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Abstract 

One of the main goals of nanomedicine in cancer is the development of effective drug 

delivery systems, primarily nanoparticles. 

Survivin, an overexpressed anti-apoptotic protein in cancer, represents a pharmacological 

target for therapy and a Molecular Beacon (MB) specific for survivin mRNA is available. In 

this study, the ability of polymethylmethacrylate nanoparticles (PMMA-NPs) to promote 

survivin MB uptake in human A549 cells was investigated. 

Fluorescent and positively charged core PMMA-NPs of nearly 60 nm, obtained through an 

emulsion co-polymerization reaction, and the MB alone were evaluated in solution, for their 

analytical characterization; then, the MB specificity and functionality were verified after 

adsorption onto the PMMA-NPs. 

The carrier ability of PMMA-NPs in A549 was examined by confocal microscopy. With the 

optimized protocol, a hardly detectable fluorescent signal was obtained after incubation of the 

cells with the MB alone (fluorescent spots per cell of 1.90 ± 0.40 with a mean area of 1.04 ± 

0.20 µm
2
), while bright fluorescent spots inside the cells were evident by using the MB 

loaded onto the PMMA-NPs. (27.50 ± 2.30 fluorescent spots per cell with a mean area of 2.35 

± 0.16 µm
2
). These results demonstrate the ability of the PMMA-NPs to promote the survivin-

MB internalization, suggesting that this complex might represent a promising strategy for 

intracellular sensing and for the reduction of cancer cell proliferation. 

 

Keywords: Core-shell Polymethylmethacrylate Nanoparticles; Molecular Beacon; survivin; 

cellular up-take; A549 human lung adenocarcinoma epithelial cells; sensing in cell 

 

 

1. Introduction 
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Effective drug delivery into cancer cells is a major objective for nanomedicine, which exploits 

the peculiar characteristics of cancer tissues, such as their enhanced permeability and 

retention (EPR) properties (Kobayashi et al., 2014). As delivery vehicles of anticancer drugs, 

nanoparticles (NPs) offer numerous advantages over conventional drug delivery approaches, 

such as the possibility of multiple functionalization for improving the imaging, diagnosis and 

targeted therapy (Ashley et al., 2012; Biswas et al., 2014; Bogart et al., 2014; Guo et al, 2015; 

Hardy et al., 2015). Moreover, NPs can enhance active or passive targeting and thus increase 

selectivity, reduce toxicity and prolong the drug half-life in the human body with respect to 

the free drug (Kim et al., 2014; Lee et al., 2014; Wang et al., 2014). 

The size, stability and surface properties of NPs greatly affect the efficiency of their 

biological activity and their capping agents largely influence these characteristics (Kejlová et 

al., 2015; Maurizi et al., 2015).  Moreover, surface NP charge plays an important role on their 

interactions with cell surface (Li et al., 2015; Maurizi, et al., 2015) and it has been 

demonstrated that cationic particles generally exert stronger effect on cellular uptake 

(Frohlich 2012; Li et al., 2015). 

It has been shown that several types of drugs can be loaded onto NPs by different approaches: 

a) incorporation into the NP core, either by cleavable covalent bonds or by hydrophobic 

interactions (Gao et al., 2006); b) covalently bonded on the surface through a cleavable linker 

(Sun et al., 2014); c) electrostatically loaded on the external shell (Monasterolo 2012). Among 

these loading methodologies, covalent bonding requires higher energy to complete the 

heterogeneous chemical reaction between the bioactive molecules and the matrices and it 

needs the presence of functional groups to achieve covalent bond formation. In contrast, the 

NPs-electrostatic loading needs less energy for the combination with the drug, and it occurs 

by simple mixing of the two components generally leading to a higher loading ratio (Varchi 

2015). 
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To improve the sensing imaging in cancer, a strategy consists in the encapsulation of organic 

dyes into nano-matrices, providing higher fluorophore photo-stability. Another important 

advantage is the superior brightness of this nano-complex, which is due to the higher number 

of dye molecules loaded on one nanoparticle (Monasterolo 2012). 

In particular, the core-shell polymethylmethacrylate nanoparticles (PMMA-NPs) used in this 

study consist of a hydrophobic PMMA core covalently functionalized with fluorescein and an 

external hydrophilic shell decorated with primary amine groups and quaternary ammonium 

salts. PMMA-NPs have high biocompatibility, very low cytotoxicity, biological inertness, low 

costs of synthesis. Furthermore, the possibility of multiple functionalization for improving the 

selectivity and the ability to prolong the drug half-life in the human body with respect to the 

free drug (Kim et al., 2014; Lee et al., 2014; Wang et al., 2014; Bettencourt and Almeida, 

2012) represent relevant advantages with respect to classical transfection reagents such as 

Lipofectamine. In addition, although Lipofectamine generally provides good/high transfection 

efficiency promoting DNA penetration through intact nuclear envelopes without excessive 

cytotoxicity, besides which it is easy to use and minimal steps for the transfection are 

required, it was demonstrated and is widely recognized that its use is not applicable to all cell 

types (Dalby et al., 2004); moreover, it is commonly used to introduce nucleic acids in some 

in vitro cellular models (Guo et al., 2016; Teagle et al., 2016; Rawat and Gadgil, 2016; Zhang 

et al., 2016) but its utilization has not been extended in vivo. 

