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ABSTRACT ARTICLE HISTORY
Mitochondria, with their own DNA, Represent a potential target for nucleic acid-based Received 9 October 2025
precision therapies. However, effective delivery of therapeutic oligonucleotides remains Accepted 18 February
challenging due to the dual mitochondrial membranes and the localization of 2026

mitochondrial DNA within nucleoid complexes in the matrix. To understand the delivery KEYWORDS

process and assess the delivery efficiency of potential vectors, such as dendrimers, it is Oligonucleotide delivery;
essential to effectively quantify the oligonucleotides that are successfully delivered to mitochondria; subcellular
and remain within mitochondria. Currently, there are only limited yet inconvenient localization; dendrimers;
methods available for this purpose. Here, we describe a method for quantifying the microfiltration

delivery of fluorescent oligonucleotide cargos in isolated mitochondria using a

microfiltration apparatus for reliable fluorescent analysis. By working within a range of

dilutions, we are able to safeguard the concentration limits. The quantification protocol

also enables the visualization of specific localization within mitochondria, allowing for

the determination of whether delivery can occur across both membranes. This is

particularly useful, as it offers a key insight into improving vectors as they must deliver

the cargoes within the mitochondrial matrix. We validate this method in this proof-of-

concept study, providing biological data to assess the difference between two

amphiphilic dendrimer vectors for oligonucleotide delivery in mitochondria.

MULTIDISCIPLINARY ABSTRACT

Targeted delivery and localization of therapeutics represent key challenges within drug
discovery and development processes, including the growing field of nucleic acid
therapeutics such as oligonucleotides. Mitochondria harbor their own DNA, making
them a potential, yet still challenging, therapeutic target. Concurrently, designing
reliable assays to evaluate delivery efficiency remains challenging. Here, we utilized a
slotted microfiltration apparatus to establish a protocol that enables reproducible
relative quantification of mitochondrial delivery of oligonucleotides by dendrimers.

METHOD SUMMARY

Using a slotted microfiltration assay, we can quantify the efficiency of potential vectors
in delivering small oligonucleotide cargos. In particular, the method specifies the
delivery into isolated mitochondria and even sub-organelle localization.

ARTICLE HIGHLIGHTS

- In this paper, we introduce a quantitative microfiltration assay to measure the
delivery of oligonucleotides into isolated mitochondria.

« This method allows sub-mitochondrial resolution, distinguishing intact mitochondria
from mitoplasts and enabling analysis of matrix-specific localization.

« The protocol is versatile and adaptable, suitable for screening multiple vectors,
mechanistic studies, and quantitative benchmarking, and can be modified for other
organelles or whole-cell systems.

«  Overall, this approach provides a practical platform to optimize nucleic acid delivery,
facilitating the development of targeted mitochondrial therapies
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1. Introduction

Oligonucleotide (ON) therapeutics represent an ever-expanding field in the treatment of various diseases
thanks to their ability to modulate gene expression by interacting with RNA via Watson-Crick base pairing
[1]. Nevertheless, much work remains to be completed to overcome some of their challenges. One of the
major difficulties yet to be overcome is the ability to produce consistent efficient delivery [2]. As of March
2024, only 20 ON therapies have been approved by the Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), predominantly small-interfering RNAs (siRNAs) and antisense oligonucle-
otides (ASOs) [3]. Although the most commonly used strategies for oligonucleotide delivery include chemi-
cal modifications to improve ‘drug-likeness’ or covalent conjugation with cell-targeting or cell-penetrating
moieties, it is expected that vector-based delivery will significantly enhance the delivery specificity and effi-
ciency [2,4,5]. Several vectors have been proposed to enhance ONs delivery, including the use of polymeric
vectors or nanoparticles [6-9], with only the lipid nanoparticle being approved for clinical use.

