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Abstract

Direct and efficient delivery of functional payloads such as chemotherapy drugs, siRNA, or 

small-molecule inhibitors into the cytoplasm, bypassing the endo/lysosomal trapping, is a 

challenging task for intracellular medicine. Here, we take advantage of the programmability 

of DNA nanotechnology to develop a DNA nanodevice called CytoDirect, which incorporates 

disulfide units and human epidermal growth factor receptor 2 (HER2) affibodies into a DNA 

origami nanostructure, enabling rapid cytosolic uptake into targeted cancer cells and deep 

tissue penetration. We further demonstrated that therapeutic oligonucleotides and small-molecule 

chemotherapy drugs can be easily delivered by CytoDirect and showed notable effects on gene 

knockdown and cell apoptosis, respectively. This study demonstrates the synergistic effect of 

disulfide and HER2 affibody modifications on the rapid cytosolic delivery of DNA origami and 

its payloads to targeted cells and deep tissues, thereby expanding the delivery capabilities of DNA 

nanostructures in a new direction for disease treatment.

Graphical Abstract

INTRODUCTION

Nanomedicine aims to utilize the chemical and physical properties of nanomaterials for 

the diagnosis and treatment of diseases at the molecular or nanoscale level.1 However, the 

therapeutic potential of various drug modalities—including oligonucleotides like mRNAs 

and siRNA, proteins, plasmids, and antitumor drugs—has not been fully realized due to 

their poor cell membrane permeability, endo/lysosomal entrapment, enzymatic degradation, 

and rapid liver clearance.2–6 Enhancing drug delivery to tumors and achieving efficient 

intracellular drug release are considered important goals in precision medicine. Different 

strategies have been employed to address these challenges, including using carriers 

like virus-like particles, organic nanoparticles (e.g., liposomes, synthetic polymers, and 

micelles), and inorganic nanoparticles (e.g., mesoporous silica nanoparticles and gold 

nanoparticles).7–12 Nevertheless, the development of rapid and efficient cytosolic drug 

delivery nanomaterials with target specificity and biocompatibility remains a great challenge 
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in the field of nanomedicine. Further research is needed to address these challenges and 

optimize the use of nanomaterials in disease treatment.

Scaffolded DNA origami has emerged as a promising drug delivery platform, owing to its 

unique features such as the ability to generate complex prescribed shapes, with tunable size, 

surface functionalization, and biocompatibility.13–16 A plethora of studies have explored the 

potential of using DNA origami as nanocarrier for therapeutic molecules.17–19 However, a 

significant challenge faced by many nanocarriers (including DNA origami-based structures) 

is their susceptibility to entrapment within endosomes/lysosomes, which leads to subsequent 

degradation in the highly acidic and enzymatic environment of these organelles.20 Therefore, 

the therapeutic efficacy of the loaded drugs that require cytosolic delivery or subcellular 

localization is heavily compromised.

The discovery of endocytosis-independent pathways, such as counterion-mediated uptake, 

membrane fusion, and thiol-mediated uptake, has paved the way for novel approaches 

to achieve direct cytosolic delivery of biomolecules.21 In 2012, Gait and co-workers 

introduced the concept of thiol-mediated uptake, which employs dynamic covalent 

disulfide exchange chemistry with the aim of covalently attaching transporters to the cell 

surface, thus facilitating uptake.22 Conjugation of cyclic or linear disulfide units to single-

stranded oligonucleotides or short peptides has shown some initial evidence for cytosolic 

internalization,23,24 but these systems lack cell targeting specificity, high cargo loading 

capacity, and the modularity required to engineer multifunctional nanocarriers.

The human epidermal growth factor receptor 2 (HER2) is overexpressed in some 

malignant cells, especially breast cancer cells. Therefore, HER2 is an attractive target 

for cancer diagnosis and therapy.25 Anti-HER2 antibodies (Trastuzumab, Pertuzumab, 

and Ertumaxomab) have been widely used for cancer treatment.26 However, their 

immunogenicity and difficulties in traversing the cell membrane have hampered their 

biomedical applications. The HER2 affibody is a small protein of 58 amino acids (~6KD) 

with high binding affinity to the HER2 protein [KD = 22pM].27 It can be easily expressed in 

