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Forschungszentrum Jülich GmbH, 52428 Jül
cDepartment of Infectious Diseases, West

University Hospital Essen, University of D

Essen, Germany
dDepartment of Experimental Radiology, In

Radiology, Jena University Hospital, Friedri

1, 07740 Jena, Germany

† Electronic supplementary information (
of protein bands from inamed muri
Au-siRNA-p65-NPs. See https://doi.org/10.

‡ Both authors share rst authorship.

Cite this: Nanoscale Adv., 2022, 4,
4502

Received 22nd April 2022
Accepted 3rd September 2022

DOI: 10.1039/d2na00250g

rsc.li/nanoscale-advances

4502 | Nanoscale Adv., 2022, 4, 450
nflammatory NF-kB and inhibition
of herpes simplex virus (HSV) replication by
ultrasmall gold nanoparticles (2 nm) conjugated
with small-interfering RNA†

Natalie Wolff,‡a Sebastian Kollenda,‡a Kai Klein,a Kateryna Loza,a Marc Heggen,b

Leonie Brochhagen,c Oliver Witzke,c Adalbert Krawczyk,c Ingrid Hilger d

and Matthias Epple *a

Azide-terminated ultrasmall gold nanoparticles (2 nm gold core) were covalently functionalized with

alkyne-terminated small-interfering siRNA duplexes by copper-catalyzed azide–alkyne cycloaddition

(CuAAC; click chemistry). The nanoparticle core was visualized by transmission electron microscopy. The

number of attached siRNA molecules per nanoparticle was determined by a combination of atomic

absorption spectroscopy (AAS; for gold) and UV-Vis spectroscopy (for siRNA). Each nanoparticle carried

between 6 and 10 siRNA duplex molecules which corresponds to a weight ratio of siRNA to gold of

about 2.2 : 1. Different kinds of siRNA were conjugated to the nanoparticles, depending on the gene to

be silenced. In general, the nanoparticles were readily taken up by cells and highly efficient in gene

silencing, in contrast to free siRNA. This was demonstrated in HeLa-eGFP cells (silencing of eGFP) and in

LPS-stimulated macrophages (silencing of NF-kB). Furthermore, we demonstrated that nanoparticles

carrying antiviral siRNA potently inhibited the replication of Herpes simplex virus 2 (HSV-2) in vitro. This

highlights the strong potential of siRNA-functionalized ultrasmall gold nanoparticles in a broad spectrum

of applications, including gene silencing and treatment of viral infections, combined with a minimal dose

of gold.
Introduction

Gold nanoparticles have a long history in biomedicine for drug
delivery and imaging.1–15 This is due to their comparatively easy
synthesis, the absence of toxic effects, and their chemical
inertness. They can be surface-functionalized by thiol- or
phosphane-ligands to carry drugs, dyes, or other mole-
cules.2,5,7,9,11,13,14,16–20 The surface functionalization of gold
nanoparticles with nucleic acids has been pioneered by Mirkin,
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Alivisatos, Parak and others.21–25 DNA on the surface of nano-
particles also permits the construction of three-dimensional
networks of nanoparticles that carry complementary DNA
strands.26–28 If small-interfering RNA (siRNA) is attached to
13 nm gold nanoparticles by ligand exchange, they can be used
for gene silencing aer cellular uptake.29–32 RNA interference
(RNAi) is a potent approach in regulating gene expression
during the treatment of diseases.33 In particular, exogenous
small interfering RNAs (siRNAs) delivered into cells initiate the
degradation of complementary mRNA molecules by their own
cellular machinery.34 In contrast, dissolved (“naked”) siRNA is
rapidly degraded in the presence of RNAses and not taken up by
cells due to its negative charge.35

Ultrasmall nanoparticles with a diameter of 1 to 2 nm are on
the borderline between molecular atom-sharp clusters and
“classical” plasmonic nanoparticles (typically 10 to 15 nm in
diameter).36–43 They have a much higher specic surface area
than bigger nanoparticles which permits a higher dose of
attachedmolecules per mass of administered gold. They also do
not quench the uorescence of attached molecules.44 The
common ligand exchange reactions for thiolated DNA make it
difficult to control the number of DNA molecules.24 However,
gold nanoparticles functionalized with siRNAs were prepared by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Yamankurt et al. by ligand exchange:29 Citrate-stabilized gold
nanoparticles with a diameter of 13 nm from a modied Tur-
kevich synthesis45 were coated by thiolated siRNAs via ligand
exchange in dispersion and denoted as “siRNA spherical nucleic
acids”.29

Here, we demonstrate how click chemistry can be used for
a covalent attachment of alkyne-terminated siRNA duplex
molecules to the surface of azide-terminated ultrasmall gold
nanoparticles.46 This method permits the attachment of alky-
nylated compounds like uorescent dyes,46,47 molecular twee-
zers,48 or aggregation-induced emission molecules (AIE)49 to the
particle surface. Ultrasmall gold nanoparticles are taken up by
endocytosis, but they appear to use different endocytosis path-
ways. If one is blocked, another one opens as we have recently
shown.50 This is consistent with earlier results on nanoparticles
and quantum dots of similar size as reported by Yang et al.51 and
Carrillo-Carrion et al.52 and different from the behavior of larger
nanoparticles.41 Ultrasmall nanoparticles have the advantage of
even penetrating cell nuclei in an in vitro 3D brain spheroid
model.53 Thus, ultrasmall nanoparticles represent an inter-
esting agent for drugs that are to be transported across the
blood–brain barrier.53,54 They are usually non-toxic to cells41 due
to the inert gold–sulfur bond.55 This is in line with general
studies on the absence of toxicity of conventional gold nano-
particles (10–15 nm)56–58 It shall be noted that cytotoxic effects
have been discussed for very small gold nanoparticles and gold
clusters in eukaryotic cells,59–61 bacteria,62 and zebrash.63

However, there are other studies (including our previous
results) where it has been shown that ultrasmall gold nano-
particles are not cytotoxic.2,43,50,54,64–67 The attached ligands
appear to play an important role for the cytotoxicity, especially if
Fig. 1 Reaction scheme for the attachment of alkyne-terminated siRNA

© 2022 The Author(s). Published by the Royal Society of Chemistry
they can leave the gold surface.57 In any case, the particles
prepared here were not cytotoxic. So far, there are no data on the
fate of the nanoparticles aer cellular uptake, but an eventual
excretion is likely.52,57,68 Due to the noble character of gold,
a dissolution inside the cell or the body can be excluded.57

We show that gold nanoparticles are advantageous as siRNA
delivery vehicles into cells because they promote siRNA uptake
and silence the expression of specic genes. This is demon-
strated in a model system for gene silencing (HeLa-eGFP cells)
and in two examples of clinical relevance where they suppress
inammation and viral infection: the silencing of NF-kB in
macrophages and the inhibition of viral replication in Herpes
Simplex Virus (HSV)-infected cells.