While much focus is given to deliver nucleic acid cargo to the cell in general, subcellular localization
is a crucial consideration for understanding the effectiveness of delivery. A siRNA undertakes its role
when delivered to the cytoplasm, while a DNA requires successful delivery into the nucleus to exert its
function. Mitochondria, an organelle involved in a plethora of processes and essential to cells, are crucial
within both health and disease, with key functions in cellular bioenergetics [10]. Mitochondria contain
their own DNA (mtDNA) and RNA (mtRNA), whose damage has been implicated in a number of cancers
[11] and diseases as well as in broad physiological changes such as aging [12-14], suggesting that they
could be therapeutic targets to be exploited. Mitochondrial delivery is a less well-understood process
than nuclear delivery, although several attempts have been made to select a vector candidate that can
reach the mitochondria. Recently, nanoparticles, as polymeric vectors and lipid nanoparticles, have
become an increasingly attractive approach to overcome these issues, thanks to their size and their abil-
ity to carry large amounts of suitable cargo, as well as their reduced cytotoxicity in cells [15]. Dendrimers,
as a special family of polymers, can offer more advantages, thanks to their precise dendritic structure,
cooperative multivalency confined within a nanoscale volume [16]. Alongside the classical polymer char-
acteristics, a lipid-like system can further protect encapsulated cargo and prevent loss prior to mitochon-
drial delivery [17-22].

Confirmation of cargo delivery ex vivo is generally demonstrated through confocal microscopy
co-localization with mitochondrial markers [17,23,24] or through PCR analysis of isolated mitochondria
[25]. A limitation of both assays is related to the inability to determine whether a lack of co-localization
is due to poor mitochondrial translocation or to the candidate vector’s failure to cross the double mito-
chondrial membrane. Furthermore, mitochondrial localization itself doesn’t prove specific mitochondrial
matrix delivery either, meaning any cargo may remain ‘stuck’ within the Inter Membrane Space (IMS).
Another restraint is related to the black-or-white nature of many assays: they either confirm or deny the
presence of the cargo in a compartment, excluding the possibility of comparing and fine-tuning different
delivery mechanisms.

We describe a protocol that enables reliable quantification of delivered nucleic acid cargos and allows
accurate comparison across different experimental conditions. Isolated mitochondria are incubated either
with naked oligonucleotides (ONs) as a control (CTRL) or with ONs complexed to candidate delivery
vectors with the ONs carrying fluorescent tags. Following incubation, a portion of the mitochondria is
further fractionated to strip off the outer mitochondrial membrane (OMM) and IMS, leaving only the
inner mitochondrial membrane (IMM) and the mitochondrial matrix. The obtained intact mitochondria
and matrices are then diluted and transferred onto a nitrocellulose membrane via microfiltration. The
fluorescent signal is quantified to assess overall uptake and sub-mitochondrial localization. The final anal-
ysis provides a higher-throughput comparison for screening delivery candidates and can be adapted to
meet the user’s requirements (Figure 1).

As a proof-of-concept, we tested mitochondrial delivery capabilities of two amphiphilic dendrimer
vectors [16,26]: one with ionizable amine terminals (AD) [27,28] and the other with arginine terminals
(AD-Arg) [29]. AD-Arg is expected to cross the mitochondrial membranes more efficiently as it bears
multiple arginine terminals, in view to mimicking the cell penetration peptides poly(arginine) [19,20,30].
As a cargo, we used fluorescently tagged single- or double-stranded RNA sequences.
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Figure 1. Schematic of the protocol. The graphical representation highlights the key steps of the procedure.

In summary, here we present a protocol that enables quantitative assessment of nucleic acid delivery
and comparison of different vectors under defined experimental conditions. Using this approach, we
demonstrate the proof-of-concept application for mitochondrial delivery and sub-mitochondrial localiza-
tion of two amphiphilic dendrimer vectors, highlighting the potential of such methodologies to refine
and optimize intracellular and organelle-targeted oligonucleotide therapies.

2. Methodology
2.1. Cell culture

HEK293 cells were grown at 37°C with 5% CO2 in DMEM (Dulbecco’s modified Eagle’s medium), supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 10 pg/mL streptomycin.

