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Abstract 

As double stranded, single stranded siRNA (ss-siRNA) has demonstrated gene silencing 

activity but still requires efficient carriers to reach its cytoplasmic target. To better 

understand the fundamental aspect driving the complexation of ss-siRNA with 

nanocarriers, the interactions between surfaces of various compositions across a ss-siRNA 

solution were qualitatively investigated using the Surface Forces Apparatus. The results 

show that ss-siRNA can adsorb onto hydrophilic (positively and negatively charged) as 

well as on hydrophobic substrates suggesting that the complexation can occur through 

hydrophobic interactions and hydrogen bonding in addition to electrostatic interactions. 

Moreover, the binding strength and the conformation of ss-siRNA depend on the nature of 

the interactions between the ss-siRNA and the surfaces. The binding of ss-siRNA with 

nanocarriers, such as micelles or liposomes through non-electrostatic interactions was also 

evidenced by a SYBR® Gold cyanine dye. We evidenced the presence of interactions 

between the dye and oligonucleotides already complexed to non-cationic nanovectors 

biasing the quantification of the encapsulation. These results suggest that non-electrostatic 

interactions could be exploited to complement electrostatic interactions in the design of 

nanocarriers. In particular, the types of interaction between ss-siRNA and the carriers can 

be tuned to decrease the cationic charges and therefore lower its toxicity.  
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1. Introduction 

Small interfering ribonucleic acids (siRNA) are small double strand RNA 

molecules of 20-30 base pairs [1] capable of inhibiting specific gene expression in plants 

[2] and animals [3] by causing cleavage of specific messenger RNA (mRNA) after 

transcription. The specific gene silencing activity of double stranded siRNA (ds-siRNA) is 

currently clinically assessed to treat large variety of diseases, such as genetic disorders,[4] 

cancer [5] or infectious diseases.[6] Compared to other gene silencing strategies, such as 

single-stranded antisense RNA or steric-blocking oligonucleotides,[7] siRNA require a 

lower dosage, since a single molecule can cleave a large number of target mRNA. 

Interestingly, several studies have shown that only one RNA strand is required to activate 

the RNAi pathway and that single stranded siRNA (ss-siRNA) can bypass the ds-siRNA 

form.[8, 9] Lima et al. have recently optimized the ss-siRNA structure to silence protein 

expression with potency similar to the duplex.[10] Moreover, ds-siRNA is known to induce 

non-specific gene silencing ,[11] a phenomenon caused by the saturation of the endogenous 

RNAi machinery by sense and antisense siRNA strands [12], resulting in toxic 

phenotypes.[13] Therefore, delivering ss-siRNA prevents from administrating the sense 

strand of ds-siRNA, which would contribute to reduce the non-specific gene silencing [14] 

and other toxicity issues.[7, 15, 16]   

Because of its high negative charge and hydrophilic nature, siRNA does not cross 

biological membranes easily, which limits its bioavailability.[17] In some clinical 

applications, naked siRNA can be administered locally, such as in lung, eyes, and 

muscles.[18, 19] However, many tissues can only be reached after systemic administration, 

such as the liver, a major target of siRNA therapeutics in clinics.[18] In physiological 

conditions, siRNA can be rapidly eliminated by endogenous nucleases degradation,[20] by 

the reticuloendothelial system [21] or by glomerular filtration. Therefore, many recent 

efforts have been focused on the careful design of drug delivery systems (DDS), able to 

overcome each of the biological barriers encountered until the cytoplasm of the cell, i.e. 

the siRNA’s site of action.[17, 18, 21]    

Viral vectors are among the first vehicles studied for small oligonucleotides 

delivery but can induce unacceptable toxicity.[21] The complexation of ds-siRNA with 

synthetic vectors such as lipid nanoparticles,[22-24] cyclodextrin based polymeric 
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nanoparticles [25, 26] or polymeric nanoparticles [27, 28] have been extensively studied 

and some of them are currently under clinical trials.[18, 29] Whatever the nanocarrier, they 

are generally positively charged and involve complexation of the negatively charged 

siRNA through electrostatic interactions.[23, 30, 31] However, this cationic feature has 

been related to higher toxicity compared to uncharged or anionic carriers. Such toxicity is 

associated with non-specific interactions and internalization with cells, a high rate of 

opsonisation and a short blood circulation half-life,.[32, 33] To optimize the nanocarrier 

design, extensive chemical diversity has been explored. High throughput screening of 

cationic lipids, for instance, has shown that too many or too strong (e.g. quaternary amines) 

cationic groups can significantly impede the cytosolic release of the siRNA payload, and 

limit the transfection efficiency.[34] Interestingly, several studies have demonstrated that 

ds-siRNA and ss-mRNA do not require the same carrier for optimized delivery.[35] 

However, structure-activity relationships are not deeply understood, and more in-depth 

knowledge about siRNA and the nanocarrier interactions would be a great advantage for 

the design of efficient and safe DDS.  

Theoretical studies have shown that double and single stranded oligonucleotides 

can interact with hydrophilic and hydrophobic surfaces through different kind of 

interactions.[36-39] However, experimental investigation of single stranded 

oligonucleotides complexation with surfaces and more particularly with DDS has been less 

reported. Because of the short sequence, 3D structure of ss-siRNA is quite simple or 

inexistent [40] and most probably lost during adsorption onto the surface. Nevertheless, 

thanks to its variety of chemical groups, ss-siRNA can be a partner for hydrogen bonding, 

hydrophobic and/or electrostatic interactions, as illustrated in Figure S1. Hydrophobic 

interactions are possible [41] and probably via the aromatic cycle, hydrogen bonding via 

the hydroxyl carried by ribose or amino groups of nucleobases and electrostatic interactions 

via the negatively charged phosphate groups of ribose or positively charged amino groups 

of the nucleobases. In this study, the binding mechanisms of ss-siRNA with carriers was 

investigated by measuring the adsorption of ss-siRNA onto hydrophilic (positively and 

negatively charged) and hydrophobic surfaces using the Surface Forces Apparatus (SFA). 

The ability of charged and uncharged DDS to encapsulate ss-siRNA using electrostatic and 
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non-electrostatic interactions was then demonstrated with micelles and liposomes of 

various chemical nature and surface charges using fluorescence assays.  

