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ABSTRACT  22 

MicroRNAs (miRs) play a critical role in modulating gene expression across biological processes, 23 

including cardiac aging and disease. As such, miRs have demonstrated therapeutic potential in 24 

several cardiac conditions. Efficient delivery of miR therapies to cardiac tissue is crucial for 25 

effective gene therapy and DNA-based nanocarriers (DNCs), based on Watson-Crick-Franklin 26 

highly specific base-pair recognition, have emerged as a promising, biocompatible alternative to 27 

viral-based methods. 28 

Here, we present DNCs designed to modulate miR levels as a potential treatment for cardiac 29 

dysfunction. Specifically, our DNCs target miR-24-2, which inhibits SERCA2 gene. In humans, 30 

the reduction of SERCA2 activity is a hallmark of heart failure and is altered in cardiac aging. We 31 

show how DNCs bearing anti-miR-24-2-5p sequences effectively restore intracellular levels of 32 

SERCA2 in a HEK293 cell model. Here, the DNCs proper assembly is thoroughly verified, while 33 

their stability and miR-capture ability are demonstrated in vitro. Our anti-miR-24-2-5p DNCs 34 

exhibit successful internalization into HEK293 and modest uptake into human cardiomyocytes. 35 

SERCA2 restoration by DNCs is significantly influenced by the miR-capture sequence layout, 36 

underscoring the importance of precise design for optimal biological outcomes. This study 37 

highlights the potential of DNCs in cardiac therapies, a previously unexplored avenue for 38 

addressing cardiac dysfunction.  39 
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INTRODUCTION  40 

Cardiovascular disease (CVD) currently stands as the foremost cause of global mortality and 41 

morbidity, accounting for approximately 17.9 million deaths per year and constituting 32% of all-42 

cause mortality.[1] Age is an independent risk factor for CVD, which is intricately linked to other 43 

pathological processes.[2] Therefore, the aging of the population, coupled with the prevalence of 44 

comorbidities, is expected to further consolidate and potentially exacerbate this epidemiological 45 

burden.[2,3] Moreover, the development of novel therapeutic approaches for the treatment of CVD 46 

is lagging behind, hampered by a lack of an in-depth understanding of the molecular pathways 47 

governing cardiac dysfunction.  48 

miRs play a crucial role in regulating gene expression in many biological processes, including 49 

CVD and cardiac aging.[4–6] Due to their small size and pleiotropic effects, miRs are emerging as 50 

promising therapeutics. Consequently, the modulation of cardiac miRs has demonstrated 51 

reparative and regenerative potential in the heart. For example, improved cardiac function in 52 

animal models of heart failure (HF) or myocardial infarction (MI)[7,8] has been reported and even 53 

a first-in-human trial in HF shows safety and cardiac functional improvements.[9]  54 

miR-24-2 is upregulated in HF patients[10] and in aged human left ventricle (LV).[6] In addition, it 55 

is also implicated in the regulation of post-MI cardiac fibrosis.[11,12] miR-24-2-5p interacts with 56 

SERCA2,[6] a fundamental pump located in the sarcoplasmic reticulum of cardiomyocytes and 57 

whose activity is critical for controlling cardiac contractility and relaxation. Opposite to miR-24-58 

2, SERCA2 levels decrease with age and in HF.[6,13] Restoring SERCA2 levels currently represents 59 

a key pathway in gene therapy to address failing hearts[13] with several completed or ongoing 60 

SERCA2 supplementation gene therapy trials (i.e. CUPID, MUSIC-HFrEF or MUSIC-HFpEF). 61 

All of these trials are based on SERCA2 delivery with Adeno-Associated Virus serotype 1 (AAV1), 62 
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however, the existence of AAV1 neutralizing antibodies in humans[14] could compromise their 63 

success. Therefore, using non-viral methods to restore SERCA2 activity by inhibiting miR-24 in 64 

the cardiac tissue is a promising strategy for the treatment of cardiac dysfunction. 65 

The direct administration of miR-regulatory therapies has exhibited only limited efficacy in human 66 

clinical trials for HF.[9] Likely limitations related to their nuclease sensitivity or rapid clearance 67 

limit effective dosing in the cardiac tissue. Additionally, systemic distribution of such approaches 68 

have been associated with adverse side effects in other pathologies.[15] In light of these limitations, 69 

nanocarriers are being avidly used to enhance the intracellular delivery of therapeutic nucleic 70 

acids, with the aim of improving the in vivo efficacy and safety of miR therapies.[16] 71 

DNA-based nanocarriers (DNCs) have emerged as promising candidates for efficient delivery of 72 

miRs in vivo. Constructed using a bottom-up approach that relies on highly specific and 73 

programmable self-assembly of individual DNA oligonucleotides, DNCs have exhibited 74 

biocompatibility at the cellular level as well as in animal models,[14] with no systemic toxicity and 75 

low immunogenic response[17]. These favorable properties, combined with their straightforward 76 

and reproducible preparation, versatile design, functionality and facile adaptability for targeted 77 

delivery, make DNCs suitable vehicles for therapeutic delivery in various applications, including 78 

chemotherapy,[18] gene therapy[19,20] or immunotherapy[21] among others. The chemical backbone 79 

of DNCs makes them particularly suited for gene delivery, as it can be tailored to harbor 80 

therapeutic sequences, such as antisense oligonucleotides (ASOs), messenger RNAs, miR mimics, 81 

anti-miRs and small interfering RNAs (siRNAs).[19] 82 

In the context of miR-related therapy, DNA nanocages with truncated octahedral shapes,[22] RCA-83 

based DNA nanosponges,[23] branched DNA nanostructures[24–26] and a DNA tetrahedron[27] have 84 

successfully inhibited oncogenic miRs within cells. In vivo efficacy has been also provided by 3-85 
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way junction RNA nanoparticles that efficiently reduce the activity of oncogenic miR-21 and miR-86 

