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ABSTRACT: Advances in nanoparticle design have led to the
development of nanoparticulate systems that can sense intra-

cellular molecules, alter cellular processes, and release drugs to
specific targets in vitro. In this work, we demonstrate that L}fg\ mRNA target
oligonucleotide-coated gold nanoparticles are suitable for the
detection of mRNA in live Hydra vulgaris, a model organism,

without affecting the animal’s integrity. We specifically focus on ~ Hymyet

g q q q Nanoprobe Hydra Vulgarls
the detection of Hymycl mRNA, which is responsible for the
regulation of the balance between stem cell self-renewal and
differentiation. Myc deregulation is found in more than half of human cancers, thus the ability to detect in vivo related mRNAs
through innovative fluorescent systems is of outmost interest.

Targeted Detection

KEYWORDS: Hydra vulgaris, gold nanoparticles, oligonucleotides, mRNA detection, Hymycl, nanoflares

B INTRODUCTION

In recent years, gold nanoparticles (AuNPs) have been at the
forefront of scientific research because of their attractive
properties, which stem from their tunable shape, size, and
ligand functionalization." In particular, spherical AuNPs have
been extensively utilized because of their ease of synthesis as
well as the ability to easily modify their surface with a variety of
functional ligands using Au—S chemistry.””® Among various
types of functional ligands, AuNPs coated with synthetic
oligonucleotides are very attractive for biomedical applications
because they combine the unique properties of oligonucleo-
tides, such as selectivity and specificity, with the optoelectronic
properties of the gold core. Oligonucleotide—AuNP hybrids
present enhanced colloidal stability, high cellular uptake
without the requirement of cocarriers, and resistance to
enzymatic degradation, advantages that have been explored for
oligonucleotide detection as well as drug delivery in cells.””~”

Specific detection is achieved by careful design consid-
erations, which include the appropriate choice of oligonucleo-
tides in terms of length and base content as well as the proper
oligonucleotide density on the AuNP surface, with the aim on
the one hand to prevent nanoprobe degradation by enzymes
and on the other hand to retain oligonucleotide functionality
and nanoparticle stability.'” Well-designed oligonucleotide-
coated nanoparticles have been shown to be effective in the
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regulation of gene expression.”’' For example, Rosi et al.
demonstrated the use of oligonucleotide-coated nanoprobes
for the downregulation of enhanced green fluorescent protein
(EGFP). Upon uptake, a significant knockdown of the gene
was observed in a mouse endothelial cell line (C166)."> On the
other hand, Giljohann et al. demonstrated the significant
downregulation of luciferase in HeLa cells and Cutler et al.
showed how such systems could silence the epidermal growth
factor receptor (EGFR) in SCC12 cells.'”"* Furthermore, gene
silencing has also been successfully demonstrated in vivo where
Jensen et al. designed oligonucleotide-coated nanoprobes as a
RNAi therapy of glioblastoma multiform (GBM) by targeting
and knocking down bcl2L12 mRNA and the associated protein
levels, which tend to be overexpressed in GBM."® Following
this study, Sita et al. demonstrated how the commonly
administered drug for the treatment of GBM, temozolimide
(TMZ), could be rendered more efficient by knocking down
O6-methylguanine-DNA-methyltransferase (MGMT), a pro-
tein that hinders the drugs’ mechanism of action.'® de la
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Fuente and co-workers also reported the use of siRNA
nanoprobes to target tumor cells in lung cancer models via the
downregulation of c-myc.'” They succeeded to induce RNAi
both in vitro and in vivo, developing multiple strategies to bind
siRNA to the gold nanog)article core and achieving up to 80%
of gene downregulation. 19