Escherichia coli and modified with other molecules for targeting purposes.28,29

Here, we developed a novel CytoDirect DNA nanodevice that integrates disulfide and HER2 

affibody modifications on DNA origami, enabling fast cytosolic delivery of therapeutic 

drugs to target cancer cells and deep tissue (Figure 1a). The disulfide units facilitate the 

rapid internalization of the delivered drugs into the cytosol, while the HER2 affibody 

serves both as a targeting domain and as a regulator, bringing the disulfide units into close 

proximity to cell surface thiol groups in order to accelerate the rate of disulfide exchange, 

which is critical for membrane penetration. Upon cellular uptake, CytoDirect was rapidly 

released to the cytosol by endogenous glutathione (GSH) (Figure 1b). Notably, CytoDirect 

exhibited a uniform and diffuse distribution throughout the cytoplasm, thereby overcoming a 

common limitation observed in drug delivery vehicles, specifically the tendency to aggregate 

into large punctate spots within the cytoplasm. These aggregates can hinder the effective 

delivery of drugs to their intended targets. CytoDirect exhibits high cytosolic uptake solely 

in HER2 overexpressed cancer cells as well as excellent tumor penetration in deep tissue. 

Moreover, therapeutic oligonucleotides and small molecular anticancer drugs delivered by 
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CytoDirect demonstrated efficient gene knockdown and cell apoptosis effects, respectively. 

These results suggest that CytoDirect is a promising platform for cytosolic delivery in 

targeted cancer cells and deep tissue with potential applications in the treatment of various 

diseases.

RESULTS AND DISCUSSION

Design, Construction, and Characterization of CytoDirect.

To prepare CytoDirect (Figure 1a), a DNA origami nanosheet (DON) measuring 

approximately 90 nm × 60 nm × 2 nm—was synthesized using a 7249-nucleotide-long M13 

bacteriophage genome DNA and hundreds of staple strands (Figures 1c and S1). To control 

the orientation of drug loading on the inner side of the nanosheet, an internal curvature 

was introduced to counteract the entropically unfavorable electrostatic repulsions generated 

by the large number of extended DNA overhangs.30 The desired curvature was rationally 

designed by manipulating the spacing between the crossovers of the DNA nanostructure. 

To screen the design space of crossover spacings, simulations using the coarse-grained 

DNA model (oxDNA)31 were performed to predict the structural curvature of the DON. 

The introduction of an increasing number of overhang extension cargo loading sites on the 

DON effectively neutralized the introduced curvature, until a total left-shift of 18 bases in 

vertical crossovers was implemented (Figures S2–S7). Consequently, all of the following 

experiments were carried out based on the 18-base left-shifted DNA nanostructure. Disulfide 

unit modification of DNA strands was achieved using phosphoramidite chemistry (Scheme 

S1 and Figures S8–S11). A linear tert-butyl disulfide with 6-repeats (6SS) was introduced at 

the 5′ end of single-stranded DNA following a previously reported protocol.23 HPLC was 

used to purify FAM-labeled 6SS-DNA, which was then characterized by MALDI-TOF-MS 

(Figures S12–S14 and Table S1). There are two primary reasons for selecting FAM as the 

labeling dye for tracking the cellular uptake of disulfide-modified DNA origami. First, FAM 

is pH-sensitive compared with other commonly used dyes (Alexa Fluor 488 and Cy5 dyes), 

particularly within the range of 4.5–6.5, which corresponds to the acidic pH environment 

found in the late endosomes and lysosomes (Figure S15).32 Therefore, we should not see 

an obvious fluorescent signal when DNA origami is trapped in the acidic organelles, which 

helps to better monitor the cytosolic uptake process. To determine how many structures were 

trapped in endosomes vs directly delivered to the cytoplasm, we also tested cellular uptake 

with the pH-insensitive fluorophore, Alexa Fluor 488 (Figure S32). Second, it has been 

reported that free Cy5 and Cy5 labeled DNA exhibited strong cell internalization within 

various mammalian cells, which might be attributed to the positive charge of the cyanine 

dyes and accumulation in mitochondria.33,34 Therefore, labeling Cy5 for DNA nanostructure 

might not provide a distinct difference in the cellular uptake solely due to the specific 

modification.35

The HER2 affibody-DNA conjugate was synthesized by attaching amine-DNA to HER2 

affibody molecules, which were expressed in E. coli cells, using the cross-linker sulfo-

SMCC (sulfosuccinimidyl-4-[N-maleimidomethyl]-cyclohexane-1-carboxylate). The HER2 

affibody-DNA conjugate was purified by FPLC and characterized by SDS-PAGE (Figure 

S16). The 6SS-DNA and HER2 affibody-DNA were loaded onto the DON through 
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hybridization with complementary ssDNA overhang extensions on the DON. After 

assembly, CytoDirect was characterized by using native agarose gel electrophoresis. 

