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Abstract 

The enormous therapeutic potential of selective RNA interference has recently been manifested 

by the approval of several small interfering RNA (siRNA)-based drugs. However, the efficacy 

of siRNA delivery is still limited, and an extensive search for alternative and highly effective 

delivery approaches is ongoing. With this aim, three generations of non-viral vectors based on 

modified nanodiamonds (NDs) have been gradually developed in the past decade. They show 

great promise due to the negligible toxicity of the ND core. Here, a robust methodological 

approach is presented to enable the evaluation of new vector nanomaterials. Using a new type 

of third-generation ND vector coated with a copolymer with tunable charge density, variables 

such as colloidal stability, surface electrostatic properties, the molecular composition of the 

copolymer and the mode of complexation with siRNA are optimized. Using an innovative data 

processing strategy, the results are related to biological potency, toxicity and cell proliferation. 

Finally, the optimized composition of a coating copolymer consisting of a cationic component, 

2-dimethylaminoethyl methacrylate, and an electroneutral biocompatible component, N-(2-

hydroxypropyl) methacrylamide, is evaluated. The optimized NDs vectors are colloidally and 

biologically stable siRNA delivery tools with broad potential for RNA interference-based 

therapeutics. 
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1. Introduction  

 

RNA-based gene therapies have seen a rapid development in the last two decades and 

various types of RNA drugs reached their first clinical applications.[1,2] While the development 

of mRNA vaccines[3,4] has been critical for controlling the COVID-19 pandemic, RNA 

interference (RNAi) is increasingly being used to specifically silence gene expression at the 

post-transcriptional level. Recent efforts have led to the first regulatory approval of Onpattro, a 

small interfering RNA (siRNA)-based drug, in 2018,[5] followed by three drugs based on siRNA 

conjugates with N-acetylgalactosamine (GalNAc).[6–8] In addition to these, six other siRNA-

based drugs are in late phase 3 clinical trials,[9,10] paving the way for wider use of RNAi-based 

therapy. 

Nevertheless, the therapeutic application of siRNA is still in its infancy and requires 

extensive optimization. At the systemic level, naked siRNA molecules without additional 

modifications exhibit a low bioavailability associated with rapid clearance and degradation by 

nucleases.[9]  Several clinical trials were terminated because of low efficacy or serious side 

effects as an unspecific immune response caused by the recognition of naked siRNA by the 

innate immune system.[11,12] 

The common strategy of avoiding siRNA degradation, recognition by immune system and 

enabling to cross biological barriers is based on suitable delivery nanosystems protecting the 

fragile siRNA. Although the most promising strategies for siRNA delivery are currently based 

on lipid nanoparticles[13,14] and GalNAc-siRNA conjugates,[6–8] a wide range of delivery 

nanosystems (polymers, dendrimers, lipids, inorganic particles, viral vectors, etc.[15,16]) are 

being developed as viable alternatives.  

Among these nanosystems, nanodiamonds (NDs) have been investigated as a potential 

siRNA delivery system in the past decade.[17–21] Two main types of NDs are used: detonation 

NDs (DNDs) and high-pressure high-temperature (HPHT) NDs, which differ in surface 
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chemistry, shape and size.[22,23] Primary DND particles have a diameter of several nanometers 

and are covered by amorphous carbon with mixed sp2/sp3 hybridization.[24] Their aqueous 

dispersion typically contains small aggregates with a broad particle size distribution.[25] In 

addition to their potential use as siRNA vectors,[17,20] DNDs have been proven, for example, to 

be long-term stable carriers providing antimicrobial activity[26,27] and as highly selective binders 

of fibroblast growth factors.[25,28] 

By contrast, HPHT NDs provide additional features such as fluorescence from nitrogen 

vacancy centers, which enables the imaging, tracking and dynamic reporting of the physical 

and molecular processes surrounding NDs using quantum optical approaches.[29–34] HPHT NDs 

are, however, a covalent crystalline material that is essentially non-biodegradable. Due to their 

characteristic size, typically >10 nm in diameter,[25,35] HPHT NDs cannot be excreted via the 

renal pathway, and is therefore probably not suitable for routine systemic administration. On 

the other hand, no significant toxicity[22,36,37] has been observed for HPHT NDs, which makes 

this material promising for locoregional[38] and topical applications. 

Compared to soft/organic carriers, solid inorganic nanoparticles (NPs) require more 

demanding surface modification to control their colloidal properties.[39,40] Without a proper 

modification, NDs aggregate under physiological conditions due to the high ionic concentration 

(see Figure S6 in Supporting information). This makes the design of the surface coating 

(surface charge density, structure, molecular flexibility, hydrophilicity, chemical composition, 

etc.) crucial in the preparation of inorganic NP systems providing a compelling performance in 

biological systems.[39–41]  Specifically, for the complexation of negatively charged siRNA as 

well as for the colloidal stabilization of NPs, cationic coatings are required. Figure 1 presents 

the various engineering strategies for creating cationic polymer coatings useful for siRNA 

delivery. 
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Figure 1. Scheme of various engineering strategies for the production of cationic polymer-

coated NPs. Linear polymer chains represent only one example of many possible polymer 

structures (linear, branched, cross-linked, etc.[42]) Polymers can also be attached to the NP 

surface via different approaches (electrostatic interaction, covalent grafting or hydrophobic 

interaction).[39] 

 

The first generation of coatings (Figure 1A) introduces electrostatic stabilization of NPs, 

which prevents their aggregation by repulsive electrostatic forces. This approach can be 

achieved by coating with coating using cationic polymers, for instance low molecular weight 

(0.8 kDa) branched polyethyleneimine (PEI),[18,43–46] or by hydrogenation of the surface.[21] The 

disadvantage of this approach is the high sensitivity of NPs to ionic strength. Because the 

physiological environment (including biological media such as PBS, cell culture medium etc.) 

typically possesses a high ionic strength reducing the thickness of the stabilizing electrical 

double layer around the NPs, dispersing such particles leads to their poor colloidal stability, 
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aggregation and limited biological availability.[47,48] Potentially, serum proteins can be used to 

stabilize such particles.[48]  

To improve the colloidal stability of the previous generation of coatings, polymers of 

higher molecular weight are required. For example, 25 kDa branched PEI, ~30 kDa poly(L-

lysine),[49] 6.9 kDa poly(amidoamine) (PAMAM dendrimer),[20] and poly(2-

dimethylaminoethyl methacrylate) (PDMAEMA linear brush)[50] have been investigated. This 

second-generation (Figure 1B) interface covers the particle surface in such a way that the 

charged polymer chains extend out into the solution and provide additional steric stabilization, 

which is based on the micro-Brownian motion of the flexible ends of the polymer chains. This 

electrosteric stabilization[51] usually resists high ionic strength and provides sufficient 

stabilization in aqueous dispersants. However, the improved colloidal behavior is compromised 

by a greater cytotoxicity of the polymers, which increases with the increasing molecular weight 

of PEI,[52] poly(L-lysine),[53] PAMAM,[53] and PDMAEMA.[54] The transfection efficacies of 

these cationic polymers seem to be somewhat contradictory.[52,55–57] Despite ongoing efforts, 

the biological properties of polyplexes/cationic NPs are not fully understood because of the 

complex dependence of biological activity on physicochemical properties such as polymer 

structure, molecular weight, buffer capacity, charge density, the degree of DNA/RNA 

complexation, colloidal stability, polydispersity, and the tendency to form a protein corona.[55] 

The third generation of coatings (Figure 1C, 1D) was developed specifically for 

transfections in biological dispersants. Interactions of serum components with a cationic 

interface can strongly affect the colloidal stability and effectivity of siRNA delivery.[11] To 

avoid nonspecific adsorption of serum components, polymer shells with shielding molecules 

have been designed, for instance poly[ethylene glycol]-block-poly[2(dimethylamino)ethyl 

methacrylate-co-butyl methacrylate] (PEG-b-poly(DMAEMA-co-BMA)),[58] PEI-PEG,[59] and 

poly[2-(dimethylamino) ethyl methacrylate]-block-poly[N-(3-(methacryloylamino)propyl)-

N,N-dimethyl-N-(3-sulfopropyl)ammonium hydroxide] (PDMAEMA-b-PMPDSAH).[60] The 
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shielding parts are exposed to the solution, allowing effective colloidal protection (Figure 1C). 