PMMA has been approved by the Food and Drug Administration (FDA) for human clinical 

applications and used successfully in bone cement to fix total joint prostheses (Lou et al, 

2007). Moreover, in previous studies it has been demonstrated that similar NPs administered 

in vivo were excreted in feces up to 80% (intraperitoneal administration) or 100% (oral 

administration), with no significant toxicity for the animals (Falzarano et al., 2014). 
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Additionally, similar kind of nanoparticles have been previously used as carriers of drugs, 

prodrugs (Chen et al., 2016; Fraix et al., 2015; Tian et al., 2016) and antisense 

oligoribonucleotides for inducing dystrophin restoration in body-wide muscles in the X 

chromosome-linked muscular dystrophy animal model (Ferliniet al., 2010). Moreover, 

previous studies demonstrated that similar nanoparticles used for drug delivery purposes with 

different sizes, e.g. 40, 55, 100 and 180 nm, showed comparable ability to cross the cell 

membrane regardless to their size (Varchi et al., 2015; Varchi et al., 2013). In fact, despite the 

rate and mechanism of nanoparticles uptake is cell-type dependent and varies among 

nanoparticles of different size, charge, and other surface properties, it has been reported that 

cationic particles generally enhance cellular uptake regardless to their size and morphology 

(Samal et al., 2012). 

The idea developed in this work is to use biocompatible core-shell polymethylmethacrylate 

nanoparticles (PMMA-NPs) as carrier of an oligodeoxynucleotide molecular beacon (MB) 

specific for survivin mRNA in A549 human lung adenocarcinoma epithelial cells. 

Survivin mRNA is considered a promising target for anticancer treatment. Indeed, survivin is 

a protein belonging to the Inhibitor of Apoptosis Protein family (IAP) that plays a key role in 

several cellular functions, such as the regulation of cell cycle, apoptosis and cell migration 

(Brun et al., 2015; Dallaglio et al., 2012; Liu et al., 2014; Wu, et al., 2014). 

Furthermore, its expression is very high in most cancer cells (Baran et al., 2009; Mera, et al., 

2008) in which the protein levels correlate to poor prognosis and resistance to 

chemotherapeutic treatment (Schmidt et al., 2003; Sommer et al., 2003), while it is rarely 

expressed in healthy tissues (Fukuda and Pelus 2006). 

Several anticancer therapeutic strategies targeting survivin have been already considered 

(Beckeret al., 2011), among which the antisense oligonucleotide Gataparsen has successfully 

reached the phase II clinical trial (Singh et al., 2015). 
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Molecular beacons (MBs) are potential theranostic agents (Li et al., 2014; Zheng et al., 2015; 

Wang et al., 2013), acting at the same time as sensors able to detect endogenous nucleic acids, 

and as drug, by silencing the target RNA (Tay et al., 2015). 

A MB is a stem-loop-folded oligodeoxynucleotide with fluorophore and quencher dyes 

conjugated to the opposite end of the hairpin. In the absence of the complementary nucleic 

acid target, the fluorescence of the fluorophore is quenched by the closely located quencher 

(Huang et al., 2014).
 
Otherwise, the hybridization with the target opens the hairpin, generating 

a probe-analyte duplex that physically separates the fluorophore from the quencher, allowing 

the emission of a fluorescent signal after excitation (Giannetti et al., 2013; Santangelo et al., 

2006). 

Carpi and colleagues (2014) have shown in an in vitro study on human cutaneous melanoma 

cell lines that the survivin-MB carried into the cells by lipofectamine was selective for the 

mRNA target and acted as pro-apoptotic agent. On the basis of this evidence, and in order to 

both decrease the MB enzymatic degradation that may occur in vivo (Teo et al., 2015; Bishop 

et al., 2015) and to permit the MB delivery also in perspective of an in vivo application, we 

focused our attention on the characterization of the experimental conditions able to guarantee 

the survivin-MB cellular up-take by using PMMA-NPs as carriers. In fact, the presence of 

quaternary ammonium salts on the outer shell of the particles, along with the possibility of 

covalently functionalize their core with properly selected fluorophores, make PMMA-NPs 

particularly suitable for such application. The pharmacological effects of the MB in terms of 

reduction of survivin mRNA expression and of induction of apoptosis in A549 cells were not 

considered in the present work. The study is finalized to examine the MB sensing properties, 

by means of a thorough investigation of its internalization through the chosen NPs and of its 

maintained capability to interact with and detect the associated mRNA. This aspect, often 

underestimated or neglected, is essential and in our opinion constitutes a mandatory step 

before concentrating on the therapeutic effect.” 
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In this view, we first assessed the most appropriate conditions for PMMA-NPs cell 

internalization, both in terms of NP concentration and exposure time. In the second phase of 

the study, we evaluated the behavior of the selected MB when administered to A549 cells as 

free or loaded onto the NPs. Indeed, as expected, we observed that, when only MB (without 