Oligonucleotide—gold nanoparticle hybrids have also been
used for the detection of intracellular targets including
microRNA and mRNA. Mirkin and co-workers showed the
utilization of such nanoprobes for the detection of survivin
mRNA as well as the detection of genetic markers of
circulating tumor cells (CTC) in human blood including
mesenchymal markers such as twist, vimentin, and fibronectin
and the epithelial marker E-cadherin.”**" Similarly, Yang et al.
used FRET oligonucleotide-coated gold nanoparticles to target
tkl mRNA, a target associated with cell division and tumor
growth, in HepG2, MCF-7 and LO2 cells, whereas Wright and
co-workers made use of hairpin DNA-coated AuNPs for the
detection of specific mRNA sequences for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) in Hep-2 cells and the
Respiratory Syncytial Virus (RSV) in live RSV infected Hep-2
cells.””** On the other hand, Zhou et al. used a hairpin system
focusing on the detection of mdrl mRNA, which has been
associated with the prediction of multidrug resistance of tumor
cells.”* Moreover, research by our group has showed that
oligonucleotide-coated AuNPs can be specifically designed to
detect vimentin, desmocollin, and keratin8 mRNAs, targets
associated with the process of epithelial to mesenchymal
transition (EMT) in live cells, whereas the detection of
vimentin mRNA was also successfully demonstrated in models
of wounded skin.””® This nanoparticle design has been
extended beyond the confines of single target detection to
achieve the simultaneous imaging of multiple mRNA targets.
Prigodich et al. showed the simultaneous detection of two
targets, survivin and actin, by monitoring two separate
fluorescence outputs.”® Tang and co-workers have presented
several studies focusing on multiplexed detection including the
imaging of c-myg, tkl, and galnac-t mRNA in vitro in a number
of different cell lines as well as the simultaneous fluorescence
visualization of survivin and cyclin d1 mRNA in SK-BR-3 and
MCE-10A cells.”’~*’ Furthermore, work by our group has also
demonstrated how vimentin and keratin8 mRNA can be
simultaneously detected via the use of AuNP dimers.” Apart
from mRNA, microRNA has also been detected using
oligonucleotide-coated nanoprobes. Tu et al. demonstrated
the detection of miR-122 in Huh7 cells using hairpin DNA —
coated AuNPs. This target constitutes 70% of the microRNA
in the liver and its potential reduction has been associated with
hepatocellular carcinoma.’® Furthermore, Huang et al. showed
how two microRNA targets, miR-21 and miR-141 microRNA,
could be simultaneously detected in live cancer cells including
HelLa cells and LOVE-1 cells.”'

Although there is a significant amount of research focusing
on the use of oligonucleotide-coated gold nanoparticles in in
vitro systems there is less work associated with in vivo systems,
which is highly important but experimentally more challenging.

In this work we demonstrate the targeted detection of
mRNA using oligonucleotide-coated gold nanoparticles in the
freshwater polyp Hydra vulgaris. Hydra is a small invertebrate
classically used as model in developmental biology, which has
also recently emerged as an amenable system to test the
toxicity and bioactivity of novel functional biomaterials and
nanodevices,**™>? reducing ethical concerns and economic

costs related to vertebrate experimentation. Hydra structural
anatomy, which presents a tissue grade organization with no
organs or biological fluids, allows the study of the interaction
between any medium suspended compound and the entire
body cell repertoire in a fast, simple, and reliable way. The
polyp is structured as a hollow and transparent tube with a
basal foot and a mouth (hypostome) surrounded by a ring of
tentacles in the apical zone (see Figure S1). The body wall is
composed by two epithelial layers, an ectoderm facing
outward, and an endoderm facing the inner cavity, plus a
limited number of differentiated cell types derived from
interstitial stem cells, a fast cyclinA% pool of cells located in the
central part of the body column.””*" These multipotent stem
cells can occur singly (1s) or in clusters of 2, 4, 8, and 16 cells
(2s, 4s, 8s, 16s) and undergo self-renewal or differentiation
pathways into either nematocytes, the stinging cells character-
izing the phylum, or neurons (sensory and ganglionic),
secretory cells (gland cells and mucous cells), and gametes.42
Interstitial cells entering a nematocyte pathway undergo
different cell divisions (4s, 8s, 16s), which results in nests of
cells connected to each other by cytoplasmic bridges
(nematoblasts) (see Figure S1).* Among the numerous
genes controlling the stem cell differentiation pathway,
Hymyc 1 is specifically expressed in nests of dividing
nematoblasts and gland cells, and it is involved in regulating
the balance between stem cell self-renewal and differ-
entiation ™"

