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RNA delivery systems based on

M12L24 nanocage-RNA

composites are introduced

Tunable RNA binding strength

and delivery efficiency

Cell-specific GFP silencing in vitro

is achieved by changing the cage-

forming metal

Specific GFP silencing by

RRNA3Pd12L24 for HeLa cells and

by RNA3Pt12L24 for U2OS cells
Reek and co-workers obtain nucleic-acid-binding M12L24 nanocages by utilizing

building blocks with dual functionalities. The nanocages are functionalized with

prominent nucleic acid binding sites. Whereas pyridinium and imidazolium

nanocages are not effective in gene delivery, viologens Pd12L24 and Pt12L24 show

cell-specific GFP silencing for the HeLa and U2OS cell lines, respectively. In

contrast, the commercially applied vector (lipofectamine) does not differentiate

between these cell lines in silencing experiments. This study presents M12L24
nanocages as a new class of siRNA vectors.
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The application of M12L24 nanocages
as cell-specific siRNA delivery agents in vitro

Eduard O. Bobylev,1,3 Ye Zeng,2,3 KevinWeijgertse,2 Emma Koelman,1 Eline M. Meijer,1 Bas de Bruin,1

Alexander Kros,2,* and Joost N.H. Reek1,4,*
THE BIGGER PICTURE

RNA interference is gaining

increasing attention for the

treatment of various human

diseases. Delivery agents (vectors)

play a crucial role in introducing

therapeutically active RNA into

cells to regulate protein

expression. Different types of

non-viral vectors (such as

dendrimers and liposomes) have

been developed. However, some

hurdles—such as a lack of

selectivity, severe toxicity, and

poor stability of formulations—

still need to be overcome to pave

the way for the future gene-
SUMMARY

Small interfering RNA (siRNA) therapeutics have shown tremendous
potential for the treatment of a range of diseases, but there is still a
need for novel siRNA delivery materials. Here, we introduce M12L24
cages as siRNA delivery agents. We used four functionalized build-
ing blocks to form M12L24 nanocages. Dynamic light scattering
showed that well-defined 130 nm nanocage/siRNA assemblies
formed with positive zeta potentials. Cell-specific siRNA-mediated
green fluorescent protein (GFP) silencing, controlled by the metal
used for nanocage formation, was obtained. A Pt12L24 nanocage
was highly effective in delivering siRNA to U2OS cells but showed
little efficiency for HeLa cells. The less stable Pd12L24 nanocage
derived from the same building block displayed effective GFP
silencing for HeLa cells but not for U2OS cells. The ease of prepara-
tion and the ability to tune the binding strength, together with the
specific siRNA delivery efficiency depending on the building blocks
and metals, show potential for future siRNA delivery applications.
medicinal field. In this study, we

introduce M12L24 nanocages as a

new class for RNA delivery. In vitro

models with two different cell lines

display selective siRNA delivery

efficiency depending on the

nanocage composition. With their

versatile functionalization

possibilities, size, charge, and

structural integrity, M12L24
nanocages provide a valuable

addition to the family of siRNA

delivery vectors. The potential of

these systems will need to be

further explored and developed.
INTRODUCTION

In gene therapy, genetic material is used to regulate the expression of proteins, en-

zymes, and other targets or to modify the biological properties of cells for therapeu-

tic requirements.1–10 In past years, nucleic acids attracted increasing attention as a

result of discoveries such as CRISPR genome editing11,12 and RNA interference.13–15

RNA-based therapeutics can manipulate gene expression (RNA interference) or pro-

duce therapeutic proteins, making them suitable for the treatment of pathological

conditions ranging from infectious diseases, metabolic disorders, neurological

diseases, and cancers to genetic disorders, including those that are considered

‘‘undruggable’’ with small molecules or monoclonal antibodies.1–10,16 Small inter-

fering RNA (siRNA; one type of therapeutically active RNA) is a double-stranded

oligonucleotide consisting of 19–25 base pairs. It binds to the RNA-induced

silencing complex (RISC) guides the cleavage of a targeted mRNA sequence to

induce sequence-specific gene expression suppression (silencing).17,18 In 2018,

the FDA approved the first-ever siRNA therapeutic, called ONPATTRO (patisiran),

which uses lipid nanoparticles (NPs) to deliver siRNA against mutant and wild-type