NPs) was administered, a poor fluorescent signal was generated, while, by using the MB 

loaded onto PMMA-NPs, bright fluorescent spots were detectable inside the cells, indicating 

the ability of PMMA-NPs to promote the survivin-MB internalization. 

 

2. Material and methods 

 

2.1. Survivin molecular beacon 

The survivin MB and its reverse sequence were purchased from IBA (Gottingen, Germany) 

with the following sequence (Nitin et al., 2004): 

5’-(ATTO 647N)CGACGGAGAAAGGGCTGCCACGTCG(BBQ)-3’  

The underlined sequence represents the specific sequence for survivin mRNA with the ATTO 

647N (λabs 644 nm, λem 669 nm) and the BBQ650 (λmax ~ 650 nm, useful absorbance between 

550 and 750 nm) as fluorophore/quencher pair, covalently bound to its distal ends. 

The reverse-MB sequence is: 

5’-(ATTO 647N)GCTGCACCGTCGGGAAAGAGGCAGC(BBQ)-3’ 

The DNA sequence complementary to the MB (target 5’-

CCCCTGCCTGGCAGCCCTTTCTCAAGGACC-3’) and the DNA non-specific sequence 

(5'-ATCGGTGCGCTTGTCG-3') were purchased from Twin Helix (Milan, Italy). 

RPMI 1640 medium, fetal bovine serum (FBS), penicillin, streptomycin and all the other 

chemicals, unless otherwise stated, were purchased from Sigma (Milan, Italy). 

 

2.2. Synthesis of PMMA-NPs 
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Fluorescent PMMA-NPs were obtained using the experimental procedure described as 

follows. An aqueous solution (100 mL) of 2-(dimethyloctyl) ammonium ethylmethacrylate 

bromide (1.02 g, 2.93 mmol) was introduced, at room temperature, into a 250 mL three-neck 

reactor equipped with a condenser, a mechanical stirrer, a thermometer and inlets for nitrogen. 

The mixture was purged with nitrogen for 10 minutes, at a stirring rate of 300 rpm, and heated 

to 80 °C. 

Then AEMA (2-Aminoethyl methacrylate hydrochloride) (0.60 g, 3.63 mmol) was added. 

After solubilization, the di-allyl fluorescein derivative (6.67 mg, 0.027 mmol) (Rimessi et al., 

2009) dissolved in methylmethacrylate (1.87 g, 18.7 mmol) was added to reaction mixture. 

After 5 min of equilibration time, 2,2’-azobis(2-methylpropionamidine) dihydrochloride 

(AIBA) (11.9 mg, 0.044 mmol) dissolved in 1 mL of deionized water, was added and the 

mixture was allowed to react for 4 h. The product was purified by dialysis to remove residual 

monomer and stabilizer. NPs were further purified by subsequent washings on a stirred 

ultrafiltration cell Amicon system (Millipore model 8050) with milliQ water (100 kDa filters; 

5 x). The use of the two selected positively charged co-monomers allows the synthesis of 

nanoparticles decorated with both quaternary ammonium salts, which are exploited for the 

electrostatic binding with negatively charged molecules, and primary ammonium salts, which 

could be in principle used for post-functionalization with targeting antennas for selective 

delivery to the tumor tissue. 

 

2.3. Characterization of PMMA-NPs 

PMMA-NPs UV spectra were determined by spectrophotometric measurement with a 

Lambda 20 Perkin Elmer spectrophotometer (Waltham, MA, USA). The hydrodynamic 

diameter of the nanoparticles (Table S1) was determined by photon correlation spectroscopy 

(PCS) at 25 °C using a NanoBrook Omni Particle Size Analyzer (Brookhaven Instruments 

Corporation, USA) equipped with a 35 mW red diode laser (nominal 640 nm wavelength). As 