2.2. Mitochondrial Isolation

Mitochondria were isolated as previously reported [11]. In brief, cells were mechanically homogenized in
Mitochondrial Isolation Buffer (MIB) [20mM Hepes pH7.6, 1TmM EDTA pH 7.4, 220mM Mannitol, 70mM
Sucrose] supplemented with 2mg/mL BSA and 2mM PMSF, and then subjected to centrifugation at 650x
g to remove intact whole cells and nuclei. The supernatant was pelleted at 14'000x g and the isolated
mitochondria were washed, firstly with MIB supplemented with 1M KCl, 2mg/mL BSA, and 2mM PMSF,
and again in MIB alone. The final concentration of mitochondria was quantified by the Bradford Assay,
with appropriate amounts set out for incubation with the complexes (see “ON Delivery”).

For each control and experimental condition, the mitochondria were divided into two groups: intact
mitochondria and ‘mitoplasts, mitochondria processed to remove the outer mitochondrial membrane
and the intermembrane space, as previously described [11]. Briefly, intact mitochondrial samples were
resuspended in maintenance buffer [20mM Hepes pH 7.4, 250mM Sucrose] while mitoplast samples
were resuspended in swelling buffer [20mM Hepes pH 7.4, 5mM Sucrose] and maintained on ice for
30 minutes. Mitoplast samples were then degraded with 10 ug/mL proteinase K (PK) (P6556, Sigma-Aldrich)
for 10 minutes on ice, which was then inhibited with 2mM PMSF. A final wash was completed with swell-
ing buffer supplemented with 300mM KCl and samples were centrifuged at 14'000x g for 10 min at 4°C
and resuspended in the desired volume.
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2.3. Mitochondrial Quality control

Indicated amounts of the validation control samples suspended in 1X Laemmli were separated in a
12% SDS-PAGE gel for electrophoresis before transferring to a nitrocellulose membrane. Membranes
were then blocked for 1 hour at RT in 5% milk in TBS buffer with 0.1% Tween-20 (TBS-T) and incubated
separately overnight at 4°C with the following primary antibodies: anti-ATPVa monoclonal 1:250
(ab14748; Abcam, Cambridge, UK; RRID:AB_301447), anti-TOMM20 monoclonal 1:250 (ab186734;
Abcam; RRID:AB_2716623), or anti-COA7 polyclonal 1:500 (HPA029926; Atlas Antibodies, Stockholm,
Sweden; RRID:AB_10602173). Membranes were washed three times with TBS-T and then incubated
with the secondary antibodies anti-Mouse IR800 (#926-32210; Li-Cor Biosciences, Lincoln USA;
RRID:AB_621842) and anti-Rabbit IR800 (#926-32211; Li-Cor Biosciences; RRID:AB_621843) at RT for
2 hours, before imaging with the Odyssey DLx system and analyzing with Image Studio™ Lite (Li-Cor
Biosciences).

2.4. Oligonucleotide sequences

Oligonucleotide sequences were purchased from Integrated DNA Technologies (Coralville, lowa, USA). The
respective sequences are reported: Double-stranded RNA ON: sense 5'-CCAUGAGGUCAGCAUGGUCUGAT-3;
antisense 5'-/5IRD800CWN/CAGACCAUGCUGACCUCAUGGT-3'; single-stranded RNA ON: 5’-/5IRD800CWN/
CAGACCAUGCUGACCUCAUGGAT-3.

2.5. Amphiphilic dendrimer nanoparticles

Amphiphilic dendrimers AD and AD-Arg were synthesized according to the reported protocols [27,29],
lyophilized, and resuspended in MilliQ H,O to a concentration of 2mM for long-term storage at —80°C.
Further dilutions were made as required and stored at —20°C. Structures of the amphiphilic dendrimers
AD and AD-Arg are reported in Figure 3A. Both dendrimers are generation 3 dendrimers with 8 termi-
nal ends.