The cationic components can also be conjugated to the “supporting” hydrophilic layer of the 

polymer; for example, basic polypeptides (Arg8, Lys8, and His8) are covalently attached to a 

poly(glycerol) layer on the particles.[61] Furthermore, serum proteins adsorbed on the surface 

can improve cellular uptake by acting as endogenous targeting ligands interacting with cellular 

receptors instead of a synthetic interface.[62,63] On the other hand, it has also been shown that 

the opsonization effect results in uptake by the reticuloendothelial system, followed by 

phagocyte mediated clearance.[9,64] 

Among other parameters, the toxicity of cationic transfectants is associated with their high 

charge density.[57,65] In the present work, we demonstrate a systematic approach to the design, 

synthesis, colloidal, and in vitro evaluation of a cationic (co)polymer interface on HPHT NDs 

with tunable charge density (third generation, Figure 1D). We base the cationic coating on 2-

dimethylaminoethyl methacrylate (PDMAEMA+). This polymer can be used for siRNA 

transfection in free form[66] or as an ND coating[50] (of the second generation), but it also shows 

a significant cytotoxicity.[66] To potentially improve and optimize the overall biological 

performance of the ND particles coated with PDMAEMA+, we introduced an N-(2-

hydroxypropyl) methacrylamide (HPMA0) component into the structure of the surface coating 

to reduce the charge density. Poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA0)[67] is a 

hydrophilic biocompatible and antifouling polymer which has been used in various polymer-

drug conjugates.[68] In previous works[29,41,69–72] we demonstrated that PHPMA0 can be used 

advantageously for diamond coating and colloidal stabilization.  

Here, we investigate a poly(DMAEMA+-co-HPMA0) coating of NDs consisting of a 

statistically copolymerized cationic (DMAEMA+) and an electroneutral, hydrophilic (HPMA0) 

component. We analyze in detail the effect of the increasing amount of the HPMA0 component 

in the cationic copolymer to elucidate the relationship between the physicochemical properties 

and biological activity of these vector systems. We study the colloidal stability of coated NDs 
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in biological conditions and optimize their complexation with siRNA using multiple techniques. 

We analyze the cytotoxicity of the complexes and their efficiency of in vitro gene silencing in 

cells of the mouse 4T1 breast cancer line. 

 

2. Results and Discussion 

Design, composition, and synthetic approach: NDs bearing a covalently grafted cationic 

(co)polymer with tuned positive charge density offer a novel approach to siRNA vectorization. 

We took advantage of our recently published methodology for silica coating of NDs[40] to 

prepare a cationic linear-brush (co)polymer layer. Terminally attached methacrylate groups on 

a silica coating allowed the growth of a dense poly(DMAEMA+-co-HPMA0) layer directly from 

the surface via radical polymerization (Figure 2). 

 

Figure 2. Schematic structure of the cationic (co)polymer coating on the ND surface.  

 

We used “grafting though” radical polymerization[73] where the polymerizable methacrylate 

groups are first anchored onto the nanoparticle surface. The polymerization is initiated in a 

solution containing dissolved methacryloylated nanoparticles and free monomers. The 

methacrylates pre-attached on the surface are gradually integrated into the growing polymer 

chains. The “grafting through” method differs from the “grafting from” method, where 

functional initiators are chemically linked onto the nanoparticle surface to directly initiate the 

polymerization.[74] Nevertheless, both methods typically ensure a denser and better-protecting 
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coating than the attachment of pre-synthesized polymers (PEI,[43] poly-L-lysine,[49] PEG,[75] 

etc.)  to the surface as in the “grafting to” approach.[39] 

 

Characterization of the HPHT-ND@(co)polymer: We prepared ND particles coated with 

ND@silica@poly[DMAEMA(x%)+-co-HPMA(y%)0] (co)polymers of various compositions, 

abbreviated in the following text as DMAEMA(x%)+/HPMA(y%)0: 100+/00, 80+/200, 45+/550, 

33+/670, 0+/1000, or in general represented as ND@(co)polymer; the “(co)polymer” notation 

reflects sample series comprising particles coated with a homopolymer (100+/00 and 0+/1000) 

or copolymer (80+/200, 45+/550, 33+/670). The numerical ratios describe the final percentage 

mass fraction of each monomer in the (co)polymer layer (100+/00, DMAEMA+ only; 0+/1000, 

HPMA only) – Table S1 in the Supporting Information. To distinguish the resulting polarity of 

the apparent ζ-potential for nanoparticles after complexation with siRNA 

(ND@(co)polymer:siRNA), we similarly used the notation DMAEMA(x%)+/HPMA(y%)0(±) 

as follows: 100+/00:siR(−), 100+/00:siR(+), 80+/200:siR(+) and 45+/550:siR(+), where (+) sign 

reflects positive and (−) sign negative apparent ζ-potential (see section Biological Testing). The 

resulting (co)polymer composition was characterized by thermogravimetric analysis (TGA) and 

1H nuclear magnetic resonance (NMR) (Figure 3).  
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Figure 3. Characterization of ND@(co)polymer samples. A) TGA curves of ND, ND-PEI and 

ND@(co)polymer samples. B) Dependence of the copolymer composition in ND@(co)polymer 

samples on the composition of the reaction mixtures based on 1H NMR data. C) 1H NMR spectra 

of ND@(co)polymer samples. The structural assignment of the numbered peaks 1-8 is indicated 

in the scheme on the right.  

 

 

The relation of the copolymer composition in ND@(co)polymer samples on the composition 

of the reaction mixture was estimated from ratios of the integral intensities of signals 1 

(assigned to the hydrogens of the –O–CH2– group in DMAEMA+) and 6 (–CH–OH group in 

HPMA0) in 1H NMR spectra (Figure 3C). We found a linear dependence between the 

monomeric composition of the reaction mixture and the final composition of the polymer 

(Figure 3B).  
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The TGA results suggest, however, that the polymerization yields can increase slightly with the 

higher fraction of the cationic component (Figure 3A; based on the increasing relative weight 

loss of the (co)polymer from the 0+/1000 to 100+/00 particles). Correspondingly, the dynamic 

light scattering (DLS) and nanoparticle tracking analysis (NTA) results obtained for the same 

particle series show an increasing size of the particles with the increasing fraction of the cationic 

component (Table S7 and S8 in the Supporting Information). Considering the similar size of 

the nanodiamond core, which was 37.8 ± 1.1 nm for all (co)polymer-coated samples (the mean 

value of their transmission electron microscopy (TEM) median diameters; Table S5 and Figure 

S4 in Supporting information), all these data support a slightly positive influence of the cationic 

monomer on the polymerization yield. However, one has to consider that the measured 

hydrodynamic DLS and NTA sizes also reflect a swelling effect of the charged linear chains 

and restricted diffusion of charged particles due to the low ionic strength of water. Both factors 

typically contribute to the increase in measured size.   
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 Figure 4. NTA measurement of ND@(co)polymer samples in water. The displayed finite 

track-length adjusted (FTLA) histograms (A, B, C, D, E) all represent data from five 

measurements of the same batch/sample ± standard deviation. Vertical red dashed lines coupled 

with the histograms represent the 10th, 50th (D[n,0.5]) and 90th percentiles of the size 

distribution; PDI and SPAN values reflecting polydispersity were calculated from FTLA non-

merged data (provided by software) according to equations (10) and (11) in Table S5. All valid 

tracks from the five measurements (raw data; manual data processing is described in the 

Experimental Section) are plotted in a scatter plot; each measurement is shown in a different 

color. F) Box plots characterizing the particle size distribution (five measurements) using the 

25th, 50th and 75th percentiles, and 90% and 10% whiskers; the horizontal red line in the box: 

median of the distribution; points surrounding the vertical green line: outliers defined as 3× the 

interquartile range (IQR) > outliers > 1.5×IQR; points surrounding the vertical magenta line: 

extreme values > 3×IQR. A MATLAB routine was applied to un-bin the FTLA data provided 

by software and to construct the box plots. 