17 in mice,[28,29] by DNA tetrahedron loaded with miR inhibitors for skin anti-aging properties[30] 87 

and for miR-22-3p carriers to address a depressive disorder.[31] Additionally, hybrid miR-88 

containing DNA tetrahedron and hydrogel systems have shown in vivo effect in tackling 89 

osteonecrosis through combined therapy.[32] While these examples highlight the potential of DNCs 90 

for miR-based therapies in cancer, it is noteworthy that their use in treating cardiac diseases 91 

remains unexplored.  92 

Here, we present DNCs tailored to address cardiac dysfunction with miR therapies, in particular 93 

with application in HF or to mitigate the deleterious effects of cardiac aging. Specifically, our 94 

DNCs are designed to modulate the intracellular levels of miR-24-2-5p using an anti-miR approach 95 

and consequently, the levels of SERCA2. We have designed and fully characterized two different 96 

DNC configurations differing in the position of the miR bait, and thus in the miR capture strategy. 97 

Our data demonstrate the proper assembly of both DNC configurations, the specific capture of the 98 

target miR and subsequent DNCs disassembly, and their proper stability in biological conditions 99 

in vitro, among other features. Interestingly, only one configuration is able to rescue the 100 

intracellular levels of SERCA2 in a model cell system. Our anti-miR-24-2-5p DNCs are able to 101 

internalize at low levels in human induced pluripotent stem cell-derived cardiomyocytes (iCMs) 102 

in vitro, underscoring the opportunity to develop methods to enhance their cell-specific uptake in 103 

vivo.  104 
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RESULTS AND DISCUSSION 105 

Design, assembly, structural characterization and nuclease-mediated degradation of anti-106 

miR-containing DNCs 107 

DNCs were prepared through complementary hybridization of smaller building block units (Figure 108 

1) to render nanohydrogel-type nanostructures by adapting previous methods.[33] 109 

 110 

Figure 1. DNCs assembly in their two configurations (NA and NB). Complementary sequences 111 

between monomer, linker and stopper overhangs are shown in either blue (NA) or red (NB). DNCs 112 

were assembled by mixing M, S and L following the ratio 64:1 (M:S), 1:1.5 (M:L) and 2:1 (S:L). 113 

 114 

Initially, two Y-shaped DNA constructs, Monomer (M) and Stopper (S), each composed by three 115 

complementary strands, and one double-stranded DNA serving as linker (L), were assembled in a 116 

phosphate saline buffer (PBS) using a thermal gradient. M comprises three dsDNA arms ending 117 

in 22-nucleotides (nts) long overhangs fully complementary to the target miR-24-2-5p, thereby 118 

acting as anti-miR-24-2-5p. L hybridizes with 12-nts of these overhangs to drive the assembly of 119 

the entire DNC. The non-hybridized 10 nts of M act as bait for miR capture. S contains a 12 nts-120 

long overhang in just one arm to block DNC growth. Two types of DNCs were prepared by 121 
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modifying the position at which L bridges the monomers. Namely, the DNCA (NA) was assembled 122 

with L hybridizing with the internal part of the M overhang, leaving a 10 nts long external bait. 123 

Conversely, DNCB (NB) was assembled with L hybridizing with the external part of the M 124 

overhang, leaving a 10 nts long internal bait (Figure 1, Table S1).  125 

Polyacrylamide gel electrophoresis (PAGE), Dynamic Light Scattering (DLS) and Atomic Force 126 

Microscopy (AFM) were employed to assess the proper formation of DNCs. In PAGE (Figure 2a), 127 

distinct bands for M, S and L were observed and their mobility, following the order L>S>M, 128 

correlated with their respective structural sizes. For NA and NB lanes, DNA signals were visibly 129 

retained in the wells, smearing toward faster mobility species, indicating correct assembly of small 130 

components into larger structures. Agarose gel electrophoresis (AGE) further confirmed correct 131 

assembly (Figure S1), as evidenced by the retarded mobility of DNCs compared to the smaller 132 

DNA constructs. DLS data (Figure 2b) and AFM images (Figure 2c) showed increased sizes for 133 

the DNCs compared to M. Specifically, average hydrodynamic diameters (Dh) of 81 ± 26 nm, 67 134 

± 15 nm and 12 ± 2 nm were obtained by DLS for NA, NB and M, respectively, with larger standard 135 

deviation observed for NA (Figure 2b, S2a). The 10 nts long internal bait present in NB introduces 136 

larger flexibility and hence may facilitate the hybridisation of the linker leading to a narrower size 137 

distribution. AFM images taken in dry samples revealed larger averaged sizes for NA (34 ± 12 nm) 138 

and NB (28 ± 9 nm) compared to M (10 ± 2 nm) (Figure S2b). The smaller values obtained by 139 

AFM compared by DLS may arise from tip compression of the nanostructures, as well as potential 140 

compaction of the nanohydrogel-type DNCs in the absence of water.[34–37] DNCs displayed a 141 

globular-like morphology in AFM images, which is consistent with the expected structural design 142 

for these nanostructures.[33,38,39] 143 
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DNCs’ biodegradability was studied by evaluating their susceptibility to nuclease-mediated 144 

degradation by DNAse I, a major nuclease present in serum.[40] PAGE analysis showed that NA, 145 