9 

 

far as the electrophoretic mobility is concerned, -potential was measured at 25 °C by means 

of the same system (Table S2). The loading per gram of nanoparticles of primary and 

quaternary ammonium groups was determined by potentiometric titration of the chloride and 

bromide ions, respectively obtained after complete ion exchange. The ionic exchange was 

accomplished by dispersing 10.8 mg of the nanoparticles sample in 25 mL of 1 M KNO3 at 

room temperature for 30 min. The mixture was then adjusted to pH 2 with dilute H2SO4 and 

bromide and chloride ions were titrated with a 0.0201 M solution of AgNO3. The samples for 

the atomic force microscopy (AFM) measurements were prepared by spin-coating deposition 

of 1 mL of NPs (1 mg mL
-1

) on atomic flat silicon substrate at 1500 rpm. These experimental 

conditions allow to prevent the aggregation of the nanoparticles and to obtain a uniform 

deposition over 1 cm
2
 of isolated nanoparticles, which can be clearly distinguished from the 

substrate. AFM topographical images were collected using an NT-MDT (Italy) solver 

scanning probe microscope in tapping mode. Particles morphology was further studied using 

the EVO LS 10 LaB6 scanning electron microscopy (SEM) (Zeiss, Italy) with an acceleration 

voltage of 5 kV and a working distance of 5 mm. The samples were sputter coated under 

vacuum with a thin layer (10–30 Å) of gold. 

 

2.4. Fluorescence measurement setup 

Fluorescence measurements were carried out in a cuvette (Eppendorf UVette®, Eppendorf, 

Milan, Italy) by using, for excitation, a PicoQuant LDH-P-C-635B laser diode emitting at 635 

nm, filtered by means of bandpass interference filters ThorLabs FL635-10 (central 

wavelength: 635 nm; bandwidth: 10 nm FWHM), and a Nichia NDS1113E laser diode 

emitting at 485 nm, filtered by means of an interference band pass optical filter Andover 

488FS10 (central wavelength: 488 nm; bandwidth: 10 nm FWHM). The emitted fluorescence 

was collected by means of a multimode optical fiber coupled with a GRIN lens, filtered by 

means of an interference long-pass optical filter Thorlabs FEL0650 (cut-on wavelength: 650 
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nm) and an interference long-pass optical filter Semrock BLP01-488R-25 (cut-on wavelength: 

500 nm), for the analysis at 635 nm and 485 nm respectively, and detected on an optical 

spectrometer Andor Shamrock 303i. 

 

2.5. Cell culture and cell viability assay 

A549 human lung adenocarcinoma epithelial cells and primary human dermal fibroblasts 

isolated from adult skin (HDFa) were cultured as reported in the Supplementary material.  

Cell viability was measured by using a method based on the cleavage of the 4-(3-(4-

iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulfonate (WST-1) to formazan 

by mitochondrial dehydrogenase by following the protocol reported in the Supplementary 

material. 

 

2.6. Confocal imaging and cellular uptake studies 

Laser scanning confocal microscopy was carried out by using a microscope Radiance Plus 

(Bio-Rad, Milan, Italy) mounted on a Nikon Diaphot inverted microscope. All observations 

were made with a Nikon oil immersion objective 40X (NA=1.3). 

Briefly, A549 cells were plated at 10% of confluence on 35 mm µ-dishes (Ibidi Giemme Snc, 

Milan, Italy) in complete medium and, after 24 h, incubated with 10 µg mL
-1

 PMMA-NPs 

(the concentration was chosen on the basis of the cell viability results) or with 100 nM MB or 

with the MB loaded onto PMMA-NPs. The MB@PMMA-NPs mix was obtained by leaving 

100 nM of MB in contact with 10 µg mL
-1

 of NPs for 3 minutes in RPMI 1640 complete 

medium. After the treatment and three washes (800 µL/each) in PBS buffer, the cells were 

observed by confocal microscopy in complete medium. 

The suitable experimental conditions to ensure the NPs cellular uptake were assessed by using 

the PMMA-NPs alone in complete medium. Then, the MB alone and the MB loaded onto NPs 

were tested by using the same protocol. 
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The protocol for the MB@PMMA-NPs cellular uptake studies in HDFa cells was the same 

used for A549 cells. Briefly, HDFa cells were plated on 35 mm µ-dishes in complete medium 

and treated with 10 µg mL
-1

 PMMA-NPs coupled with 100 nM MB for 90 minutes. 

Fluorescence images were collected at different time points (from 10 min up to 48 h) of 

incubation and in two different optical configurations: 1) excitation at 488 nm with an Argon 

ion laser without any excitation filter and fluorescence collection with an emission filter 

centered at 530 nm and characterized by a 60 nm bandwidth, for the imaging of fluorescein-

doped PMMA nanoparticles; 2) excitation at 638 nm with a laser diode without any excitation 

filter and fluorescence collection with a long pass emission filter having the cut-on 

wavelength at 660 nm, for the imaging of the Atto647N/BBQ650 labeled MB. 

Data were collected as stacks of images acquired at Z steps of 0.5 µm and including single 

entire cells. 

Acquired images were processed using the MedNuc Ortwiew or 3D Volume Viewer plugin of 

the open source ImageJ software. NPs or MB fluorescent spots at different times of incubation 

were localized in equatorial sections of each Z stack with the support of the relative XZ and 

YZ projections. 

