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The design of nanoparticles that can selectively perform multiple 

roles is of utmost importance for the development of the next 

generation of nanoparticulate drug delivery systems. So far most 

research studies are focused on the customization of 

nanoparticulate carriers to maximize their drug loading, enhance 

their optical signature for tracking in cells or provide photo-

responsive effects for therapeutic purposes. However, a vital 

requirement of the new generation of drug carriers must be the 

ability to deliver their payload selectively only to cells of interest 

rather than the majority of various cells in the vicinity.  Here we 

show for the first time a new design of nanoparticulate drug 

carriers that can specifically distinguish different cell types based 

on their mRNA signature. These nanoparticles sense and 

efficiently kill model tumour cells by the delivery of an anti-cancer 

drug but retain their payload in cells lacking the specific mRNA 

target. 

  Despite their great potential, applications of nucleic acids in 

live cell are limited due to their inability to transfect cells 

without the aid of co-carriers and their inherent susceptibility 

to intracellular degradation. As a consequence different 

strategies have been developed for cellular nucleic acid 

delivery (e.g. conjugation to, or encapsulation within cationic 

transfection agents,
1
 liposomes

2
 or nanoparticles

3
 as well as 

introduction of non-natural modifications
4
). Recently, Mirkin 

and co-workers reported that gold nanoparticles coated with a 

dense shell of oligonucleotides are ideal candidates for 

biomedical applications.
5
 Owing to the 3-D arrangement of the 

oligonucleotides on the nanoparticle core, the so-called 

spherical nucleic acids (SNAs)
6
 have shown excellent 

biocompatibility, bio-stability and uptake properties by a 

plethora of different cell types, without the requirement for 

additional carriers.
7, 8

 Based on the SNA design, Mirkin and co-

workers introduced highly stable and specific sensors for the 

detection of biomolecules, other small molecules or specific 

ions.
5, 9

 To date, despite their great success as live cell imaging. 

agents, there have been limited reports of further developing 

these probes to explore their full potential in therapy.
10

 

   In this work we present for the first time the development of 

gold-nucleic acid nanoparticulate systems, which have the 

information encoded into their ligand substrate to selectively 

sense mRNA and simultaneously deliver a drug payload to live 

cells (see Scheme 1). 

These systems were specifically designed to detect and 

interfere with epithelial to mesenchymal transition (EMT), a 

process often associated with tumour metastasis.
11

 This 

process involves the transition of stationary, non-motile 

epithelial cells into invasive and highly motile mesenchymal 

cells. During EMT, epithelial cells undergo extensive changes in 

mRNA and protein expression profiles, allowing them to adopt 

mesenchymal characteristics.
12

 These include increased 

motility, enhanced elasticity and invasive behaviour.
13

 An 

mRNA and corresponding protein strongly up-regulated in EMT 

is the intermediate filament protein and mesenchymal cell 

marker Vimentin.
14-17

 In contrast, epithelial cell markers 

Desmocollin and Keratin 8 are strongly down-regulated. 
18

 

Accordingly, we selected these three important biomarkers as 

suitable model targets (see Fig.S1 for immunofluorescent 

labelling of relevant proteins in both model cell lines). Our 

gold-nucleic acid probes are able to detect the presence of 

these specific mRNA markers and selectively release the 

anticancer drug Doxorubicin (DOX), resulting in a highly 

efficient cellular death. Many anti-cancer drugs to date suffer 

from severe side-effects due to a lack of specificity. Thus, the 

ability to specifically detect metastatic cancer cells and 

efficiently deliver a therapeutic drug at the same time, in a 

controlled and highly targeted approach, is a significant 

advance.  

  Scheme 1 illustrates the design of the nanoparticle probes. 

They consist of four important parts: 1) a gold nanoparticle 

core 2) fluorophore-tagged oligonucleotides (sense strand) 

attached to the nanoparticles, 3) fluorophore-tagged 

oligonucleotides (flare strand) that are released from the 



  

 

 

 

 

 

 

 

 

 

 

 

nanoparticles in the presence of a specific target and 4) a DNA 

intercalating anti-cancer drug.  

  The close proximity of the fluorophores to the gold 

nanoparticle core results in fluorescence emission quenching. 