 

NTA and DLS results (Figure 4 and Figure S2 in the Supporting Information) revealed a higher 

degree of polydispersity (considering sensitive PDI values) and a tendency to form aggregates 

as the fraction of DMAEMA+ in the (co)polymer grows. Although the DLS intensity-based 

results indicated a significant difference between the (co)polymer variants (see Table S5), the 

NTA results (Figure 4) clearly showed that this difference was given by the extreme values in 

the size distributions (Figure 4F). The mean value of the NTA median diameters over all 

(co)polymer-coated samples, 81.7 ± 7.3 nm, corresponds well with the mean value over all DLS 

number-weighted median diameters of 81.3 ± 11.6 nm. A detailed discussion focused on 

comparing the NTA, DLS and TEM results can be found in the corresponding section of the 

Supporting Information and in Table S5. The presence of these extreme values was probably 

caused by an interaction via surface patches of silica-coated particles not completely covered 

by (co)polymer layer, which do not reflect the average surface characteristics.[76] The measured 

electrophoretic light scattering (ELS) based apparent ζ-potentials of all (co)polymer 

compositions containing cationic DMAEMA+ possess positive values from +35 to +42 mV. 

Only the PHMPA sample (0+/1000) exhibited slightly negative apparent ζ-potential −11 mV 

(see Table S6 in the Supporting Information). Despite the uncharged PHPMA coating of 
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sample 0+/1000, the underlying particle is likely not completely masked: The resulting apparent 

ζ-potential is influenced by both the silica-coating (negative charge of uncondensed silanol 

groups) and the polymer coating, as theoretically estimated for core-shell systems with thin 

polymer layers.[77]  

The ζ-potential of (co)polymer-coated particles (denoted as “apparent”) reported in this study 

is of relative meaning because we do not consider the presence/properties of the soft layer or 

the size of the particles when converting measured electrophoretic mobility.[77–79] The physical 

interpretation of apparent ζ-potential is therefore rather ambiguous. However, apparent ζ-

potential remains a valuable tool for describing the interaction between particles, as shown in 

Figure 5.  

 

HPHT-ND-PEI: properties and characterization: To compare the colloidal robustness of our 

novel system, we selected  HPHT-ND-PEI (Mw ~0.8 kDa, branched) as a system belonging to 

the first generation of coatings. A proper colloidal characterization of HPHT-ND:PEI is still 

missing in the literature, but its colloidal properties definitely differ from those of DND:PEI 

complexes[43] due to the different size and surface chemistry of HPHT ND.[80] At first glance, 

fast and easy preparation of ND-PEI complexes was considered as an easy-to-use nano-tool for 

gene therapy[18,43,44] with promising in vivo results.[81] However, the colloidal stability of HPHT-

ND-PEI complexes remains rather problematic.  

We have observed that, in comparison with HPHT-ND@(co)polymer, this system suffers from 

(i) reversible aggregation during preparation, (ii) instability at high ionic strength, and (iii) 

colloidal aging resulting in aggregation. The procedure of mixing HPHT ND and PEI (0.8 kDa) 

typically resulted in an aggregated milky dispersion that flocculated. Centrifugation of the 

mixture and its transfer into water made it possible to remove the excess electrolytes and free 

PEI molecules and served us as a deflocculation process. Deflocculation restored the colloidal 

stability of ND-PEI complexes with a diameter of 107 nm (DLS Z-average) and apparent ζ-
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potential of +28 mV (Table S6). However, subsequent stability testing in 10× PBS revealed 

immediate sample aggregation (Figure S6). Moreover, deflocculated ND-PEI without excess 

PEI at a concentration 9 mg mL−1, stored in water for three days at 4 °C, underwent colloidal 

aging, which caused slow aggregation. Increased complex size of around 200 nm (DLS Z-

average) was associated with an apparent ζ-potential reduction to −11 mV, likely due to the 

desorption of PEI molecules from the surface. Further centrifugation and washing of the stored 

sample with water resulted in the recovery of the diameter (108 nm, DLS Z-average), but 

subsequent time-dependent testing (~20 min) at room temperature revealed, again, slow 

aggregation with observable sedimentation.  

 

Electrostatic complexation of siRNA onto cationic ND: Positively charged ND@(co)polymer 

NPs enabled complexation with siRNA via an electrostatic interaction providing 

ND@(co)polymer:siRNA complexes, which possess a positive or negative value of apparent ζ-

potential. This interaction exhibited a typical mass ratio-dependent relationship[26] 

schematically represented in Figure 5.  

 
Figure 5. Schematic relationship between cationic-coated ND:siRNA mass ratio, apparent ζ-

potential, fraction of free siRNA and colloidal stability of the ND:siRNA sample. The 

schematic graph is divided into three areas (marked as I, II and III) according to the colloidal 
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state of the sample (stable, unstable). The depicted curves are illustrative and do not represent 

real experimental data. 

 

In general, all ND@(co)polymer:siRNA complexes tend to be colloidally stable at a mass ratio 

(ND:siRNA) of 20:1 or higher in water possessing a positive value of ζ-potential (Figure 5, area 

III). Aggregation at lower mass ratios (<20:1) was observed once the apparent ζ-potential of 

ND@(co)polymer:siRNA complexes started to decrease from positive values to zero or became 

slightly negative (colloidally unstable area II). The aggregation of the colloidal dispersion in 

area II may be caused by an interaction of surface patches. In addition, siRNA molecules can 

be considered rigid biopolymers (length ~7 nm; ~14 kDa) that potentially contributes to 

colloidal destabilization via a bridging mechanism that is known for comparably sized 

biomolecules (~10–100 kDa);[76,82] this effect often depends on the type of biomolecule, its 

concentration and solution chemistry.[82] Further decreasing of the mass ratio leads to the 

restoration of colloidal stability associated with an increasing fraction of free siRNA and a 

switch of the apparent ζ-potential of complexes to negative values (colloidally stable area I). 

As expected, the colloidally unstable area was specific for each (co)polymer layer and depended 

on its composition. It is obvious that as the number of positive charges within the (co)polymer 

shell increases, a lower mass ratio can be reached before aggregation is observed (aggregation 

point (+)). Consistently, all ND@(co)polymer particles showed different aggregation points (+) 

(Figure 6A): 100+/00 (< 5:1; not shown), 80+/200(~5:1), 45+/550 (~10:1), 33+/670(~15:1), 

0+/1000 (intact). The aggregation point of 100+/00 (< 5:1) lies outside of the monitored range 

and 0+/1000 particles do not electrostatically interact with siRNA, so aggregation was not 

observed at all.  

In contrast to ND@(co)polymer:siRNA, the effective binding mass ratio of ND-PEI:siRNA 

was significantly higher and the apparent ζ-potential values for all monitored mass ratios were 

negative. The reason for such different behavior is given by the relatively low amount of PEI 

present on the ND surface (Figure 3A) compared to the ND@(co)polymer. Furthermore, PEI 
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non-covalently attached to the surface does not form a brush-type conformation which provides 

a 3D system interacting effectively with siRNA. Finally, the repeating unit of PEI is ethylamine, 

resulting in a close packing of amino groups. Coulombic repulsion of neighboring groups 

causes that the PEI protonation degree at pH 5 is only 45 %.[57,83] All these factors contribute to 

enormously high optimal mass ratios for PEI (higher then 120:1[18]). 