2. Materials and Methods   

Ruby mica sheets were purchased from S & J Trading, Inc. (Glen Oaks, NY, USA). Plasma 

Prep II from SPI Supplies was used to activate freshly cleaved mica surfaces using argon 

(5.0 grade). Milli-Q quality water was obtained from a Millipore Gradient 

aminoundecyltriethoxysilane (AUTES) was purchased from Gelest, Inc, (Morrisville, PA, 

USA). Dodecyltrichlorosilane was purchased from Sigma-Aldrich (Oakville, ON, 

Canada). Single strand siRNA (5’-UAAGGCUAUGAAGAGAUAC-3’) was purchased 

from Fidelity Systems, Inc., (Gaithersburg, MD, USA). Cholesterol (Chol), 1-2-dioleoyl-

sn-glycerol (DAG), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) 

and 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol) (sodium salt) (DMPG) were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Poly(styrene-block-N-methyl-

4-vinyl pyridinium iodide, (PS3.5-b-PM4VPI11.6), poly(styrene-block-acrylic acid) (PS3.2-

b-PAA12.5) and poly(styrene-block-ethylene glycol) (PS3.2-b-PEG12.5), the indexed values 

correspond to the molecular weight in kDa, were purchased from Polymer Source Inc. 

(Montreal, QC, Canada). SYBR® Gold fluorescent cyanine dye was purchased from 

Thermo Fisher Scientific (Ottawa, ON, Canada). 

2.1 Liposome preparation 

Stock solutions (10-20 mg/mL) of commercial lipids and cholesterol were prepared in 

chloroform. The lipid stock solutions were combined in a 5 mL round-bottom flask at a 

50/50 molar ratio (5 µmol of lipid and 5 µmol of cholesterol). The chloroform was removed 

under reduced pressure and the lipid film was further dried for 1 hour under high vacuum 

Figure 1: Schematic representations of the conformation of adsorbed ss-siRNA on (a) amino-
functionalized mica, (b) hydrophobized mica and (c) bare mica deduced from surface forces 
measurements and AFM images.  
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to remove any residual solvent. The dried lipid film thus obtained was hydrated with 1 mL 

of Milli-Q water. This solution was heated to 65°C and vortexed 2 minutes to obtain a 

homogenous suspension of large multilamellar liposomes. The solution was then extruded 

11 times through a 200 nm polycarbonate membrane using a LiposoFast manual extruder 

(Avestin Inc., Ottawa, ON, Canada). Liposome preparations were stored in darkness at 4°C 

in microcentrifuge tubes. Cholesterol, DOTAP, DMPG and DAG successfully 

incorporated in the liposomal formulations were quantified by HPLC-UV/MS using an 

Agilent 1260 Infinity HPLC equipped with a UV detector and a 6120 single-quad mass 

spectrometer (Mississauga, ON, Canada). Detailed procedures are summarized in Table 

S1. 

2.2 Micelle preparation 

Cationic, anionic and uncharged micelles were prepared in water by direct dissolution 

using PS3.5-b-PM4VPI11.6, PS3.2-b-PAA12.5) and PS3.2-b-PEG12.5, respectively. Block 

copolymers were dissolved in Milli-Q water (0.2 g/L) at pH 10 for PS3.2-b-PAA12.5 and pH 

5.8 for PS3.5-b-PM4VPI11.6 and PS3.2-b-PEG12.5. The resulting micellar suspensions were 

adjusted to pH 5.8 when required and sonicated for 1h prior to use.  

2.3 DDS characterization 

The hydrodynamic diameter and zeta potential of suspended liposomes and micelles in 

Milli-Q water before and after co-incubation with ss-siRNA were determined using a 

dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instrument Ltd., Malvern, 

Worcestershire, UK) at 20°C in back-scattering mode. Mean values of triplicates are 

reported in the result section. 

2.4  ss-siRNA complexation with DDS and encapsulation efficiency 

 A SYBR® Gold assay was used to quantify the ss-siRNA encapsulation efficiency of the 

formulations.[42-44] Stock solutions of DDS (liposomes or micelles) and ss-siRNA were 

diluted in Milli-Q water at appropriate concentrations, for given lipid/ss-siRNA or 

copolymer/ss-siRNA ratio. DDS suspensions and ss-siRNA solutions were all prepared for 

a final ss-siRNA concentration of 250 nM. ss-siRNA solutions were added to the DDS 

suspension followed by brief vortexing. Complexation was allowed to occur for 30 minutes 

at room temperature. After complexation, the solutions were centrifuged at 20,000 g for 30 

minutes. ss-siRNA in the supernatant was quantified against a calibration curve of ss-
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siRNA (20-250 nM), using an excess of SYBR® Gold fluorescent cyanine dye (λex/em = 

495/537 nm) and a Safire microplate reader (Tecan, Seestrasse, Switzerland). ss-siRNA 

encapsulation efficiency (%) was calculated assuming that measured fluorescence intensity 

at 537 nm corresponds to the unencapsulated ss-siRNA as follow: 

𝐸𝐸(%) =
250	𝑛𝑀 − 𝑠𝑠. 𝑠𝑖𝑅𝑁𝐴	𝑖𝑛	𝑡ℎ𝑒	𝑚𝑖𝑥𝑡𝑢𝑟𝑒	𝑎𝑓𝑡𝑒𝑟	𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑡𝑖𝑜𝑛	(𝑛𝑀)	

250	𝑛𝑀
																		(1) 

The fluorescence emission spectra of SYBR® Gold (cyanine) intercaling ss-siNRA with 

and without DDS were recorded in Safire microplate reader.  

The anisotropy of emission fluorescence of SYBR® Gold (cyanine) intercaling ss-

siRNA with and without DDS were acquired using a Cary Eclipse fluorescence 

spectrophotometer (Varian) and a manual polarizer accessory with an excitation 

wavelength of 495 nm in Milli-Q water at 20°C. The fluorescence anisotropy (r) is defined 

according to the following equation:  

𝑟 =
𝐼∥ − 𝐼B
𝐼∥ − 2𝐼B

= 	
𝐼CC − 𝐺. 𝐼CE
𝐼CC + 2𝐺. 𝐼CE

																	(2)		 

where I∥ and I⊥ are the parallel and perpendicular fluorescence and can be access by 

measuring the IVV and IVH are the fluorescence intensities obtained using vertically 

polarized excitation light and recording the horizontal (IVH) or the vertical (IVV) 

fluorescence polarized emission, respectively. The G factor is an instrumental parameter 

that corrects polarization effects introduced by the fluorescence detecting system and is 

defined as:                                                                                                               

𝐺 =
𝐼EC
𝐼EE

													(3) 

where IHV and IHH are the fluorescence intensities, obtained using horizontal polarized 

exciting light and recording the vertical (IHV) and horizontal (IHH) fluorescence polarized 

emission, respectively.  