Results and discussion

For the copper-catalyzed click reaction with different siRNA-
alkyne sequences, Au-GSH nanoparticles were prepared with
a modied Brust-Schiffrin synthesis.69 Azide groups were
introduced by substituting the amine group in the stabilizing
ligand glutathione (GSH) to Au-N3 nanoparticles with an azide-
transfer reagent.46 Au-GSH and Au-N3 nanoparticles were
analyzed with UV-Vis-spectroscopy and disc centrifugal sedi-
mentation (DCS). Dynamic light scattering (DLS) was not
possible because the particles were too small to scatter the light,
in agreement with earlier reports on Au-GSH and Au-N3 nano-
particles.46 UV-Vis spectroscopy was used to verify the successful
synthesis of ultrasmall nanoparticles and the absence of larger
nanoparticles. There was no typical surface plasmon resonance
(SPR) band between 500 and 520 nm that would have indicated
larger gold nanoparticles.47 The hydrodynamic diameter of Au-
(depicted as blue balls).

Nanoscale Adv., 2022, 4, 4502–4516 | 4503
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GSH and Au-N3 nanoparticles was determined by DCS with less
than 2 nm. The ligand shell inuenced the particle size by DCS,
thereby underestimating the actual particle size.70 NMR spec-
troscopy which can be applied to ultrasmall nanoparticles71–76

was used to identify and quantify GSH and N3 bound to the
ultrasmall nanoparticles.46 Alkyne-terminated duplex siRNA
was then clicked to the Au-N3 nanoparticles. Fig. 1 shows the
full reaction scheme.

We have used functional duplex siRNA as well as Cy5-
labelled duplex siRNA. The labelling with Cy5 was important
to quantify the number of siRNA molecules on each nano-
particle and to follow the nanoparticles inside a cell by uo-
rescence spectroscopy. The gold nanoparticles that carry only
siRNA are only very weakly uorescent and cannot be detected
inside cells. The siRNA-carrying nanoparticles were character-
ized by UV-Vis-spectroscopy and high-resolution transmission
electron microscopy (HRTEM). DCS turned out to be not
applicable because the large organic shell reduced the effective
density of the nanoparticle that no sedimentation occurred at
the given rotational speed of the centrifuge within reasonable
times (>12 h). Dynamic light scattering (DLS) did not show the
ultrasmall nanoparticle (core too small) but again conrmed
the absence of larger (plasmonic) or agglomerated gold
Fig. 2 High-resolution transmission electron micrographs of Au-siRNA-e
particle size distribution diagrams.

4504 | Nanoscale Adv., 2022, 4, 4502–4516
nanoparticles. The nanoparticle gold core was analyzed by
HRTEM. Fourier transformation analysis gave the d-spacings of
elemental gold (fcc). Due to the low scattering contrast of the
organic ligands, only the metallic core was visible in HRTEM.
HRTEM showed a mostly uniform shape of the gold core
without agglomerates. An average diameter of 2.2 � 0.6 nm for
Au-siRNA-eGFP nanoparticles and 2.2 � 0.5 nm for Au-siRNA-
eGFP-Cy5 nanoparticles was found (Fig. 2). We have demon-
strated earlier that the click reaction does not inuence the size
of the gold core,46–48 a result that is conrmed here.

A UV-Vis-spectrum of Au-siRNA-eGFP and Au-siRNA-eGFP-Cy5
nanoparticles showed the absorption band of the attached siRNA
molecules (absorption band from 228 to 303 nm, Fig. 3) and
conrmed the covalent binding of siRNA to the azide-terminated
gold nanoparticles. Again, no absorption by larger (plasmonic)
gold nanoparticles was found. For each synthesis, 129 nmol of
alkyne-terminated siRNA and 11.9 nmol of azide-terminated gold
nanoparticles were used (molar ratio 11 : 1), assuming a surface
loading as with molecular tweezers.48 The click efficiency of the
reaction was determined by analysis of the siRNA-loaded gold
nanoparticles. Between 6 and 10 siRNA molecules were attached
to the surface of each nanoparticle, with good agreement of the
data from the UV absorption of RNA and Cy5. Depending on the
GFP (A) and Au-siRNA-eGFP-Cy5 (B) nanoparticles and corresponding

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-Vis spectra of azide-terminated gold nanoparticles (Au-N3, left) and of siRNA-functionalized gold nanoparticles (right). The absorption
of RNA is visible by the band at 258 nm. The absorption of Cy5 is visible by the band at 647 nm.
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siRNA used, at least 58% of the applied siRNA-alkyne was bound
to the nanoparticle. This is of considerable importance due to the
high price of siRNA. The recovery of gold was between 60 and
90%, i.e. also comparatively high. The number of clicked mole-
cules determines the molecular footprint on the nanoparticle
surface. For a spherical nanoparticle with an average diameter of
2 nm, the nominal surface area is 12.6 nm2.46 Thus, the siRNA
ligands had a molecular footprint between 1.35 and 1.96 nm2, in
good agreement with clicked dye molecules like FAM (1.6 to 2.1
nm2),46,47 or AlexaFluor-647 (1.15 nm2).46 Lach et al. found
a footprint of 0.20 nm2 for quaternary ammonium ligands on
3.4 nm gold nanoparticles.77 This is also in line with Girard et al.
who showed that a ssDNAmolecule (18 bases) required a surface
area of about 1 nm2 on a 2 nm gold nanoparticle, i.e. geometri-
cally, each 2 nm-nanoparticle can carry about 12 ssDNA mole-
cules.24 All analytical data of the nanoparticles are summarized in
Table 1. The nanoparticles have a composition of about Au�250-
GSH�125(siRNA)8. With molar masses of Au (197 g mol�1), GSH
(306 g mol�1) and siRNA (�14 000 g mol�1), we obtain a molar
mass of one nanoparticle of about 199 500 g mol�1 with weight
fractions of Au ¼ 25 wt%, GSH ¼ 19 wt%, and siRNA ¼ 56 wt%.

This is a considerably higher loading of siRNA than that
reported for “standard” gold nanoparticles prepared by the
Turkevich method (citrate reduction), followed by ligand
Table 1 Analytical data of all prepared gold nanoparticles. Quantification
nanoparticles. The gold content in the final products was calculated and

Ligands per nanoparticle
(1H-NMR and UV-Vis
spectroscopy)

Recovery of
gold/%

Yield o
attachm

Au-GSH46 125 (1H-NMR) 72 —
Au-N3 (ref. 46) 118 (1H-NMR) 86 94
Au-siRNA-eGFP 9.5 (UV-Vis) 89 86
Au-siRNA-eGFP-Cy5 8.9 (UV-Vis, RNA)/8.7

(UV-Vis, Cy5)
79 81 (RN

79 (Cy
Au-siRNA-eGFP-r 8.3 (UV-Vis) 75 76
Au-siRNA-p65 8.7 (UV-Vis) 62 79
Au-siRNA-18.1 6.4 (UV-Vis) 76 58
Au-siRNA-29.2 6.8 (UV-Vis) 75 63

© 2022 The Author(s). Published by the Royal Society of Chemistry
exchange.45 Yamankurt et al. prepared siRNA-coated gold
nanoparticles (13 nm, “spherical nucleic acids”) with
a maximum of 98 siRNA duplex molecules per particle.29 This
corresponds to a molecular footprint of about 5.4 nm2 per
siRNA duplex. In comparison, the surface density of siRNA aer
clicking is about 3 to 4 times higher than aer ligand exchange.
In terms of the particle composition, the composition of
a 13 nm gold nanoparticle is about Au70 000(siRNA)98. This leads
to a molar mass of one nanoparticle of about 15.1∙106 g mol�1

with weight fractions of Au ¼ 91 wt% and siRNA ¼ 9 wt%
(assuming 14 kDa per siNA duplex as in our case). In terms of
siRNA loading, ultrasmall nanoparticles carry about 2.2 : 0.1 ¼
22 times more siRNA per mass of gold applied.