For practical applications, it can be useful to define an “optimal mass ratio” that is closely 

related with the aggregation point (+) and has the following characteristics (see Figure 5): (i) 

maximal siRNA loading on the particle surface, (ii) minimal value of the mass ratio, which still 

keeps the complex in colloidally stable area III and (iii) the resulting complex exhibiting a 

positive ζ-potential. Lastly, we use the concept of optimal mass ratio for the characterization of 

biologically tested samples (section Biological Testing).  

 

Stability testing of ND-siRNA in biological conditions:  Long-term stability testing of all ND-

siRNA complexes was performed in the full cell culture medium (9% FCS, 37 °C; Figure 6B) 

and in a full fetal calf serum (FCS) (90% FCS, 37 °C; Figure 6C) to approximate in vitro and 

in vivo conditions, respectively. The DLS results in the cell culture medium showed the same 

stability range of ND@(co)polymer particles as observed in water; however, the aggregation 

points (+) were slightly shifted due to the presence of serum components. The positive surface 

charge of NPs and high abundance of the serum albumins (isoelectric point < 5.5) most probably 

leads to nonspecific protein adsorption, which provides further stabilization 

of ND@(co)polymer:siRNA complexes. This stabilization effect was observed in typical cell 

culture media such as DMEM and RPMI (see Figure S5 in Supporting information).   

The samples tested in the full FCS exhibited slow sedimentation, except 0+/1000, which was 

intact. Nevertheless, the (co)polymers 80+/200:siR  and 100+/0:siR, with a high content of the 

cationic component, showed reasonable stability. By contrast, the sample 45+/550:siR in the full 

FCS exhibited particularly poor stability for all monitored ratios. Clearly, the simple “~1:1 
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combination” of DMAEMA+ and HPMA0 (45+/550:siR) did not lead to the optimal connection 

of their inherent properties and rather negatively affected colloidal stability in harsh biological 

conditions. On the other hand, a further decrease of the fraction of the neutral component led to 

an improvement of the colloidal behavior of  33+/670:siR, which was similar to that 

of  0+/1000:siR.   

 

Figure 6. Colloidal properties of ND-PEI:siRNA and ND@(co)polymer:siRNA complexes at 

different mass ratios. DLS intensity weighted mean diameters (NNLS) of tested complexes A) 

in RNase-free water at 25 °C: Data points represent the mean value of intensity-weighted mean 

diameters ± sample standard deviation over three measurements of the same sample; B) in full 

cell culture medium for the 4T1 cell line (9% FCS) at 37 °C: Data points represent the first 

measurement of intensity mean diameter and the top/bottom part of the superimposed dashed 

line the 10th one (~ after 20 min); C) in full fetal calf serum (90% FCS) at 37 °C: The meaning 

of data points is the same as in B); D) Apparent ζ-potential in RNase-free water at 25 °C 

measured by electrophoretic light scattering (ELS).  

 



  

17 

 

Biological testing: To demonstrate the importance of a properly chosen optimal mass ratio, we 

tested two variants of the 100+/00:siR complex possessing opposite polarity of apparent ζ-

potential: 100+/00:siR(+) and 100+/00:siR(−). In addition, we tested samples 100+/00:siR(+) and 

80+/200:siR(+), because they revealed a similar stability trend in 90% FCS at 37 °C (see Figure 

6D). Samples 33+/670 and 0+/1000 with a low or zero content of cationic units were not 

considered promising because of their relatively high optimal mass ratios. The mouse 4T1 

breast cancer cell line was utilized to perform the biological testing. Isolated total RNA, 

reflecting overall cell proliferation (Figure 7A), cellular cytotoxicity assessed using an LDH 

assay (Figure S7) and qPCR testing of the inhibition effect on the level of mouse GAPDH 

mRNA (Figure 7B, C) were measured to estimate the biological impact of the selected 

complexes.  

The constant amount of bound siRNA for all tested samples caused that the increasing content 

of electroneutral monomer units in the (co)polymer layer was inherently connected with an 

increasing ND@(co)polymer:siRNA optimal mass ratio and an increasing NP concentration 

per well. The tested range of optimal mass ratios from 1:1 (100+/00:siR(−)) to 20:1 

(45+/550:siR(+)) corresponds to 20–161 µg of ND@(co)polymer per well (see Tables S3 and 

S4 in Supporting information). Figure 7A, B shows a positive correlation between the reduction 

of cell proliferation and inhibition of GAPDH mRNA level as the number of particles per 

well/content of the neutral units in the (co)polymer layer increases. Aware of the limitations 

given by the in vitro experimental design (only one specific NP concentration was used for each 

coating type), it seems reasonable to expect that the increasing number of particles per well 

represents the dominant explanatory factor. In other words, it does not seem likely that particles 

containing a higher content of neutral units provide a better inhibition efficacy/cause stronger 

cell growth inhibition than more cationic complexes at a given NP concentration.  

The inhibition effect size (percentage values in Figure 7C) was assessed from the dataset shown 

in Figure 7B by a Gaussian regression model in a Bayesian framework, which utilizes our 
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preliminary qPCR data as prior information for the analysis. Compared to the widely adopted 

frequentist approach (characterized e.g. by p-values), whose performance at small sample sizes 

is questionable, Bayesian estimates remain valid for any sample size; the price for this 

versatility, however, is dependence upon prior information.[84]  One of the main tasks of the 

regression model (applied to the qPCR dCt values that allow comparison between the treatment 

groups) is to estimate a mean dCt value (𝑑𝐶𝑡̅̅ ̅̅ ̅) for a given treatment. The inherent feature of the 

Bayesian inference is to provide not only one estimate of the 𝑑𝐶𝑡̅̅ ̅̅ ̅ value for given treatment, but 

rather a set (distribution) of  𝑑𝐶𝑡̅̅ ̅̅ ̅ values with different relative plausibilities (see Figure 7C). 

To provide a reasonable comparison between the treatments, we calculated overlaps between 

the posterior distributions for given treatments (percentage values in Figure 7C).  
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Figure 7. In vitro testing of ND@(co)polymer:siRNA complexes; the NTC represents a non-

treated control and HP:siR is a positive control (commercial transfection agent). A) Overall cell 

proliferation represented by the amount of isolated total RNA (48 h after stimulation) from 4T1 

cells before qPCR analysis. B) Inhibition of mouse GAPDH mRNA expression in 4T1 cells 

using 560 nM siRNA (final siRNA concentration in the well), measured by qPCR 48 h after 

stimulation; right y-axis is log2 scaled and 2ddCt values reflect approximated fold change in gene 

expression defined by equation (5). For (A) and (B), the boxplot characterizes a sample using 

the 25th, 50th and 75th percentiles; the upper/lower whisker extends from the hinge to the 

largest/smallest value (neither outliers nor extreme values are present in the data). C) Posterior 

relative plausibilities of qPCR 𝑑𝐶𝑡̅̅ ̅̅ ̅  values for given treatment; inhibition effect size on 

mGAPDH mRNA expression is defined as an overlap between posterior relative plausibilities 

for given treatments (percentage values); dark circle shows the mean of the distribution; shaded 

areas under the posterior curves show 67% and 89% quantile intervals; red and green bands 

indicate 89% quantile intervals. Posterior estimates were inferred from a Bayesian Gaussian 

regression model. D) Cluster dendrogram of averaged biological replicates for isolated total 

RNA and qPCR ddCt values based on an Euclidean metric.  