NB and M are all degraded by DNAse I (Figure S3), confirming their optimal degradation in 146 

biological conditions and supporting their potential as safe, biodegradable nanocarriers.  147 

 148 

Figure 2. Characterization of the DNCs. a) PAGE showing retarded mobility of the assembled NA 149 

and NB compared to M, S and L. 100 bp DNA ladder is included at the most left lane. b) 150 

Distribution of the hydrodynamic diameter (Dh) values (in intensity) obtained by DLS of M, NA 151 

and NB (individual values and mean ± SD; n = 5 independent studies of 10 measurement each). c) 152 

AFM images (topography) of M, NA and NB. Scale bar is 500 nm; d) Percentage of intact 153 

nanostructures incubated in cell culture media with serum over time in hours (h) (mean ± SD; n = 154 
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3-4; * for comparison of M with both NA and NB; ǂ for comparison of NA with NB). Significant 155 

thresholds were established at: p≤0.05 (*), p≤0.01 (**), p≤0.001 (***) and p≤0.0001 (****). 156 

 157 

Next, to assess whether the DNCs maintain their structural integrity under the chemical conditions 158 

relevant to subsequent investigations with cultured cells, we analysed the stability of the DNCs in 159 

cell culture media containing 10% of FBS (DMEMc) for different times up to 24 hours (h) at 37 160 

ºC. A notable degradation of M in DMEMc at 24 h (only 34 ± 2% of intact structure remaining) 161 

indicated the vulnerability in serum of the building unit. Instead, NA and NB displayed good 162 

stability in DMEMc up to 24 h (87 ± 2% and 78 ± 4% of non-degraded structure, respectively), 163 

with NA being significantly more stable than NB at 24 h (Figure 2d and Figure S4a). Stability 164 

controls were performed by incubating the structures in nuclease-free PBS for 24 h at 37 ºC (Figure 165 

S4b), and all structures remained stable, confirming their robustness under nuclease-free 166 

physiological conditions. The higher stability of NA and NB compared to M in DMEMc, highlights 167 

the enhanced protection of the anti-miR sequences by the assembled DNCs in biological media.  168 

Therefore, the designed building units self-assemble into DNA nanohydrogel-type structures 169 

bearing anti-miR-24-2-5p sequences with Dh of around 75 nm. These DNCs are biodegradable 170 

but stable in cell culture conditions during 24 h.  171 

 172 

Specific capture of miR-24-2-5p by DNCs  173 

Prior to the functional assessment in cells, the capability of the assembled DNCs to specifically 174 

sequester miR-24-2-5p was evaluated in vitro using PAGE and fluorescence spectroscopy. 175 

According to the DNCs design (Figure 1), NA and NB are assembled through the hybridization of 176 

M with L via 12 complementary nts of M extension over a total of 22 nts. Hence, in the presence 177 
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of miR 24-2-5p, L is expected to be displaced from M by the miR via toehold-mediated strand 178 

displacement, which results into DNCs disassembly. This design of miR-triggered disassembling 179 

nanostructures provides an intrinsic structural reporter to confirm successful miR capture. 180 

Furthermore, upon recognition of the target miR, the unoccupied anti-miR sequences of inner 181 

locations within the DNCs improve their exposure, subsequently potentially increasing the 182 

accessibility of the miR to the baits. Finally, this system is expected to facilitate RNase H-mediated 183 

degradation of the resulting DNA-RNA heteroduplex in the intracellular media. To probe this 184 

disassembly, NA and NB were incubated for 1 h at 37 ⁰C in PBS with the miR-24-2-5p target 185 

sequence as either single-stranded DNA (ssDNA) or RNA (ssRNA) (Table S1). Incubation of M 186 

with each target sequence in a molecular ratio anti-miR bait:target strand 1:2 resulted in gel 187 

migration retardation of M, supporting effective capture (Figure 3a). In the case of NA and NB, the 188 

non-migrating band of the fully assembled DNCs nearly vanished upon incubation with the target 189 

strands at this ratio. Instead, a band corresponding to M with the captured ssDNA or ssRNA was 190 

observed, with just a few complexes of smaller size than the original fully assembled DNCs 191 

present, which supports successful disassembly of both DNCs (Figure 3a).  192 

The addition of ssRNA at ratio 1:1 (anti-miR bait:target strand) also led to proper disassembly of 193 

DNCs, whereas lower molar ratios resulted in only partial disassembly (Figure S5). The specificity 194 

of the interaction was further validated by employing a single-stranded DNA sequence with a 195 

random anti-miR sequence with no homology to miR-24-2-5p (ssDNAmock) (Table S1). Neither M 196 

nor the DNCs exhibited any interaction with ssDNAmock, supporting the selectivity of the bait 197 

specifically toward miR-24-2-5p (Figure 3a). 198 
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  199 

Figure 3. Assessment of capture capacity and specificity of miR-24-2-5p by DNCs. a) PAGE 200 

showing interaction of M with the target sequence (as ssDNA, ssRNA) and disassembly of NA and 201 

NB with the target sequence (as ssDNA and ssRNA) and random sequence (ssDNAmock) at ratio 202 