Discrete bands with the expected mobility shift were observed for nanostructures without 

disulfide modification, suggesting the formation of designed nanostructures. However, 

6SS-DNA-loaded DON moved faster than 0SS-DNA-loaded DON and exhibited a dimer 

band, signaling a morphological change (Figure S17). This result was further verified by 

transmission electron microscopy (TEM). Most DONs showed a rectangular morphology, 

while approximately 15% displayed a tubular structure. Interestingly, all DONs exhibited 

a tubular shape after disulfide modification, with around 30% forming a dimer, a result 

attributed to the hydrophobic effect introduced by the tert-butyl protecting groups on the 

disulfide patch of the DON (Figures 1c and S18–S22). This morphology can safeguard 

payloads within the tubular structure to a certain extent, and the hydrophobic effect can 

also enhance cellular uptake by increasing the interaction between the cell membrane 

and CytoDirect. Crucially, the designed curvature aided in preventing the formation of 

aggregates due to the hydrophobic tert-butyl interactions. We found that the tubular 

disulfide-modified DON unfolded in the presence of the surfactant Tween 80 from AFM 

images but not in the presence of GSH, suggesting the tubular conformation was induced by 

hydrophobic actuation instead of undesired thiol group cross-linking (Figure S23). Overall, 

these results demonstrated the successful self-assembly of CytoDirect.

In order to determine whether 0SS-DNA or 6SS-DNA conjugates can be quantitatively 

loaded onto the DON, we measured the fluorescence intensity of DNA origami (S24a). 

Different numbers of capture staple strands (0, 26, 51, 101, and 189) were incorporated 

during the synthesis of the DNA origami, which was subsequently loaded with the 

corresponding amount of FAM-labeled 0SS-DNA or 6SS-DNA. We labeled each DNA 

origami with four Alexa Fluor 647 fluorophores to normalize the fluorescence result. By 

comparing the relative fluorescence intensity of the samples with the expected fluorescence 

(of 100% incorporation), we were able to determine the amount of DNA loaded on 

the DON. The excitation wavelengths of FAM and Alexa Fluor 647 are 490 and 650 

nm, respectively. As illustrated in Figure S24a, the DNA origami, regardless of disulfide 

modification, exhibited fluorescence intensity similar to the maximum expected value under 

varying DNA amounts. This indicated that the amount of 0SS-DNA or 6SS-DNA loaded 

on the DNA origami can be controlled quantitatively. We also evaluated the stability 

of the disulfide-modified DON by incubating it in a cell culture medium (with 10% 

FBS). Disulfide-modified DON remained largely intact for at least 24 h (Figure S24b,c). 

We assessed the cytotoxicity of the disulfide-modified DON using a cell counting kit-8 

(CCK-8) assay (Figure S25), and it showed no cytotoxicity to HeLa cells, demonstrating 

its biocompatibility. By contrast, commercially available lipofectamine exhibited clear 

cytotoxicity to cells. The reason why 6 nM DNA origami showed some slight cytotoxicity 

to the cells might be because of the increased dilution of the cell complete medium, which 

changed the nutrient and osmotic pressure of the extracellular environment.

Target Specificity of CytoDirect to HER2 Overexpressed SK-BR-3 Breast Cancer Cells.

To investigate the selectivity of CytoDirect for specific cells, we analyzed breast cancer cell 

lines that express varying levels of HER2 protein (specifically, SK-BR-3 and MCF-7 cell 
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lines). We found that the expression of HER2 protein in SK-BR-3 cells was significantly 

higher (~20.4-fold) than in MCF-7 cells, as determined by flow cytometry (Figure S26). 

We conducted a qualitative assessment of the amount of HER2 affibody (0, 1, 3, and 5) 

on DON loaded with 0SS-DNA (0SS-DON) and DON loaded with 6SS-DNA (6SS-DON) 

using confocal laser scanning microscopy (CLSM). It was found that three HER2 affibodies 

on each DNA origami were potent enough for targeting HER2-overexpressing cells (Figure 

2a). We then compared the targeting ability of CytoDirect (DSHAF-DON), HER2 affibody-

modified DNA origami (HAF-DON), and disulfide-modified DNA origami (DS-DON) in 

SK-BR-3 and MCF-7 cells by CLSM (Figure 2b,c). We labeled the DON with Fluorescein 

(FAM) to track its location.