 

Data analysis shows a noticeable overlap (42 %) for posterior estimates 100+/00:siR(−) and non-

treated control. Taking into account the overall position of the 100+/00:siR(−) posterior 

distribution (approximately half of its mass lies above the 89% quantile interval of the posterior 

for negative control) these results are most compatible with no important effect. Comparison of 

posterior overlaps for complexes with positive apparent ζ-potential and the positive control 

(HP:siR) shows an increasing degree of overlap as the NP concentration grows. Sample 

45+/550:siR(+) with a concentration of 161 µg of the ND@(co)polymer per well reached a 

comparable inhibition effect (92% overlap) relative to the positive control. An acceptable 

biological effect, 28% overlap with positive control, was also observed for the sample 

80+/200:siR(+). To provide an objective criticism of the analyzed dataset, it should be noted that 

the qPCR data are not fully independent since all biological replicates came from identical cell 

passage, and thus, narrowing overall variance.  

Further analysis based on the agglomerative hierarchical clustering (a measure of dissimilarity 

between tested samples) of the data for isolated total RNA and GAPDH mRNA level revealed 

a separation of sample 45+/550:siR(+) from samples HP:siR, 100+/00:siR(+), 80+/200:siR(+) (see 
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Figure 7D). The applied NP concentration for 45+/550:siR(+) was as low as possible to complex 

the given amount of siRNA and keep the colloidal stability, however, an increased tendency of 

the cells to form clumps and lose adherence (Figure S3 in Supporting information) shows a 

limitation of this sample given by the low number of cationic units/high NP concentration. To 

obtain the optimal in vitro inhibition properties (effective gene inhibition without affecting cell 

viability), we proposed to use sample 80+/200:siR(+) resp. 100+/00:siR(+) with a mass ratio 

higher than the optimal one as shown in ref.[19] Besides that, the increased optimal mass ratio 

(25:1, 80+/200:siR(+))  was also applied for the treatment of xenografted Ewing 

sarcoma in mice.[19] This approach, however, would not be most likely advantageous for this 

particular cell line due to already reduced cell proliferation for sample 80+/200:siR(+) at an 

optimal ratio of 12:1. These results suggest that the system ND@(co)polymer:siRNA is not 

superior to the tested commercial control HP:siR for 4T1 cells. In our experience, the overall 

inhibition properties of ND@(co)polymer:siRNA complexes vary among different cell lines, 

e.g. well transfectable U-2 OS human bone osteosarcoma cells (effective inhibition without 

affecting cell viability) compared to HeLa human cervical adenocarcinoma cells where the gene 

inhibition was ineffective.[85]  

In general, we did observe no cytotoxicity effects for any of the treatments presented (Figure 

S7 in Supporting information). On the other hand, cell proliferation was most likely affected by 

the applied optimal mass ratio/NP concentration. Obtained results also suggest the superiority 

of the samples with positive apparent ζ-potential compared to sample 100+/00:siR(−). 

Nevertheless, we want to emphasize that the polarity of the apparent ζ-potential cannot serve 

as a general parameter for assessing transfection capability, for example spherical nucleic 

acids[86,87] or HPHT-ND-PEI(0.8 kDa):antisense RNA[44,81] with a negative ζ-potential possess 

good transfection efficacy. By contrast, (3-aminopropyl) trimethoxysilane-terminated-

detonation-ND:plasmid DNA complexes possessing positive potential do not elicit a sufficient 
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transfection response in comparison with detonation-ND-PEI(0.8 kDa):plasmid DNA,[43] which 

also has positive potential.  

 

3. Conclusions 

We have demonstrated a systematic approach to the synthesis and robust colloidal testing of a 

new vector nanosystem for siRNA delivery based on an ND core coated with the cationic 

(co)polymer poly(DMAEMA+-co-HPMA0). This system overcomes problematic colloidal 

properties of HPHT-ND-PEI complexes and effectively reduces the optimal binding ratio  

ND@coating:siRNA. Exploration of the ND@coating:siRNA optimal mass ratio is essential 

for the successful formulation of this charged nanoparticle system it should always be estimated 

before biological testing, including application-specific optimization. In our experience, 

assessment of the ratio is slightly batch-to-batch dependent and can depend on the siRNA 

provider (see ref.[19,85]). Overall, our results for the colloidal testing and vectorization of siRNA 

into mouse 4T1 breast cancer cells revealed a limited ability of the complexes containing a 

higher amount of neutral HPMA0 units to reach effective performance. Interestingly, a simple 

“~1:1 combination” of DMAEMA+ and HPMA0 (45+/550-siR(+)) did not lead to the optimal 

connection of their inherent properties and rather negatively affected colloidal stability in 

biological conditions. The biological performance of ND@(co)polymer:siRNA complexes was 

not superior to the tested commercial control HP:siR for  4T1 cells. 

In parallel with this study, the 80+/200:siR(+) complexes have been utilized with various cell 

lines,[19,85,88]  the treatment of xenografted tumors[19] and topical siRNA therapy of diabetic-like 

wounds.[88] Comparison of the 80+/200:siR(+) vector system and HPHT-ND-PEI:siRNA 

elicited successful inhibition of the Ewing sarcoma EWS-FLI1 oncogene in cultured cells 

(inhibition of 90% compared to 55% obtained for PEI coating). The overall in vitro inhibition 

properties of the 80+/200-siR(+)) complexes, however, vary among different cell lines: (i) the 

U-2 OS human bone osteosarcoma cells (high efficacy[85]), (ii) the 4T1 breast cancer cell line 
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(moderate efficacy, this study),  and (iii) HeLa human cervical adenocarcinoma cells (poor 

efficacy[85]); all listed studies (i)-(iii) utilized siRNA sequence directed against GAPDH gen. 

The results of these studies suggest that the presented vector nanosystem deserves further 

exploitation, which is currently underway. 

 

4.  Experimental Section  

Materials: Polyethyleneimine (PEI, MW = 800, branched), polyvinylpyrrolidone (PVP, MW = 

10,000), tetraethyl orthosilicate (TEOS; always redistilled before use and stored under an argon 

atmosphere), 3-(trimethoxysilyl)propylmethacrylate (TMSPMA) and 2-dimethylaminoethyl 

methacrylate (DMAEMA), were purchased from Sigma–Aldrich. Aqueous ammonia (25% 

w/w) and ethanol (super-pure for UV, 96%) were purchased from Penta Chemicals (Czechia); 

methanol (gradient grade for HPLC, 99.9%) was supplied by VWR. N-(2-

hydroxypropyl)methacrylamide (HPMA) was synthesized according to published 

procedures[89] and freshly recrystallized prior to use: 2.0 g HPMA was dissolved in 20 mL of 

ethyl acetate, gently heated to dissolve it in the solvent, filtered using a 0.2 μm 

polytetrafluorethylene (PTFE) microfilter, and hexane was added dropwise until HPMA 

precipitation initiated and then cooled in a freezer (−20 °C) for at least 2 h. 2,2’-Azobis(2-

methylpropionitrile) (AIBN) was purchased from Sigma–Aldrich and freshly recrystallized 

prior to use: 1.3 g AIBN was dissolved in 65 mL of ethanol and recrystallized by thickening 

the ethanol solution on a rotary evaporator at a maximum temperature of 30 °C until 

crystallization initiated, then cooled down in a freezer (−20 °C) for at least 2 h. Duplexed mouse 

GAPDH siRNA (MW = 13968) with the following sequence was purchased from Sigma–

Aldrich in the form of a desalted pellet: 

sense strand: 5'-r(GAAGGUCGGUGUGAACGGAU)d(TT)-3' 

antisense strand:  5'-r(AUCCGUUCACACCGACCUUC)d(TT)-3'.  
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The 4T1 cell line obtained from the ATCC (CRL-2539) was incubated in a full cell culture 

medium containing RPMI 1640 (Gibco) supplemented with 10% (v/v) fetal calf serum (FCS, 

Gibco), 44 mg L−1 gentamicin (Sandoz), 4.5 mg mL−1 glucose (Sigma–Aldrich), and 1.1% 

pyruvate (Sigma–Aldrich). Control transfection of GAPDH siRNA was carried out using the 

X-tremeGENE HP DNA Transfection Reagent (Roche) (complexes marked in the text as 

“HP:siR”). Total RNA was isolated using the RNeasy® Mini Kit (Qiagen) and reverse 

transcribed using random primers and the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems). PCR quantification of cDNA was carried out with the gene-specific 

primers Mm99999915_g1 GAPDH (FAM, Life Technologies), Mm00437762_m1 B2M (FAM, 

Life Technologies) and a TaqMan Universal PCR Master Mix II, no UNG (Life Technologies). 