 

3. Results and discussion 

 

3.1. PMMA-NPs synthesis and characterization 

Fluorescent core-shell PMMA nanoparticles, (Figure 1A), were obtained by emulsion co-

polymerization reaction: during the polymerization all the reagents concur to form an initial 

micelle where hydrophobic chains locate inside the micelle (core), while the hydrophilic ones, 

e.g. chains bearing the quaternary and primary ammonium salts, remain in the external water 

phase (shell) (Chaudhuri and Paria, 2012; Kumar et al., 2013). The NPs were characterized by 

a spherical shape with an average diameter around 60 nm: consistent measurements of the 
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average diameter were achieved with atomic force microscopy (AFM) and Scanning Electron 

Microscopy (SEM) (Figures 1C, 1D), which provided the value of 60 ± 15 nm and 63 ± 13 

nm, respectively. In addition, with photon correlation spectroscopy, the value of 64.6 ± 0.2 

nm (five measurements; see Methods section) for the hydrodynamic diameter was measured. 

The ammonium group loading, available for the interaction with the MB, was determined by 

potentiometric titration of the bromide and chloride ions obtained after complete ion exchange 

followed by titration with a 0.0201 M solution of AgNO3 and was found to be 370 μmol of 

quaternary ammonium bromides and 185 μmol of primary ammonium chlorides per gram of 

NPs (Figure 1B and Materials and Methods section for details). The use of fluorescein as di-

allyl derivative (see Materials and Methods) allows the incorporation of the fluorophore 

through a stable covalent bond within the PMMA core. Finally, the ζ-potential of NPs (34.3 

mV), which was measured after dialysis and ultrafiltration purification, confirmed that the 

cationic co-monomer employed in the polymerization reaction is covalently bound to the 

nanoparticle surface, demonstrating together with the  argentometric titration the presence of 

the ammonium salts in the shell of the nanoparticles. 

Figure 1 here 

In view of the possible exploitation of the fluorescence of the NPs as reference signal to 

verify their uptake by the cells, a characterization of the NPs fluorescence at different pH was 

conducted in order to exclude any possible fluorescence variation due to NPs localization in 

cell compartments characterized by different acidic environments. NPs at an initial 

concentration of 10.1 mg.mL
-1

 were diluted 1:500 in citrate/phosphate buffers (McIlvaine’s 

Buffer System) at pH 8, 5.6 and 2 and fluorescence was measured in cuvette with the setup 

described in the “Materials and Methods” section. As shown in Figure S1A, the fluorescence 

of the NPs used in this work, where the fluorescein is covalently bound to the PMMA core, is 

characterized by a low variation at different pH values. On the other hand, when carrying out 

the same experiments with analogues PMMA-NPs, which incorporate fluorescein by bare 
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hydrophobic interactions, a nearly complete loss of emission at very low pH is observed 

(Figure S1B). 

 

3.2. Survivin-directed MB characterization in solution 

The sequence of the selected survivin mRNA-specific MB has been published in 2004 (Nitin 

et al., 2004), and it was designed on a region of the human survivin mRNA conserved among 

the sequences available in GenBank (Accession numbers: HM625836.1; NM_001168.2; 

NM_001012270.1; NM_001012271.1). A central region composed of fifteen 

deoxynucleotides, which is the specific sequence for survivin mRNA binding, forms the MB 

loop and five complementary deoxynucleotides at the 5’ and at the 3’ ends form the stem. The 

thirty deoxynucleotide DNA target, used to represent survivin mRNA, is composed of a 

region specific to this sequence plus other deoxynucleotides not-specific for the stem 

sequence of the MB but contained in survivin mRNA. The MB makes use of ATTO 647N 

(λabs 644 nm, λem 669 nm) and Blackberry Quencher 650 (BBQ650) (λmax ~ 650 nm, useful 

absorbance between 550 and 750 nm) as fluorophore/quencher pair (see Materials and 

Methods for details). The non-specific sequence has a consensus of eight not-consecutive 

deoxynucleotides with the target. The reverse MB has a complete reverse sequence with 

respect to the survivin mRNA-specific MB. 