2.6. ON/dendrimer preparation

The ON/dendrimer complexes were prepared, based on the number of terminal positive charges within
the amphiphilic dendrimer and the phosphate groups in the nucleic acid cargo, as described in reference
[27]. Using the equation below, the final volume of the total incubation, and the desired concentration
of the ON cargo to be delivered, it is possible to calculate the required dendrimer concentration. The
N/P ratio is defined as the total positive charges of dendrimer terminals versus the total number of
phosphate groups in ON. An N/P ratio of 10 was maintained for short ON cargos.

mol of dendrimer x number of terminal positive charges
N/ Pratio = o p El

mol of nucleic acid cargo x number of phosphate groups

2.7. ON delivery

Mitochondria were centrifuged and resuspended in a 10ug/pL concentration in the required condition:
experimental samples in complexed ON/dendrimer solution, control samples in uncomplexed ON solu-
tion, and samples for Quality Control in MIB solution. Samples were then incubated under the delivery
conditions as previously optimized [28]. For short single- and double-stranded ONs complexed with den-
drimer vectors, we incubated the samples for 5hours at 37°C with gentle agitation to prevent sedimen-
tation. After incubations, all samples were washed and resuspended with RNase A (R5125, Sigma-Aldrich,
Burlington, USA) as per the manufacturer’s instructions. All samples were washed again before being
divided into two equal samples per condition.

One half, with intact mitochondria, was retained, while the other was processed to remove the outer
mitochondrial membrane (OMM) and the intermembrane space (IMS) (see “Mitochondrial Isolation”). Once
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again, all samples were subject to RNase A degradation to ensure the final removal of unspecific ON
delivery before final washes.

Final experimental and control samples were used to prepare dilutions. Intact mitochondrial or mito-
plast pellets were resuspended in 200uL of MIB, which was then subject to serial dilution by half.
Validation control samples were resuspended in 20uL of Laemmli 1X sample buffer (for more details see
“Mitochondrial Quality Control”).

2.8. Transfer and visualization

For the delivery of a 50nM concentration of ON cargo, dilutions ranging from 1/16 to 1/512 were used.
The microfiltration apparatus Bio-Dot® SF (Bio-Rad, Hercules, USA) was assembled with Whatmann papers
soaked in Tris Buffered Saline (TBS) [20 mM Tris, 140 mM NaCl pH 7.6] above the bottom cassette, and a
TBS-soaked 0.45uM nitrocellulose membrane on top. Each layer was carefully rolled to remove potential
bubbles. The top cassette was then added, and a vacuum was applied at — 40kPa, followed by further
tightening. Firstly, each well was flushed with TBS and drained by applying a vacuum. Then, the prepared
dilutions were loaded into the apparatus, with each sample’s dilution loaded horizontally. Afterward, the
membranes were placed on Whatmann paper and dried at 37°C for 3hours, protected from light. The
membranes were imaged with the Odyssey DLx system (Li-Cor Biosciences) at the 800nm wavelength.
The resulting images were quantified using the Image Studio™ Lite (Li-Cor Biosciences) software, and the
data were exported for analysis in Microsoft Excel.

2.9. Statistical analysis

Statistical Analysis was conducted with Microsoft Excel. To compare vectors normalized to the control, a
one-tailed one-sample t-test was used, while to compare normalized vectors to one another, a one-tailed
paired t-test was used. Student’s t-test for two-groups comparisons. p-values of less than 0.05 were con-
sidered significant (¥), while p-values of less than 0.01 were considered very significant (**).

3. Results and discussion

The evaluation of the cellular, subcellular, or suborganelle localization of any delivered cargo by a poten-
tial vector remains challenging in many aspects. In particular, few assays are available to quantify the
amount of cargo delivered to the desired compartments. Most widely used protocols are qualitative,
which limits the possibility of objectively comparing different delivery systems. In this work, we focused
on developing a protocol for the relative quantification of the amount of cargo delivered to the different
subcompartments of mitochondria. As a cargo model, we used RNA oligonucleotides labeled with a
fluorophore emitting at 800 nm. These RNA ONs were then complexed with the amphiphilic dendrimer
vector (Figure 1). As a proof of concept, we evaluated the ability of two different dendrimers, AD and
AD-Arg (Figure 3A), to deliver RNA into isolated mitochondria. We anticipated that the modified amphi-
philic dendrimer AD-Arg, would be a more specific and reliable carrier thanks to inclusion of Arginine
moieties at the terminals of the dendrimer. In de novo mitochondrial translocation, mitochondria-destined
proteins harbor so-called ‘Mitochondrial Targeting Sequences, which contain repeating positively-charged
and often Arginine residues [30], which we envision this dendrimer mimicking. Previous work with
Arginine-containing amphiphilic dendrimers has also shown improved siRNA delivery to cells, hypothe-
sized to relate to their mimicry of Arginine-rich cell penetrating peptides positive charge and hence an
improved membrane penetration [19].

