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Abstract

:

Despite their clinical success, Antibody-Drug Conjugates (ADCs) are still limited to the delivery of a handful of cytotoxic small-molecule payloads. Adaptation of this successful format to the delivery of alternative types of cytotoxic payloads is of high interest in the search for novel anticancer treatments. Herein, we considered that the inherent toxicity of cationic nanoparticles (cNP), which limits their use as oligonucleotide delivery systems, could be turned into an opportunity to access a new family of toxic payloads. We complexed anti-HER2 antibody-oligonucleotide conjugates (AOC) with cytotoxic cationic polydiacetylenic micelles to obtain Antibody-Toxic-Nanoparticles Conjugates (ATNPs) and studied their physicochemical properties, as well as their bioactivity in both in vitro and in vivo HER2 models. After optimising their AOC/cNP ratio, the small (73 nm) HER2-targeting ATNPs were found to selectively kill antigen-positive SKBR-2 cells over antigen-negative MDA-MB-231 cells in serum-containing medium. Further in vivo anti-cancer activity was demonstrated in an SKBR-3 tumour xenograft model in BALB/c mice in which stable 60% tumour regression could be observed just after two injections of 45 pmol of ATNP. These results open interesting prospects in the use of such cationic nanoparticles as payloads for ADC-like strategies.
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1. Introduction


Antibody-drug conjugates (ADCs) associate the exquisite targeting abilities of antibodies with the cytotoxicity of various small-molecule payloads through covalent bioconjugation, resulting in antigen-specific cell killing [1]. With the exception of one (Moxetumomab pasudotox, whose payload is a fused PE38 toxin altering protein synthesis by inhibition of the elongation factor 2) [2], the payloads of all currently FDA-approved ADCs are small cytotoxic drugs targeting either tubulin, DNA or topoisomerase [3,4]. Despite the clinical success of ADCs, this narrow set of payloads limits their widespread use. [5] For example, tubulin inhibitors’ toxicity is limited by their selectivity for proliferating cells, while DNA-targeting payloads have raised safety challenges due to their non-specific uptake in sensitive normal tissues [3]. Thus, there is a need for innovative types of active payloads for ADCs, with several avenues being explored such as conjugations of antibodies to therapeutic oligonucleotides or drug-loaded nanoparticles [6,7].



In parallel, the therapeutic promises of gene therapy have driven the emergence of a vast panel of intracellular delivery systems [8,9,10,11,12]. Among the many strategies designed, electrostatic complexation of anionic oligonucleotides with cationic nanoparticles (cNP) [11,13,14,15] is one of the most fruitful. Although promising as vectors, various types of cNP have been shown to cause important cytotoxicity [16,17,18,19,20]. Their positive charges promote interaction with the negatively charged phospholipids in cellular membranes [21,22]. These interactions disturb the integrity of the cytosolic membrane, but also that of membranes of intracellular compartments such as mitochondria and lysosomes. This can cause the formation of holes, leading to various events such as influx of Ca2+ and intracellular release of cytochrome C (from mitochondria) and hydrolases (from lysosomes), leading to cell death [19,20,23]. In the context of anticancer drug delivery, such cytotoxicity can be seen as a convenient additional property [24] or even be deliberately used as a primary mode of action for cell killing [25].



We hypothesised that the toxicity of cNP, considered to be a limitation in the field of gene therapy, could address the need for novel ADC payloads. Association of nanoparticles as payload with targeting agents in the field of nanomedicine is mostly achieved via covalent conjugation [7,26,27]. Alternatively, more flexible strategies based on supramolecular assembly have proven efficient in controlling and optimising molecular architectures of siRNA targeted delivery vehicles [28]. However, Ab and cNP do not spontaneously assemble via supramolecular interactions. In order to trigger such programmed association, we exploited the innate affinity of cNP for oligonucleotides by modifying Abs with ssDNA. Interestingly, analogous strategies based on electrostatic interactions have allowed for the assembly of charged nanoparticles with either active targeting agents [29,30] or protein-oligonucleotide cargo [31]. Antibodies were then covalently conjugated with small oligonucleotides serving as molecular glue enabling them to stick to cNP and form a novel type of supramolecular anticancer Antibody-Toxic Nanoparticles (ATNP; Figure 1).