Cellular cytotoxicity was evaluated using an LDH assay (Roche).  Unless stated otherwise, all 

reagents used in this work were used directly without further purification. Milli-Q water was 

used for all procedures and solutions if not stated otherwise.  

  

ND Pretreatment: HPHT NDs were supplied by Microdiamant Switzerland (MSY 0–0.05). The 

NDs were oxidized by air in a furnace (Thermolyne 21100 tube) at 510 °C for 5 h. Subsequently, 

the NDs were treated with a mixture of H2SO4 and HNO3 (9:1) at 90 °C for 3 days and washed 

with water, 1   M NaOH and 1 M HCl. They were washed an additional 5 times with water and 

then freeze-dried. Prior to use, the particles were dissolved in water (2 mg mL−1) and sonicated 

with a probe (Cole–Parmer CPX 750, 20 kHz – tapered microtip 1/8" (3 mm)) – selected 

parameters: 30 min (ON-OFF cycle; 2 s ON, 2 s OFF), amplitude 40%. The resulting 

transparent colloid (ND) was incubated for 30 min at room temperature and filtered using a 

0.2 μm polyvinylidene fluoride (PVDF) filter. 

 

Coating of NDs with Methacrylate-terminated Thin Silica Layer (Part I): To avoid precipitation 

of ND during silication caused by increased ionic strength (ammonia), PVP was used as a 
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stabilizing dispersant.[39] PVP (187 mg, 0.0187 mmol) was dissolved in water (165 mL) and 

sonicated for 10 min in an ultrasonic bath (Ultrasonic Cleaner Elmasonic P60H, power 100%, 

37 kHz, pulse mode). All samples sonicated in the ultrasonic bath were placed in a cavitation 

hotspot (see Figure S1 in Supporting information). Unless stated otherwise, all coated ND 

samples after centrifugation were sonicated in a cup horn until they dissolved (Cole–Parmer 

CPX 750, 20 kHz – cup horn; samples were placed on the bottom of the cup) – selected 

parameters: amplitude 60%, duty cycle 100 %. ND colloid (33 mL, 2 mg mL−1) was added, and 

the mixture was stirred for 24 h. The colloid was then concentrated by two-step centrifugation. 

In the first step (45,000g, 1 h), the mixture was centrifuged in 25 mL centrifuge tubes. The 

volume was reduced to approximately 22.4 mL. The second centrifugation step (30,000g, 30 

min) was performed in microvials (16 × 1.4 mL), and the solvent volume was reduced to 

approximately 5 mL. Resuspended NDs were mixed with ethanol (96% v/v, 66 mL) in a round 

bottom flask during stirring. TEOS (495 μL, 2.22 mmol at 20 °C) and TMSPMA (165 μL, 0.694 

mmol at 20 °C) were added to the round bottom flask during stirring and sonicated in an 

ultrasonic bath for 2–4 min. Aqueous ammonia (25% w/w, 2.75 mL, 37 mmol at 20 °C) was 

added and gently shaken. The reaction mixture was stirred for 14 h and then centrifuged in 25 

mL tubes. The first centrifugation was done in three steps: first at 15,000g for 15 min, secondly, 

the supernatant was removed and centrifuged again at 20,000g for 20 min, and, lastly, the 

resulting supernatant from the second step was centrifuged at 50,000g for 20 min. The final 

supernatant was discarded and pellets were combined. The following centrifugations were 

performed in at least two steps – 25,000g, 25 min and 50,000g, 25 min. The sample was 

centrifuged five times and purified using methanol. The volume of the purified sample was 

reduced to approximately 2 mL by two-step centrifugation in 2 mL microvials (25,000g, 25 

min and 50,000g, 25 min) and stored in a refrigerator (4 °C) overnight. Methacrylate-terminated 

ND nanoparticles in methanol were transferred into 414 μL of dimethyl sulfoxide (DMSO) 

using a rotary evaporator.  
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Coating of NDs with a (Co)polymer Layer (Part II): Different weight ratios of DMAEMA+ 

(100, 75, 50, 25, 0 % w/w) and HPMA0 (0, 25, 50, 75, 100 % w/w) were dissolved in 563 μL 

of DMSO (Table S1 in the Supporting Information). The sample, prepared as 75 % 

DMAEMA+/25 % HPMA (80+/200 in text) in[19], was used. AIBN (56.4 mg, 0.343 mmol) was 

added to the mixture. The mixture was filtered using a 0.2 μm PTFE filter. Methacrylate-

terminated NDs (prepared in Part I) in DMSO (57 μL, 9 mg of ND – considering 100% yield 

after silication) were added to each mixture. The rest of the methacrylate-terminated NDs 

(129 μL, 20 mg) were transferred into methanol (preventing hydrolysis of the silica layer) and 

stored at –20 °C. Vacuum degassing of the reaction mixture under argon filling cycles of the 

stirred mixture was performed (three cycles vacuum – argon, 1 min – 1 min using disposable 

0.80×0.50 mm needles; appropriate degassing is important for successful polymerization). The 

degassed mixture reacted for 3 days under argon at 55 °C, after which the reaction was stopped 

by the addition of methanol. ND@(co)polymer samples were washed five times using RNase 

free water. Each washing step involved two centrifugations: 20,000g for 20 min and 40,000g 

for 20 min. The overall dilution factor was ~100×. Gravimetric analysis was performed to 

determine the sample concentration and final mass yield (see Table S2 in Supporting 

information).   

 

Coating of NDs with a PEI: PEI (100 μL, 0.9 mg mL−1, 0.1 μmol) was dissolved in water and 

filtrated using a 0.2 μm PVDF filter; ND colloid (100 μL, 2 mg mL−1) was added. The 

aggregated mixture was vortexed for at least 30 min and sonicated in an ultrasonic bath (power 

100%, 37 kHz, pulse mode) which was filled with mixture of ice and water (the water-ice level 

in the bath was approximately 2.5 cm). Two-step centrifugation of the aggregated mixture was 

carried out; first 9,000g for 15 min then 30,000g for 15 min. Collected supernatants containing 

excess PEI were discarded and replaced with the same volume of  water. The following 
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centrifugation (4×: 15,000g, 15 min and 30,000g, 15 min) and purification with RNase free 

water served as a deflocculation process resulting in transparent colloid ND-PEI; the final 

volume was 100 μL. Importantly, a pellet of ND-PEI after each centrifugation was dissolved in 

an ultrasonic bath hotspot (see Figure S1), not in the cup horn. 

 

Complexation of siRNA for DLS, ELS Analysis and Qubit Assay: The siRNA stock solution was 

dissolved in RNase free water. Various amounts of the ND@(co)polymer (9 mg mL−1) were 

diluted with RNase-free water, resulting in a final volume of 22.2 μL, and added into 2.8 μL 

(100 μM, 0.28 nmol, 3.91 μg) GAPDH siRNA (to reach the given ND@(co)polymer:siRNA 

mass ratio). The final mixture (25 μL or a scalable volume) was gently sonicated for 5-10 s in 

an ultrasonic bath, incubated at room temperature for 20 min and gently sonicated again. To 

obtain the desired concentration of ND@(co)polymer:siRNA complexes for further testing, the 

sample was centrifuged at 20,000g for 20 min and the necessary amount of supernatant was 

removed. The supernatant was analyzed using the Qubit miRNA assay kit to quantify the 

amount of free siRNA relative to the control (particle-free). Importantly, the quality of 

complexation of siRNA with cationic ND@(co)polymer depended on the commercial source 

of siRNA, likely because of the presence of remaining salts after purification.  