transthyretin for the treatment of transthyretin-mediated amyloidosis.19

Therapeutic treatment using RNA is typically complementary to the application of

conventional drugs (vide supra).1,20–23 However, RNA molecules are negatively

charged and hydrophilic and possess highmolecular weight. Because of these prop-

erties, RNA molecules permeate cell membranes poorly, clear quickly from the

extracellular matrix, and degrade easily.24–26 Therefore, molecules that allow the
1578 Chem 9, 1578–1593, June 8, 2023 ª 2023 Elsevier Inc.
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Figure 1. Schematic representation of the gene delivery assay of M12L24 nanocages (green; scheme applies to M = Pt2+) on GFP-expressing cells
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permeation of RNA through the cell membrane and protect gene material from

degradation have been developed in the past decades. These RNA nanodelivery

systems are called vectors. The currently most used non-viral vectors can be divided

into different functional material groups, such as dendrimers,27,28 lipid NPs,29,30 li-

posomes,31,32 metal-organic frameworks,2,33–36 and polymers.37,38 They have

shown success in delivering RNA therapeutics, yet the fast-growing field of gene

therapy39,40 still requires novel vectors with high delivery efficiencies and high cell

specificity.

Coordination-based spherical assemblies (CBSAs) have recently gained attention in

the medicinal context.41–44 CBSAs are well-defined nanosized materials that are

constructed by coordination of multi-topic ligands to transition metals.45–48 Some

CBSAs have shown interesting properties regarding DNA/RNA binding because

of their cationic charge and aromatic exterior. Examples include Ru3L
A
2L

B
3 prisms,49

octahedron Pt6L4,
50 tetrahedral Ni4L6,

51 helicate Ni2L3,
52 and cuboctahedral

Pd12L24.
53 Whereas some studies have suggested the application of CBSAs as gen-

otoxic agents, to the best of our knowledge their potential as gene delivery agents

has never been investigated.

Inspired by the promising DNA-CBSA interactions reported in the literature, we have

designed and studied gene delivery systems based on supramolecular nanocages

in vitro. To do this, we used M12L24 cages
46,54–58 because these types of nanocages,

with their large size, high charge, and structural and compositional stability,

combine all requirements desired for good RNA vectors. We then studied the forma-

tion and properties of RNA3M12L24 NPs (Figure 1A), cell uptake (Figure 1B), and

in vitro green fluorescence protein (GFP) silencing (Figure 1C). Finally, we show

the ability of M12L24 cages to bind siRNA and cell-specific GFP silencing. This

work presents M12L24 as a new class of siRNA vectors of which the stability can be
Chem 9, 1578–1593, June 8, 2023 1579
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Figure 2. Chemical structure of the building blocks with dual function

Cage-forming site in blue, nucleic acid binding sites in red, fluorescent tag (rhodamine B) in pink.
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tuned and the functionality can be easily modified, and with their unique size, they

have the potential for future applications as vectors.

RESULTS AND DISCUSSION

Synthesis of nanocages

Four different building blocks with dual functionalities, a site for cage formation, and

an RNA binding site were synthesized. All building blocks were prepared according

to standard organic synthesis protocols (summarized in supplemental information

section ‘‘synthesis of building blocks’’). The set contained one neutral building block

(LPEG), two mono-cationic building blocks (LPy and LImi), a double cationic building

block (LVio), and a rhodamine-labeled building block (LRB) (Figure 2).

Pt12L24 cages were prepared as previously described.55 LPy (1 equiv), [Pt(BF4)