An ideal cNP payload should bear a strong affinity for oligonucleotides, in order to stabilise the non-covalent linkage with AOC, and upon acidification in lysosomes, maintain its ability to interact with cellular membranes and intracellular compartments and ultimately cause cell death. Cationic photopolymerised polydiacetylenic (PDA) micelles are a promising class of cNP with modular surface chemistry, high loading capacity and easy assembly [32]. Moreover, the photopolymerisation process was shown to increase PDA micelles’ stability [33,34]. For the particular purpose of this paper, we designed a tyrosine-histidine dipeptide cationic polar head group that provides PDA with high affinity for both oligonucleotides and cellular membranes. [35] Indeed, histidine modification of cNPs has been shown to increase transfection efficiency, endosomal escape abilities (which allow further interactions with intracellular compartments) [34,36], and serum tolerance [37]. On the other hand, tyrosine modification yields fusogenic properties through hydrophobic interactions with membranes’ phospholipids, which enhances cellular uptake and endosomal escape and can lead to increased cytotoxicity [38,39].



The well-established drug trastuzumab (T), which recognises the human epidermal growth factor receptor 2 (HER2) overexpressed in certain breast cancer cells, was selected for this study [40]. As a control to validate that the cell-killing was indeed mediated by antigen recognition, rituximab (R), an anti CD20 Antibody, an antigen present on B-cells only, was used [41]. For the oligonucleotide moiety of our conjugates, we selected single stranded DNA (ssDNA) whose sequence was designed to prevent any folding (using IDT’s UNAFold tool), maximising its availability in the interaction with the cationic particle.




2. Materials and Methods


2.1. Materials


1H and 13C NMR spectra were recorded at 23 °C on Bruker Avance III–400 MHz/500 MHz spectrometers. Recorded shifts are reported in parts per million (δ) and were calibrated using residual non-deuterated solvent. Data are represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constant (J, Hz), integration in the case of 1H NMR data. High-resolution mass spectra (HRMS) were obtained using an Agilent Q-TOF 6520.



Native mass spectrometry (native MS) analyses of intact proteins and conjugates were performed using a Waters LCT mass spectrometer coupled to an automated chip-based nanoESI infusion source (Triversa Nanomate, Advion, Ithaca, NY, USA), both operating in positive ion mode. Electrospray ionisation was conducted at a capillary voltage of 1.75 kV and nitrogen nanoflow of 0.75 psi. Samples were directly infused after manual desalting at a concentration of 10 μM.



All reagents were obtained from commercial sources and used without prior purification. Amino-modified (5AmMC12) oligonucleotides were purchased from IDT. Protein-oligonucleotide conjugates were purified by gel filtration using ÄKTA Pure System (isocratic elution with DPBS 1x, pH 7.5, 0.5 mL/min, column: Superdex 200 Increase 10/300 GL). The oligonucleotide species were purified using a Shimadzu HPLC system (pumps: LC 20-AD, detector: SPD 20-A, autosampler: SIL 20-A) using a XTerra MS C18 5 μM 4.6 × 150 mm column (Waters), with a flow rate of 1 mL/min (Mobile phase: A triethylammonium acetate 50 mM in water, B triethylammonium acetate 50 mM in acetonitrile).



Hepes buffered glucose (HBG): 20 mM HEPES, glucose 5%, pH 7.5.




2.2. Methods


2.2.1. Micelle Synthesis


Tyrosine-PDA monomer (419 mg, 566 µmole, 1 equiv., synthesised as previously described [42]) was placed in DCM (30 mL) along with activated molecular sieves. Then were added, in order, Boc-His(Boc)-OH (365 mg, 679 µmole, 1.2 equiv.), HBTU (322 mg, 849 µmole, 1.5 equiv.), HOBt (115 mg, 849 µmole, 1.5 equiv.) and DIPEA (281 µL, 1.7 mmole, 3 equiv.) and the reaction was allowed to proceed over 3 days. The crude mixture was then concentrated under vacuum and purified using flash chromatography (DCM/MeOH 0% to 7%). Fractions containing mono- and di-Boc-protected coupling products were isolated and concentrated under vacuum. This mixture was dissolved in DCM (14 mL), supplemented with TFA (2 mL), and stirred at 0 °C for 3 h. The desired Tyrosine-Histidine-PDA monomer was purified via flash chromatography (DCM/MeOH/NH3 95/4.5/0.5 to 88/10.8/1.2) and obtained in 40% yield (198 mg). 1H NMR (400 MHz, MeOD) δ: 7.64 (s, 1H), 7.03 (d, J = 8.6 Hz, 2H), 6.88 (s, 1H), 6.70 (d, J = 8.6 Hz, 2H), 4.47 (t, J = 7.3 Hz, 1H), 3.73–3.68 (m, 1H), 3.65–3.47 (m, 10H), 3.39–3.14 (m, 6H), 3.03–2.91 (m, 2H), 2.90–2.82 (m, 2H), 2.24 (t, J = 6.9 Hz, 4H), 2.17 (t, J = 7.5 Hz, 2H), 1.79–1.70 (m, 2H), 1.70–1.63 (m, 2H), 1.63–1.56 (m, 2H), 1.54–1.46 (m, 4H), 1.43–1.26 (m, 26H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, MeOD) δ: 174.8, 172.7, 171.8, 156.0, 135.3, 130.0, 127.3, 116.9, 114.9, 76.5 (2C), 70.1, 69.8 (2C), 68.5, 68.2, 65.0, 55.1, 54.1, 37.0, 36.4, 36.3, 35.8, 31.7, 30.9, 29.3 (2C), 29.2, 29.1, 28.8 (3C), 28.7, 28.6, 28.4 (2C), 28.1, 25.6, 22.3, 18.3, 13.0; HRMS (ESI+) calcd for C50H80N6O7Na [M + Na]+ 899.5986; found 899.5969.
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2.2.2. Micelle Formulation and Photopolymerisation