2.5  Surface preparation 

Bare mica, amino-functionalized and hydrophobized mica surfaces were used as 

model for negatively charged, positively charged and hydrophobic surfaces respectively. 

All surface manipulations were performed in a clean laminar airflow cabinet in order to 

prevent dust deposition on the surfaces. All glassware was carefully cleaned in a bath of 
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KOH-saturated isopropyl alcohol and then rinsed intensively with Milli-Q water and 

ethanol. 

Surface activation of mica substrates: Water/argon plasma activation was used to generate 

silanol groups on the mica surfaces as previously reported.[45] Briefly, freshly cleaved 

mica surfaces were placed in a plasma chamber under a vacuum pressure of 0.5 mTorr. 

Argon and water vapor were then introduced at partial pressures of 80 mTorr and 

300 mTorr respectively. Plasma activation was performed for 5 min at 40 W then, mica 

surfaces were left in the plasma chamber under vacuum (0.5 mTorr) for 5 min. The mica 

surfaces were removed from the chamber and immediately used for grafting procedures. 

Amino-functionalization of mica substrates: AUTES solution of 1 mM was prepared in 

absolute ethanol and stirred for 30 minutes. Immediately after this step, activated mica 

substrates were immersed into the AUTES solution for 20 min. The resulting AUTES-

functionalized surfaces were thoroughly rinsed with anhydrous ethanol. The AUTES 

grafting was completed by annealing the substrates for 30 min at 120°C under atmospheric 

pressure. 

Hydrophobization of mica substrates: Hydrophobic monolayers made of 

dodecyltrichlorosilane were grafted to activated mica substrates. A solution of 100 mM of 

dodecyltrichlorosilane in dry toluene was stirred 1h then filtered on 0.2 µm 

polytetrafluoroethylene (PTFE) filter. Immediately after the activation, the substrates were 

immersed in the dodecyltrichlorosilane solution under inert atmosphere. After 2 h, the 

substrates were removed and rinsed with dry toluene, dried with nitrogen and annealed for 

1 h in 120°C under atmospheric pressure. 

ss-siRNA adsorption on substrate: A drop of ss-siRNA solution (5 µM in Milli-Q water, 

filtered with a sterile Anotop 10 syringe filter or 0.02 µm) was deposited on the substrates 

and covered with a glass slide to spread it. After 2h of adsorption, the surfaces were gently 

washed with Milli-Q water and dried with nitrogen. 

2.6 Surface characterization  

Atomic Force Microscopy (AFM) 

AFM imaging was carried out using a Multimode microscope equipped with a Nanoscope 

V extend controller (Digital Instruments, Santa Barbara, CA) at room temperature and in 

ambient air. The surfaces were imaged in the tapping-mode using a silicon cantilevered tip 
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from AppNano with a resonance frequency of 200-400 kHz and a spring constant between 

25 and 75 N/m. AFM images were treated and analyzed using Nanoscope Analysis (version 

1.4) software. All the AFM topography images presented in the result section are 

representative of several areas of a given substrate. The roughness of the surfaces was 

determined and averaged by extracting the root mean square (RMS) on a minimum of three 

different areas of various scan size. 

Contact angle measurement 

Static water contact angle on the different functionalized substrates were measured using a 

FTA200 dynamic contact angle analyzer (First Ten Angstrom). All measurements were 

carried out in the static mode. A droplet of Milli-Q water (3-5 µL) was deposited on the 

surfaces and a clear picture of it was taken and used to determine the contact angle within 

an error of ± 0.6°. Fta32 Video software was used for data analyses. The contact angles 

were measured on three different areas of a given substrate and the mean value is reported 

in the result section. The water contact angle measured on freshly activated mica and silica 

substrates is 0° (Table 1). An increase in water contact angle is expected to occur after the 

immobilization of alkylsilane owing to the hydrophobic character of the grafted alkyl 

chain.[46]     

Zeta potential measurements on planar surfaces 

Zeta potential on flat bare mica and AUTES-functionalized mica substrates (produced from 

1 mM and an immersion time of 20 min) were done using Zetasizer Nano ZS instrument 

(Malvern Instrument Ltd., Malvern, Worcestershire, UK) at 25°C using the Surface Zeta 

Potential Cell with an oppositely charged tracer. The pH of tracer solution was adjusted 

using HCl. 

Force-Distance measurements  

The normal interaction forces between the surfaces were measured as a function of 

separation distance using a SFA 2000 and a Mark II Surface Forces Apparatus (SFA) at 

25ºC. The SFA and detailed experimental procedures for measuring the normal forces are 

well described elsewhere.[47] In brief, back-silvered molecularly smooth mica surfaces are 

glued onto two cylindrically curved silica lenses of radius R = 2 cm. A force−distance 

profile between the surfaces is obtained by changing the position of the lower surface, using 

a nanopositioner. An interferometry technique using Fringes of Equal Chromatic Orders 
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(FECO) is used to determine the separation distance between the surfaces with 

subnanometric resolution.[48] The interaction force is then determined from the deflection 

of the spring using Hooke’s law. Prior to all experiments, two bare substrates (mica 

surfaces) were brought into adhesive contact in air in order to determine the reference 

position (D=0). The SFA disks were dismounted under a laminar-flow cabinet when 

surface modification is required. After the surface functionalization, the disks were 

mounted back in the SFA chamber for determining the force-distance profiles between the 

two surfaces.  For the force measurement force profiles across water, a droplet of pure 

water (Milli-Q water) was injected between the surfaces and the system was allowed to 

equilibrate for 1 hour prior to measurements. After the force measurement, water was 

replaced by ss-siRNA solution of 5 µM in Milli-Q water (filtered with a sterile Anotop 10 

syringe filter or 0.02 µm) and the system was allowed to equilibrate for 2 hours. The force-

distance profiles across ss-siRNA solution were measured step-wise during approach and 

separation of the two surfaces. Each separation distance was measured at equilibrium, 

which was arbitrarily set for a distance variation of less than 0.3 nm/min.   