The well recognizable and defined expression pattern of
Hymyc 1 in Hydra, its importance and the availability of its
mRNA sequence prompted us to select this gene for the real
time study of mRNA expression, in vivo. The gene belongs to
the MYC proto-oncogene family (c-Myc, N-Myc, and L-Myc)
of transcription factors controlling fundamental cellular
processes including proliferation, growth, differentiation,
metabolism, or agpoptosis, conferring high translational value
to our study.**”*" As myc deregulated expression occurs in the
majority of human cancers, the availability of optimized
detection methods may be of interest for the wide scientific
community targeting c-myc for therapeutic purposes.

B EXPERIMENTAL SECTION

Synthesis of 13.9 + 1.4 nm AuNPs. A solution of sodium
tetrachloroaurate (1 mM, 100 mL) was brought to the boil while
stirring (700 rpm). A solution of sodium citrate (2% wt, S mL) was
then injected into the gold solution. Following a solution color
change, stirring (700 rpm) was continued for further 15 min. Once
the reaction mixture reached room temperature, a solution of bis-
sulfonatophenylphosphine (BSPP, 42 mg in 2 mL of Milli-Q water)
was added and the solution was left to stir overnight to ensure
successful ligand replacement. The resulting BSPP-coated spherical
AuNPs were passed through a 0.45 (um) Millipore filter to remove
large aggregates and further purified by two rounds of centrifugation
(10000 rpm, 20 min). Purification was assisted via the gradual
addition of a concentrated NaCl solution until a color change from
red to blue was observed indicating particle precipitation. Synthesized
AuNPs were finally redispersed in 3 mL of Milli-Q water and stored at
4 °C.

Oligonucleotide Design. Sequences for Hymycl-nanoprobes
were designed based on Hymyc 1 gene sequence (GenBank Accession
no. GQ856263). “Sense” strands were designed to have a length of 29
bases (target sequence including a polyA tail, see Table S1) with a GC
content <50%. The “flare” strands were designed to have a melting
temperature of >40 °C and a length of 10 bases (see Table S1 for
sequences). The Basic Local Assignment Search Tool (BLAST) tool
was used to assess specificity and absence of off target sequences
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Synthesis of DNA-AuNPs for mRNA Detection. Synthesized
AuNPs were modified with a shell of oligonucleotide “sense” strands
designed to detect specific mRNA targets by adopting a salt-aging
approach. Briefly, BSPP-coated AuNPs in water (10 nM, 1 mL) were
incubated with a solution of thiol-terminated oligonucleotide “sense”
strands (3 #M, 1 mL) and were left to shake for 24 h. BSPP (1 mg/20
uL, 10 uL) was then added to the reaction mixture along with
phosphate buffer (0.1 M, pH 7.4) and SDS (10%) in order to achieve
a final concentration of 0.01 M and 1% of phosphate buffer and SDS,
respectively. Successful oligonucleotide attachment was then achieved
by gradually increasing the salt concentration. Six additions of NaCl
(2 M) were performed over an 8 h period resulting in a final salt
concentration of 0.3 M. Resulting oligonucleotide-coated AuNPs were
purified by three rounds of centrifugation (16 400 rpm, 20 min) and
stored at 4 °C in hybridization buffer (S mM phosphate buffer, 80
mM NaCl).

Oligonucleotide “sense” strands were hybridized to their
complementary “flare” strands by incubating a solution of
oligonucleotide-coated “sense” strands (40 nM, S00 uL), with an
excess of the complementary “flare” strand (2.4 uM, SO0 uL). The
solution was then heated to 65 °C for S min followed by slow cooling
to room temperature. The resulting probes were purified by two
rounds of centrifugation (16 400 rpm, 15 min) and finally redispersed
in phosphate buffer saline (PBS).