1:2 of anti-miR bait:ssDNA/ssRNA/ssDNAmock). 100 bp DNA ladder is included at the most left 203 

lane. b) DNCsLU design with fluorescence up detection capacity for disassembly. c) Fluorescence 204 

spectra of DNCsLU upon incubation at 37 ⁰C for 1 h with ssRNA and ssDNA target sequences and 205 

ssDNAmock (ratio 1:2 anti-miR bait: target strand). d) Fluorescence fold enhancement of DNCs 206 

after incubation with the target ssDNA or ssRNA sequences at a ratio 1:2 anti-miR bait: target 207 

strand. Values are normalized by the enhancement observed for ssDNA for each DNC (mean ± 208 

SD; n = 3). Significance thresholds were established at: p≤0.05 (*), p≤0.01 (**), p≤0.001 (***) 209 

and p≤0.0001 (****). 210 

 211 

Fluorescence spectroscopy was also employed to quantitatively assess the degree of target 212 

sequence capture and its selectivity under physiological temperature (37 ºC). To this end, DNCs 213 

were designed to hold a Cy3 fluorophore and a BMN-Q535 dark quencher (Figure S6). Assembled 214 
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DNCs present quenched Cy3 fluorescence (light down), while disassembly results in unquenching 215 

and Cy3 fluorescence emission (light up) (Figure 3b). These fluorescent light down/up DNCs, 216 

hereafter referred to as DNCLU, were incubated for 1 h at 37 ⁰C with the miR-24-2-5p target 217 

sequence at 1:2 ratio of anti-miR bait:target strand sequences  (Figure 3c-d). Fluorescence intensity 218 

was significantly increased for both DNCsLU upon incubation with both ssDNA and ssRNA, 219 

whereas no substantial enhancement was observed in the case of the ssDNAmock control (Figure 220 

3c). This result confirmed the specific capability of both DNCsLU to capture the miR-24-2-5p target 221 

sequence. The increase in fluorescence signal for NA in presence of ssRNA was significantly lower 222 

than for ssDNA, while fluorescence enhancement for NB was equally substantial for both ssRNA 223 

and ssDNA (Figure 3c-d). This data suggests a more efficient ssRNA-mediated disassembly in the 224 

case of NB than NA, and hence more efficient capture of the specific miR sequence by NB than by 225 

NA at physiological temperature. Differences in the stability of the newly formed RNA-DNA 226 

heteroduplex could explain this observation. Indeed, Tm values from the DNA-DNA duplex 227 

fragment between M and L (before displacement) and from DNA-RNA heteroduplex fragment 228 

between M and ssRNA (after displacement) are much enhanced in NB compared to NA, which may 229 

facilitate the disassembly (Figure S7). Also, steric hindrance may account for this difference,[42] 230 

with the external bait (in NA) producing more steric hindrance for the approach of ssRNA than the 231 

internal bait (in NB).  232 

Overall, both DNCs demonstrated the capacity to specifically capture the miR target sequence in 233 

vitro at 37 ºC. 234 

Cell viability, intracellularly stability and cell internalization 235 

Next, we investigated the DNCs bioactivity in vitro. A routine cell line with no expression of miR-236 

24-2-5p, namely HEK293, was chosen as a model system to demonstrate the functionality of the 237 



 13 

customized DNCs. Cell proliferation of HEK293 treated with M, NA and NB in DMEMc for up to 238 

24 h paralleled the one of untreated cells (Figure S8), confirming the lack of cytotoxicity of all the 239 

structures.  240 

The internalization capacity in HEK293 of our Cy3-labelled DNCs was evaluated by flow 241 

cytometry at different time points for up to 48 h in terms of proportion of loaded cells (Figure 4a 242 

and Figure S9b) and loading capacity (Figure 4b). Both Cy3-labelled DNCs, NA and NB, were 243 

avidly internalized after 7 h of incubation, with more than 50% of Cy3+ cells observed (Figure 4a). 244 

They displayed though a low DNC load, as indicated by the nearly unnoticed increase in the Cy3 245 

mean fluorescence intensity (MFI) (Figure 4b). After 24 h of incubation, 100% of the cells had 246 

internalized Cy3-labelled DNCs and showed an average of more than 3-fold increase in the DNC 247 

load per cell compared to the initial time point. Beyond 24 h, the uptake persisted reaching more 248 

than 10-fold increase in load. Both NA and NB showed comparable internalization capabilities in 249 

the HEK293 model cell system. 250 

 251 

Figure 4. Kinetic of cellular uptake and intracellular stability of anti-miR fragments of DNCs in 252 

HEK293 cells. a) Percentage of Cy3+ cells in the presence of Cy3-labelled DNCs or DNCsLU 253 

compared to untreated (U) cells reporting uptake or anti-miR trap degradation, respectively. b) 254 
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Levels of average Cy3 fluorescence per cell (Mean fluorescence, MFI) in the presence of Cy3-255 

labelled DNCs or DNCsLU compared to untreated (U) cells reporting uptake or degradation, 256 

respectively (mean±SD n = 2 with 3-4 technical replicates each). 257 

 258 

The intracellular stability of DNCs was tracked using the DNCsLU system (used previously to 259 

assess the efficiency of miR capture by DNCs in Figure 3c-d and Figure S6) and exploiting the 260 

lack of expression of miR-24-2-5p in HEK293 cells, which rules out the DNCs disassembly 261 

specifically triggered by the miR. In this system, the increase in fluorescence signal can be related 262 

to the intracellular degradation of the functional anti-miR fragments of DNCsLU. As such, the 263 

proportion of cells with intracellular degradation of both NA-LU and NB-LU gradually rose over time 264 

following the uptake trend and reaching almost 100% of cells harboring degraded DNCs at 48 h 265 