Confocal imaging revealed that both CytoDirect and HAF-DON could bind to the surface 

of SK-BR-3 cells but barely bind to MCF-7 cells. This indicates the selectivity of HER2 

affibody-modified DON for HER2-overexpressing cells. However, without HER2 affibody 

modification, only negligible green fluorescence was observed, further confirming that target 

specificity was induced by the HER2 affibody. This result suggest that CytoDirect could be a 

potentially safer and more efficient drug carrier for cancer treatment.

CytoDirect Uptake Process by SK-BR-3 Cells.

Having validated the construction of CytoDirect and its selectivity for HER2-positive 

SK-BR-3 cells, we next demonstrated its cellular uptake efficiency both qualitatively and 

quantitatively using CLSM and flow cytometry. A time-course study (5 min, 30 min, 1 h, 3 

h, 5 h, 7 h, 9 h, and 12 h) was conducted to examine the cellular uptake over time by CLSM 

(Figures 3a and S27).

In light of the fact that HAF-DON also rapidly bound to SK-BR-3 cells (Figure 2c), we 

used HAF-DON as a control to specifically assess the impact of disulfide modification 

and eliminate the interference of the HER2 affibody on cellular uptake. CytoDirect 

began binding to SK-BR-3 cells within 5 min. Extending the duration to 30 min, the 

accumulation of CytoDirect around the cell membrane initiated the translocation process. 

From approximately 3–7 h, most of CytoDirect was released from the internal cell 

membrane, as observed by the decreased fluorescence intensity on the cell membrane and 

the distribution of fluorescence throughout the cytosol, which persisted even after 12 h 

(Figure S27). It is noteworthy that the distribution of CytoDirect inside the cytoplasm was 

predominately homogeneous, with only very few bright punctate spots (which are distinctive 

features of late endo/lysosomal sequestration). By contrast, HAF-DONs were hardly taken 

up inside the SK-BR-3 cells but remained on the cell membrane, further confirming the 

significant influence of the disulfide modification on the cellular uptake. We next performed 

flow cytometry experiments to further confirm this selective uptake.

We compared the cellular uptake of DON, DS-DON, HAF-DON, and CytoDirect with FAM 

labels on the loaded 6SS- or 0SS-modified capture strands (Figure 3b). We observed a 

5.3-fold increase in the uptake in SK-BR-3 cells for CytoDirect, compared to HAF-DON; 

an 11.3-fold increase for CytoDirect compared to DS-DON; and about a 55-fold increase 

for CytoDirect compared to DON. These results suggested that both the HER2 affibody and 

disulfide modification were critical to the cellular uptake. The combination of the HER2 
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affibody and disulfide modification of DON displayed the strongest fluorescence compared 

to other groups, indicating their synergistic effect. To rule out the possibility that only 

disulfide-modified strands got internalized but not the DNA origami, four of the origami’s 

staple strands were labeled with another fluorophore, Alexa Fluor 647 (Figure 3b). In 

agreement with the FAM-labeled DNA origami, a similar trend was observed in the Alexa 

Fluor 647-labeled DNA origami, with CytoDirect also demonstrating significantly higher 

cellular uptake efficiency.

Additionally, to further illustrate the influence of the disulfide distribution on DON, given 

that the hydrophobic effect of disulfide modification can influence the morphology of the 

structure, we designed three different distributions of disulfide modifications (termed the 

“even,” “central,” or “peripheral” distributions) on the DON and tested their difference in 

cellular uptake using flow cytometry (Figure S28). Both the central and evenly distributed 

disulfide modifications showed comparable efficiency in cellular uptake, whereas the 

peripheral distribution demonstrated a decreased cellular uptake efficacy. The reason for 

the decreased cellular uptake in the peripheral distribution might be due to increased 

aggregation formation. This is because the modification of disulfides on the peripheral 

side increases the likelihood of aggregate formation, which, in turn, hinders cellular uptake. 

CytoDirect was designed based on the central distribution of disulfide units.