Survivin MB was initially evaluated in solution, since one might expect a diverse behaviour in 

samples with different analytical characteristics. More precisely, the MB-target binding 

ability was evaluated under different buffer conditions, by using three standard buffers, 

characterized by different pH and salt composition: Tris 10 mM pH 8 with the addition of 10 

mM MgCl2, phosphate buffer saline (PBS) 15 mM pH 7.4 and HEPES 20 mM pH 7.2. The 

MB (100 nM) and its specific target at different concentrations (from 0 nM to 1 µM) were 

incubated in the different buffers for 1 h. Afterwards, fluorescence was acquired by exciting 

at 635 nm with an integration time of 1 sec. In order to compare the different measurement 
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settings, the fluorescence intensity (F) averaged between 640 nm and 700 nm (the wavelength 

band containing the maximum of the fluorophore emission) obtained for each target 

concentration, was normalized with respect to the fluorescence F0 of the MB in buffer (Figure 

2A). The activity of the MB in the three considered buffers was similar except for an evident 

higher F/F0 at lower target concentrations in Tris 10 mM pH 8 with the addition of 10 mM 

MgCl2, which confirmed the importance of Mg
2+

 cations for MB folding (Kuhn et al., 2002). 

The specificity of the MB interaction was examined by measuring the fluorescence of the MB 

incubated with i) a non-specific sequence, ii) with its target and iii) by incubating the reverse 

MB with the MB target (all experiments were conducted using a 100 nM MB concentration). 

Notably, the higher signal to buffer ratio was observed for the MB interacting with its target 

(7.5-fold increase) with respect to the increase after interaction with the non-specific sequence 

(1.3-fold increase) or to the signal of the reverse MB with the MB target (1.1-fold increase), 

thus confirming the strong specificity of the MB for the selected target (Figure S2). 

 

3.3. MB loaded onto PMMA-NPs: characterization in solution 

A549 cells in RPMI 1640 culture medium supplemented with 10% Fetal Bovine Serum (FBS) 

represent the human cancer cell model used in this work for the studies of the cellular uptake 

of the MB loaded onto the PMMA-NPs (MB@PMMA-NPs). 

On the basis of the results described in the previous section which testified for a dependence 

of the MB binding ability on the environment, such as the used buffer, the functionality of the 

free MBs and of the MB@PMMA-NPs was evaluated in culture medium. The fluorescence 

intensity of the MB (100 nM) incubated with the target (100 nM) in culture medium, 

displayed a 3.1 times increase after 90 min incubation time with respect to the free MB after 

the same incubation time (blue and red curves, respectively, in Figure 2B), confirming the 

ability of the MB to open its hairpin structure in the presence of its target. The fact that the 

fluorescence of the free MB is subject to only 1.1 fold increase after 90 minutes of incubation 
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in the absence of the target (red curve in Figure 2B) also proves that the fluorescence increase 

is almost exclusively due to the binding to the target and not to the presence of interfering 

substances, which compose the medium. 

Similar measurements were performed using the MB@PMMA-NPs nano-complex obtained 

right before adding the target, by simple mixing for 3 minutes of 100 nM MB with 10 µg mL-

1 of PMMA-NPs (Figure 2C) in the used culture medium, which results in the electrostatic 

interaction of the negatively charged MB with the positively charged PMMA-NPs shell. The 

results obtained after 90 min incubation time with the target showed a fluorescence of the 

MB@PMMA-NPs, 2.1 times higher than the fluorescence in the absence of the target (blue 

and red curves, respectively,  in Figure 2C). The 90 minutes of incubation in the absence of 

the target implies only a fluorescence increase of a factor 1.1 (with respect to the free MB at 

time 0, red and green curves, respectively, in Figure 2C). However, when the MB is loaded 

onto the nanoparticles, a lower fluorescence increase, upon the incubation with the target, was 

observed with respect to the MB without nanoparticles (2.1 versus 3.1). This might be due to 

the partial hampering of the MB hairpin structure opening and/or of the interaction with the 

target after the adsorption of the MB onto the NPs. Moreover, the high MB density on the 

NPs could reduce its binding efficiency to the target as widely recognized and demonstrated 

for probes covalently immobilized (Situma et al., 2007; Vainrub and Pettitt, 2003). In addition, 

a decrease of target molecules available for the binding with the MB can also arise from their 

electrostatic adsorption onto the positively charged NPs (Cederquist and Keating, 2010) 

leading to a decrease in fluorescence. 

In order to further characterize the MB@PMMA-NPs ability to interact with the target in the 

cell culture medium, the fluorescence intensity was evaluated at different concentrations of 

the target (0, 1, 10, 100 nM) and at different incubation times (0, 90, 180 min) (Figure 2D). 

An increase of fluorescence was observed at increasing concentrations of target and 

incubation times. 
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Figure 2 here 

 

3.4. Effects of PMMA-NPs on the A549 cell viability  

The effect of different concentrations of PMMA-NPs on A549 cells viability was evaluated 

by WST-1 assay as reported in the Material and Methods (Supplementary material section). 

Remarkably, no significant effect on cells viability was observed after 60 and 180 min of 

incubation, except for the highest tested concentration, 50 µg/mL, which gives a negligible 

decrease (Figure S3A-B). 