The directly measured force F between the cylindrically curved surfaces can be related to 

the free energy of interaction per unit area between two infinite flat surfaces EFlat using the 

Derjaguin approximation:[49] 

𝐸	IJKL =
𝐹

	2𝜋𝑅
																																																																														(4) 

where F is the measured force and R the radius of the surfaces. The electrostatic forces 

were analyzed using the nonlinear Poisson-Boltzmann equation (PB) using constant 

surface potential boundary conditions. The Debye length was extracted from the 

exponential decay slope of the force-distance measurement at long separation distance and 

the surface potential was used as variable parameter. To calculate the apparent electrostatic 

force across the adsorbed ss-siRNA layers, they were considered as homogeneous layers 

of thickness corresponding to half the separation distance at close contact (Dc). Therefore, 

the exponential fitting to the long-ranged forces was done assuming that the effective 

surface potential is at Dc/2 away from each substrate.  
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3. Results and Discussion 

3.1  Substrate characterization 

     The three model surfaces were characterized in order to confirm their difference in 

surface properties more particularly the hydrophilicity and surface zeta potential. Smooth 

freshly cleaved mica substrates resulted in purely hydrophilic surface with a water contact 

angle of 0° (Table 1, Fig. 2.b). As expected, mica surface was negatively charged in 

aqueous media at pH 7 with a zeta potential of -48 mV (Table 1). Mica substrates were 

then functionalized in order to prepare hydrophobic and positively charged supported  
 
Table 1: Characterization of the substrates. 

  

Surface 
Static water 

contact angle  
θwater (°) 

  
Surface zeta 

potential  
ζ (mV) 1 

  Thickness  
(nm)2   Surface roughness 

RMS (nm)3 

Bare mica 0  -48 ± 2  0  0.07 ± 0.01  

Amino-
functionalized mica 78 ± 2  +40 ± 4  1.5 ± 0.2 

 
0.08 ± 0.01  

 

Hydrophobized mica 107 ± 3   -   2.1 ± 0.4   0.20± 0.05  

1determined by Zetasizer with flat surface cell at pH 7, 2 determined from the distance of closest 
approach in water by SFA, 3 Root Mean Square RMS: determined from AFM images 1 µm × 1 µm 
scan size. Each experimental data represents the mean from a minimum of three measurements on two 
independent samples and the errors (±) represent the standard deviation of the mean.  

SAMs. Hydrophobized mica resulted in a hydrophobic smooth monolayer with water 

contact angle of 107° and a thickness of 2.5 nm (Table 1). The positively charged amino-

functionalized mica substrate displayed also a smooth surface with a water contact angle 

of 78°, a surface zeta potential of +40 mV and a thickness of 2.5 nm (Table 1). The non-

null contact angle is associated with a small portion of the alkyl chain of aminoalkylsilane 

molecules which can be exposed to the aqueous surrounding environment, as previously 

demonstrated.[50] Hydrophobic monolayers have shown to remain stable in water over 

several days (Fig. S2) as it was previously reported for amino monolayers.[50] 

 

3.2  ss-siRNA interaction with the surfaces  

       To establish a well-defined reference frame for the experiments, the forces between 

the bare and the functionalized substrates in water in absence of ss-siRNA were first 

measured. The reported force-distance profiles correspond to the first surface approach 

across Milli-Q water or ss-siRNA solution. The forces were also measured on separating 
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the surfaces but are not reported as the system could be perturbed during the first 

compression and will not been representative of the non-perturbed ss-siRNA/substrate 

interactions. Briefly, adhesion was observed on separation for the three model surfaces and 

decreased after exposure to ss-siRNA (Fig. S3).  

 

Mica surface 

The force-distance profile measured between two bare mica surfaces across Milli-Q water 

clearly exhibits the long-range exponential decay that is characteristic of electrostatic 

double-layer interactions (Fig. 2.a). The surface potential (ψ0) was estimated to 90 ± 22 mV 

using Poisson-Boltzmann equation with a Debye length of 27 ± 11 nm. This value is in 

good agreement with the previously reported surface potential between mica surfaces 

across water.[51] At short separation distances, the attraction between mica surfaces is 

evidenced by a discontinuity in force profile from 5.0 ± 0.4 nm to D = 0 nm due to van der 

Waals attractive interactions (Fig. 2.a). Such discontinuity arises when the gradient of the 

force (dF/dD) exceeds the stiffness of the force measuring spring.  The force-distance 

profile measured between mica surfaces across ss-siRNA solution is purely repulsive 

exhibiting also long-range electrostatic forces (Fig. 2.a). However, at smaller separation 

distances (D < 5 nm) the force deviates significantly, becoming increasingly repulsive upon 

decreasing separation distance. The additional repulsive force (compared to the forces in 

water) and the absence of discontinuity in the force profile indicate that the ss-siRNA is 

adsorbed to the mica surface. Attraction between oligonucleotides and mica in the presence 

of multivalent cations has already been theoretically predicted using counterion 

condensation theory.[52-54] However, to the best of our knowledge, this is the first 

experimental evidence of attractive interaction (or adhesion) between negatively charged 

mica surfaces and oligonucleotides in water. As ss-siRNA is expected to adsorb on both 

mica surfaces, the distance of closest approach (ca 3.3 nm) is assumed to correspond to 

twice the thickness of immobilized oligonucleotides. The thickness of one adsorbed layer 

is close to the estimated radius of gyration (Rg) of 19-bases RNA single strand in water (Rg 

= 1.5 nm) [55] suggesting that adsorbed ss-siRNA forms a monolayer. The apparent surface 

potential ψ0 at the ss-siRNA/water interface was estimated to 147 ± 8 mV using Poisson-

Boltzmann equation with a Debye length k-1 of 15.5 ± 0.5 nm (Fig. 2.a). The relatively large 
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surface potential, compared that of the bare mica substrate, can be attributed to the exposure 

of charged PO33- groups of RNA strands at the water/surface interface. Therefore, the 

interaction of ss-siRNA with mica most probably occurs through a combination of (i) 

attractive hydrogen bonding between the nucleobases and ribose of the ss-siRNA and the 

Figure 2: (a) Normalized force profiles, measured on the first surfaces approach, 
between two mica substrates across Milli-Q water (●) and across the ss-siRNA solution 
after two hours of immersion (◆). D = 0 corresponds to the contact between mica surfaces 
in air. The dotted and solid curves correspond to the calculated electrostatic interactions 
using the Poisson-Boltzmann (PB) equation with a surface potential ψ0 of −115 mV (…) 
and −155 mV (___) and a Debye length k-1 of 40 nm (…) and 16 nm (___) at room 
temperature. The shaded areas represent the variability in the measured force profiles 
and the most representative profile is illustrated. AFM images in air of (b) mica (c) mica 
after 20 hours of immersion in the ss-siRNA solution following by water rinsing. 
 