Culture of Animals. Hydra vulgaris was asexually cultured in
Hydra medium (1 mM CaCl, and 0.1 mM NaHCO;) at pH 7. The
animals were kept at 18 + 1 °C and fed thrice a week with freshly
hatched Artemia salina nauplii.

Toxicity Assay. Groups of 10 polyps were placed in a plastic
multiwell and incubated with the AuNP probes (10 nM, 300 uL) for
24 h. After washing the polyps with Hydra medium, the animals
morphology was monitored using a stereomicroscope (Olympus SZX-
RFL2) and potential adverse effects were ranked assigning a
numerical score as previously described.*

In Vivo Imaging. Groups of 10 polyps from homogeneous
populations were selected for the experiments and incubated with
AuNP probes (10 nM, 300 uL) for 3 h in Hydra medium. Animals
were kept at 18 °C and protected from light. Following extensive
washing, in vivo imaging was accomplished using an inverted
fluorescence microscope (DMI 6000, Leica equipped with a Leica
DFC360FX camera) or a Nikon Eclipse TIE. Images were acquired
with a Cy3/TRITC filtercube (A, = 552 nm, A, = 578 nm) and a
FITC filtercube (A = 489 nm, A, = S08 nm). Images were taken
under the same conditions of acquisition (light and exposure time)
and analysis was performed using the LAS AS, Nikon TSI and Image]
software systems. At least 4 biological replicas were carried out.

B RESULTS AND DISCUSSION

Design and Synthesis of DNA-AuNPs. Scheme 1
demonstrates the main principle of mRNA detection using
the DNA-coated nanoprobes. AuNPs were functionalized with
thiol modified oligonucleotides, which have a terminal FAM
dye (for simplicity these oligonucleotides are termed “sense”
strands). A shorter oligonucleotide strand modified with a Cy3
dye (termed “flare” strand) was hybridized to the “sense”
strand. Because of the close proximity of both dyes to the
AuNP surface their fluorescence was suppressed by the gold
core (OFF state). In the presence of the target mRNA
complementary to the sense strand, the flare strand was
released from the nanoparticle, leading to an increase in its
fluorescence signature (Cy3, ON state) that could be detected
in live Hydra via fluorescence microscopy.

In this study, DNA-coated AuNPs were designed and
synthesized for the targeted detection of Hymycl mRNA in
Hydra vulgaris. By adopting a gradual salt-aging approach, we
functionalized 14 + 1 nm AuNPs with a layer of “sense”
oligonucleotide strands (see Figures S3 and S4 and Table S2
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“When in close proximity to the AuNP surface, the fluorescence signal
of the dyes on both the “sense” and “flare” strands is quenched. Upon
mRNA detection, competitive hybridization leads to the displacement
of the “flare” strand and the concomitant restoration of its
fluorescence signature, which can be detected via fluorescence
microscopy.

for qualitative characterization). All DNA-AuNPs were
thoroughly characterized to determine successful “sense”
strand attachment. Through degradation of the gold core
and quantitative analysis of the oligonucleotide in solution it
was determined that each AuNP was coated with approx-
imately 110 oligonucleotide strands with no significant
variation for nanoparticles incubated with other sequences
(see Table S3 for quantitative characterization). For mRNA
detection, each nanoprobe consisted of approximately 60X
“flare” strands as shown in Table S4, where hybridization was
also assessed via fluorescence melting analysis as seen in Figure
Ss.