In the presence of the specific mRNA target, the flare strand is 

displaced by competitive hybridisation and its fluorescence 

signal is restored as it diffuses away from the gold nanoparticle 

core. Simultaneously the drug is released from the 

nanoparticles and enters the cell nucleus, where it interferes 

with genomic DNA resulting in apoptosis. 
19

 The incorporation 

of a fluorescent dye on the sense strands represents an 

important alteration to previous designs. It serves as a self-

reporting mechanism ensuring that any fluorescent signal 

observed from the flare strand is due to the detection of the 

target mRNA rather than intracellular DNA degradation. In the 

case of intracellular degradation or the displacement of the 

sense strand from the gold nanoparticle, fluorescent 

signatures of both dyes would be observable.  

  Prior to live cell applications, it was imperative to ensure that 

the probes exhibit excellent bio-stability and specificity. The 

two main factors affecting intracellular stability are 

degradation by nucleases and the displacement of 

oligonucleotides from the AuNP surface by competitive 

conjugation of glutathione through its cysteine side chain – 

both would result in a false signal. Through various assays (Fig. 

S4 and S5), we determined that the nanoparticle probes used 

here, were not significantly affected by the cytosolic DNase I, 

lysosomal DNase II or glutathione in a time frame of 18 h 

within the conditions tested. As discussed in previous reports, 

this is most likely due to the arrangement of oligonucleotides 

on the AuNP core as well as the high local cation concentration 

between neighbouring DNA strands, both of which are 

detrimental to the function of nuclease enzymes.
20

 We 

furthermore elucidated that in addition to their exceptional 

stability, the probes displayed excellent target specificity, with 

minimal recognition of targets containing up to two DNA 

mismatches (Fig. S3). 

  Subsequent live cell experiments were conducted, 

investigating the uptake properties and specificity of probes 

for the detection of Vimentin, Keratin 8 and Desmocollin in 

both epithelial and mesenchymal cells (Fig. 1). Cells were 

analysed by confocal microscopy to visualise intracellular 

fluorescence. The nanoparticle probes displayed a high 

fluorescent signal in the presence of their specific target 

without any detectable signal from the anchored sense strand. 

Therefore intracellular degradation can be excluded as a cause 

of the fluorescent signals observed. Whilst Desmocollin and 

Keratin 8 are only expressed in the epithelial cells (16HBE), 

Vimentin is exclusively expressed in the mesenchymal cells 

(MRC-5). Accordingly, both the Desmocollin and Keratin 8 

nano-probes displayed activity in the epithelial cells only, while 

the Vimentin nano-probes revealed a fluorescent signal solely 

in the mesenchymal cells.  Nano-probe specificity was further 

confirmed by using a non- targeting ‘scramble’ probe. In this 

case no significant fluorescent signal from the flare strands nor 

the anchored sense strands were observable (Fig.1).  

  It is also noteworthy that the localisation of the fluorescent 

signal from the released flare strands is highly specific and 

appears to correspond to mitochondrial co-localisation (see 

section S-VI b and Fig. S7).
21, 22

 We regard this finding as vital, 

as it suggests that some probes were indeed localised within 

the cytoplasm and not trapped within endosomal 

compartments of the cells. 

It is a well-known phenomenon that most nanoparticles enter 

cells through endocytosis.
23

 Subsequently, particles remain 

trapped in endosomal compartments without being able to 

carry out their specifically designed task.  

Whilst it has been shown that endosomal escape is possible for 

certain types of functional nanoparticles, no reports of such a  



mechanism for SNA-like nanoparticulate systems have 

emerged to date.
24

 Nevertheless, other groups as well as 

ourselves have observed that the fluorescence signal obtained 

from the nanoparticle probes displays mitochondrial co-

localisation
22

 as well as specificity for the corresponding 

mRNAs.
25

 This observation can only be explained by the 

presence of some nanoparticles and released flare strands in 

the cytoplasm. Testing this hypothesis, we analysed several 

thin sections of cells incubated with the nano-probes by 

transmission electron microscopy (Fig. S9). The data analysis 

showed that of ~ 1800 particles counted, ~ 3.6 % were 

cytosolic after 18 h (see Supplementary info section S-VI c).  

Despite the low abundance, these particles are thought to be 

responsible for the highly specific fluorescent signal observed. 