(Figure 4a). However, the amount of degraded DNCs per cell of both structures (NA-LU and NB-LU) 266 

remained minimal compared to the initial time point and the total DNC load (Cy3-DNCs) (Figure 267 

4b). No significant differences in the intracellular stability were observed between NA-LU and NB-268 

LU (Figure S9). Altogether, this data indicates high internalization of DNCs maintaining 269 

intracellular stability of their functional anti-miR fragment over 48 h in HEK293 cells. 270 

Next, we sought to investigate the internalization capacity of DNCs in the target cell type of 271 

interest for the application of the therapy. In contrast to HEK293, but as expected for primary-like 272 

hard-to-transfect cells, human iCMs presented significantly lower (around 10-fold less) 273 

internalization capacity of the structures (Figure 5a). Confocal microscopy confirmed the 274 

intracellular location of Cy3-labelled M, NA and NB in both HEK293 and iCMs (Figure 5b and 275 

Figure S10). HEK293 presented a more diffuse intracellular pattern of internalized DNCs than 276 

iCMs, supporting the observed differences in uptake capacity between cell types. 277 
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 278 

Figure 5. Uptake capacity and subcellular location of DNCs in HEK293 and human iCMs. a) 279 

Percentage of Cy3+ cells in both cell types at 24 and 48 h (mean±SD, n=2-3 with 1-2 technical 280 

replicates each) treated with DNCs or untreated (U). b) Immunostaining with nuclear counterstain 281 

(DAPI), Phalloidin (HEK293, top) and TNNT2 (iCMs, bottom) of cells treated with Cy3-labelled 282 

NB. An orthogonal projection is shown. Scale bar corresponds to 20 µm. 283 

 284 

In summary, the assembled DNCs do not alter cell viability in cultured cells and, upon 285 

internalization, they maintain their anti-miR bait sequence stable in the intracellular milieu. 286 

However, they show remarkably different internalization capabilities depending on the cell type 287 

studied. This highlights the opportunity to implement strategies that enhance the cardiac cell-288 

specific uptake of DNCs to achieve on-target efficacy in vivo.  289 

 290 

DNC functional assessment in a model cell system 291 

Given the reduced internalization of DNCs in human iCMs, we evaluated the functionality of the 292 

developed DNCs in model cell systems via luciferase reporter assay (Figure S11). Briefly, 293 
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HEK293 were co-transfected with a luciferase reporter vector containing the SERCA2 gene 294 

sequence (Figure S11a) and either miR-24-2-5p (Figure S11b) or a commercial miR mock 295 

(miRmock). The miRmock is a miR that does not interact with human mRNAs, so the luciferase 296 

activity in this case represents the basal activity of the model. On the other hand, co-transfection 297 

of HEK293 with the reporter vector and miR-24-2-5p indicates the degree of inhibition exerted by 298 

the miR on SERCA2 expression (relative to the basal activity of miRmock), as previously reported[6]. 299 

These cellular models were treated with NA, NB, M or scramble DNCs (Nsc) (Figure 6). Nsc shares 300 

the configuration of NA and the sequences of M, but with the exception that Msc harbours a random 301 

anti-miR sequence that is not complementary to miR-24-2-5p or miRmock (Table S1). Therefore, 302 

Nsc is a negative control for the specificity of miR-24-2-5p capture. The combination of the 303 

miRmock cells with the Nsc treatment gives the basal luciferase activity of the model treated with 304 

DNCs. With this set up, miR-24-2-5p transfected cells treated with Nsc maintained the described 305 

level of miR-24-2-5p-mediated SERCA2 inhibition [6] by 0.76 ± 0.03 fold. When assessing the 306 

anti-miR-24-5p treatments, NB and M specifically and significantly restored the luciferase activity 307 

to levels not statistically different to the basal condition, with fold changes of 0.93 ± 0.06 and 0.94 308 

± 0.06, respectively. Therefore, NB and M were able to rescue the miR-24-2-5p-mediated 309 

inhibition. Instead, NA did not have an effect, in agreement with the lower capturing capacity of 310 

NA-LU as compared to NB-LU by fluorometric analysis (Figure 3 c,d). 311 

Overall, this result shows higher functional performance of NB over the NA in capturing the target 312 

miR intracellularly and validates the ability of NB to regulate the levels of a potentially pathological 313 

cardiac miR in vitro using biocompatible DNA nanocarriers. 314 
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 315 

Figure 6. Functional assessment of DNCs in cellular model systems. Relative luciferase activity 316 

(RLA) of the pmiRGLO-SERCA2 vector reporter vector co-transfected with miR mimics (miR-24-317 

2-5p or miRmock) was determined after 24 h treatment with the different DNCs (mean±SD, n = 3 318 

with 4 technical replicates in each experiment). Significance thresholds were established at: p≤0.05 319 