(MeCN)4] (0.6 equiv), and a catalytic amount of TBACl (7 mol %) in acetonitrile-d3

were heated at 150�C for 3 days (Figure 3A). A sharp 1H-NMR spectrum was ob-

tained, indicating the formation of a highly symmetrical structure (Figure 3C). The

observed downfield shift of the pyridine protons was in line with coordination to

platinum (Dd(Ha) = +0.49 ppm and Dd(Hb) = +0.32 ppm, Figure 3C). DOSY showed

the appearance of a slower diffusing species (log D = �9.65 m2$s�1 for

[Pt12(L
Py)24(BF4)48] compared with �8.89 m2$s�1 for the building block LPy) with a

calculated hydrodynamic radius of 2.8 nm, in line with the formation of the Pt12L24
nanocage (Figure 3B). Mass analysis by electrospray ionization high-resolution

mass spectrometry (ESI-HR-MS) confirmed the selective formation of the desired

structure by showing only signals corresponding to different charged states of the

cage with the general formula [Pt12L
Py

24(BF4)x]
(48�x)+ with a matching isotope

pattern for x = 6–16 (Figure 3D). For all other building blocks, we applied the

same experimental procedure as for the synthesis of [Pt12L
Py

24], which yielded the

corresponding platinum cages with characteristic spectroscopic features similar to

those of [Pt12L
Py

24] (supplemental information section ‘‘nanocage synthesis’’). Next

to the platinum-based nanocages, one palladium cage, [Pd12L
Vio

24], was prepared

by a standard procedure.54 All cages were obtained with excellent selectivity, as

shown by 1H-NMR and ESI-MS analysis. The cages were obtained as 0.42 mM solu-

tions in acetonitrile-d3. No further purification was required for the application in

RNA binding. For simplification, we abbreviate the nanocages as Pt(Vio), Pt(Imi),

Pt(Py), and Pd(Vio) (Figure 4).
1580 Chem 9, 1578–1593, June 8, 2023



a b
c

de
f

g

a b d
e fg

[Pt(BF4)2(MeCN)4]

catal. TBACl
MeCN, 150°C, 3 d

>95%

LPy

[Pt12LPy24]

[Pd12LPy24]

LPy

ON+

N N

A

C

B

D

Figure 3. Synthesis and characterization of [Pt12L
Py

24]
48+

(A) Reaction conditions for the formation of nanocages. The molecular structure of the displayed cage was minimized on the PM3 level. Carbon, yellow;

nitrogen, blue; palladium, white cages.

(B) Overlaid DOSY NMR of the [Pt12L
Py

24] cage (blue) and the building block (red).

(C) 1H-NMR spectra of [Pt12L
Py

24] cage and the corresponding building block.

(D) ESI-MS spectrum of [Pt12L
Py

24].
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Cage stability

The well-defined structure of M12L24 nanocages is expected to bind RNA. The integrity

of the nanocages during the preparation of RNA3M12L24 NPs plays an important role.

When unstable nanocages are used, it cannot be excluded that other materials (e.g.,

decomposition oligomers) are responsible for RNA complexation, and this would

hamper any investigation into the rational design of the NP-forming structures.

We evaluated the stability of the various nanocages by using their uniqueUV-visible (UV-

vis) absorbance. UV-vis absorbance spectra of all five cages (Figure 4) weremeasured at

37�C in acetonitrile, water, and phosphate-buffered saline (PBS, 1 M, pH 7.4)

(Figures S33–S38). All nanocage absorbances were �20 nm red-shifted in comparison

with the corresponding building blocks as a result of the coordination to platinum/palla-

dium (Figure S38). For Pt12L24 nanocages with L = LPy, LImi, and LVio, absorption spectra

showed no changes after 14 h at 37�C in PBS (Figures S33–S35), indicating that the cages

are stable in the presence of halide and buffer. A decrease in absorbance was observed

for Pt(PEG) and the palladium cage Pd(Vio) (Figures S36 and S37). Because Pt(PEG) and

Pd(Vio) showed decreased absorption in PBS, we studied their stability in HEPES-buff-

ered water (Figures S36 and S37). In HEPES-buffered water, no significant changes in

the absorption of Pt(PEG) and Pd(Vio) were observed, supporting their stability in buff-

ered water. Given that all nanocages are sufficiently stable in HEPES, HEPES-buffered

water was used for the studies involving the preparation and characterization of

RNA3M12L24 NPs.
Initial RNA binding assay

With Pt12L24 nanocages bearing different RNA binding sites on the exterior in hand, we

performed initial binding studies to ARsiRNA. For qualitative analysis of the binding, we
Chem 9, 1578–1593, June 8, 2023 1581