To compare the capacity of these two dendrimers to cross both the OMM and IMM, we isolated mito-
chondria before incubation with the ON/dendrimer complexes (Figure 2A). Following the incubation of
the isolated mitochondria with the ON/dendrimer complex, a step of digestion with the appropriate
enzyme (RNase) ensured the complete degradation of the cargo that was not delivered inside the mito-
chondria, with the imported cargo being protected by the mitochondrial membranes. The obtained
mitochondria were then divided into two portions, one portion contained intact mitochondria while the
other underwent sub-fractionation to collect the mitochondrial matrices (mitoplasts). The RNase
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Figure 2. Protocol Validation and Assessment. A. Western blot analysis of intact mitochondria and mitoplasts treated with
or without proteinase K (PK). Antibodies against markers for the outer mitochondrial membrane (TOMM20), intermembrane
space (COA7), and the matrix (ATPVa) were used to confirm the integrity of mitochondria and mitoplasts. B. Representative
loading pattern of the serial dilutions of the analyzed samples. Dilution values shown are indicative for 50nM delivered
cargo. C. Representative graph of mitochondrial fluorescence values derived from the quantification of the membrane in B
vs inverse dilutions. IMS =Intermembrane Space; OMM=COuter Mitochondrial Membrane; AU=Arbitrary Units.

incubation step was repeated in both intact mitochondria and mitoplast samples to ensure once more
the reliability of the signal detection only in the desired compartment.

The samples were finally collected, and a range of serial dilutions was generated to ensure the linear-
ity of the fluorescent signal (Figure S1 and S2). The appropriate dilutions were loaded into the assembled
microfiltration apparatus (Bio-Dot® SF), first with the uncomplexed ON and then with the ON/dendrimer
complexes. The apparatus vacuum was then applied in order to transfer the samples onto the nitrocel-
lulose membrane, which was imaged at the appropriate wavelength and quantified. After visualization,
the bands obtained were quantified by calculating the mean intensity (Figure 2B), and a graph was
plotted comparing the mean intensity with the dilution factor (Figure 2C). To determine the average
value of the cargo delivered, the intensity of each band was subsequently divided by the corresponding
dilution factor to obtain a mean value for the sample, which was then normalized to the control. The
obtained results were then plotted as a bar graph (Figure 3B and 3C), while in parallel the integrity of
mitochondria and mitoplasts was confirmed via Western blot (Figure 2A).

As a proof-of-concept, we applied the protocol to analyze the delivery to isolated mitochondria of
both single- (ssON) and double-stranded RNA (dsON) oligonucleotides conjugated to an infrared (IR)
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Figure 3. Biological Validation. A. Relevant chemical structures of the unmodified amphiphilic dendrimer AD (left) and
the modified amphiphilic dendrimer AD-Arg (right). The two dendrimers were used for the delivery of single-stranded
(ssON) or double-stranded (dsON) Oligonucleotides, as reported in the manuscript. B Histogram showing the fluorescent
signal following delivery of dsON using the dendrimers AD and AD-Arg. Bars represent Mean +/- SD, normalized to the
uncomplexed dsON control. Statistical significance was assessed against the control with a one-sample one-tailed t-test
or assessed between AD and AD-Arg with a paired one-tailed t-test. Gray bars show delivery in whole mitochondria,
while white bars show specific mitoplast delivery. n=3; * = p<0.05. C Histogram showing the fluorescent signal fol-
lowing delivery of ssON using the dendrimers AD and AD-Arg. Bars represent Mean +/- SD, normalized to the uncom-
plexed dsON control. Statistical significance was assessed against the control with a one-sample one-tailed t-test or
assessed between AD and AD-Arg with a paired one-tailed t-test. Gray bars show delivery in whole mitochondria, while
white bars show specific mitoplast delivery. n=3; * = p<0.05.
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fluorophore. The results confirm the ability of both dendrimer to deliver ONs, with the arginine-terminated
dendrimer AD-Arg showing a significantly better delivery of RNA ON cargos as compared to the
amine-terminated AD. For dsON cargo, AD induced a small but significant increase in accumulation
within whole mitochondria and in matrix-specific delivery, whereas AD-Arg achieved a more pronounced
enrichment in both mitochondrial and matrix fractions (Figure 3B, Supplementary Table S1). Similarly, for
ssON cargo, both dendrimers followed the same overall trend observed for dsON delivery, with AD-Arg
consistently outperforming AD across all tested conditions (Figure 3C, Supplementary Table S1).