 

c 

a 

b 
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SiO-/SiOH groups of mica and (ii) attractive electrostatic interactions between the expected 

charged amino groups of nucleobases [56] and the SiO- groups of mica. The presence of 

hydrogen bonding between ss-DNA and an uncharged hydrophilic surface (composed of 

hydroxyl-terminated oligoethyleneglycol) has been evidenced by a simulation study.[36] 

Such interactions would suggest that ss-siRNA interacts with mica surface through the 

opposite nucleobases face as illustrated in Figure 1.c. However, the adsorbed ss-siRNA 

was easily removed from mica by water rinsing as the substrates recovered the bare mica 

topography (Fig. 2.c). This suggests that the electrostatic repulsion is sufficient to 

overcome the attraction between the negatively charged mica and the negatively charged 

ss-siRNA. 

 

Hydrophobized-mica surface  

The force-distance profile measured between two hydrophobized mica surfaces (prepared 

from dodecyltrichlorosilane) across Milli-Q water is purely attractive (Fig. 3.a). The long-

range attraction is evidenced by a discontinuity in force profile from 3000 nm to D = 4.0 ± 

0.4 nm. This long-range interaction is characteristic of hydrophobic interactions across 

polar media.[57-59] The distance of closest approach (4 nm) corresponds to twice the 

thickness of one hydrophobic monolayer (Fig. 3.a). The force-distance profile between 

hydrophobized surfaces across the ss-siRNA solution is purely repulsive and well 

described by the electrostatic double-layer forces shown by the solid line fitted to the data 

points in Figure 3.a. In addition, the force deviates from the double-layer repulsions at 

relatively large separation distances (D < 30 nm) and becomes significantly repulsive upon 

decreasing separation distance. This additional repulsive force compared to the forces in 

water) and the presence of well-defined hard wall at ca 8 nm clearly indicate the presence 

of adsorbed ss-siRNA on the hydrophobized substrates. The distance of closest approach 

is close to twice the estimated  radius of gyration of ss-siRNA in water [55] suggesting the 

adsorption of ss-siRNA into a monolayer under high compression. The adsorption of ss-

siRNA is also evidenced by a change in the surface topography upon ss-siRNA exposition, 

which persisted even after intensive water rinsing (Fig. 3.b and c). The effective surface 

potential ψ0 estimated from the Poisson-Boltzmann equation (133 ± 8 mV) and can be 
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Figure 3: (a) Normalized force profiles, measured on the first approach, between two 
hydrophobized mica substrates across Milli-Q water (●) and across the ss-siRNA solution after 
two hours of immersion (◆). The force profile between hydrophobized mica substrates across 
Milli-Q water, illustrated in the inset, is purely attractive as evidenced by a discontinuity in the 
force profile from D= 3 µm to D= 4 nm represented by the arrow. D= 0 corresponds to the 
contact between mica surfaces in air. The solid curve corresponds to the calculated electrostatic 
interactions using the Poisson-Boltzmann (PB) equation with a surface potential ψ0 of −140 mV 
(___) and a Debye length k-1 of 19 nm (___) at room temperature. The shaded areas represent the 
variability in the measured force profiles and the most representative profiles are illustrated. 
AFM images in air of (b) hydrophobized mica and (c) hydrophobized mica after 2 hours of 
immersion in the ss-siRNA solution following by water rinsing with the corresponding cross 
section analysis. 

b c 

a 
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attributed to the exposure of the charged PO33- groups of RNA strands to the aqueous 

environment. Here again, these results suggest that the oligonucleotide interacts with 

hydrophobized mica surfaces through the opposite nucleobases face as illustrated in Figure 

1.b. Hydrophobic interactions most probably occur through the alkyl chains of hydrophobic 

SAMs and the aromatics groups of the bases. These results correlate well with the 

previously reported simulation study showing attractive hydrophobic interactions between 

the strand face carrying nucleobases and a hydrophobic surface.[36]  

 

Amino-functionalized mica surface  

The force-distance profile measured between two amino-functionalized mica surfaces 

across Milli-Q water is illustrated in Figure 4.a.  An effective positive surface potential was 

observed on these surfaces (Table 1) suggesting that the amino groups of the AUTES 

monolayers are protonated in Milli-Q water, as previously reported,[50] which should give 

rise to electrostatic interactions. However, such interactions were not detectable because of 

the important contribution of long-ranged attractive interactions (ca 300 nm) most probably 

arising from hydrophobic interactions between the apposing alkyl chains of the two 

AUTES monolayers. At short separation distances (< 10 nm), the attraction between the 

surfaces is evidenced by a discontinuity in force profile from D = 10 ± 1 nm to 5.0 ± 0.5 

nm and is most probably due to van der Waals interactions (Fig. 4.a). The distance of the 

closest approach between amino-functionalized substrates is observed at separation 

distance of 3.0 ± 0.2 nm (Fig. 4.a) corresponding to twice the thickness of an AUTES 

monolayer previously determined.[50] The force-distance profile between two amino-

functionalized mica surfaces across the ss-siRNA solution is purely repulsive but does not 

exhibit long-range exponential decaying forces (Fig. 4.a) suggesting the presence of steric 

forces associated with the adsorbed ss-siRNA. The distance of closest approach is shifted 

from 3.0 ± 0.2 nm (in pure water) to a separation distance of 6.0 ± 0.2 nm (Fig. 4.a). This 

shift corresponds to two ss-siRNA adsorbed layers of 1.5 nm each. The ss-siRNA 

adsorption was confirmed by the obvious change in the surface topography of the amino-

functionalized substrates observed after ss-siRNA exposition (Fig. 3. b and c). In addition, 

ss-siRNA remained adsorbed after water rinsing indicating the robustness of the adsorption 