Figure 4. PM3-optimized structure of the four nanocages
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used circular dichroism (CD) titrations to study the chiral nature of the nanocage and

siRNA complex (Figure 5A). All binding studies were performed at room temperature

in HEPES-buffered water (100 mM, pH 7.4), and nanocages were used as synthesized

in acetonitrile-d3. For all nanocage titrations, a decrease in ellipticity at l = 265 nm

and an increase in ellipticity at l = 314 nm were observed (Figure 5B; these were attrib-

uted to absorptions of RNA and nanocages: Figure 5C), indicative of successful ARsiRNA

binding (Figure 5B; see supplemental information section ‘‘CD spectra’’ for further de-

tails). Given that both the nanocages and the ARsiRNA represent multi-topic binders,

an accurate binding constant could not be obtained from this set of experiments

because the exact stoichiometry is unknown. For the relative comparison of the four

nanocage-siRNA complexes, we approximated binding affinities on the basis of the rela-

tive decrease and increase in the CD ellipticity (by treating the RNA as a mono-binding

unit and the nanocage as 24 identical units in a 1:1 ratio by using BindFit59–61). Following

these simplified approximations, we obtained the highest affinity between Pt(Vio) and

RNA (Ka z 1.1 G 0.2 3 107 M�1), followed by Pt(Py)zPt(Imi) (Ka z 4.5–5.8 G 0.7 3

106 M�1) and Pt(PEG) (Ka z 1.8G 0.2 3 106 M�1) (Figure 5D), similar to the expected

trend based on the individual charge and monomeric binding affinities. This indicates

different binding affinities of the four nanocages with RNA, which allows for the formu-

lation of nanocage-siRNA complexes.
Preparation of nanocage-siRNA NPs and characterization

After obtaining promising binding results between siRNA and the M12L24 nanoc-

ages, we investigated the formation of RNA3M12L24 NPs to support that nanocages

are capable of forming stable NPs. Therefore, we formulated the NPs of the nanoc-

ages complexed with siRNA and evaluated the so-formed NPs’ properties and their

stability by dynamic light scattering (DLS) and gel electrophoresis.

We screened NP preparation using different P/N (positive charge/negative charge)

ratios of nanocage to siRNA, from 1/1 to 32/1 (Table S6). All formulations resulted in

the formation of well-defined NPs (a P/N ratio of 32 is discussed in the main text;

for all ratios, see supplemental information sections ‘‘DLS and zeta potential

of RNA3cage nanoparticles,’’ ‘‘toxicity of RNA3cage nanoparticles,’’ and ‘‘GFP

silencing of RNA3cage nanoparticles’’). The obtained NPs exhibited different hy-

drodynamic sizes with a narrow polydispersity index (PDI), ranging from 110 to

190 nm depending on the nanocage and stoichiometry (Figure 6A). The NPs re-

mained stable for 14 days after preparation (Figure S58).
1582 Chem 9, 1578–1593, June 8, 2023



Figure 5. CD studies on RNA complexation with nanocages

(A) Schematic depiction of the performed experiments.

(B) Decrease in characteristic CD band associated with siRNA upon the addition of increasing

amounts of nanocages as a result of complexation.

(C) UV-vis absorption over the course of a titration of Pt(Py) to siRNA and identification of the

absorption bands.

(D) Estimated binding constants between nanocages and siRNA.
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All NPs displayed a highly cationic surface charge, which is required for efficient cell

uptake through negatively charged cell membranes (Figure 6A). Furthermore, quan-

titative encapsulation of siRNA within the NPs was proven by RNA agarose gel elec-

trophoresis, given that no free siRNA was observed (Figures 6B and S59).