Hydra polyps were incubated with three types of nanop-
robes. The first batch was designed to detect the Hymycl
mRNA (Hymycl nanoprobe), the second batch was designed
with a scramble sequence (scramble nanoprobe) that does not
detect any mRNA in Hydra (negative control), and the third
batch was designed to detect all intracellular mRNA (positive
control). The positive control (gmRNA nanoprobes) was
designed to display a polyT “sense” and polyA “flare” strand
capable of detecting all mature mRNA via their characteristic
polyA tail (see Table S1 for detailed sequences). Scheme 2
shows the strategy of our experiment. Upon incubation and
uptake of the Hymycl nanoprobes in live animals, the presence
of the specific mRNA would result in the targeted displace-
ment of the “flare” strand. On the other hand, in the case of the
scramble nanoprobe, the absence of the target mRNA would
result in the lack of displacement of the “flare” strand, which
would remain bound to its complementary “sense” strand.

Prior to the experiment, an assessment of toxicity was
performed by incubating living polyps with the nanoprobes for
24 h. The induction of putative morphological damages was
assessed by assigning numerical scores to progressive
morphological alteration.” The score ranges from 0, where
the polyp is disintegrated to 10, where the polyps demonstrate
an extended body and tentacles. Our research showed that
none of the nanoprobes used throughout this study caused
evident morphological changes after a 24 h incubation period,
where all the polyp morphological scores were equal to 10. The
high biocompatibility of the gold nanoprobes found in this

study is in line with previous reports, which demonstrated that
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Scheme 2. Schematic Illustration of the Process of mRNA Detection in Hydra”
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“Animals were incubated with nanoprobes designed with a sequence either to specifically detect Hymycl mRNA (Hymycl nanoprobes) or that
does not detect any mRNA (scramble nanoprobes). Only in the presence of the target mRNA is the “flare” strand released and the fluorescence of

the Cy3 dye restored.

AuNPs are not toxic to Hydra even at higher concentrations
and longer incubation times.'®>’

Detection of Hymyc1 mRNA in Hydra. Figure 1 shows
that after 3 h of incubation, a red fluorescence signal was
observed in animals treated with the nanoprobes that detect
Hymycl mRNA, but not in those treated with scramble—
nanoprobes. The signal was located mainly in the animal’s
body column, as expected since Hymycl mRNA is expressed
in the cells of the gastric region (see Figure Sla for a full image
of the animal taken with an optical microscope) and it is
absent in head and tentacles (see Figure S2b). On the other
hand, when incubated with general mRNA nanoprobes
(gmRNA nanoprobes) capable of detecting all mRNA, a
fluorescence signal was located throughout the animals’ body
including the head and tentacles (see Figure $2¢).%2

As seen in Figure 1 A, when incubated with the nanoprobes
that detect Hymycl mRNA, Hydra showed a strong
fluorescence signal in the body column due to the release of
the Cy3-labeled “flare” strand. On the other hand, Figure 1D
shows that upon incubation of live animals with scramble
nanoprobes, no signal corresponding to “flare” release was
detectable. The faint fluorescence detected in Figure 1D was
comparable to the autofluorescence signal detected from live
animals prior to treatment with nanoprobes (Figure 1G).
Furthermore, bright field images were also acquired and
presented in Figure 1C, F, and I showing the part of the Hydra
body being analyzed. This data confirmed the specificity of the
system toward the accurate detection of an mRNA target. In
each case, the absence of a fluorescence signal from the FAM-
modified “sense” strand (Figure 1 B, E, and H) confirmed that

Cy3 Channel

FAM Channel

Bright Field

A

Hymyc1
Nanoprobe

Scramble
Nanoprobe

Untreated
Hydra

Figure 1. Fluorescence microscopy images of the (A, D, G) Cy3 and
(B, E, H) FAM channel of the gastric region of live Hydra incubated
with (A—C) nanoprobes specific for the detection of Hymycl mRNA,
(D—F) nanoprobes designed with a scramble sequence that does not
detect any mRNA, and (G—I) Hydra not treated with nanoprobes.
Color guide for the different channels: Red (Cy3), fluorescence signal
corresponding to “flare” strand release. Green (FAM), fluorescence
signal corresponding to “sense” strand release. Bright-field images of
the animal are also presented in C, F, and I. Scale bars are 100 pm.

the “sense” strand remained on the nanoparticle surface
without any signs of degradation in live tissue.