Whereas siRNA from Sigma-Aldrich utilized in this study worked well, other siRNAs/DNAs 

from different sources typically led to the aggregation of the mixture. A significant increase of 

the ND@(co)polymer:siRNA mass ratio was required to fix this issue, for example from the 

optimal mass ratio 25:1 (Sigma-Aldrich) to 65:1 (Dharmacon); – this problem was also reported 

in.[19] Short-term DLS/ELS testing (Figure 6A, C): A dissolved ND@(co)polymer:siRNA pellet 

was added directly (not dropwise) into the RNase free water with the final volume of 0.6 mL. 

Long-term DLS testing (Figure 6B, D): Freshly prepared complexes of 

ND@(co)polymer:siRNA (final mixture, 25 μL) were mixed directly with the 4T1 cell culture 

medium (10% FCS) or with the 100% FCS (media containing FCS were centrifuged at 5,000g 
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for 10 min prior to use; the supernatant was used for measurements); dilution of the medium by 

the tested sample was always by ~10%; the particle concentration was in range from 0.07 mg 

mL−1 (5:1 coated-ND:siRNA mass ratio) to 0.34 mg mL−1 (40:1). The samples were preheated 

at 37 °C for 2 min, and mixed with a pipette before the analysis.   

 

Cell Stimulation (Transfection Efficiency): The complexation procedure was upscaled to 50 μL 

(final volume) containing 5.6 μL (100 μM) of GAPDH siRNA, without further optimization 

(see Complexation of siRNA for DLS, ELS Analysis and Qubit Assay section). All ND samples 

for transfection were freshly prepared prior use and incubated at room temperature for 

approximately 60 min. A control transfection of GAPDH siRNA without NDs was carried out 

using 2 μL of X-tremeGENE HP DNA Transfection Reagent diluted by 42.4 μL of RNase free 

water and mixed with 5.6 μL (100 μM) GAPDH siRNA – HP:siR sample; prior to use, each 

sample was incubated for 20-30 min at room temperature.  

 

ND Colloidal Stability Studies (DLS, ELS, NTA): Particle size distributions and average values 

of apparent ζ-potential were obtained using a Zetasizer Nano ZSP (Malvern Instruments). 

Intensity-weighted mean/median diameters were calculated from the second-order time 

intensity autocorrelation function g(2)(τ)−1 using a general purpose algorithm (NNLS) in 

Zetasizer Software 7.11. The intensity-weighted median diameters were calculated from the 

dominant (first) PSD peak. Z-average diameters were calculated from the fit by the first 

cumulant of a 3rd-order cumulant analysis. Data transformation into a number-weighted size 

distribution was also performed in Zetasizer Software using Mie theory without inspecting 

changes in optical properties due to (co)polymer coating; the real and imaginary part of the 

complex refractive index was set as 2.41 and 0.00 for nanodiamond samples, respectively; 

viscosity values for different dispersants can be found in Table S7; the dispersant refractive 

index was always set at 1.33 for all tested solvents. Data were collected at a backscatter angle 
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of 173° (NIBS system) using a quartz cuvette ZEN2112. In short-term testing (Figure 6A, C), 

each sample was measured three times with an automatic duration; reported size represents an 

average value of these measurements. In long-term testing (Figure 6B, D), each sample was 

measured ten times (approximately 20 min);  viscosity values of utilized 90% FCS (100% full 

FCS diluted by tested sample) and 9% FCS (10% full cell culture medium for 4T1 cell line 

diluted by tested sample) at 37 °C were estimated as 0.861 cP[90] and 0.740 cP[91], respectively. 

These viscosity values characterize 100% FCS and cell culture medium (10% FCS); medium 

dilution was not reflected.  

For the determination of the apparent ζ-potential, electrophoretic light scattering at a forward 

angle of 13° with a phase analysis of scattered light (PALS) was used. The apparent ζ-potential 

represents electrostatic potential calculated from electrophoretic mobility using the 

Smoluchowski approximation for spherical uncoated particles without considering the value of 

the ratio of particle size to Debye length. All samples were measured in RNase-free water using 

a disposable cuvette with a dip cell; monomodal analysis with two measurements and twenty 

subruns was chosen; the average sample conductivity was 41.3 μS cm−1 for all samples tested 

with siRNA. The complete ELS results are presented in Table S6.  For both types of 

measurements, the particle concentration was lower than 0.1 mg mL−1 for the RNase-free 

solvent or 0.4 mg mL−1 for FCS or the full cell culture medium for the 4T1 cell line. 

 NTA measurements were performed with a Nanosight NS300 equipped with a low-volume 

cell connected to a linear pump and a 532 nm green laser (60 mW). Stock solutions of 

ND@(co)polymer NPs (9 mg mL−1) were diluted in  water with dilution factor of 105, resulting 

in measurements with 21-40 particles per frame and a number of valid tracks >930. The camera 

level was set to level 16 (shutter/gain: 1300/512), detected threshold to level 5 and syringe 

pump flow rate to level 12; blur, maximum jump distance and minimum expected particle size 

were set to “auto”. Each sample was measured 5 times for 60 s at ~25 °C. Captured data in 

“AllTracks.csv” files were analyzed manually; Measurements marked as FALSE (column: 
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“Included in distribution?”) were excluded. Unique values in the column: “Particle ID” were 

found, and all repetitions were excluded. The final number of particles per measurement was 

equal to the number of valid tracks provided by software. Raw data, without applying finite 

track-length adjustment (FTLA), were plotted as a scatter plot (Figure 4) using data in the 

column “Ln(Adjusted intensity)/AU”. NTA size distributions (Figure 4) are presented as 

normalized FTLA plots provided by software. Prior to use, all ND@(co)polymer samples were 

sonicated in a cup horn.  

 

Electron microscopy (TEM): TEM experiments were performed with a JEOL JEM-1011 

electron microscope operated at 80 kV equipped with a Tengra (EMSIS, Germany) bottom-

mounted camera. Particles were placed on copper grids (Structure Probe, Inc., USA) with an 

in-house made parlodion membrane and carbon coating. A grid was pretreated with a droplet 

of poly(ethylenimine) solution (MW = 2.5 kDa, 0.1 mg mL−1).[35] After 10 min of incubation, 

the droplet was removed with a piece of tissue, and the grid was placed on a droplet of deionized 

water for 1 min and dried once again. The grid was then placed on a droplet of an aqueous 

solution of the sample (0.1 mg/mL), the solution was removed with a piece of tissue after 3 min 

of incubation, and air-dried. In-house MATLAB code was used to implement semiautomatic 

segmentation of TEM images (MATLAB R2019b). Briefly, the Graph Cut technique (the Lazy 

Snapping algorithm[92]) was used in the Image segmenter app (imageSegmenter) to segment 

foreground and background regions. Segmented objects touching the image border were 

suppressed using the imclearborder function, and improperly identified objects were excluded 

from the image manually. Connected (8-connected) objects in the resulting binary image were 

labeled using bwlable function; properties (e.g. equivalent diameter) of labeled objects in the 

image were measured with the regionprops function. An object was labeled if it was either (i) 

a free-standing primary particle, or (ii) an aggregate composed of two or more primary particles; 

the inner structure of the aggregates was not considered. The particle statistic reflects labeled 
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objects from the image (each labeled object represents one particle included in the statistic). 

The equivalent diameter was calculated from the projected area of each labeled object. 

 

Cell Culture and ND-siRNA Stimulation: The 4T1 cell line was stored in the full cell culture 

medium comprising 10% (v/v) DMSO at −80°C. On the first day (after thawing), the cells were 

incubated with a fresh full medium under a humid atmosphere containing 5% CO2 (incubation 

conditions) overnight. On the second day, the full medium was changed and the cells were 

incubated for two days without changing the medium. On the fifth day, the cells (~250,000 cells 

mL–1 well–1; determined using a Bürker counting chamber) were plated onto 12-well plates and 

incubated with fresh full medium overnight. 