To further investigate the impact of structural change on cellular uptake efficiency, induced 

by the hydrophobic-driven transition from planar to tubular structures following disulfide 

modification, we designed a HAF-DON tube. This tube was constructed using eight pairs 

of locking DNA strands to form a tubular configuration of HAF-DON that is similar to 

the tubular geometry of CytoDirect (Figure S29a). The formation of the HAF-DON tube 

was characterized by TEM, and the yield of HAF-DON tube monomers was approximately 

80% (Figure S29b,c). We then assessed the cellular uptake of HAF-DON tube, HAF-DON 

sheet, and CytoDirect using CLSM and flow cytometry. The CLSM images showed that 

both the tubular and planar HAF-DON bound to the cell membrane of targeted cells, with 

the tubular HAF-DON exhibiting stronger fluorescence on the cell membrane compared to 

the HAF-DON sheet (Figure S30a). This suggests that tubular morphology may enhance 

the interaction of HAF-DON with the cell membrane. In contrast, CytoDirect displayed 

a significantly brighter and more uniform intracellular fluorescence distribution than both 

HAF-DON forms, which was evidenced by a significantly higher fluorescence intensity, 

as measured by flow cytometry, confirming the CLSM findings (Figure S30b). These 

findings suggest that the enhanced cytosolic uptake is primarily due to the synergistic 

effects of disulfide modification and HER2 affibody modification. The structural transition 

from planar to tubular also appears to amplify CytoDirect’s binding to the cell membrane, 

potentially accelerating the disulfide exchange reaction and thereby enhancing cytosolic 

uptake. In summary, these results suggest that the disulfide modifications and HER2 

affibodies synergistically enhance cytosolic uptake, with the improved cellular uptake 

attributed to the target-induced accelerated disulfide exchange reaction. Based on CLSM 

observations, we propose a possible four-stage sequence during the internalization of 

CytoDirect’s uptake into SK-BR-3 cells, as illustrated in the schematic model (Figure 

3c). Stage I: binding with the surface membrane by targeting the HER2 protein; Stage II: 
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proximity-induced efficient disulfide exchange; Stage III: direct translocation of CytoDirect 

to the cytoplasm; and Stage IV: GSH-assisted nanocarrier release from the cell membrane.

Cellular Distribution of CytoDirect.

Next, we analyzed the cellular distributions of CytoDirect, HAF-DON, and DS-DON by 

CLSM. SK-BR-3 cells were stained with LysoTracker to visualize the colocalization of 

DNA origami with late endosomes and lysosomes. As depicted in Figure 4, the green, 

fluorescent color was diffusely distributed within CytoDirect-treated cells, with only a 

few punctate bright spots colocalized with red-labeled late endosome or lysosomes. This 

distribution suggests that the cellular uptake of CytoDirect occurred primarily through an 

endocytosis-independent pathway. By contrast, without disulfide modification, HAF-DON 

was scarcely internalized inside the cells but instead remained on the cell membrane due 

to the binding with cell surface HER2 proteins. DON structures lacking a targeting module 

and disulfide modification were seldom taken up by the cells. Additionally, the Pearson’s 

correlation coefficient of CytoDirect colocalization with late endosome and lysosomes was 

below 0.1 in SK-BR-3 cell (Figure S31). The subcellular distribution was also studied with a 

pH-insensitive fluorophore, Alexa Fluor 488 (Figure S32). More bright spots were observed 

colocalized with the LysoTracker signal than the FAM-labeled CytoDirect, which might 

indicate entrapment in the late endosome/lysosome. However, we consistently observed a 

strong green fluorescence signal with a diffuse distribution inside the cells when exposed 

to CytoDirect, compared to other groups. This observation strongly supports the direct 

cytosolic uptake of CytoDirect. It has been reported that there is a competition between 

direct translation and endocytosis of disulfides in thiol-mediated pathway, depending on the 

length and hydrophobicity of the disulfide units.36 And the entrapment of CytoDirect is one 

possible reason why CytoDirect had a good tumor penetration effect (vide infra) since it 

requires both direct translation and endocytosis. Taken together, these findings indicated that 

CytoDirect can be efficiently internalized inside the cell via a predominantly endocytosis-

independent pathway. We also evaluated the colocalization of disulfide-modified DON with 

late endosomes and lysosomes in HeLa cells (Figure S33). In comparison to 0SS-DON, 

6SS-DON exhibited higher cellular uptake and did not colocalize with late endosomes 

or lysosomes, supporting the endocytosis-independent internalization. However, most of 

the green fluorescence signal still behaved as punctate spots, which implies sequestration 

in vesicle and aggregate formation. This result further highlights the importance of the 

targeting module for the cytosolic uptake of DNA nanostructures.