NPs composed of Pt(Vio), Pd(Vio), Pt(Imi), Pt(Py), Pt(PEG), and siRNA (P/N ratio =

32) all had a diameter of roughly 150 nm with narrow polydispersity. Two selected

nanocages, Pt(Vio) and Pd(Vio) (found to be the only ones active in silencing in

initial experiments, vide infra), were investigated in cell-uptake studies. All nano-

cage/siRNA assemblies were evaluated in their ability to silence GFP fluorescence

in cells.
Cell-uptake studies

In the initial study, we studied the cell uptake (transfection) of two of the formed NPs,

siRNA3Pt(Vio) and siRNA3Pd(Vio). To study uptake and localization of both

the cage components and the siRNA upon cell entry, we used 20% cyanine5
Chem 9, 1578–1593, June 8, 2023 1583



Figure 6. Characterization of nanocage-RNA NPs

(A) Size and zeta potential for 32/1 P/N ratios of nanocage and siRNA acquired from DLS on the

basis of intensity and zeta potential measurements (66 nM nanocage, 2.1 nM RNA). Error bars

represent the mean G SD; n = 3.

(B) RNA agarose gel electrophoresis of pure GFPsiRNA and NPs composed of nanocage and
GFPsiRNA shows the disappearance of non-bound RNA (part of full gel electrophoresis image in

Figure S59).

ll
Article
(Cy5)-labeled siRNA (CyRNA) and labeled the nanocages with rhodamine. For this,

we used a mixture of 20 LVio and 4 LRB building blocks during cage assembly. This

afforded nanocages whose main composition [M12L
Vio

20L
RB

4] (Figure 7A) had a

Gaussian distribution centered around this stoichiometry of ligands, in agreement

with previous results of heteroleptic nanocages.55 The so-formed nanocages could

be tracked in vitro and, with their high viologen content, were expected to behave

similarly to the pure viologen nanocages Pt(Vio) and Pd(Vio). We incorporated

Cy5-labeled siRNA for the preparation of NPs to also track the distribution of RNA

(Figures 7A and S28–S32).

Before monitoring the cellular uptake of the fluorescent RNA-nanocage NPs, we

studied the properties of the NPs. When CyRNA was incorporated into NPs

(composed of RNA and Pd(RB-Vio) or Pt(RB-Vio)), the fluorescence of CyRNA was

quenched significantly (by ca. 95%; Figure 7C). The quenching of fluorescence

was attributed to the successful complexation of CyRNA with the viologen-

quencher-containing nanocages. After observing the incorporation of CyRNA into

the NPs (further supported by gel electrophoresis; Figure S59) and accompanied

quenching of Cy5 fluorescence, we studied both NPs in cell-growth medium

(DMEM) and monitored them over time (Figure 7D). CyRNA3Pt(RB-Vio) displayed

only a little change in fluorescence over 14 h (Figure 7D), indicative of good NP sta-

bility in DMEM buffer and little RNA release (Figures 7B and 7D; further supported

by 1H NMR and UV-vis: Figures S63 and S64).

CyRNA3Pd(RB-Vio) showed a greater increase in the fluorescent signal of Cy5, indi-

cating more CyRNA release in DMEM over 14 h (Figure 7D). Because the RNA can be
1584 Chem 9, 1578–1593, June 8, 2023



Figure 7. Stability assay of cage-RNA NPs in DMEM

(A) Synthesis of rhodamine-functionalized M12L24 nanocages and the PM3-optimized structure of the nanocage.

(B) Anticipated mechanism of CyRNA quenching by complexation with nanocages and dequenching upon release of RNA from NPs.

(C) Comparison of fluorescence of equimolar amounts of free CyRNA and CyRNA3nanocage NPs.

(D) Development of equimolar concentrations of CyRNA3Pt(RB-Vio) and CyRNA3Pd(RB-Vio) NPs’ fluorescence over time in DMEM.
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released via different mechanisms, we further studied RNA3Pd(RB-Vio) by 1H NMR

and UV-vis (Figures S63 and S65). As expected from the less stable palladium-based

nanocage, decomposition of the nanocage into free building block LVio was

observed in both UV-vis and 1H NMR with comparable rates (ca. 2%–4% decompo-

sition of nanocage per hour; Figures S63 and S65). This decomposition of the
Chem 9, 1578–1593, June 8, 2023 1585
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Figure 8. Cell-uptake experiments using fluorescent cage and RNA

(A) Cell uptake and development of fluorescent signal of Pd- and Pt-nanocages, RNA, and Lysotracker signal over time in U2OS and HeLa cells

(2,000 ng/mL siRNA with a P/N ratio of 32/1).