 

Transfection Efficiency – RNA Isolation, Reverse Transcription and Real-Time Quantitative 

RT-PCR (qPCR): On the sixth day, stimulation of the cells (confluence 70-80%) was 

performed; 50 µL of the sample was added dropwise and uniformly across the wells. The final 

volume per well was 1 mL (950 μL of full cell culture medium and 50 μL of testing sample 

dissolved in RNase free water); the amount of mouse GAPDH siRNA was constant for all 

samples (7.84 μg well−1). More detailed information can be found in Table S2 and S3 in the 

Supporting Information. Stimulated cells were incubated for 48 h without changing the cell 

culture medium. All samples were analyzed in biological triplicates; all biological replicates 

were part of one single experiment (identical cell passage). The isolated total RNA fraction 

(5 μg; quantification using a NanoDrop™ 2000 instrument; the concentration was directly 

calculated from absorbance values at 260 nm) was reverse transcribed to cDNA. qPCR 

quantification was carried out with 2 μL of prepared cDNA. β-2-microglobulin (B2M) was used 

as an internal control for the quantitation of GAPDH expression. During qPCR, each biological 

replicate was analyzed as a technical triplicate for GAPDH and B2M using a Bio-Rad CFX 

Real Time PCR Detection System. Technical replicates were averaged and biological replicates 
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were analyzed statistically as independent measurements. Obtained cycle threshold (𝐶𝑡) values 

were utilized to calculate 𝑑𝐶𝑡, 𝑑𝑑𝐶𝑡 and  2𝑑𝑑𝐶𝑡 values for ith biological replicate defined as:  

                                                              𝑑𝐶𝑡𝑖  =  𝐶𝑡(B2M)𝑖 – 𝐶𝑡(GAPDH)𝑖                                      (1) 

                                                    𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  =  
1

3
∑ 𝑑𝐶𝑡(NTC)𝑖

3

𝑖=1

                                                      (2) 

                                               𝑑𝑑𝐶𝑡(treat)𝑖  =  𝑑𝐶𝑡(treat)𝑖 – 𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                                      (3) 

                                                𝑑𝑑𝐶𝑡(NTC)𝑖  =  𝑑𝐶𝑡(NTC)𝑖 – 𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅                                        (4) 

                                             fold change𝑖 =  2𝑑𝑑𝐶𝑡𝑖 = 2𝑑𝐶𝑡𝑖− 𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   =  
2𝑑𝐶𝑡𝑖

2𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ,                 (5) 

where 𝑑𝐶𝑡(NTC)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ represents the mean value over biological triplicates, “treat” reflects samples 

HP:siR, 100+/00:siR(−), 100+/00:siR, 80+/200:siR(+) and 45+/550:siR(+), and NTC is the no-

treatment control. The fold-change in gene expression (2𝑑𝑑𝐶𝑡 ) has the meaning of a ratio 

between “sample relative expression” ( 2𝑑𝐶𝑡 ), and “mean relative expression” for NTC 

(2𝑑𝐶𝑡(𝑁𝑇𝐶)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
).  

 

LDH Cytotoxicity Assay: Cells were seeded on 96-well plates (20,000 cells/well; 200 μL/well 

of a full medium supplemented with 1% serum) overnight. Biological triplicates were incubated 

with the ND complexes for 24 hours. A commercial lysis buffer was added to one triplicate of 

the control cells for the last 30 min of the experimental period (serving as an LDH assay positive 

control). The LDH assay was performed according to the manufacturer’s instructions. Briefly, 

at the end of the experiment, the cell supernatant was collected and incubated with LDH dye 

for 10 min. Then the absorbance was measured with a reader using specific excitation at 490 

nm and a reference excitation at 630 nm (Tecan spectrometer).  

 

Other Analytical Methods: 1H NMR spectra were recorded on a Bruker Avance III 500 

spectrometer (499.88 MHz for 1H and 125.71 MHz for 13C) equipped with a 5 mm PFG 
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cryoprobe; 5 mg of each ND sample was centrifugated 3 times and transferred into D2O, 

resulting in a final volume of approximately 50 μL. The signals were assigned by using a 

combination of 1D and 2D (H,H-COSY and H,C-HSQC) techniques. TGA was measured with 

a TG 750 Stanton Redroft instrument. A powder sample of approximately 1 mg was heated 

under air with a heating rate of 20 °C min−1.  

 

Statistical Analysis:  

The inhibition effect of different siRNA treatments on 4T1 cells was assessed by a Gaussian 

regression model in a Bayesian framework (Figure 7C) using relevant software packages 

in R.[93–102] The Bayesian model defined below was fitted with the brms package,[101] which 

employs Stan software for probabilistic sampling. 

 

       likelihood:                         𝑑𝐶𝑡𝑖 ~ Normal(𝜇𝑖, 𝜎)                                                               

             linear model:                         𝜇𝑖 = 𝛽0 + ∑ 𝛽1,treat𝑗
𝑋𝑖,treat𝑗

6

𝑗=1

                                                  

  priors:                     𝛽0, 𝛽1,treat𝑗
 ~ Normal(𝑚𝑒𝑎𝑛 = 0, 𝑠𝑑 = 2.0)           

                                                               σ ~ Student˗t(𝑑𝑓 = 3, 𝑙𝑝 = 0, 𝑠𝑝 = 2.5). 

 

The first row shows a stochastic part of the model and states that the response variable dCt is a 

random variable independently drawn from a Gaussian distribution with mean µ and variance 

𝜎2. The linear model in the second line describes how 𝜇𝑖 is constructed for given treatment. 

The remaining lines describe prior distributions; sd – standard deviation, df – degrees of 

freedom, lp – location parameter, sp – scale parameter. The brms package allows treating the 

model intercept (𝛽0) as just another 𝛽1,treat𝑗
 parameter, and thus, makes no assumptions about 

centring.  The weakly informative prior for  𝛽1,treat𝑗
 is centered around 0 reflecting a 
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conservative assumption that  𝑑𝐶𝑡(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ −  𝑑𝐶𝑡(𝑁𝑇𝐶)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅  might be positive ( 𝛽1,treat𝑗
 >

0), negative ( 𝛽1,treat𝑗
 < 0) or equal to zero ( 𝛽1,treat𝑗

 = 0). The standard deviation (𝑠𝑑) of this 

prior was estimated from the preliminary qPCR data as 𝑠𝑑 = 2 × standard deviation(𝑑𝐶𝑡); 

the preliminary study included only a no-treatment control and the positive control HP:siR; sd 

was calculated across all preliminary dCt values. A Markov chain Monte Carlo sampling 

procedure was performed with four chains that were run for 5000 iterations per chain, of which 

2000 served as warm-up. Model diagnostics indicate a convergence of the sampling chains of 

the parameters (trace rank plot visual check,  𝑅̂ = 1.00, number of effective samples >3000). 

The full computer code, including more detailed model diagnostics and criticism (prior 

sensitivity analysis and posterior predictive check), is provided in an R Markdown document. 

To construct the dendrogram (Figure 7D), data for isolated total RNA and qPCR ddCt values 

were standardized (z-scores were calculated); each biological replicate was represented by an 

average value over corresponding technical replicates. These standardized values were 

averaged over the biological replicates and agglomerative hierarchical clustering with an 

Euclidean metric was applied. 
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The study presents a non-viral vector for siRNA based on nanodiamond coated with a novel 

copolymer with tunable charge density. The properties of the vector are optimized by several 

physicochemical variables and polymer composition, and correlated with biological efficacy, 

cytotoxicity and cell proliferation. This colloidal and biologically stable siRNA delivery tool 

demonstrates potential for siRNA transfection and RNA interference-based therapeutics. 

 