The observed variability in fluorescence distribution within the same treatment group can be 

primarily attributed to two main factors: (1) variability in the interaction of cell membrane 

with disulfide moieties on CytoDirect, influenced by inconsistent exposure (Figure S23) and 

possible degradation of disulfide units (Figure S24b,c), and (2) the influence of the cell cycle 

phase on cellular uptake,37 with cells in the G2/M phase showing the highest efficiency, 

followed by S and G0/G1 phases, which might also impact the expression of membrane 

proteins crucial for the nanoparticle uptake.
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Studying the Internalization Mechanism of CytoDirect.

To explore the mechanism underlying the highly efficient cellular uptake of CytoDirect, 

we pretreated SK-BR-3 cells with different cellular uptake inhibitors and studied the 

internalization of Alexa Fluor 488 labeled CytoDirect by CLSM and flow cytometry. These 

included sodium iodoacetate (a cell surface thiol inhibitor), chlorpromazine (CPZ, a clathrin-

mediated endocytosis inhibitor), methyl-β-cyclodextrin (MβCD, a lipid raft inhibitor), 

and nystatin (NYS, a caveolin-mediated endocytosis inhibitor).38–41 The cytotoxicities 

of different inhibitors were tested with a CCK-8 assay, and no obvious cytotoxicity 

was observed for all inhibitors (Figure S34). Previous studies have reported that DNA 

nanostructures are predominantly delivered into cells through clathrin- and caveolin-

mediated endocytic pathways.20 Our inhibition experiments indicated that CytoDirect 

undergoes thiol-mediated internalization in SK-BR-3 cells, as evidenced by the nearly 

complete inhibition of cellular uptake following the treatment of the cells with sodium 

iodoacetate. By contrast, the blockade of other pathways (i.e., caveolin, clathrin, and lipid 

raft) did not noticeably alter cellular uptake (Figure 5).

Tumor Penetration of CytoDirect in a 3D Multicellular Spheroid.

We next considered the tumor penetration ability of CytoDirect in deep tissue as this 

property is a crucial indicator for the evaluation of drug delivery systems. Multicellular 

spheroids have emerged as an attractive model for studying the penetration effect of 

nanoparticles across deep tissues, and such spheroids have also been applied to study the 

tumor penetration ability of DNA nanostructures.42 Therefore, in this study, we compared 

the tumor penetration ability of CytoDirect versus that of HAF-DON in SK-BR-3 tumor 

spheroids in vitro. We prepared spheroids of SK-BR-3 cells with an average size of 

approximately 400 μm and incubated SK-BR-3 spheroids with 10 nM CytoDirect and 

HAF-DON for 4, 8, and 12 h, respectively (Figure 6a,b). The tumor penetration ability 

was tracked by 3D confocal microscopy. The 3D projection of fluorescence scanning 

revealed a distinct distribution pattern between CytoDirect and HAF-DON. Specifically, 

the distribution of FAM signals derived from CytoDirect demonstrated gradual penetration 

toward the central region of the tumor spheroid over time and was predominately localized 

to the central region after 12h incubation. In contrast, FAM from HAF-DON was modest, 

confined to the marginal areas of the spheroid, and decreased after 12 h. Collectively, these 

results underscore the excellent tumor penetration ability of CytoDirect.

Therapeutic Oligonucleotide and Small-Molecule Anticancer Drug Delivery by CytoDirect.

To assess the intracellular drug delivery efficiency of CytoDirect, we delivered two types 

of drug modalities (Figure 7a): the therapeutic oligonucleotide MCl-1 shRNA and the 

small-molecule chemotherapy drug doxorubicin. A tandem MCl-1 shRNA was designed to 

further increase the gene knockdown effectiveness of the shRNA, with its efficacy evaluated 

in HeLa and SK-BR-3 cells transfected with lipofectamine (Figure S35). MCl-1 shRNA was 

then delivered by CytoDirect through DNA-RNA hybridization. We investigated the gene 

knockdown effect of delivered MCl-1 shRNA in SK-BR-3 cells using a Western blot assay. 