Together, these results validate our protocol as a robust and reliable method for comparing multiple
delivery candidates for mitochondrial targeting of RNA oligonucleotide cargos.

4, Conclusion

The delivery of ONs to different cellular compartments remains a challenging and open field. Among the
many difficulties that researchers need to overcome (i.e., optimal ON complex formation and specific
targeting to an organelle), a significant limitation is the absence of reliable protocols to compare the
delivery efficiency of different vectors. While quantitative PCR may be applied to analyze specific sam-
ples, such as whole cells, additional complex stem-loop primers and proprietary equipment are required
[31]. Other protocols under consideration, including some fluorometric assays, show promise but have
limitations, such as compatibility only with specific nucleic acid sequences [32,33], focus solely on down-
stream effects of delivery [34], or being tested only in bacterial models [35]. Additional approaches, such
as flow cytometry, are limited in their scope, preventing sub-cellular and sub-mitochondrial localization.
Here, we present a protocol for assessing amphiphilic dendrimer vectors for on-demand delivery of ONs
into isolated mitochondria, and the specific localization into the mitochondrial matrix. It provides quan-
tification with reduced variability and improved practicality. Additionally, this assay can be easily applied
to evaluate the delivery efficiency of a panel of other potential vectors, as well as adjusted to compare
the efficiency of vectors from the same family carrying modifications aimed at improving delivery effi-
ciency. The final analysis provides a comparison for screening delivery of multiple candidates and can be
adapted to meet the user’s requirements.

Requiring only an ultrafiltration apparatus to perform the transfer of the samples to a membrane, the
protocol can be easily implemented in any laboratory, and it can be modified to cover the specific exper-
imental requirements (i.e., the fluorophore conjugated to the ONs can be substituted with any chromo-
genic tag). While we have validated the protocol using RNA-based oligonucleotide sequences, this
procedure is also suitable for DNA-based sequences, requiring only a change to a suitable digestion
enzyme. It would also be possible to adapt the protocol for other desired organelles, which must only
be similarly isolated through existing optimized protocols, such as for cytoplasm [36-38], perinuclear
region [39], nuclei [11,37,39], Golgi [40,41], Endoplasmic Reticulum [42,43], or simply collected whole cells.

In conclusion, our work introduces a novel method for quantitatively evaluating the delivery of ONs
into mitochondria, enabling the potential application in several other scenarios with the ultimate goal of
providing scientists with a new tool to bridge the technical gap in the field of subcellular ON delivery.
A step-by-step protocol is available within the Supplementary Data as well as available on protocols.io
(DOI: dx.doi.org/10.17504/protocols.io.4r3129qj3v1y/v1) [44].

5. Future perspective

The protocol presented here is a highly adaptable methodology and can be applied in several scenarios,
from relative screening of multiple delivery vectors to mechanistic studies or even quantitative benchmark-
ing of mitochondrial delivery. Its flexibility and accessibility make it a valuable tool for advancing the
understanding and development of nucleic acid therapeutics and their efficient delivery to mitochondria.
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