Nevertheless, it has been reported that endosomes and other 

intracellular organelles may be major sites of mRNA 

localisation.
26

 Thus, more in-depth studies to elucidate the 

mechanism for endosomal escape are required and are 

currently being carried out by our group in order to better 

understand the fate of most SNAs in cells. This in turn will 

allow us develop strategies to achieve a higher accumulation 

of functional particles in the cytosol. 

  Following successful initial live cell trials, we proceeded to 

further investigate the drug delivery properties of the 

nanoparticle systems by incorporating Doxorubicin into 

Vimentin nano-probes. The successful loading of DOX was 

assessed by fluorescence melting analysis. Due to the duplex 

stabilizing properties of DOX, changes in the DNA melting 

profile can give a good indication of its successful intercalation. 
27, 28

 Here, a clear shift of ~ + 4 ºC in the melting profile of 

Vimentin nano-probes (sense-flare duplex) after drug 

incorporation was observed, implying that DOX had 

successfully intercalated (Fig. S2). Another important aspect is 

the retention of the drug within the probe to minimize non-

specific release. By monitoring the fluorescence of DOX in the 

supernatant for up to 48 h, we established that the drug was 

not released from the probe without specific external stimuli 

(e.g. heat, denaturation of DNA or displacement of flare strand 

Fig. S6), thus ensuring minimized collateral damage.  

  Investigating if these findings also held true in a live cell 

environment, we analyzed both the model epithelial (16HBE) 

and mesenchymal (MRC-5) cells for DOX release following 

incubation with Vimentin nano-probes for 18 h. Having 

established that the probes for the detection of Vimentin 



  

mRNA exhibited activity exclusively in the mesenchymal cells 

(cf. Fig 1), we concluded that the delivery of DOX using these 

probes should be equally targeted to the mesenchymal cells. 

An important element of the success of these experiments is 

that whilst Doxorubicin intercalates firmly between DNA 

strands, it cannot intercalate between the base pairs of RNA-

DNA hybrid duplexes.
29, 30

 This property of Doxorubicin allows 

the effective release of the drug from the particles in the 

presence of the specific target mRNA strand. Making use of 

the inherent fluorescent properties of DOX, we visualized its 

successful release by confocal microscopy.  Figure 2a shows a 

strong DOX fluorescent signal in the mesenchymal cells 

(green), whilst no observable signal was detected in the 

epithelial cells, suggesting that the probes retained their target 

specificity and released their cargo only in the presence of 

Vimentin mRNA (i.e. in the mesenchymal cells). 

Complementary viability assays further revealed that drug 

delivery was highly targeted and occurred exclusively in the 

mesenchymal cell line, achieving an efficient reduction in cell 

viability. Importantly, we also showed that drug delivery can 

be regulated by means of an increase in flare strand-sense 

strand duplexes (Fig. 2b) – thus resulting in higher drug loading 

– or by simply increasing the nano-probe concentration (Fig. 

2c). The highest nano-probe/drug concentration (causing no 

toxicity to the cells in terms of the nanoparticle content) 

showed a decrease in cell viability of up to 83%. This is a vast 

improvement in the efficient delivery of DOX to cells in 

comparison to its delivery without the use of DNA-

nanoparticle probe. To prove that this result was not an 

artefact of the specific cell line, a control experiment was 

performed where both Keratin 8 and Desmocollin nano-probes 

were loaded with DOX in order to deliver the drug solely to the 

epithelial cell line. Figures 2a and d indicate that, as predicted, 

the drug was released solely in the epithelial cell line with a 

maximum cell death potency of up to 85%. These observations 

suggest that the use of oligonucleotide-gold nanoparticle 

probes result in a highly increased potency of Doxorubicin 

compared to the delivery of the free drug, especially if 

considered that only a very small fraction of particles is active 

in the cytosol, thus demonstrating the great potential of this 

method of drug delivery. 

Conclusions 

In conclusion, we show the first example of this type of 

functional nanoparticles which can distinguish between 

different cells and selectively release an anticancer drug only 

in the model metastatic cells. While there are several 

examples of nanoparticles used as carriers for drug delivery in 

cells, this is the first example of nanoparticles that can 

distinguish between different types of cells based on their 

mRNA signature and are designed to release their payload only 

to the cells of interest. The design of intelligent 

nanoparticulate systems that can selectively perform more 

than one function is of utmost importance for the 

development of non-toxic therapies for a broad range of 

diseases. 
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