Following a 24 h incubation period with different treatment methods, the MCl-1 shRNA 

delivered by CytoDirect outperformed all other groups in achieving the strongest gene 
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knockdown effect (~85%) (Figure 7b). Notably, the extent of protein inhibition mediated 

by shRNA delivered by CytoDirect surpassed that achieved with Lipofectamine (~70%), 

indicating the excellent functional payload delivery efficacy of CytoDirect. By contrast, 

shRNA delivered by the unmodified DON, or the disulfide-modified DON showed only a 

weak gene knockdown effect (~20% and ~30%, respectively). Meanwhile, shRNA delivered 

by a HER2 affibody-modified DNA origami showed a negligible gene silencing effect. This 

suggests that the tight binding of the HER2 affibody to the cell membrane HER2 protein 

might prolong the cell surface retention time and lead to the degradation of loaded shRNA, 

consistent with a previous report.43 These results highlight the efficient delivery of MCl-1 

shRNA by CytoDirect to the target SK-BR-3 cells.

After the successful delivery of shRNA, we explored the possibility of efficiently delivering 

small-molecule chemotherapy drugs to targeted cancer cells. Doxorubicin was loaded onto 

CytoDirect according to a previous report.44 We determined the amount of doxorubicin 

intercalation into CytoDirect by measuring the absorption at 487 nm based on a doxorubicin 

standard curve (Figure S36). With this method, we calculated that each CytoDirect contains 

around 1850 doxorubicin molecules. We then compared the apoptosis induced by free 

doxorubicin and doxorubicin loaded onto CytoDirect in the SK-BR-3 cell line (Figure 7c). A 

propidium iodide (PI) and FITC-Annexin V co-staining assay was used to evaluate the cell 

conditions (viable, apoptotic, or necrotic). Compared to cells treated with free doxorubicin, 

confocal microscopy images of SK-BR-3 cells treated with the CytoDirect-delivered 

doxorubicin displayed a clear halo on the apoptotic membranes labeled with FITC-Annexin 

V. Meanwhile, PI also efficiently labeled the nuclei of these cells, indicating damage to 

membrane integrity. However, cells treated with free doxorubicin largely maintained a well-

stretched morphology, indicating a healthy condition. Taken together, these results suggest 

that CytoDirect can deliver doxorubicin to targeted cancer cells with greater efficiency than 

free doxorubicin and effectively initiate the apoptotic process in these cells.

CONCLUSIONS

In summary, we demonstrated that the synergistic effect of disulfide and HER2 affibody 

modifications on the DNA origami template results in rapid cytosolic uptake and excellent 

tumor penetration ability for targeted drug delivery, leading to high levels of therapeutic 

efficacy. By leveraging experience from the field of DNA nanotechnology, we modified 

the unique properties of disulfide units and HER2 affibody onto a biocompatible and 

programmable DNA origami template for cytosolic delivery to targeted cells. The disulfide-

modified DON displayed a tubular shape due to the hydrophobic effect of the disulfide 

protection groups, and this tubular shape prevented the aggregation of the hydrophobic 

disulfide patches. We also highlight that the DNA origami nanostructures enabled an 

extremely high density of disulfides (104 copies of 6-repeat disulfides per structure) in order 

to further enhance uptake of the highly anionic nanostructure. HER2 affibody modification 

endowed the DNA nanocarrier with target specificity to HER2-overexpressing breast cancer 

cells, leading to the adjacence of disulfide units and cell surface thiol groups, followed 

by an accelerated disulfide exchange reaction. DNA origami modified with both disulfide 

units and the HER2 affibody demonstrated significantly higher cellular uptake efficiency 

than with a single module modification or without any modifications. The distinct stages of 
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internalization were observed from a time-course study, although the precise entry process 

is still under investigation. It is noteworthy that CytoDirect exhibited a diffuse distribution 

inside the cytoplasm, which addresses the challenging problem of using DNA origami as a 

drug delivery platform. Access to deep tissue has always been challenging as it requires a 

balance between transcytosis and cytosolic release. An excellent tumor penetration capacity 

was found for our designed CytoDirect, and the mechanistic study further supports the 

predominately thiol-mediated direct translocation.

This work demonstrates a unique drug delivery system that can deliver both oligonucleotide 

and small-molecule drugs rapidly and directly to the cytoplasm of targeted cells and deep 

tissue. Future studies will improve our understanding of the uptake process and membrane 

trafficking pathways at the single particle level as well as evaluate their biodistribution, 

efficacy, and biosafety in vivo. This study expands the usage of DNA nanostructures as a 

delivery system and demonstrates the translational potential of DNA nanostructure-based 

nanocarriers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and characterization of the CytoDirect DNA nanodevice. (a) Illustration of the 

construction of the disulfide- and HER2 affibody-modified CytoDirect. (b) Schematic 

illustration of the proximity-induced, thiol-mediated rapid cytosolic uptake process. (c) 