(Fig. 3. c). The absence of long-range electrostatic repulsions between the ss-siRNA 
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Figure 4: (a) Normalized force profiles, measured on the first surfaces approach, 
between two amino-functionalized mica substrates across Milli-Q water (●) and across 
the ss-siRNA solution after two hours of immersion (◆). Inset graphic is long-range 
interaction of normalized force profiles measured on the first approach between two 
amino-functionalized mica substrates across Milli-Q water. D = 0 corresponds to the 
contact between mica surfaces in air. The shaded areas represent the variability in the 
measured force profiles and the most representative profiles are illustrated. AFM 
images in air of (b) amino-functionalized mica and (c) amino-functionalized mica after 
2 hours of immersion in the ss-siRNA solution following by water rinsing with the 
corresponding cross section analysis. 
 

b c 

a 
Long-range interactions 
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covered amino-functionalized surfaces suggests a neutral ss-siRNA/water interface that 

could be associated with the exposition of the nucleobase face to the aqueous environment 

as illustrated in Figure 1.a. In such a conformation, ss-siRNA is likely adsorbed via 

electrostatic interactions between the positively charged amino groups of the SAMs and 

the negatively charged phosphate ribbon as previously reported for double strand 

DNA.[60] This would lead to a neutralization and/or screening of the charges across the 

adsorbed ss-siRNA layer on each surface.  

 

3.3 ss-siRNA interactions with DDS 

SFA experiments allowed the contribution of hydrogen bonding and hydrophobic 

interactions in the ss-siRNA adsorption, in addition to electrostatic forces, to be confirmed. 

To verify whether these interactions evidenced on planar surfaces could also be observed 

on more complex systems, such a drug carrier, and affect the loading capacity of DDS, 

liposomes and micelles of different compositions and surface charges were prepared, as 

illustrated in Figure 5. 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) 

(DOTAP) and 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol) (sodium salt) 

(DMPG), 1-2-dioleoyl-sn-glycerol (DAG) were used to prepare cationic, anionic and 

uncharged liposomes respectively using cholesterol as co-lipid (Table S2). Zeta potential 

measurements confirmed their surface charge prior to ss-siRNA (Table 2). The unexpected 

negative potential measured for the DAG liposomes, most probably arises from the 

hydroxyl group of the hydrophilic head of DAG. Polymeric micelles were prepared using 

copolymers composed of a poly(styrene) (PS) hydrophobic block and a longer hydrophilic 

block of poly(N-methyl-4-vinyl pyridinium iodide) (PM4VPI), polyacrylic acid (PAA) and 

polyethyleneglycol) (PEG) to prepare cationic, anionic and uncharged micelles, 

respectively. Here again, the surface charges before ss-siRNA complexation were 

confirmed by zeta potential measurements (Table 2). Although incubation of ss-siRNA 

with DDS induced slight modifications of the diameter and charge of the DDS, all 

liposomal and micellar formulations loaded with ss-siRNA were stable at least over one 

day in Milli-Q water (Table 2).  

ss-siRNA complexation was assessed indirectly by the interaction of 

unencapsulated ss-siRNA with the SYBR® Gold fluorescent dye. SYBR® Gold is an 
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unsymmetrical cyanine dye positively charged due to the presence of tertiary amine groups 

that exhibits >1000-fold fluorescence enhancement upon intercalating to nucleic acids  

(double- or single-stranded DNA or to RNA).[42, 61-63] Fluorescence intensity is 

therefore directly correlated to the amount of accessible ss-siRNA in the solution, and is 

normalized by the fluorescence of a 250 nM ss-siRNA solution with an excess of dye (Fig. 

5) 

Unsurprisingly, cationic DDS were very efficient to complex ss-siRNA, reaching 

95% and 100% of encapsulated material (Eq. 1) for cationic liposomes and micelles, 

respectively (Fig. 5.a and d). This is consistent with the widespread knowledge that an 

excess of cationic charge enables full complexation of oligonucleotides and promotes 

colloidal stability. The interaction most probably results from the complementary 

electrostatic nature of nucleic acid with cationic DDS as previously reported for double 

stranded siRNA complexation.[64]  This is confirmed by the change in the size and the 

decrease of zeta potential for both systems (Table 2). However, cationic liposomal and 

Table 2:  Characterization of DDS formulations before and after ss-siRNA complexation 
in Milli-Q water 

  Before 
co-incubation 

After 30 min of                         
co-incubation 

After 24 h of                         
co-incubation 

 Diameter 
(nm) 

Zeta potential 
(mV) 

Diameter 
(nm) 

Zeta potential 
(mV) 

Diameter 
(nm) 

Zeta potential 
(mV) 

Liposomal formulation     
Cationic 
(DOTAP)  

263 ± 3   22 ± 2 113 ± 1 -20 ± 1 115 ± 1 -18 ± 1 

Anionic 
(DMPG)  

212 ± 8 -30 ± 1 311 ± 7 -40 ± 1 302 ± 3 -40 ± 1 

Uncharged 
(DAG) 165 ± 3 -24 ± 2 238 ± 1 -43 ± 2 236 ± 3 -43 ± 3 

Micellar formulation     

Cationic 
(PS-b-PM4VPI) 95 ± 1 58 ± 1 99 ± 1 48 ± 2 99 ± 1 50 ± 2 

Anionic 
(PS-b-PAA)  

238 ± 6 -39 ± 1 170 ± 3 -38 ± 2 164 ± 3 -41 ± 2 

Uncharged 
(PS-b-PEG) 93 ± 1 -12 ± 1 96 ± 1 -12 ± 1 95 ± 1 -11 ± 1 

ss-siRNA/micelles complexations were done in Milli-Q water at room temperature for 14.3 µM lipids, 
11.9 µM copolymers and 250 nM ss-siRNA, respectively.  Each experimental data represents the mean 
from a minimum of three measurements on one sample and the errors (±) represent the standard deviation 
of the mean.  
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Figure 5: Normalized fluorescence intensity (%) of the dye/ss-siRNA system in Milli-Q water 
with DDS as a function of concentration of (a) DOTAP, (b) DMPG and (c) DAG lipids for 
cationic, anionic and uncharged liposomes, respectively with their schematic representations 
and (d) PS-b-PM4VPI, (e) PS-b-PAA and (f) PS-b-PEG for cationic, anionic and uncharged 
micelles, respectively with their schematic representations. Fluorescence intensities were 
recorded at 537 nm and normalized to that of the dye/ss-siRNA system in Milli-Q for ss-
siRNA concentration of 250 nM without DDS corresponding to 100% (indicated by horizontal 
dashed lines). Black arrows (1), (2) and (3) correspond to ss-siRNA encapsulation efficiency 
of 95%, 20% and 100%, respectively.  
 