Despite higher concentrations resulted as not toxic by WST-1 assay, concentrations above 10 

µg mL-1 were not considered for the subsequent experiments, since confocal fluorescence 

imaging analysis revealed a slight morphological alteration of the cells and the concomitant 

formation of a non-transparent coating on their surface. On the other hand, concentrations 

below 10 µg mL
-1

 were excluded because they provided barely visible fluorescence signals. 

Consequently, on the basis of cells viability results and in order to guarantee the visualization 

of measurable fluorescent signals, the 10 µg mL-1 PMMA-NPs concentration was chosen for 

the cellular localization studies performed by confocal microscopy. 

In this experimental model, the survivin mRNA expression was also evaluated. Survivin 

mRNA expression was clearly evident in A549 cells, as shown by the electrophoretic band of 

its cDNA compared to that of the housekeeping gene β-actin, obtained after RT-PCR 

amplification (Figure S3C). 

 

3.5. PMMA-NP cellular uptake 

The incubation of A549 cells with PMMA-NPs was realized in RPMI 1640 medium 

supplemented with 10% FBS at different times of exposure (from 10 min up to 48 h). 

FBS, which could promote the formation of NPs aggregates, was added to the culture medium 

because its presence ensures the proper physiological activity of the cell membrane, which is 
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an essential requirement for uptake studies, while allowing performing long-term studies 

because of the healthy conditions of the cells. 

As reported in figure 3A, after 10 min of incubation, PMMA-NPs were scattered on the 

plasma membrane; after 60 min of incubation, they were predominantly on the plasma 

membrane and larger aggregates could be localized on the intracellular side of the plasma 

membrane (Figure 3B). Instead, after 90 min of incubation, clusters of NPs were clearly 

detectable inside the cell (Figure 3C). These results are in accordance with previously 

reported data on other human tumour cell lines (Duchi et al., 2013; Mastrobattista et al., 2006). 

 

Figure 3 here 

 

For more prolonged exposure times, 3 h and 13 h, as shown in figure S4A and B, the 

nanoparticles were still inside the cells where they remained as aggregates also after 48 h of 

incubation (data not shown). 

Collectively these results allowed identifying 90 min as the right incubation time for NPs 

internalization into A549 lung adenocarcinoma cells in the chosen experimental conditions. 

Thus, the experiments with free MB and the MB loaded onto PMMA-NPs were realized with 

this incubation time. 

 

3.6. MB@PMMA-NP cellular uptake studies 

Images of A549 cells incubated for 90 min with 2 mL MB@PMMA-NPs, at a final 

concentration of 100 nM MB and 10 µg mL-1 PMMA-NPs, are shown in figure 4A and 4B. 

Magnified green, red and merged images of the cell selected in figure 4A are displayed in 

figure 4D, 4E and 4C, respectively. Both green and red spots are inside the cell, as observed 

in XZ and YZ projections of the image stacks. 
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Figure 4 here 

 

In order to assess the MB signal in the absence of PMMA-NPs, A549 cells were incubated 

also with the MB alone. 

Figure 5 shows the transmission and fluorescence images of A549 cells treated with 100 nM 

MB alone for 90 min in complete medium. 

 

Figure 5 here 

 

Unspecific opening of few MB molecules and/or incomplete quenching might account for the 

detectable signal. In order to quantify the effects of PMMA-NP incubation, particle analysis 

was carried out on thresholded equatorial XY images of cells treated with MB alone (20 cells) 

or with MB@PMMA-NPs (20 cells). The first group of cells displayed a mean number of 

particles per cell of 1.90 ± 0.40 with a mean area of 1.04 ± 0.20 µm
2
, while in the second 

group the analysis identified 27.50 ± 2.30 particles per cell with a mean area of 2.35 ± 0.16 

µm
2
. The means are statistically different (p< 0.001, Student t test). 

These results are in agreement with literature data, which report that RNAs, ssDNA/dsDNAs 

cannot be effectively internalized by cells without using a carrier or a specific transfection 

agent (Adinolfi et al., 2015; Duchi et al., 2013). Moreover, results show that, in our 

experimental conditions, PMMA-NPs promote a clear-cut MB uptake. 

The co-localization of the fluorescence signals of PMMA-NPs and MB (Figure 4C) is partial 

(Pearson’s index of 0.2), indicating that the PMMA-NPs, which are effective in promoting the 

MB uptake, do not follow the same fate of MB inside the cell. This partial co-localization 

could be due to the dissociation of the MB from the PMMA-NPs once internalized into the 

cell or in proximity of the mRNA target. 
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In perspective of a future in vivo application, we wanted to evaluate the effect of 

MB@PMMA-NPs on healthy cells. As healthy control, Human Dermal Fibroblasts from adult 

(HDFa) were chosen in agreement with what previously demonstrated by Adinolfi et al, 2015.
 