siRNA for silencing the eGFP gene is a useful model because
the extent of gene silencing can be easily demonstrated by
analyzing the eGFP uorescence intensity by uorescence
microscopy. Moreover, we also focused on siRNA for silencing
nuclear factor-kappaB (NF-kB) dimer gene expression, since
such gene products are important cellular players responsible
for many regulatory processes including inammatory and
cancerous diseases.78–82

The uptake of uorescently labelled Au-siRNA-eGFP-Cy5
nanoparticles was observed with confocal laser scanning
microscopy (CLSM) HeLa-eGFP cells. All slices shown are taken
was done assuming an average particle diameter of 2 nm and spherical
compared to the gold amount used in the synthesis

f siRNA
ent/%

Gold core diameter
(HRTEM)/nm

Ligand
footprint/nm2

Hydrodynamic
diameter (DCS)/nm

1.7 � 0.9 0.10 1.5 � 0.2
2.0 � 0.4 0.11 1.5 � 0.2
2.2 � 0.6 1.35 —

A)/
5)

2.2 � 0.5 1.41 (RNA)/
1.45 (Cy5)

—

— 1.50 —
— 1.45 —
— 1.96 —
— 1.83 —

Nanoscale Adv., 2022, 4, 4502–4516 | 4505
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Fig. 4 Confocal laser scanning images showing the uptake of ultrasmall Au-siRNA-eGFP-Cy5 nanoparticles by HeLa-eGFP cells. The cells were
incubated with 5 mg mL�1 gold nanoparticles per well (13.7 mg siRNA mL�1) for 24 h, washed, fixed, and stained. Control: untreated HeLa-eGFP
cells (no nanoparticles). Nuclei: stainedwith DAPI; actin: stainedwith AlexaFluor™ 568 Phalloidin; Cy5: Au-siRNA-eGFP-Cy5 nanoparticles. Scale
bars are 20 mm. Data represent the mean of three individual experiments with the standard deviation (N ¼ 3).

Fig. 5 MTT viability assay with HeLa-eGFP cells, incubated
with Lipofectamine/siRNA-eGFP or water-dispersed Au-siRNA-eGFP
nanoparticles. Nanoparticle dispersions were tested at three
concentrations, i.e. c1: 14.8 mg siRNA mL�1 (13.7 mg siRNA mL�1 for
siRNA-eGFP-Cy5); c2: 74 mg siRNA mL�1; c3: 148 mg siRNA mL�1. The
incubation time was 24 h, except for Lipofectamine where it was 5 h.
Control: untreated HeLa-eGFP cells. One-way ANOVA was used,
followed by Tukey's comparison test: n.s., not significant; *p < 0.05;
**p < 0.01; ***p < 0.001. Data represent the mean of three individual
experiments with the standard deviation (N ¼ 3).
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View Article Online
from the focal plane in the middle of the whole cell volume (z-
stacks). Based on the z-stacks, the nanoparticles were well taken
up by all cells but did not enter the cell nucleus. They were
found in the cytoplasm or decorated the nucleus (Fig. 4).

The viability of the nanoparticle-treated HeLa-eGFP cells was
determined with an MTT cell viability assay. The siRNA-loaded
nanoparticles did not lead to a signicant change in cell
viability when compared to the untreated control. In contrast to
the nanoparticles, Lipofectamine/siRNA-based formulations
showed a signicant decrease in cell viability. This is well
known and due to the adverse nature of Lipofectamine (Fig. 5).83

The nanoparticles were able to silence the production of
eGFP in HeLa-eGFP cells as shown by uorescence microscopy
(Fig. 6). The mean uorescence intensity (MFI) in these images
was used to quantify the eGFP gene silencing efficiency. Only
fully conuent parts of a well were monitored. Interestingly, Au-
siRNA-eGFP-Cy5 nanoparticles remained for a much longer
time inside the cells than Lipofectamine-transported siRNA-
eGFP-Cy5 which was barely visible aer the incubation time
of 72 h. The uorescent label Cy5 on Au-siRNA-eGFP-Cy5
nanoparticles decreased the gene silencing efficiency. This
underscores the fact that labels on biomolecules may compro-
mise their biological effect. A possible explanation could be that
the functionalization of an alkyne and Cy5 at the 50- and 30-ends
of the siRNA sequence made the siRNA inaccessible for the
RISC. Thus, the separation of the sense and antisense strands
could have been blocked by the design of the siRNA-eGFP-Cy5
(for sequence designs see Table 2) when coupled to the
surface of the gold nanoparticles. It has been reported that the
conjugation of a uorophore to a bioactive molecules can
change its subcellular localization and function.84

Based on the uorescence microscopy images as shown in
Fig. 6 the mean uorescence intensity data were calculated and
are presented in Fig. 7A. The nanoparticles were remarkably
efficient in silencing the eGFP gene in HeLa-eGFP cells, but still
less efficient than Lipofectamine (Fig. 7B). However, it is advan-
tageous that they were considerably less cytotoxic than Lipofect-
amine. Higher nanoparticle concentrations did not substantially
4506 | Nanoscale Adv., 2022, 4, 4502–4516
increase the gene silencing efficiency. There was also no signi-
cant difference between the nanoparticles where the antisense
strand was attached to the gold (siRNA-eGFP) compared to the
case when the sense strand was attached to the gold (siRNA-eGFP-
r). This might have been expected because the antisense strand is
considered to be the active agent, but is obviously not the case.85

Yamankurt et al. have studied the mechanism of the intra-
cellular processing of gold-conjugated siRNA in detail. They
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative fluorescence images showing the silencing of eGFP expression in HeLa-eGFP cells by Lipofectamine/siRNA-
eGFP polyplex (3.2 mg mL�1 siRNA/Lipofectamine) and by Au-siRNA-eGFP (14.8 mg siRNA mL�1) or Au-siRNA-eGFP-Cy5 (13.7 mg siRNA mL�1)
nanoparticle treatment. Data represent the mean of three individual experiments with the standard deviation (N ¼ 3).
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reported that the enzyme Dicer was cleaving the duplex from the
gold surface, thereby liberating the siRNA for intracellular gene
silencing.29 It is likely that a similar mechanism occurs with
siRNA-functionalized ultrasmall nanoparticles as well. This
could also explain the higher stability of nanoparticle-
conjugated siRNA towards enzymatic degradation in compar-
ison to dissolved siRNA. They reported gene silencing efficien-
cies of the protein HER2 in SKOV-3 cells to about 15% on the
RNA level by nanoparticle treatment. However, they also re-
ported that the nanoparticles had a signicant cytotoxicity if
applied at doses above about 1 nmol L�1.29
© 2022 The Author(s). Published by the Royal Society of Chemistry
As medically relevant protein, we chose nuclear factor (NF)-
kB. This protein plays an important role in inammation-
associated diseases because numerous NF-kB target genes
encode proinammatory proteins.82 The principal means to
control the NF-kB activity is by retention of inactive forms of
heterogeneous transcription factor proteins in the cell's cyto-
plasm by inhibitors of kB (IkB) molecules.78 Upon activation by
a diverse range of stimuli (immunoreceptors, cytokines, growth
factors, and other stress impulses),80 the freely released NF-kB
proteins immediately form homo- and hetero-conjugations,
which bind to specic DNA regions. The active NF-kB protein
Nanoscale Adv., 2022, 4, 4502–4516 | 4507
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Table 2 Sequences of all siRNA duplexes used for gene silencing. The givenmolar masses refer to the duplexes, including alkyne and dye groups
where applicable