Liposomal formulations 

a 

(1) 

(2) 

b c 
≡ Cholesterol 
≡ DOTAP 

≡ DMPG ≡ DAG 

Micellar formulations 

≡ PS-b-PM4VPI ≡ PS-b-PAA ≡ PS-b-PEG 

(3) 

d e f 
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micellar formulations did not behave the same upon complexation of ss-siRNA, suggesting 

different complexation mechanisms. The size of cationic liposomes decreased when 

incubated with ss-siRNA whereas cationic micelles diameter slightly increased (Table 2). 

In addition, the surface potential of cationic micelles slightly decreased (Table 2) whereas 

that of the liposomes switched to negative value (Table 2). This difference in the surface 

potential changes is attributed to the significant difference in the charge excess between 

cationic liposomes (nitrogen/phosphorus ratio, N/P: 1.5) and micelles (N/P: 100). In fact, 

the surface charge of cationic micelles/ss-siRNA complex decreases with N/P ratio and 

becomes negative for N/P lower than 1.5 (Fig. S4).   

With the uncharged liposomes, the normalized fluorescence intensity decreased 

with increasing lipid concentration suggesting a maximum encapsulation efficiency of 20% 

(Fig. 5.c). ss-siRNA association with uncharged liposomes was confirmed by the 

significant swelling of the liposomes and their higher negative character (-43 mV, Table 

2). Surprisingly, the behaviour was significantly different for uncharged micelles. Indeed, 

for the uncharged micelles as well as the anionic DDS (both liposomes and micelles), the 

fluorescence intensity exceeds 100% (Fig. 5.b, e and f) indicating that the fluorescence 

quantum yield of the dye/ss-siRNA system is larger than that of the reference system. It 

has to be noted that all samples were centrifuged after incubation with ss-siRNA, in order 

to sediment DDS. However, neither aggregation nor precipitation was evidenced even after 

extended period of centrifugation (2 h at 20 000 g, data not shown) for all liposome and 

micelle formulations. Therefore, ss-siRNA/DDS complexes can be present in the solution 

biasing the fluorescence measurements. As a control, no fluorescence of ss-siRNA/DDS or 

dye/DDS mixtures was detected for all DDS as presented for the anionic liposomes (Fig. 

S5. b and c). We further investigated this unexpected phenomenon by recording the full 

emission spectrum of the three mixtures (Fig. 6). Interestingly, compared to the reference, 

the maximum of fluorescence emission spectra of the dye/ss-siRNA/anionic DDS mixture 

is clearly shifted to red and blue wavelengths for anionic liposomes and anionic micelles, 

respectively (Fig. 6.a and b) suggesting that the nucleotide is localized close to polar and 

less polar environment, respectively. The increase in quantum yield and the shift in the 

maximum wavelength evidenced a close interaction between the three partners (dye, ss-

siRNA and anionic DDS). The control experiments (Fig. S5) suggest that the three partners 
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are required to interact closely, resulting in a higher quantum yield of the dye/ss-

siRNA/DDS system than the dye/ss-siRNA. Since SYBR® Gold possesses tertiary amines, 

its interaction with negatively charged ss-siRNA and anionic DDS could be enhanced by 

electrostatic interactions.  

To confirm that the dye and the ss-siRNA are complexed together with the DDS, 

the fluorescence anisotropy was measured. This technique has been used to monitor the 

behaviour of lipid membranes and self-assemblies. It is sensitive to the motion of the probe 

Figure 6: Normalized fluorescence emission spectra resulting from dye/ss-siRNA system in Milli-
Q water in the presence of (a) anionic liposomes, (b) anionic micelles and (c) uncharged micelles. 
Fluorescence intensities were normalized to that of the dye/ss-siRNA system in Milli-Q for ss-
siRNA concentration of 250 nM without DDS. (d) Fluorescence anisotropy (r) of the dye/ss-
siRNA system without and with DDS with a lipid and copolymer concentrations of 11.9 µM and 
a ss-siRNA concentration of 250 nM. Dashed-dot line indicated the fluorescence anisotropy 
resulting of the free dye/ss-siRNA system for a ss-siRNA concentration of 250 nM. Fluorescence 
anisotropy (r) of the dye/ss-siRNA system with cationic micelles is not reported as any significant 
fluorescence intensity can be measured as presented in Figure 5.d. 

 

a b 

c d 
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itself as well as the motion of whole self-assemblies when the probe is associated with 

them.[65, 66]  The fluorescence anisotropy of ss-siRNA complexed to SYBR® Gold was 

compared with and without the presence of the different DDS (Fig. 6.d). A small value of 

anisotropy (referred to r, see Eq. 2) indicates a low degree of polarization, and therefore a 

less rigid environment of the probe.[66] The dye/ss-siRNA exhibited a r value of 0.063 in 

the absence of DDS (Fig. 6.d), indicating a high mobility of the ss-siRNA in solution. In 

the presence of cationic and anionic liposomes and neutral micelles, the r values were close 

to this reference value suggesting that the fluorescence emission mainly comes from the 

remaining dye/ss-siRNA complex localized outside of the DDS. However, with the 

uncharged liposomes as well as anionic DDS (both micelles and liposomes), significantly 

larger r values were observed (Fig. 6.d), reaching 0.20 for anionic micelles. In this case, 

the ss-siRNA is accessible to the SYBR® Gold and the complex exhibited a lower mobility, 

suggesting that the dye interacted with ss-siRNA already complexed to the DDS. These 

results confirm that the fluorescent emission of the dye/ss-siRNA system does not result 

only from non-complexed ss-siRNA but also from the ss-siRNA complexed with DDS. 