(B–D) Images of cells identical to those in (A) show only the cell uptake and development of fluorescent signal of Pd- and Pt-nanocages and RNA over

time in U2OS and HeLa cells (2,000 ng/mL siRNA with a P/N ratio of 32/1). *Merging and enlargement of cages, RNA, and Hoechst.
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nanocage released the RNA, as supported by fluorescence (Figure 7D) and CDmea-

surements (Figure S63). Provided that the fluorescence of CyRNA increases upon

release from NPs, this allows for direct tracking of RNA release from NPs in vitro

(vide infra).

The cellular uptake was monitored by confocal imaging of the two different NPs

(CyRNA3Pt(RB-Vio) and CyRNA3Pd(RB-Vio)) on either HeLa or U2OS cells. Cells

were treated for 2 h with the cage/RNANPs and incubated for different time periods

(0–8 h) before analysis by confocal microscopy (Figures 8A–8E and S67–S74).

Both CyRNA3Pt(RB-Vio) and CyRNA3Pd(RB-Vio)were distributed inside the cytosol

of cells (Figures S68, S70, S72, and S74), and co-localization of CysiRNA and
1586 Chem 9, 1578–1593, June 8, 2023
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nanocages was observed in the cells at the incubation time (Figures 8A–8E; 0–8 h).

Comparison of the cell uptake of CyRNA3Pt(RB-Vio) and CyRNA3Pd(RB-Vio) dis-

played different behaviors of the two NPs.

The CyRNA3Pd(RB-Vio) NPs showed less fluorescence inside of the lysosome,

whereas CyRNA3Pt(RB-Vio) NPs showed more co-localization with lysosomes in

HeLa. This could imply that endosomal escape is achieved more easily for
CyRNA3Pd(RB-Vio)NPs in HeLa cells, which could result in better siRNA delivery ef-

ficiency; however, this trend is not clear in U2OS cells.

We also observed a difference in the fluorescent signals of nanocage and CyRNA.

When comparing the Pt- and Pd-based NPs in U2OS cells, we observed a decrease

in Pd(RB-Vio) and CyRNA signal for the Pd-based system (Figure 8B). In contrast,

the Pt-based NPs showed steady or increasing fluorescence for rhodamine and Cy-

RNA in U2OS cells. Furthermore, in various places of the cells incubated for 2 and 8

h, CyRNA3Pt(RB-Vio) showed big clusters of RNA in the absence of clusters of ca-

ges (Figure 8C). This could suggest the release of the RNA from the particles. In

HeLa cells, CyRNA3Pd(RB-Vio) NPs displayed increased CyRNA and nanocage

signal accompanied by the formation of RNA clusters at different locations to the

nanocage (Figure 8D). Conversely, CyRNA3Pt(RB-Vio) showed decreased nano-

cage and CyRNA signal and after only 8 h showed an indication of RNA release

(Figure 8E).

Whereas the cell-specific behavior (Pd-NP RNA release in HeLa cells and Pt-NP

RNA release in U2OS cells) can be the result of different factors (such as local

pH or enzymatic and molecular content of the different cell lines), it has an influ-

ence on gene expression and is to the best of our knowledge a unique feature

of nanocages derived from the same building block and differing only in the metal

nodes.
Silencing efficiency of NPs after GFPsiRNA delivery

For siRNA delivery, a potent silencing effect of target genes represents effective

siRNA delivery vectors. Therefore, we investigated the intracellular GFPsiRNA deliv-

ery efficiency of NPs. GFP is a reporter protein of 238 amino acids and emits a

bright green fluorescence (lmax = 509 nm) when illuminated with a blue light

(lmax = 490 nm), and it has been widely used to detect gene expression because

its fluorescence directly reflects the levels of gene expression.62,63 Intracellular
GFPsiRNA induces gene silencing by targeting complementary mRNA for degrada-

tion, leading to a decrease in GFP fluorescence (Figure 9A). To do this, we used

two GFP-expressing cell lines, HeLa-CD63-GFP and U2OS-UBE231-GFP, for the

easy detection of GFPsiRNA delivery efficiency by quantifying the GFP fluorescence

differences of cells.64,65 NPs loaded with GFPsiRNA were incubated with cells for 24