siRNA code siRNA target Sequence 50-30 of sense and antisense strand of duplex siRNA

siRNA-eGFP eGFP rGrCrArArGrCrUrGrArCrCrCrUrGrArArGrUrUrCrArU (sense)
(M ¼ 14 414 g mol�1) eGFP 5-Octadinyl dU/rArUrGrArArCrUrUrCrArGrGrGrUrCrArGrCrUrUrGrC (antisense)
siRNA-eGFP-Cy5 eGFP 5-Cy5/rGrCrArArGrCrUrGrArCrCrCrUrGrArArGrUrUrCrArU (sense)
(M ¼ 14 946 g mol�1) eGFP 5-Octadinyl dU/rArUrGrArArCrUrUrCrArGrGrGrUrCrArGrCrUrUrGrC (antisense)
siRNA-eGFP-r eGFP 5-Octadinyl dU/rGrCrArArGrCrUrGrArCrCrCrUrGrArArGrUrUrCrArU (sense)
(M ¼ 14 414 g mol�1) eGFP rArUrGrArArCrUrUrCrArGrGrGrUrCrArGrCrUrUrGrC (antisense)
siRNA-p65 NF-kB 5-Octadinyl dU/rCrCrArUrGrGrArGrUrUrCrCrArGrUrArCrUrUTT (sense)
(M ¼ 13 694 g mol�1) NF-kB rArArGrUrArCrUrGrGrArArCrUrCrCrArUrGrGTT (antisense)
siRNA-18.1 HSV-UL18.1 5-Octadinyl dU/rGrCrArCrCrGrUrUrArArCrCrUrUrCrGrCrArATT (sense)
(M ¼ 13 694 g mol�1) HSV-UL18.1 rUrUrGrCrGrArArGrGrUrUrArArCrGrGrUrGrCTT (antisense)
siRNA-29.2 HSV-UL29.2 5-Octadinyl dU/rCrUrUrUrCrGrCrArArUrCrArArUrUrCrCrArA (sense)
(M ¼ 12 448 g mol�1) HSV-UL29.2 rUrUrGrGrArArUrUrGrArUrUrGrCrGrArArArG (antisense)
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monomers are termed p50, p52, p65 (RelA), c-Rel, and RelB.
Especially the Rel proteins can form several different NF-kB
dimers. Of these, the p50/p65 heterodimer is physiologically the
most abundant.79 Importantly, the combination of subunits
within the NF-kB protein components results in distinct DNA-
sequence-specic transactivation properties.81

It has been shown that a key regulator of macrophage
behavior is NF-kB signaling, via nuclear translocation and
binding of p65/p50 transcription factors. In consequence, there
is increasing evidence that increased NF-kB activity in macro-
phages polarizes them towards anM1-like phenotype.86–88 In our
study aer incubation of inamed (LPS-primed) macrophages
with Au-siRNA-p65 nanoparticles carrying anti-p65 NF-kB siRNA
(1 mg siRNA mL�1, 72 h), a considerable number of cells was
shown to be nanoparticle-positive (Fig. 8A; see also ESI, Fig. 1†).
We chose to target p65 NF-kB siRNA over other NF-kB dimers on
the basis of our previous experience with calcium phosphate
Fig. 7 (A) Normalized mean fluorescence intensity as calculated from c
eGFP gene expression in HeLa-eGFP cells. Nanoparticle dispersions wer
siRNA mL�1; c3: 148 mg siRNA mL�1. One-way ANOVA was used, followed
***p < 0.001. Data represent the mean of three individual experiments w

4508 | Nanoscale Adv., 2022, 4, 4502–4516
nanoparticles for gene silencing.89–91 Moreover, the presence of
nanoparticles did not reduce the viability of the target cells
(Fig. 8B). Protein expression analyses revealed a statistically
signicant depression not only of p65 NF-kB, but also of other
NF-kB dimers like p50, p100, and p105 (the latter two not
signicant). In contrast, the impact on p52 was inconspicuous
(Fig. 7C). Since the mentioned NK-kB proteins are responsible
for encoding numerous pro-inammatory proteins, cytokines,
and growth factors,92 we expect that the nanoparticle-mediated
anti-p65 siRNA inhibition in macrophages will lead to
a decreased pro-inammatory activity. In particular, the protein
expression of the two most common NF-kB dimer components
p65 and p50 was depressed. These are known to regulate many
physiological activities.79

Finally, we demonstrate that gold nanoparticles carrying
siRNA can be used to combat viral infections by gene silencing.
Herpes simplex viruses type 1 (HSV-1) and type 2 (HSV-2) belong
ell culture images as shown in Fig. 6. (B) Normalized fold decrease of
e tested in three concentrations, i.e. c1: 14.8 mg siRNA mL�1; c2: 74 mg
by Tukey's comparison test: n.s., not significant; *p < 0.05; **p < 0.01;
ith the standard deviation (N ¼ 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Impact of Au-siRNA-p65 nanoparticles in inflamedmurine macrophages. (A) Light microscopy image of inflamedmacrophages (J774.A1,
LPS-primed) after nanoparticle exposure. (B) Cell viability after nanoparticle exposure. (C) Protein expression (western and immunoblot) relative
to GAPDH of different NF-kB members, T: inflamed cells treated with anti-p65 NK-kB Au-siRNA-p65 nanoparticles (1 mg siRNA mL�1, 72 h), S:
inflamed cells treatedwith Lipofectamine/siRNA-p65 (1 mg siRNAmL�1, 72 h), I: non-treated inflamed cells, C: non-treated, non-inflamed cells. *:
statistically different compared to I with p < 0.05 (*) or p < 0.01 (**) (Student's t-test). Data represent the mean of three individual experiments
with the standard deviation (N ¼ 3).
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to the most common viruses affecting humans.93,94 Upon
primary infection, the viruses establish a life-long latent infec-
tion in the sensory neurons.95,96 Periodic reactivations of the
viruses may lead to genital, orofacial, or ocular infections that
are clinically indistinguishable between HSV-1 and HSV-2.97

Most recurrent episodes are mild and self-limiting.98 However,
besides severe, life-threatening reactivations in immunocom-
promised patients,99 HSV-infections of the eye represent
a serious risk to human health.100 Frequent recurrent manifes-
tations of the virus at the cornea may lead to the development of
herpetic stromal keratitis and nally to blindness.100 The
increasing incidence of acyclovir (ACV)- andmultidrug-resistant
strains in patients with corneal HSV-infections makes the
treatment increasingly challenging.101,102 Clearly, novel strate-
gies for the topical treatment of HSV-infections of the cornea are
urgently needed. Paradowska et al. have recently reported that
citrate-coated 10–15 nm gold nanoparticles can interact with
HSV-1 in an unspecic way.103