(*), p≤0.01 (**), p≤0.001 (***) and p≤0.0001 (****). 320 

 321 

CONCLUSION 322 

We have successfully developed and characterized biocompatible anti-miR-loaded DNCs that 323 

effectively and specifically capture the target miR-24-2-5p in vitro. Our DNCs show stability 324 

against nuclease degradation in cell culture media up to 24 h and exhibit the capacity to be 325 

internalized by HEK293 cells in a biocompatible manner. While DNCs were also internalized in 326 

iCMs, the efficiency was significantly lower than in HEK293 cells. Nonetheless, DNCs, 327 

particularly NB and M, exhibit the ability to restore SERCA2 levels in a cellular model system 328 

providing proof of concept of efficacy of a new system with therapeutic potential in HF or age-329 
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related cardiac dysfunction. Interestingly, the hybridization strategy employed to form DNCs has 330 

a discernible impact on their ability to modulate the miR-24-2-5p effect. Namely, the internal miR 331 

bait structure NB functionally outperforms the 3’-end bait NA structure, highlighting the 332 

significance of DNC design in enhancing its performance capabilities. In addition to providing 333 

nuclease protection, the larger size exhibited by NB compared to M, should benefit retarding renal 334 

clearance in systemic delivery[43], making NB interesting for future in vivo studies.  335 

Our results suggest that DNCs hold promise as carriers for miR therapies targeting human cardiac 336 

cells. As a matter of fact, the observed cell-type specific differences emphasize the prospect 337 

towards DNCs functionalization to promote efficient and specific carrier uptake by primary 338 

cardiac cells in vivo. Strategies to achieve targeted delivery of DNCs to cardiac tissue could exploit 339 

the use of heart-specific ligands, such as aptamers[44] or peptides[45,46]. These type of ligands have 340 

already demonstrated success in tissue-specific nanoparticle delivery, [47,48] including cardiac 341 

targeting.[48] Additionally, the light up system integrated in our DNCs, makes them potentially 342 

suitable, upon adequate cardiac-targeting engineering, for in vivo preclinical imaging of miR-24-343 

2-5p present in cardiac tissue, and hence interesting for theranostic purposes. 344 

 345 

MATERIALS AND METHODS 346 

DNCs design and assembly 347 

The design of DNCs was conducted based on an adaptation from previous reports.[33] Prior to 348 

assembly, all DNA sequences underwent analysis using Nupack[49] and BLAST[50] software. The 349 

sequences of all used oligonucleotides can be found in Table S1. Unmodified oligos were 350 

purchased from IDT (Integrated DNA Technologies, Inc.) and Macrogen, Inc, while labelled 351 

oligos were obtained from Biomers.  352 
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DNCs are composed by three building units: monomer (M), linker (L) and stopper (S). NA and NB 353 

share the same M unit, but they differ in L and S. In the case of NA, the 12-nts long extensions of 354 

LA attach via complementary hybridization with the initial 12 nts of the 22-nts long overhangs 355 

present in each of the three arms of M. SA contains only one 12-nts long overhang complementary 356 

to the 12-nts long extension of LA. Regarding NB, LB attaches to the final 12-nts overhang present 357 

in each of the three arms of M and to the single 12-nts long overhang in SB.  358 

In Cy3-labelled DNCs, 40% of Cy3 labelled M was added to samples for DNCs assembly. 359 

Specifically, 40% of M is labelled with one strand fluorescently functionalised with the Cy3 360 

fluorophore (Table S1) and 60% of M is added unlabelled. DNCsLU were developed to track 361 

ssDNA/ssRNA-mediated disassembly process. To this end, 20% of MLU was Cy3 labelled (present 362 

in one of the 3 strands) (table S1) and 100% of LLU are labelled with BMNQ535 quenchers (present 363 

in the two strands composing LLU). Note that MLU contains a single Cy3 label, whereas LLU is 364 

labelled with two BMN-Q535 quenchers, one per overhang, to ensure complete fluorescence 365 

quenching upon assembly.  366 

M, S and L were assembled at equimolar oligonucleotide concentration in PBS solution. DNCs 367 

were assembled by mixing M, S and L following the ratio 64:1 (M:S), 1:1.5 (M:L) and 2:1 (S:L). 368 

These ratios correspond to molar concentrations of 4 µM of M, 62.5 nM of S and 6.031 µM of L. 369 

The assembly of DNA nanostructures (M, S, L and the DNCs) was carried out in a thermocycler 370 

with a thermal-annealing protocol from 95 to 25 °C in 140 steps (0.5 °C per step, 30 s each step). 371 

Samples were stored at 4 ºC. 372 

 373 

 374 

 375 



 20 

DNCs structural characterization 376 

Electrophoretic mobility shift assay (EMSA)  377 

EMSA was performed using either PAGE or AGE. For PAGE, 20 ng of each DNA sample were 378 

loaded. Samples were run for 1 h at 100 V in an 8% polyacrylamide gel immersed in a solution 379 

containing 11 mM MgCl2 buffered with 1x Tris-Acetate-EDTA (TAE) (pH=8.3) (Thermo Fisher, 380 

10628403). As a reference, a 100 bp DNA ladder or 1 Kb DNA ladder (New England Biolabs, 381 

N3231 and N3232) were run along with the samples. As for AGE, 50 ng of each DNA sample 382 

were loaded. Samples were run for 1 h at 100 V in a 3% agarose gel immersed in an 11 mM MgCl2 383 

1x TAE running buffer. For subsequent visualization, the gels were stained with GelRed (Biotium, 384 

41003) and imaged under ultraviolet light transillumination. 385 

Dynamic light Scattering (DLS)  386 

The hydrodynamic sizes of M, NA and NB were measured by DLS. NA and NB were folded in PBS 387 

at a concentration of 200 ng/µL and M was folded at a higher concentration of 800 ng/µL (20 µM) 388 

due to its smaller size. Samples were analysed at 25 ºC using the Malvern analytical Zetasizer 389 

Nano ZS instrument. The reported values represent the average of 5 independent studies of 10 390 

measurement each, consisting of 5 reads per run. Values in intensity are provided. 391 