Therefore, the change in fluorescence quantum yield of the dye/ss-siRNA system 

immobilized in DDS does not allow accurate quantification of the encapsulation. In 

particular, the complexation efficiency of uncharged liposomes (ca; 20 %, Fig. 5.c) was 

most probably underestimated as the measured fluorescence can result from encapsulated 

and free dye/ss-siRNA system.  

The fluorescence anisotropy of the dye/ss-siRNA system can also provide 

information about the localization of the ss-siRNA in the DDS. The hydrophobic core of a 

micelle is known to be more rigid than its hydrophilic shell,[66] and could contribute to 

the large r values observed with the anionic micelles, in addition to increasing amounts of 

complexed dye/ss-siRNA/DDS. In addition, the blue shift of the maximum of fluorescence 

emission of the dye/ss-siRNA/anionic micelle system indicates a less polar environment of 

the dye (Fig. 6.b). Therefore, fluorescence data clearly indicate that the ss-siRNA is 

localized inside the hydrophobic core. The variation in zeta potential of the anionic micelles 

upon ss-siRNA encapsulation (Table 2) supports that observation. The fluorescence 

anisotropy is relatively less pronounced for the other DDS and therefore, it is not possible 

to use such data to conclude about the localization of the nucleotide in the DDS. 
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The complexation of ss-siRNA with anionic liposomes (DMPG) and with anionic 

micelles leads to an increase and a decrease in the formulation size, respectively (Table 2). 

This observation suggests that the nature of the interactions and the localization of the 

nucleotide are different for both liposome and micelle formulation. In the case of 

liposomes, the increase in the formulation size is most probably due to a change in the 

bilayer curvature caused by the partial insertion of the nucleotide and an increase in the 

membrane rigidity. This would suggest that interaction with the headgroups of the lipids, 

such as hydrogen bonding and electrostatic interactions between the positively charged 

nucleobases and the negatively charged lipids prevail. The decrease in the size of the 

anionic micelles results from the loading of the nucleotide into the hydrophobic core as 

confirmed by the fluorescence anisotropy results. A size reduction of micelles is usually 

explained by a relative reduction of the hydrophobic volume forming the core or an 

increase in the effective area of surfactant head groups of the micelle. As fluorescence 

anisotropy measurements showed that the nucleotide was preferentially localized into the 

micelle core, the decrease in the core size could be explained by enhanced hydrophobic 

interactions in presence of the nucleotide and therefore a shrinkage of the hydrophobic 

core. 

For the cationic micelles, the ss-siRNA complexation observed with the SYBR® 

Gold assay together with the slight decrease in zeta potential of cationic micelles (Table 2) 

suggests that ss-siRNA interacts with the cationic shell. For the cationic liposomal 

formulations, the systematic decrease in zeta potential upon ss-siRNA complexation (Table 

2) also suggests that ss-siRNA is also mainly localized at the surface of the lipid bilayer 

interacting with the hydrophilic head groups of the lipids. Interactions between ss-siRNA 

and the cationic DDS most probably occur through electrostatic interactions between the 

negatively charged ss-siRNA and the positively charged headgroups of the DDS as usually 

observed with cationic carriers.[23, 28, 67] The electrostatic interactions between ss-

siRNA and DOTAP cause the collapse of the liposomal formulation as evidenced by a 

decrease in the formulation size (Table 2). This collapse may arise from an increase in the 

effective area of the hydrophilic head groups in the outermost membrane layer due to the 

complexation with the ss-siRNA. Such packing change would result in a change in the 

membrane curvature that favors smaller size. With cationic micelles, slight changes in size 
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were observed after ss-siRNA complexation for large N/P ratio (Table 2). This can be 

attributed to a small charge neutralization after ss-siRNA complexation as evidenced by 

slight decrease in zeta potential (Table 2). However, when the quantity of complexed ss-

siRNA increases, such as observed for lower N/P, the micelle/ss-siRNA size increases 

while the zeta potential decreases and become negative for N/P= 0.15 (Table S4). This 

confirms that larger quantity of complexed ss-siRNA tends to increase the charge 

neutralization reducing the effective area of the headgroups and therefore, increasing the 

self-assembled structure size.   

In summary, the combined data from fluorescence, zeta potential, size and force 

measurements clearly demonstrate the ability of anionic DDS to complex the nucleotide 

via different interactions. The hydrophobic interactions seem to prevail for the 

complexation of ss-siRNA with anionic micelles whereas hydrogen bonding and/or 

electrostatic interactions seem to dominate over the hydrophobic interaction for the 

complexation with anionic liposomes. On the other hand, the lack of changes in 

fluorescence properties (maximum of emission and anisotropy) or size and zeta potential 

(Table 2) of uncharged micelles upon ss-siRNA incubation clearly confirm the inability of 

PEG shell to complex ss-siRNA. The complexation of ss-siRNA with DAG liposomes 

most probably occurs through hydrogen bonding. Preferential interaction with the 

hydrophilic headgroup is evidenced by decrease in zeta potential upon ss-siRNA 

complexation (Table 2). In the absence of net charge in the hydrophilic headgroup, the 

interaction with ss-siRNA is expected to occur mainly through hydrogen bonding.   

 

Conclusion  

This study demonstrates for the first time that ss-siRNA can complex through non-

electrostatic interactions onto hydrophobic and negatively charged surfaces. This finding 

was first evidenced by measuring the adsorption of ss-siRNA layer onto model substrates 

using SFA. Moreover, the surface forces measurement demonstrated that the conformation 

depends on the nature of the interactions between the ss-siRNA and the surfaces. The 

complexation of ss-siRNA through non-electrostatic interactions was further evidenced 

with DDS such as micelles and liposomes using SYBR® Gold cyanine dye. Contrary to 

cationic DDS, the quantification of the ss-siRNA encapsulation efficiency can be biased 
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with non-cationic DDS as the dye can interact with ss-siRNA already complexed to 

nanovectors. However, changes in fluorescence properties (amplitude and shift of the 

maximum of emission and anisotropy), size and zeta potential highlighted the ability of 

anionic DDS and uncharged liposomes to load ss-siRNA using non-electrostatic 

interactions. This fundamental investigation opens up new possibilities for designing DDS 

with controlled interactions for enhancing the efficiency in ss-siRNA complexation and its 

controlled release. 
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