To investigate whether siRNA-functionalized gold nano-
particles can be used to treat viral infections like genital HSV-
infections of the eye, we examined the antiviral efficacy of Au-
siRNA-18.1 or Au-siRNA-29.2 nanoparticles against HSV-2 in
cell culture, respectively. siRNA-18.1 targets the capsid encod-
ing gene UL18 104 and siRNA-29.2 targets the DNA-binding
protein UL29.105 We found that Au-siRNA-18.1 or Au-siRNA-
29.2 both strongly inhibited HSV-2 replication in cell culture
© 2022 The Author(s). Published by the Royal Society of Chemistry
in a dose-dependent way (Fig. 9). A complete inhibition of the
viral replication was observed at a concentration of 2 pmol mL�1

Au-siRNA-18.1 (26 mg siRNA mL�1) and 4 pmol mL�1 Au-siRNA-
29.2 (52 mg siRNA mL�1). In contrast, dissolved siRNA-18.1 and
siRNA-29.2 had no effect on the viral replication. These results
clearly emphasize that siRNA-functionalized gold nanoparticles
are a promising platform for the development of novel anti-
invective drugs. Conventionally, siRNAs such as anti-HSV-
siRNA 18.1 or 29.2 need to be formulated with transfection
reagents to achieve uptake into target cells.104,105 siRNA-
functionalized gold nanoparticles clearly avoid the need for
an additional transfection agent to achieve the desired gene
silencing.

The copper-catalyzed azide–alkyne click reaction (CuAAC)
obviously does not lead to a structural damage of the siRNA as it
is still able to silence the target genes, demonstrated here for
a number of cases. Whereas a detailed investigation of the
chemical integrity of the clicked siRNA is difficult to impossible
(NMR does not work; detachment may lead to chemical damage
as well), it is obvious that at least a signicant fraction of siRNA
has preserved its chemical nature. This is supported by litera-
ture data on click reactions of nucleic acids by CuAAC. It has
been reported that CuAAC as a mild and orthogonal click
reaction as dened by Sharpless106 does not damage nucleic
acids and is therefore a suitable means for their
modication.107–110
Nanoscale Adv., 2022, 4, 4502–4516 | 4509
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Fig. 9 Inhibition of HSV-2 replication by Au-siRNA-18.1 and Au-siRNA-29.2. Vero cells were pre-incubated for 4 h with various concentrations
of Au-siRNA-18.1 or Au-siRNA-29.2 nanoparticles (0.25 pmol siRNA mL�1 to 4 pmol siRNA mL�1) and subsequently infected with 25 TCID50 units
of HSV-2 GFP reporter virus. siRNA-18.1 and siRNA-29.2 dissolved in cell culturemedium (“naked”) at a concentration of 4 pmol siRNA mL�1 were
used as control. After 48 h, the cytopathic effects (CPE) were assessed by fluorescence microscopy. Representative immunofluorescence
images acquired at a 100-fold magnification from three independent experiments (N ¼ 3) are shown. Scale bar 200 mM.
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Conclusions

Ultrasmall gold nanoparticles (2 nm core diameter) can be
functionalized with siRNA duplexes by clicking them to the
particle surface with a surface density that is 3 to 4 times higher
compared to ligand exchange reactions. Due to the small
particle diameter, the weight ratio of siRNA to gold is about 22
times higher than with “classical” 13 nm gold nanoparticles.
The particles were easily taken up by HeLa cells and led to
a strong silencing of eGFP in HeLa-eGFP cells. This effect is
therapeutically relevant to treat inammations as demonstrated
with LPS-stimulated macrophages. Their treatment with gold
nanoparticles carrying siRNA led to a signicant silencing of the
two most common NF-kB dimer components p65 and p50.
Furthermore, the treatment of Vero cells that were previously
infected with herpes simplex virus 2 (HSV-2) with such nano-
particles fully inhibited HSV-2 replication in a dose-dependent
way. The fact that the nanoparticle-attached siRNA was still
active in gene silencing indicates that it was not signicantly
damaged by the click reaction. Thus, siRNA functionalized Au-
nanoparticles Au-siRNA-18.1 and Au-siRNA-29.2 represent an
efficient tool for the topical treatment of HSV-infections such as
ACV-resistant genital herpes or HSV-infections of the cornea.
The cytotoxicity of the nanoparticles was generally low at the
applied doses. We conclude rst that surface-clicking is
a superior method to attach siRNA to a gold nanoparticle
surface. Second, ultrasmall gold nanoparticles are especially
suitable to transport high amounts of siRNA into cells for gene
silencing with a minimum gold dose.
4510 | Nanoscale Adv., 2022, 4, 4502–4516
In control studies, the dissolved siRNA did not lead to the
desired gene silencing effect because it was not taken up by the
cells. We ascribe the fact that nanoparticle-attached siRNA is
much more active in gene silencing than dissolved siRNA to two
reasons. First, it can enter a cell together with a nanoparticle
much more easily than in dissolved form due to the
nanoparticle-specic uptake mechanisms. Second, it appears to
be better protected against enzymatic degradation by RNAses.
The reason for this effect is still unknown, but steric effects
associated with the dense packing of nucleic acids on the
nanoparticle surface could play an important role.
Materials and methods
Chemicals and reagents

Elemental gold (>99%) was dissolved in aqua regia to prepare
tetrachloroauric acid (HAuCl4). Hydrochloric acid (HCl, 37%),
nitric acid (HNO3, 67%), and sodium hydroxide (NaOH, 1 M) were
obtained from Bernd Kra (Duisburg, Germany). Sodium boro-
hydride (NaBH4, >96%), sodium L-ascorbate (>99%), copper(II)
sulfate pentahydrate (>99%), deuterium oxide (D2O, 99%),
sodium ascorbate (99%), and Spin-X® UF 30k MWCO PES spin
lters (Corning®) were obtained from Sigma-Aldrich (Steinheim,
Germany). Sucrose (99%) was obtained from VWR Chemicals
(Langenfeld, Germany). Methanol (99.8%) was obtained from
Fisher Scientic (Geel, Belgium). Aminoguanidine hydrogen
carbonate (98%) was obtained from Alfa Aesar (Kandel, Germany).
Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, >95%) was
obtained from Jena Bioscience (Jena, Germany). Dodecane (99%)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and 2-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-2H-tetrazol-3-ium
bromide (MTT), and Invitrogen™ Lipofectamine™ 2000 trans-
fection reagent were obtained from Thermo Fisher Scientic
(Schwerte, Germany). Dimethyl sulfoxide (DMSO, >99.5%) was
obtained from Carl Roth (Karlsruhe, Germany). The PVC nano-
particle calibration dispersion (Lot#149, 1.385 g L�1) for differ-
ential centrifugal sedimentation (DCS) was obtained from CPS
Instruments Inc. (Oosterhout, The Netherlands).