Atomic Force Microscopy (AFM)  392 

For AFM studies, 4 µL of either M, NA or NB at a concentration of 50 ng/µL were spotted onto 393 

freshly exfoliated mica and left to adsorb to the surface for 5 minutes. Then, sample was washed 394 

thrice with filtered Milli-Q water followed by soaking up of excess water using a tissue and slow 395 

drying under a soft air nitrogen steam for 3 minutes. Samples were analysed using a Veeco-Bruker 396 

Multimode 8 instrument with NGS30 tips (golden silicon probes, force constant 1.2-6.4 N/m, NT-397 

NMD Spectrum Instruments) in tapping mode in air. Images were analysed using Gwyddion 2.60 398 
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Software. The diameters of DNA nanostructures were estimated extracting profiles of individual 399 

motifs in the two different axes. The value per particle is the averaged of the profiles of the two 400 

different axes. 50 motifs were analysed to provide the averaged value.  401 

miR capturing study 402 

DNCs with the same M concentration (1 µM) were incubated with the ssRNA, ssDNA or 403 

ssDNAmock during 1h at 37 ºC at various molar ratios (bait fragment: anti-miR target sequence). 404 

Samples were then analysed by PAGE and fluorescence spectrophotometry. PAGE was performed 405 

as described above. DNCsLU samples were assembled as described for DNCs. Samples were 406 

diluted 1:5 in PBS (final M concentration of 800 nM) and sequences (ssDNA, ssRNA, ssDNAmock) 407 

were added to a final concentration of 2.4 µM to match the concentration of bait overhangs. 408 

Fluorescence was recorded in a ClarioStar plate reader setting the excitation at 540 nm and the 409 

emission window from 556 to 696 nm. Fluorescent measurements were recorded at 37 ⁰C. 410 

Fluorescence curves data were processed with Origin software. Fluorescence maxima was fixed 411 

at 565 nm. 412 

DNAse I and cell culture media mediated DNCs degradation  413 

Nuclease degradation of M, NA and NB was studied through incubation with either DNase I or 414 

DMEM supplemented with 10% FBS (DMEMc). Regarding DNase I degradation study, samples 415 

were incubated at a DNA concentration of 50 ng/µL with 4.0 U/mL, 2.0 U/mL, 1.0 U/mL, 0.5 416 

U/mL, 0.25 U/mL, 0.125 U/mL and 0 U/mL of DNase I (New England Biolabs, M0303) along 417 

with 1x DNase I buffer at 37 ºC for 1h. For the DMEMc degradation study, 50 ng/µL of M, NA 418 

and NB were incubated with DMEM (Thermo Fisher, 13476146) supplemented with 10% FBS 419 

(Sigma Aldrich, F7524) at 37 ºC during different times: 0h, 1h, 3h, 6h and 24h. All samples were 420 

analysed using PAGE. The degree of stability was quantified by measuring the decrease in the 421 
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intensity of the main band corresponding to the non-degraded DNC and the emergence of a smear 422 

resulting from degradation compared to time 0h, using image J. Specifically, the percentage of 423 

non-degraded structure was calculated using the following two equations: 424 

Eq1. 𝐹 =  
𝐼

𝐼+S
 425 

Eq2.% NDS =  
𝐹𝑖

𝐹0
x 100  426 

Where F is the fraction of the main band; I, is the intensity of the main band; S, is the intensity of 427 

the slurry; % NDS, is the percentage of non-degraded structure; Fi, is the fraction of the main band 428 

at every time point I and F0, is the fraction of the main band at the initial time point. 429 

Cell culture of HEK293, human induced pluripotent stem cells (iPSC) and differentiation 430 

towards cardiomyocytes (iCM) 431 

HEK293 cells were maintained in Minimum Essential Media (MEM) (Biowest, BWSTL0415) 432 

supplemented with 10% Fetal Bovine Serum (FBS) (Thermo Fisher, 10270106) and 1% 433 

Penicillin/Streptomycin (Thermo Fisher, 15140122), according to manufacturer’s 434 

recommendations and passaged regularly when reaching confluence using EDTA 0.5 mM. 435 

The human iPSC line Bj1[51], kindly provided by Dr Prof. Verfaillie (Katholieke Universiteit 436 

Leuven, Belgium), was cultured on vitronectin- (Thermo Fisher, A14700) coated dishes with 437 

Essential 8 medium (Stem Cell Techonologies, 05990) and routinely passaged with EDTA 0.5 438 

mM. iPSC seeded at a density of 100000 cells/cm2 on matrigel (Falcon, 354277) coated-dishes 439 

underwent directed differentiation to cardiomyocytes after 48 h following the Giwi protocol 440 

established by Lian and colleagues.[52] On day 10, iCMs were enriched and then purified during 441 

three days with Cardiomyocyte Purification Medium (CPM), containing RPMI 1640 no glucose 442 

(Thermo Fisher, 11879020), 2% B27 supplement (Gibco, 17504001) and 1% 443 

Penicilin/Streptomycin. Finally, iCMs were expanded in cardiomyocyte expansion media (CEM) 444 
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(RPMI1640 (Biowest, BWSTL0500), 2% B27 Supplement (Thermo Fisher, 17504001) 445 

supplemented and with 2 μM CHIR99021 (MERCK, SML1046-5MG) according to Buikema and 446 

colleagues.[53,54] Before the addition of DNCs, iCMs were incubated with Cardiomyocyte 447 