Under the same experimental conditions used in this study for A549 cells for the 

MB@PMMA-NPs, the fibroblasts (Figure 6A), while internalizing the PMMA-NPs, as 

demonstrated by the fluorescence displayed exciting at 488 nm (Figure 6B), do not show a 

detectable labeling of survivin mRNA (Figure 6C). These data confirm the specificity of the 

survivin MB, not only in solution where a negligible non-specific opening was observed, but 

also in a more complex system, such as living cells. 

 

Figure 6 here 

 

4. Conclusions 

The herein described core-shell polymethylmethacrylate nanoparticles have been synthesized 

through a versatile and very effective in-water emulsion co-polymerization reaction, that 

allows to access a large number of multi-functionalized polymeric nanoparticles by simply 

changing the co-monomers and the reaction parameters. In particular, we reported here about 

highly fluorescent 60 nm nanoparticles, which display an external shell decorated with 

quaternary ammonium groups available for electrostatic loading of negatively charged MB. 

Additionally, the remaining primary ammonium groups could be efficiently exploited for 

further covalent functionalization with drugs, pro-drugs, or other biologically active 

compounds. 

The characterization of the MB in solution revealed a good specificity and sensitivity, 

confirmed also after its adsorption onto the PMMA-NPs. 

The results obtained by confocal microscopy in cancer cells and those found in HDFa, 

demonstrated that the PMMA-NPs efficiently promote the MB internalization generating a 
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specific fluorescent signal in the presence of survivin mRNA expression, paving the way to a 

semi-quantitative real time evaluation of the survivin expression. These evidences highlight 

that the use of 10 µg mL
-1

 PMMA-NPs as carrier for survivin-directed MB for 90 min might 

be a promising strategy to reduce cancer cell proliferation avoiding detectable consequences 

on healthy cells. 
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Figure captions 

 

Figure 1. A) Synthesis of core-shell PMMA-NPs; B) PMMA-NPs argentometric titration curve; C) 

AFM image of nanoparticles deposited on atomic flat silicon; Z-range = 60±15 nm. D) SEM image 

of PMMA-NPs; Z-range = 63±13 nm. 

 

Figure 2. A) Normalized fluorescence intensity (averaged between 640 nm and 700 nm) of the MB 

incubated with the target at different concentrations in Tris, PBS and HEPES  buffers (incubation 

time 1 h, integration time 1 sec, λex 635 nm). Fitting: logistic fit (y = A2 + (A1-A2)/(1 + (x/x0)^p)) 

with three free parameters (A2, x0 and p) and one fixed parameter (A1 = 1). B) Fluorescence spectra 

of the MB solution without and with target 100 nM at zero and 90 min of incubation in RPMI 1640 

medium supplemented with 10% FBS (λex 635 nm). C) Fluorescence spectra of the MB solution 

without and with target 100 nM at zero and 90 min of incubation in RPMI 1640 medium 

supplemented with 10% FBS in presence of PMMA-NPs at a concentration of 10 µg/mL (λex 635 

nm). D) Fluorescence intensity (averaged between 640 nm and 700 nm) of the molecular beacon in 

presence of different concentrations (0-100 nM) of the target at increasing incubation times (0, 90 

and 180 minutes) in RPMI 1640 medium supplemented with 10% FBS in presence of PMMA-NPs 

at a concentration of 10 µg/mL (λex 635 nm). 

Figure 3. Confocal microscopy images of A549 living cells incubated with PMMA-NPs (10 

µg/mL) for different times (10, 60 or 90 minutes, in A, B and C, respectively) (excitation at 488 

nm). Each panel illustrates an equatorial XY image along with the relative XZ and YZ projections 

of the image stack. Vertical and horizontal scale bars are 15 µm. 

Figure 4. Confocal microscopy images of A549 living cells incubated with 100 nM survivin 

MB@10 µg/mL PMMA-NPs for 90 minutes in complete medium. A) fluorescence image with 

excitation at 488 nm; B) fluorescence image with excitation at 638;  D, E) magnification of the 

region of interest marked in A observed; C) merged image of the magnified region. Each panel 

shows an equatorial XY image and the relative XZ and YZ projections of the image stack. 

Transmission and fluorescence images are merged in C. Horizontal scale bars are 20 µm in A, B 

and 15 µm in C, D, E. 

 

Figure 5. Confocal microscopy images of two A549 living cells incubated with 100 nM MB alone 

for 90 minutes, in complete medium. A) DIC transmission image; B) fluorescent image (excitation 

at 638 nm). Scale bar: 15 µm. 

Figure captions



 

Figure 6. Confocal microscopy images of an HDFa living cell incubated with 100 nM survivin 

MB@10 µg/mL PMMA-NPs for 90 minutes in complete medium. A) Transmission DIC image; B) 

an equatorial XY image and the relative XZ and YZ projections of the image stack (excitation 488 

nm); C) fluorescence image with excitation at 638 nm. Scale bar is 20 µm. 

 

 

 

 

 

 
 