All siRNA duplexes were obtained from Integrated DNA
Technologies (Coralville, Iowa, USA) in puried form (standard
desalting or HPLC purication for dye-modied sequences).
They were obtained with an alkyne group for clicking and in one
case with an additional Cy5 group for uorescent labelling. All
siRNA sequences are given in Table 2. Note that siRNA against
eGFP was tested in two sequence modications. siRNA was
attached to the nanoparticle at the 50 ends of the sequences, i.e.
the antisense strand (siRNA-eGFP) or the sense strand (siRNA-
eGFP-r) (r stands for reverse).

For the synthesis and purications of Au-GSH nanoparticles,
ultrapure water (Purelab ultra instrument from ELGA, Celle,
Germany) was used. All glassware was cleaned with boiling aqua
regia and washed twice with ultrapure water before use. Ultra-
Pure™ water (distilled water, DNase/RNase free, Invitrogen) was
used for the reconstitution of siRNA. For synthesis, purications,
and analyses of Au-N3 and all Au-siRNA nanoparticles, Ultra-
Pure™ water was used. To create conditions that were as RNase-
free as possible aer the synthesis of the Au-GSH nanoparticles,
all solutions were prepared with sterile pipette tips in sterile
vessels and ltered using non-pyrogenic sterile syringe lters (0.2
mm, Sarstedt). In addition, all glassware was sterilized before use
at 200 �C for at least 2 h before use. All working surfaces were
treated beforehand with RNase AWAY™ (Carl Roth).
Methods

Atomic absorption spectroscopy (AAS) was used to determine
the gold concentration of the nanoparticle dispersion. Nano-
particle dispersions (5 mL) were dissolved in aqua regia (450 mL)
and diluted with ultrapure water (3.5 mL) for each measure-
ment. A Thermo Electron M-Series spectrometer (graphite tube
furnace; operated according to DIN EN ISO/IEC 17025:2005) was
used.

Analytical disc centrifugation (differential centrifugal sedi-
mentation; DCS) was carried out with a CPS Instruments DC
24000 disc centrifuge (24 000 rpm, 29 000 relative centrifugal
force; rcf). A density gradient of sucrose solutions with different
concentrations (8 and 24 wt%) was applied. For stabilization,
the solution was covered with 0.5 mL dodecane. The calibration
was performed before each run with 100 mL of a dispersion of
poly(vinyl chloride) (PVC) latex in water with a dened hydro-
dynamic diameter of 483 nm. 100 mL nanoparticle dispersion
was used for each run. To compute the hydrodynamic diameter,
the density of elemental gold (19 300 kg m�3) was used.

UV-Vis spectroscopy was performed with a Genesis 50
instrument (Thermo Scientic) in quartz glass cuvettes aer
background correction from 200 nm to 800 nm. Sample
volumes of 600 mL were analyzed.
© 2022 The Author(s). Published by the Royal Society of Chemistry
High-resolution transmission electron microscopy (HRTEM)
was performed with an aberration-corrected FEI Titan trans-
mission electron microscope equipped with a Cs-probe
corrector (CEOS Company), operating at 300 kV.111 The nano-
particle dispersion was drop-cast on a copper grid, coated with
an ultrathin amorphous carbon lm.
Synthesis of gold nanoparticles

Ultrasmall gold nanoparticles (diameter 2 nm) were covalently
functionalized with siRNA as described below, following the
procedure for click reaction reported earlier in detail.46 First,
glutathione-stabilized gold nanoparticles (Au-GSH) were
synthesized by reduction of tetrachloroauric acid with sodium
tetraborohydride. Next, they were then modied by converting
the amino group of the ligand into an azide group.46 Azide-
terminated nanoparticles (Au-N3; 118 azide groups per 2 nm
gold nanoparticle) were then conjugated with alkyne-
terminated double-stranded siRNA by copper-catalyzed azide–
alkyne cycloaddition (CuAAC).46 This ensured the formation of
a stable covalent bond between siRNA and particle surface. Au-
N3 nanoparticles (1 eq., 1.4 mmol azide groups, 11.9 nmol Au-N3,
0.58 mg Au) and (as example) alkyne-terminated siRNA-eGFP
(0.09 eq. to N3, 129 nmol, 1.86 mg) were dissolved in 100 mL
of water. A solution of copper sulphate (CuSO4, 7.5 mmol, 1.2
mg) in 6 mL water together with tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA, 119 mmol, 63
mg) and aminoguanidine hydrogen carbonate (7.5 mmol, 1.0
mg) was prepared. 98 mL of this solution (CuSO4, 0.07 eq. to N3,
15.7 mg; THPTA, 2.2 eq. to N3, 1.65 mg; aminoguanidine
hydrogencarbonate, 0.07 eq. to N3, 13.3 mg) were added to the
dispersion to start the click reaction. Next, 28.1 mL of a 10 mM
sodium ascorbate solution (0.2 eq. to N3, 55.6 mg) was added.
The dispersion was stirred overnight for 16 h. Then, the nano-
particle dispersion was centrifuged ve times by 30 kDa Spin-X®

UF spin lters at 4000 rpm (2500 g) for 45 min to remove any
unbound siRNA. The full characterization data of Au-GSH and
Au-N3 nanoparticles, including the calculation of the number of
GSH groups per Au-NP (125) and of N3 groups per gold nano-
particle (118), has been reported in ref. 46, including 1D and 2D
NMR spectra.

The following alkyne-terminated siRNAs were clicked to Au-
N3 nanoparticles in this way: siRNA-eGFP-Cy5 (0.09 eq. to N3,
129 nmol, 1.93 mg), siRNA-eGFP-r (0.09 eq. to N3, 129 nmol,
1.86 mg), siRNA-p65 (0.09 eq. to N3, 129 nmol, 1.77 mg), siRNA-
18.1 (0.09 eq. to N3, 129 nmol, 1.77 mg), and siRNA-29.2 (0.09
eq. to N3, 129 nmol, 1.61 mg).

For all types of nanoparticles, the gold content of the
nanoparticle dispersions was determined by atomic absorption
spectroscopy (AAS) and converted to the number of gold nano-
particles, using the density of gold and the average particle
diameter (solid core) of 2 nm. As each gold nanoparticle has
a mass of 8.08∙10�20 g, 1 g of gold nanoparticles corresponds to
1.24∙1019 particles.46 The amount of siRNA wasmeasured by UV-
Vis spectroscopy with calibration curves of siRNA-alkyne solu-
tions. The quantication of siRNA was performed by the
absorbance of ribonucleic acids (integral from 228 to 303 nm),
Nanoscale Adv., 2022, 4, 4502–4516 | 4511
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and additionally with Cy5 for siRNA-eGFP-Cy5 (integral from
500 to 700 nm). To determine the concentration of the gold
nanoparticles, atomic absorption spectroscopy (AAS) was used
as described above. The ratio of siRNA molecules to gold
nanoparticles (diameter 2 nm) in a given dispersion gave the
number of siRNA molecules per nanoparticle. For a typical
sample, the siRNA concentration per nanoparticle was calcu-
lated as follows:

Concentration of gold nanoparticles (2 nm) from the molar
gold concentration by AAS:

NðNPÞ �m�3� ¼ 3 cðAuÞ
4 $ p$ rðNPÞ3$rðAuÞ (1)

3$0:141$10�3 kg m�3

4 $p $
�
1$10�9 m

�3
$19 320 kg m�3 ¼ 1:74 $1018 m�3 (2)

cðNPÞ�mol m�3� ¼ NðNPÞ
NA

(3)