Maintenance Medium (CMM) based on RPMI1640 (Biowest, BWSTL0500) and 2% B27 448 

Supplement (Thermo, 17504044). 449 

Cell viability assays 450 

HEK293 were seeded in a 96-well plate at a density of 60,000 cells/cm2 and, after 24 h, M, NA and 451 

NB were added at final concentration of 100 ng/µL of DNA.  452 

Immediately, three phase contrast images per well were acquired every 2 h during 48 h at 10x 453 

magnification in the Incucyte® SX5 platform (Sartorius). Image analysis was done in the 454 

Incucyte® 2021C software by determining the percentage of confluence per well normalized to 455 

untreated cells (without DNCs) and normalized to 0 h. 456 

Uptake and intracellular stability by flow cytometry (FC)  457 

The internalization and intracellular stability of DNCs (NA and NB) were evaluated in HEK293 458 

cells with 50 ng/µL of Cy3-labelled DNCs or 50 ng/µL DNCsLU, respectively. HEK293, were 459 

seeded in a 96-well plate at a density of 60,000 cells/cm2. The day after, DNCs were added and 460 

incubated for 0.5, 7, 24 and 48 h before analysis in a Gallios Flow Cytometer (Beckman Counter). 461 

Uptake capacity was evaluated in HEK293 and iCMs with 100 ng/µL of Cy3-labelled DNCs after 462 

24 and 48 h of treatment. HEK293 were prepared as for internalization/intracellular stability 463 

analysis. iCMs were plated in 48-well plates coated with Geltrex™ LDEV-Free Reduced Growth 464 

Factor Basement Membrane Matrix (Gibco, A1413202), at 60,000 cells/cm2 and maintained in 465 

CEM till nearly confluence. Then, media was replaced by CMM and incubated for another 7 days 466 

in CMM to gain maturity before DNCs addition. FC data analysis was performed with FlowJoTM 467 
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software. Internalization capacity was determined as the percentage of Cy3+ cells while 468 

intracellular stability was calculated as the mean fluorescence intensity (MFI) of each DNCs 469 

normalized to the MFI of the initial timepoint (0.5 h). 470 

Immunofluorescence and imaging 471 

HEK293 and iCMs were prepared as for FC analysis but plated on 10 mm cover slip and incubated 472 

with 100 ng/µL DNCs (M, NA and NB) for 24 h before fixation with 4% paraformaldehyde. Then, 473 

HEK293 were permeabilized with 0,1% saponin and 1% Bovine Serum Albumin (BSA) (Sigma-474 

Aldrich, A9647) in DPBS, stained with 1:100 dilution of Phalloidin Alexa Fluor® 488 (Thermo 475 

Fisher, A12379) in DPBS for 1 hour at room temperature in darkness and finally counterstained 476 

with 3µM DAPI for 20 minutes (Abcam, ab228549). iCMs were permeabilized and blocked with 477 

0.1%Triton X-100 (CAS 9002-93-1) during 15 minutes and with undiluted protein block (Agilent, 478 

X090930-2) during 25 minutes, respectively. After DPBS washing, cells were incubated with a 479 

1:100 dilution of primary antibody rabbit anti-Cardiac Troponin I (Abcam, ab91605) overnight at 480 

4 ºC. The secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, A11034) diluted 481 

1:1000, was incubated during 30 minutes in darkness followed by 3µM DAPI counterstaining as 482 

indicated previously.  483 

Images were acquired with a Carl Zeiss LSM 880 Confocal Microscope (Carl Zeiss, Germany) at 484 

40x magnification. Image processing and analysis was performed with ZEN software. 485 

Luciferase reporter assays 486 

HEK293 cells were plated in 384-well plates at a density of 100,000 cells/cm2 and co-transfected 487 

with a SERCA2 luciferase vector[6] (Figure S11) and miR mimics using Lipofectamine 2000 488 

Transfection Reagent (Invitrogen, 11668027) according to manufacturer’s instructions. 489 

Specifically, 45 ng of pmiRGLO-SERCA2 reporter vector (Figure S11a) and 0.6 pmoles of miR 490 
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mimic sequences, including hsa-miR-24-2-5p miR Mimic (Cohesion Bioscience, CMH0480) and 491 

miR Mimic Negative Control (miRmock) (Cohesion Bioscience, CMH0000) were used. The media 492 

was changed after 24h post-transfection, and, after another 24 h, cells were incubated with 100 493 

ng/µl of NA, NB or M for 24 h. Also, 100 ng/µl of a DNC with a random bait sequence (Nsc) was 494 

used as negative control (Table S1). Luciferase reporter assays were conducted using the Dual-495 

Glo® Luciferase Assay System (Promega, E2920) following manufacturer’s instructions. 496 

Luminescence signal produced by the reporter and normalizer proteins, namely Firefly (Fluc) and 497 

Renilla luciferases, respectively, were measured on the Biotek Synergy HT. 498 

Relative luciferase activity (RLA) was calculated as the ratio of each experimental condition to 499 

the basal luciferase activity of the model treated with DNCs, namely the miRmock cellular model 500 

treated with Nsc. Luminescence values were determined by normalizing the Fluc relative light units 501 

(RLUs) to Renilla RLUs in each well. 502 

Statistical analysis 503 

GraphPad was used for statistical analyses. Data is reported as mean ± standard deviation (SD). 504 

One-way ANOVA test was used to compare independent groups. The significance threshold was 505 

established at p≤0.05 (*) and following significance levels were p≤0.01 (**), p≤0.001 (***), 506 

p≤0.0001 (****). 507 

 508 
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