Representative negative stain TEM images of DON, DS-DON, and CytoDirect. Insets 

represent 2D class average images. Scale bar, 100 nm.
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Figure 2. 
Comparison of target specificity of FAM-labeled DS-DON, HAF-DON, and CytoDirect in 

HER2-positive and -negative breast cancer cells. (a) Targeting ability of HER2-modified 

FAM-labeled DON (3 nM) in relation to the number (0, 1, 3, and 5) of modified HER2 

affibodies in cells overexpressing HER2. HER2-modified DONs were incubated with SK-

BR-3 cells for 30 min. Scale bar, 25 μm. (b) Schematic illustration of the interaction 

between the HER2 protein, expressed on the membrane of SK-BR-3 cells, and the HER2 

affibodies modified on DON (3 nM). (c) Representative confocal microscopy images of 
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SK-BR-3 (HER2-positive) and MCF-7 (HER2-negative) cells, following incubation with 

FAM-labeled 3 nM DS-DON, HAF-DON, and CytoDirect (green) for 30 min. Scale bar, 25 

μm.
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Figure 3. 
Cellular uptake of DNA nanocarrier with different modifications. (a) Representative 

confocal microscopy images of HER2 affibody-modified FAM-labeled DNA nanocarrier 

with disulfide (top) and without disulfide (bottom) modification at different time points 

(5 min, 0.5 h, 3 h, and 7 h; scale bar, 25 μm). (b) Flow cytometry analysis of the 

internalization of both FAM and Alexa Fluor 647-labeled DNA nanocarrier (3 nM) with 

different modifications. FAM labeled with or without disulfide-modified hybridized strand 

(top). Alexa Fluor 647-labeled staple strands of DNA origami (bottom). Error bars represent 
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mean ± s.d. 0.1234 (ns), 0.0332 (*P), 0.0021 (**P), 0.0002 (***P), < 0.0001 (****P) from 

three independent experiments. c. Proposed four-stage internalization process of CytoDirect.
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Figure 4. 
Cell distribution of FAM-labeled DNA nanocarriers with different modifications. Confocal 

microscopy image of SK-BR-3 cells treated with 3 nM CytoDirect, HAF-DON, and DS-

DON (green) for 5 h. The nucleus was stained with Hoechst 33342 (blue), and the late 

endosome and lysosome were stained with LysoTracker (red). Scale bar: 25 μm. Enlarged 

images are the amplified images of the white boxed regions in the merged channels. Scale 

bar, 5 μm. CytoDirects were diffused in the cytoplasm of cells.
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Figure 5. 
Inhibitory assays to probe cellular uptake mechanism of Alexa Fluor 488 labeled 

CytoDirect. (a) Schematic summary of the cellular uptake mechanisms of thiol-mediated 

pathway and endocytic pathways. (b, c) Flow cytometry and CLSM results of the cellular 

uptake of 3 nM Alexa Fluor 488 labeled CytoDirect in SKBR3 cells with pretreatment of 

different inhibitors, including 1.2 mM sodium iodoacetate, 2.5 μg/100 μL nystatin (NYS), 10 

μM chloropromazine (CPZ), and3 mM methyl-β-cyclodextrin. Scale bar: 25 μm.

Yu et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2024 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Tumor penetration study of FAM-labeled CytoDirect and HAF-DON. (a) 3D projection 

images of SK-BR-3 spheroids incubated with 10 nM CytoDirect and HAF-DON for 4, 8, 

and 12 h, respectively. Scale bar, 200 μm. (b) Radial distribution plots of CytoDirect and 

HAF-DON in a 3D SK-BR-3 tumor spheroid.
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Figure 7. 
CytoDirect delivery of MCl-1 shRNA and the anticancer drug doxorubicin to SK-BR-3 

cells. (a) Schematic illustration of using the CytoDirect to deliver MCl-1 shRNA by DNA-

RNA hybridization and delivering doxorubicin by intercalation into double-stranded DNA. 

(b) Gene knockdown effect of CytoDirect-delivered MCl-1 shRNA determined by Western 

blot. (c) Comparison of SK-BR-3 cell apoptosis between free doxorubicin and CytoDirect-

delivered doxorubicin by FITC-Annexin V (green) and PI (red) co-staining. Scale bar, 25 

μm. White arrows in the upper merged channel represent viable cells. Enlarged images are 

amplified images of the white boxed regions in the merged channels. Scale bar, 10 μm.
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