1:74 $1018 m�3

6:02 $1023 mol�1
¼ 2:90$10�6 mol m�3 (4)

Concentration of Cy5 in an Au-siRNA-Cy5 dispersion (1 Cy5
per siRNA) by UV spectroscopy, using Lambert–Beer's law aer
recording previous calibration curves (500–700 nm):

cðsiRNA-Cy5ÞCy5 extinction

�
mol m�3�

¼
Ð 700 nm

500 nm
ðextinctionÞ $Vf$V

�1
i

calibration slope
(5)

28:57$0:3 $10�6m�3$0:3 $10�7m3

11:4$106 mol �1 m3
¼ 25:1$10�6 mol m�3 (6)

Concentration of siRNA in an Au-siRNA-Cy5 dispersion by
UV spectroscopy, using Lambert–Beer's law aer recording
previous calibration curves (234–297 nm; absorption of
nucleobases):

cðsiRNA-Cy5ÞRNA extinction

�
mol m�3�

¼
Ð 297 nm

234 nm
ðextinctionÞ $Vf$V

�1
i

calibration slope
� 0 (7)

24:72$0:3$10�6m�3$0:3 $10�7m3

9:6$106 mol �1 m3
¼ 25:8$10�6 mol m�3 (8)

Number of siRNA molecules per nm from Cy5 absorption:

siRNA per NP ðUV-Vis; Cy5Þ ¼ cðsiRNA-Cy5ÞCy5 extinction

cðNPÞ (9)

25:1$10�6 mol m�3

2:90$10�6 mol m�3 ¼ 8:7 (10)

Number of siRNA molecules per nm from nucleobase
absorption:
4512 | Nanoscale Adv., 2022, 4, 4502–4516
siRNA per NP ðUV-Vis; RNAÞ ¼ cðsiRNA-Cy5ÞRNA extinction

cðNPÞ
(11)

25:8$10�6 mol m�3

2:90$10�6 mol m�3 ¼ 8:9 (12)
Cells and viruses

The eGFP-expressing human cervix carcinoma cell line HeLa-
eGFP was generated in our group. The cells were cultivated at
37 �C and 5% CO2 in Gibco™ Dulbecco's modied Eagle's
medium (DMEM, Thermo Fisher Scientic) supplemented with
10% fetal bovine serum (FBS, Thermo Fisher Scientic), 50 mg
mL�1 Gibco™ Geneticin (G418 sulfate, Thermo Fisher Scien-
tic), 1 mM Gibco™ sodium pyruvate (Thermo Fisher Scien-
tic), and 1 mM Gibco™ GlutaMAX (Thermo Fisher Scientic).
Cells were passaged either at 70–90% conuency or every two to
three days by trypsinization with 0.05% Gibco™ Trypsin-EDTA
(Thermo Fisher Scientic). The cells were washed two to three
times with Gibco™ Dulbecco's buffered saline (DPBS, Thermo
Fisher Scientic) between the individual steps of each
experiment.

Vero cells (American Type Culture Collection, ATCC, CCL81,
Rockville, MD, USA) were cultivated in Dulbecco's modied
Eagle medium (DMEM, Life Technologies Gibco, Darmstadt,
Germany), supplemented with 100 U mL�1 penicillin, 0.1 mg
mL�1 streptomycin and 10% (v/v) fetal calf serum (FCS; Life
Technologies Gibco), at 37 �C and 5% CO2. HSV-2-(333)-GFP
(further referred to as HSV-2 GFP) was provided by B. Sodeik
(Institute of Virology, Medical University of Hannover, Ger-
many). Viral titers were determined by a standard endpoint
dilution assay and calculated as 50% tissue culture infectious
dose (TCID50) mL�1 as described earlier.112

The murine monocyte cell line J774A.1 (CLS Cell Lines
Service GmbH, Eppelheim, Germany) was cultured in DMEM/F-
12 (1 : 1) (+)-L-glutamine (Gibco, Darmstadt, Germany) supple-
mented with 10 vol% fetal calf serum (FCS; Gibco). To induce an
inammation status, the monocytes were stimulated with
lipopolysaccharide (LPS, Sigma-Aldrich; 1 mg mL�1) 4 h prior to
investigation (denoted as “LPS-primed” in the following).
Viability of HeLa cells

The cell viability was determined by an MTT assay. First, HeLa-
eGFP cells were seeded at a density of 50 000 cells per well in
a 24-well plate and incubated with 0.5 mL DMEM overnight at
37 �C in 5% CO2 atmosphere. Next, the cells were incubated
either with water-dispersed siRNA-clicked ultrasmall gold
nanoparticles or with Lipofectamine/siRNA. Lipofectamine/
siRNA was applied at a concentration of 3.2 mg siRNA (siRNA-
eGFP/siRNA-eGFP-Cy5/siRNA-eGFP-r) mL�1 per well according
to the manufacturer's instructions. Nanoparticle dispersions
were tested at three concentrations, i.e. c1: 5 mg Au mL�1 and
14.8 mg siRNA mL�1 (13.7 mg siRNA mL�1 for Au-siRNA-eGFP-
Cy5), c2: 25 mg Au mL�1 and 74 mg siRNA mL�1, c3: 50 mg Au
© 2022 The Author(s). Published by the Royal Society of Chemistry
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mL�1 and 148 mg siRNA (siRNA-eGFP/-eGFP-Cy5/-eGFP-r) mL�1.
The control groups for cell viability were cells treated with 500
mL of a Lipofectamine/DMEM mixture (1 : 1000 Lip-
ofectamine : DMEM) and HeLa-eGFP cells cultivated in
medium alone. Aer the incubation for 5 h (only for Lipofect-
amine) or 24 h (all other cases), the cells were washed three
times with DPBS to remove weakly adhering lipoplexes and
nanoparticles. For the staining solution, 5 mg MTT were dis-
solved in 1 mL PBS and then diluted with 4 mL DMEM to a nal
concentration of 1 mgmL�1. 0.3 mL of the staining solution was
pipetted into each well, and the cells were incubated for 1 h.
Next, the solution was replaced with 0.3 mL DMSO and incu-
bated for another 30 min. The dissolved formazan was quanti-
tatively determined in a 96-well plate with a Multiscan plate
reader (Thermo Fisher Scientic GmbH) at 570 nm.
Nanoparticle uptake and gene silencing in HeLa-eGFP cells

The uptake of Au-siRNA-eGFP-Cy5 nanoparticles by HeLa-eGFP
cells was analyzed by multiple focal plane (z-stacks, interval 0.5
mm) confocal laser scanning microscopy (CLSM) in an 8-well
chamber polymer slide surface modied with ibiTreat for tissue
culture applications (m-Slide 8-well, ibidi). CLSM was performed
with a TCS SP8X Falcon instrument (Leica Microsystems) with
a 63�/1.2 water immersion objective. 20 000 cells were seeded
per well and incubated with 0.2 mL DMEM overnight at 37 �C in
5% CO2 atmosphere. The cells were incubated with siRNA-
eGFP-Cy5-clicked ultrasmall gold nanoparticles (nal concen-
tration 25 mg Au mL�1 per well). The control group were HeLa-
eGFP cells cultivated in medium alone. Aer incubation for
24 h, the cells were washed three times with DPBS, and xed
with 4 vol% formaldehyde solution according to standard
protocols. For post-xation, the actin skeleton of the cells was
stained with AlexaFluor™ 568 Phalloidin. Nuclei were stained
with DAPI according to the manufacturer's protocol. The exci-
tation wavelengths were 405 nm for DAPI (emission: 420 to 460
nm), 488 nm for eGFP (emission: 495 to 515 nm), 568 nm for
AlexaFluor™ 568 Phalloidin (emission: 590 to 610 nm), and
647 nm for Cy5 (emission: 660 to 700 nm).