h, after which the growth medium was changed, the NPs were incubated for 24 h

(Figure 9B; for 48 h, see Figure S79) at different siRNA concentrations, and the

fluorescence of cells was quantified by flow cytometry (Figure 9C). The commercial

transfection reagent lipofectamine 3K was used as a positive control. Given that

GFP is also silenced when cell death is occurring, we detected the GFP mean fluo-

rescence intensity (MFI) by gating (selecting) only the live cells for our quantifica-

tion and analysis. This way, GFP silencing efficiency was not correlated to the

toxicity of a vector (vide infra). Moreover, we performed control experiments

with non-active RNA and nanocages to fully exclude the correlation between

toxicity and GFP silencing.
Chem 9, 1578–1593, June 8, 2023 1587



Figure 9. Transfection efficiency of nanocage-RNA NPs

(A) Schematic description of the experimental setup.

(B) Timeline of experimental expression efficiency assay.

(C) Normalized GFP MFI of HeLa-CD63-GFP and U2OS-UBE21-GFP cells after incubation of

different nanocage-RNA NPs encapsulating GFPsiRNA and non-sense siRNA (normalized against

untreated cells). Error bars represent the mean G SD. n = 3.
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Among all nanocage-based NPs, GFPsiRNA3Pd(Vio) exhibited the highest

silencing potency on the HeLa cell line. It reduced the GFP expression by 76%

when 32/1 (P/N) of GFPsiRNA3Pd(Vio) was used. Interestingly, the same GFPsiR-

NA3Pd(Vio) NP showed no silencing effect at all on the U2OS cell line (Figure 9C).

GFPsiRNA3Pt(Vio) showed a lower silencing potency in HeLa cells with a 19% reduc-

tion in GFP expression. However, GFPsiRNA3Pt(Vio) showed the highest silencing
1588 Chem 9, 1578–1593, June 8, 2023
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potency in the U2OS cell line with over 90% GFP reduction, which is comparable to

the silencing potency of lipofectamine (Figure 9C).

Importantly, whereas the NPs formed from different nanocages differentiated

between the two cell lines in a single cell-line experiment with high GFP silencing

selectivity (66% U2OS selectivity for GFPsiRNA3Pt(Vio); 92% HeLa selectivity for
GFPsiRNA3Pd(Vio)), the commercial transfection agent lipofectamine displayed

significantly lower selectivity (ca. 2% U2OS selectivity over HeLa cells; Figure 9C).

Importantly, GFP silencing was not observed when an inactive RNA sequence was

applied (CONTROLRNA3Pt(Vio) or CONTROLRNA3Pd(Vio); Figure 9C), ruling out

selectivity and activity derived from potential toxicity of the nanocages.

Because we anticipated that the viologen-containing nanocage vectors could exhibit

toxicity (vide infra), we also investigated a mixed nanocage containing 50% LVio and

50% of the less harmful LPEG in the silencing experiment (GFPsiRNA3Pt(Vio-PEG); see

supplemental information section ‘‘cage stability studies’’). Indeed, the mixed nanocage

Pt(Vio-PEG)exhibitedGFP silencingefficiencies in analogy topurePt(Vio), i.e., both vec-

tors showed silencing selectivity for U2OS cells. In comparison to Pt(Vio), the mixed

nanocage Pt(Vio-PEG) showed lower silencing efficiency on both cell lines (e.g., in

U2OS, 68% for Pt(Vio-PEG) and 92% using Pt(Vio)) and no detectable silencing in

HeLa cells. In combination with evaluating cellular uptake, we suspected that this

different cell-selective silencing effect after siRNA delivery resulted from different RNA

releases of NPs inside different cell lines.

Cytotoxicity of NPs and discussion

After the successful siRNA delivery, which was observed with Pt(Vio), Pt(Vio-PEG),

and Pd(Vio) as vectors, the toxicity of the formed NPs was briefly investigated on

the two cell lines. The cell viability was evaluated after 24 h of RNA3nanocage treat-

ment and 24 h (for 48 h, see Figure S76) of incubation (in the same time frame as the

GFP silencing experiments; Figure 10A). siRNA3Pd(Vio) showed higher cytotoxicity

to HeLa cells (64%) than to U2OS cells (14%). In contrast, siRNA3Pt(Vio) showed

lower toxicity against HeLa (25%) and higher toxicity against U2OS (35%). Interest-

ingly, the mixed nanocage NP siRNA3Pt(Vio/PEG) displayed less cytotoxicity

than the pure viologen NP (siRNA3Pt(Vio)) (4% for HeLa and 28% for U2OS).

