expressed as the mean of cytokine 
concentration ± standard deviation from three measurements. t-test: *P < 0.05, **P < 0.01, ***P < 0.001. 
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DNA capsules that combine carrier and cargo were synthesized using Y-shaped DNA (containing 
CpG ODNs) as building blocks. These DNA capsules internalize in cells and efficiently accumulate 
in endosomes, inducing the production of high levels of cytokines. More than 4 million copies of 
CpG ODNs can be delivered to a cell with the internalization of a single DNA capsule.  
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