Gene silencing in HeLa-eGFP cells was analyzed by uores-
cence microscopy with a Biorevo BZ-9000 instrument (Keyence).
Images were recorded with the lter cubes for FITC (excitation:
470/40 nm, emission: 525/50 nm) and Cy5 (excitation: 620/
60 nm, emission: 700/75 nm) and 10� and 20� air objectives
together with the BZ-II viewer soware. Gene silencing of eGFP
in HeLa-eGFP cells was quantied by calculating the mean
uorescence intensity (MFI) in the uorescence images and the
fold change in the decrease of signal intensity. 50 000 cells per
well were seeded in a 24-well plate (Sarstedt). The cells were
incubated with siRNA-functionalized ultrasmall nanoparticles
for 24 h or with Lipofectamine/siRNA (siRNA-eGFP/-eGFP-Cy5/-
eGFP-r) for 5 h. The lipoplex formation was carried out
according to the manufacturer's protocol with a nal concen-
tration of 3.2 mg siRNA mL�1 per well. Nanoparticle dispersions
were tested in three concentrations of applied siRNA, i.e. c1: 6–8
mg Au mL�1 and 14.8 mg siRNA mL�1, c2: 30–40 mg Au mL�1 and
74 mg siRNA mL�1, c3: 60–80 mg Au mL�1 and 148 mg siRNA
© 2022 The Author(s). Published by the Royal Society of Chemistry
mL�1. Aer incubation, the cells were washed twice with DPBS
and submerged in fresh DMEM. All cells were xed 72 h aer
the initial treatment. Next, four images of cell-conuent areas
were taken per well by uorescence microscopy. The mean
uorescence intensity (MFI) of the images was analyzed with the
program Image J version 1.53k.113 Then, the average eGFP MFI
of the untreated control group was divided by the MFI of the
siRNA-treated cells. The fold change in signal decrease (gene
silencing) of eGFP and was expressed as follows:

fold changedecrease ¼ �
�
MFIcontrol

MFIsample

�
(13)

Only fully conuent areas with cells were analyzed to
compute the mean uorescence intensity, therefore the eGFP
expression could be compared between the samples.
Cell viability determination on inamed murine monocytes

For cell viability determination, LPS-primed monocytes were
seeded in untreated 96-well cell culture plates and pre-incubated
for 24 h. Au-siRNA-p65 nanoparticles were added with concen-
tration of 1 mg siRNA-p65 mL�1 and incubated for 72 h. Non-
treated LPS-primed and non-treated native cells were used as
controls. Aerwards, the cells were incubated with the Alamar-
Blue®Cell Proliferation Reagent (Life Technologies GmbH,
Darmstadt, Germany) according to the manufacturer's instruc-
tion. Aer 1 h of incubation, the uorescence emission (lexc/lem:
560/590 nm) was measured. The cell viability was calculated by
normalizing uorescence data to that of non-treated native cells.
Gene silencing in inamed murine monocytes

To study the impact of gold nanoparticles carrying anti-p65
siRNA on J774A.1 monocytes, the following experimental
routes were used: LPS-primed cells exposed to Au-siRNA-p65
nanoparticles (1 mg siRNA mL�1, 72 h); free siRNA-p65 (1 mg
mL�1, 72 h) together with Lipofectamine® (Thermo Fisher);
non-treated but LPS-primed monocytes (native inamed
monocytes); non-treated cells without LPS-priming (non-
inamed monocytes). Cells were lysed with RIPA buffer for
subsequent analysis of protein expression. The total protein
concentration was measured with the Bradford assay.

Proteins were separated in multiple 10% (w/v) SDS-PAGE
assays (10 to 20 mg total protein per lane) and transferred to
an Immobilon-P membrane (Merck Millipore, Darmstadt, Ger-
many). A multi-strip western blotting was performed.91 Aer
blocking (PUREBlock™ Blocking Buffer, Vilber Lourmat
Deutschland GmbH, Eberhardzell, Germany; overnight, 4 �C),
the membranes were probed with the corresponding primary
antibodies (p65, p105/p50, and p100/p52, all mouse anti-rabbit,
1 : 1000 from Cell Signaling Technology, Danvers, USA; or
GAPDH 1 : 3000 from Santa Cruz Biotechnology, Texas, USA, all
overnight at 4 �C), washed, and nally incubated with the cor-
responding HRP-coupled secondary mouse anti-rabbit antibody
(1 : 10 000, 1 h at RT, Dianova GmbH, Hamburg, Germany).
Chemiluminescence was detected by PURECL and Fusion FX7
Edge (Vilber Lourmat Deutschland GmbH, Eberhardzell,
Nanoscale Adv., 2022, 4, 4502–4516 | 4513
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Germany). To quantify the expression of the proteins of the
different experimental groups, a densitometric analysis of
western blot bands was performed with the soware Bio1D
(Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany).
Data were normalized to b-actin (loading control).
Inhibition of HSV-2 replication by gene silencing

Small interfering RNA 18.1 (siRNA-18.1) targeting the capsid
encoding gene UL18 (ref. 104) and siRNA-29.2 targeting the DNA-
binding protein UL29 (ref. 105) show a potent antiviral activity
against HSV-2.104,105 Ultrasmall gold nanoparticles were func-
tionalized with siRNA-18.1 siRNA-29.2 as described above. The
impact of Au-siRNA-18.1 and Au-siRNA-29.2 nanoparticles on
HSV-2 replication was tested in Vero cell culture. Serial dilutions
of Au-siRNA-18.1 and Au-siRNA-29.2 nanoparticle stock disper-
sions (0.25 to 4 pmol siRNA mL�1) of Au-bound siRNA were added
to conuent Vero cell monolayers grown in 96-well microtiter
plates. Dissolved siRNA-18.1 and siRNA-29.2 in cell culture
medium at concentrations of 4 pmol siRNA mL�1, respectively,
were used as controls. Aer 4 h of incubation, the cells were
infected with 25 TCID50 HSV-2 GFP. Non-infected Vero cells and
mock-treated but HSV-2 infected cells served as controls. Aer
48 h, the cytopathic effects (CPE) were assessed by uorescence
microscopy. Immunouorescence images were acquired with
a Zeiss Observer Z1 uorescence microscope (Carl Zeiss, Ober-
kochen, Germany) at 100-fold magnication. The concentrations
of Au-siRNA-18.1 and Au-siRNA-29.2 required for reducing virus-
induced CPE by 100% were dened as the completely neutral-
izing titer. With a molar mass of siRNA of about 13 000 g mol�1

(Table 2), a concentration of 1 pmol siRNA mL�1 ¼ 1 nmol siRNA
mL�1 corresponds to about 13 mg siRNA mL�1.
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