The toxicity of siRNA3Pd(Vio) was selective for HeLa (64%) over U2OS (15%), and

so was the GFP silencing (76% for HeLa and 3% for U2OS). Similar trends also

applied to the platinum-based NPs, i.e., both were more toxic against U2OS

and display more silencing in U2OS. Because NPs that show little GFP silencing

also display little toxicity (e.g., siRNA3Pd(Vio) showed little toxicity and silencing

for U2OS), we anticipate that the NPs made from nanocages and RNA are a little

toxic (Figure 10B, left). We hypothesize that upon the release of siRNA (and

consecutive GFP silencing), free nanocages are released, which is cytotoxic (Fig-

ure 10B, right).66,67

Depending on the envisioned application (research, gene therapy, or cancer treat-

ment), the toxicity of the free nanocages (released from NPs after RNA release)

has to be tuned further. As such, we envision that toxic NPs (such as RNA3Pd(Vio)

for HeLa cells) could be suitable for cancer treatment in which the nanocage and the

RNA can be dual cytotoxic to tumor cells after the loading of an anti-tumor siRNA.

For other gene therapeutic applications, the toxicity of the nanocages (vectors)

has to be lowered. We show that this can be partially achieved with the more robust

platinum nanocages or mixtures of building blocks for nanocage assembly.
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Figure 10. Cell-viability evaluation of different NPs on HeLa-CD63-GFP and U2OS-UBE21-GFP

cells

(A) Cell viability (GSD) after 24 h of treatment of different cell lines with 2,000 ng/mL GFPsiRNA and

different ratios of nanocages. Error bars represent the mean G SD. n = 3.

(B) Anticipated origin of toxicity.
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However, obtaining an even more harmless system for therapeutic gene delivery

would require further modification.

Certainly, the realization of therapeutic applications requires more studies,

including in vivo studies, given that the in vitro experiments shown in this work repre-

sent a highly controlled simplified version of complex living matter. Nevertheless,

this pioneering study shows that nanocages are capable of binding and releasing

RNA in vitro, and these are promising features for further research.
Conclusion

In summary, we have reported the design and synthesis of five different M12L24 ca-

ges that are able to form RNA3M12L24 NPs. Simple monomeric building blocks,

exteriorly functionalized with different binding sites for nucleic acids, have been
1590 Chem 9, 1578–1593, June 8, 2023
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prepared. When combined with platinum or palladium, this selectively yields the

corresponding M12L24 nanocages. Whereas platinum-based cages have good sta-

bility against many typically found biological components, the palladium analogs

decompose under identical conditions. All cages complex siRNA efficiently and

form nanosized (110–190 nm) RNA3M12L24 NPs with highly cationic zeta potential

depending on the nanocage composition. The so-formed NPs show metal-depen-

dent accumulation and release of siRNA in two different cell lines. Whereas HeLa

cells show long-term accumulation and release of RNA in vitro with RNA3Pd(Vio),

U2OS cell lines show cell-specific (among these two cell lines) accumulation and

release of RNA with RNA3Pt(Vio). In line with these observations, HeLa cells

and U2OS cells show highly selective gene expression of an implemented
GFPsiRNA with RNA3Pd(Vio) and RNA3Pt(Vio), respectively. This unique cell-

selectivity feature of the NPs (in contrast to lipofectamine, which exhibits no selec-

tivity) in siRNA delivery offers a promising addition to the field of targeted RNA

gene-material delivery, and its full potential has yet to be uncovered. Although

only highly controlled in vitro results of RNA delivery of nanocage vectors have

been performed so far, we have shown that nanocages are suitable vectors for

cell-specific RNA delivery through simple variation of the sphere-forming metal

nodes. This provides a tunability handle for future developments into highly desir-

able selective RNA nanomedicines.
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