Figures 2 and 3 show images at higher magnification after
incubation with Hymycl nanoprobes. As seen, the Hymycl
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40x Objective 63x% Objective

Cy3 Channel

Bright field
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Channels

Figure 2. Higher-magnification fluorescence microscopy images of
the gastric region of live Hydra incubated with nanoprobes specific for
the detection of Hymycl mRNA. The (A, B) Cy3, (C, D) bright-field
and (E, F) merged channels are presented for images taken using a
(A, C, E) 40X and (B, D, F) 63X oil immersion objective. Scale bars
are 25 pm.

Figure 3. Fluorescence microscopy images of the gastric region of live
Hydra incubated with nanoprobes specific for the detection of
Hymycl mRNA where nests of nematoblasts are seen and enlarged in
the right corner of the pictures. (A) Images obtained using a 10X
objective. (B) Images obtained using a 20X objective. Color guide:
Red (Cy3), fluorescence signal corresponding to “flare” strand release.
Scale bars are 100 um.

nanoprobe produced a precise and recognizable fluorescent
pattern due to single and nests of interstitial stem cells,
mirroring endogenous Hymycl mRNA. Similar expression
pattern has been described by whole-mount in situ hybrid-
ization using digoxigenin-labeled Hymycl RNA probes.”~*
Overall, these results demonstrate the possibility to
specifically detect Hymycl mRNA in real time in vivo. The
fact that within the animal body column no green fluorescence
could be observed means that the “sense” strand was not
displaced from the AuNP surface. On the other hand, the
detection of mRNA in the cells means cytoplasmic delivery of
AuNPs, where the mRNA is present. Although the mechanism
of uptake of these nanoprobes has not been investigated yet, it
has been already described that 14 nm spherical AuNPs
bearing siRNA can directly penetrate the plasma membrane of
ectodermal cells just after 30 min of incubation with Hydra.”
Avoiding the classical endocytic pathways, AuNPs were able to
deliver the siRNA and induce a gene downregulation.'® The

13909

AuNPs were also found on the membrane of interstitial cells,
where Hymycl should be expressed.

B CONCLUSIONS

In summary, we have shown that small amounts of DNA-
coated AuNPs as used within this study are not toxic to Hydra
and they can be employed to detect specific mRNAs in these
animals. Here, we successfully detected the presence of the
Hymycl mRNA using the corresponding oligonucleotide
nanoprobes without any signs of nanoprobe degradation. On
the other hand, no fluorescence was detected when scramble
sequence nanoprobes were used. Our results demonstrate the
possibility of using DNA-coated AuNPs as a fast and reliable
tool to qualitatively monitor the presence or not of specific
mRNA targets in Hydra animals. Because of the key role
played by the MYC transcription factor family in cell and
animal biology, the choice of myc as target gene for our
methodology confers high translational impact to our results.
In vertebrates the MYC protein controls a variety of processes
spanning from cell cycle, to apoptosis and the balance between
stem cell self-renewal/differentiation, thus the availability of
safe and efficient tools to monitor in real time its expression
levels may open the path to a wide use of these DNA-coated
AuNPs as novel investigation tools in stem cell and cancer
biology and in any physiological and pathological contexts
demanding mRNA detection tools. The strength of our
proposed approach relies on the fast kinetics of mRNA
detection. Previous studies have relied on in situ hybridization
to assess mRNA biodistribution, a technique that is costly and
time-consuming as it relies on the in vitro cloning of double-
stranded DNA encoding for the gene of interest, synthesis of
digoxigenin-labeled riboprobe (antisense strand) and finally on
the hybridization of this riboprobe with the endogenous sense
mRNA in fixed tissue. Furthermore, that technique is prone to
signal saturation and the generation of high signal back-
grounds. Our work represents an important advance for the
fast and accurate detection of mRNA targets within an in vivo
environment and it can pave the way for the broader
exploitation of oligonucleotide coated gold nanoparticles in
clinical applications, as a rapid method for the reliable
assessment of mRNA expression in living tissue.
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