Photopolymerised micelles were prepared according to previous reports. Briefly, 5 mg of Tyrosine-Histidine-PDA monomer was placed in 800 µL of ethanol and 200 µL of an HCl 0.1 M aqueous solution, and sonicated until total solubilisation (ca. 5 min, 80 W, 25 °C). The solution was then evaporated under reduced pressure, leading to the formation of a film. The obtained film was dissolved in 1 mL of deionised water and sonicated for 30 min (80 W, 25 °C), yielding self-assembled micelles. The obtained micelle solution was UV-irradiated at 254 nm and 48 W in 1 mL quartz cuvettes using a Cross-Linker Bio-Link 254 for 4 h. Finally, the photopolymerised micelles were purified via dialysis using 2000 MWCO dialysis cassettes from 7/3 EtOH/H2O to H2O.




2.2.3. Conjugate Synthesis


Oligonucleotide Functionalisation:



BCN-PEG6-PFP was synthesised as previously described [43]. In a 2 mL Eppendorf tube, 5′-amino-modified oligonucleotide (1 equiv., 50 µL, 1 mM in water) was combined with BCN-PEG6-PFP (20 equiv., 50 µL, 20 mM in DMSO) and NaHCO3 (100 equiv., 5 µL, 1 M in water). The mixture was incubated at 25 °C overnight. The mixture was then diluted with water to a final volume of 300 µL and combined with acetone (900 µL) and LiClO4 (20 µL, 3 M in water) in order to precipitate the oligonucleotide species. The sample was then centrifuged (15,000× g, 8 min) and the supernatant was discarded. The precipitate was dissolved with water (300 µL) to repeat the precipitation and centrifugation procedure a second time.



Oligonucleotide Purification:



The previously obtained precipitate was dissolved with water (100 µL) and purified via HPLC (detection at 260 nm, mobile phase gradient A/B 9:1 to 6:4 in 30 min). After lyophilisation, the oligonucleotide conjugate was dissolved in DPBS (1×, pH 7.4) and analysed by absorption spectrophotometry (measured at 260 nm using a Nanodrop) to calculate the solution’s concentration using the Beer–Lambert law.



Antibody Azido-Functionalisation



4-azidobenzoyl fluoride (ABF) was synthesised as previously described [43]. ABF (3 equiv., 10 mM in DMSO) was added to a solution of antibody (1 equiv., 5 mg/mL, 100 µL in DPBS 1×, pH 7.4) and the reaction mixture was incubated at 25 °C for 30 min. The excess reagent was then removed by gel filtration chromatography using Bio-spin P-30 Columns (Bio-Rad, Hercules, CA, USA) pre-equilibrated with DPBS (1×, pH 7.4) to give a solution of azido-antibody, which was used in the following step.



Antibody-Oligonucleotide Conjugate Synthesis



To a solution of the azido-antibody conjugate (1 equiv., 5.0 mg/mL, in 100 µL DPBS 1×, pH 7.4), 10 µL of DPBS 10x was added, to prevent the precipitation of the antibody-oligonucleotide conjugate which would be formed. Then, the previously obtained 5′-BCN-modified oligonucleotide (3 equiv., 0.5 to 1 mM in DPBS 1×) was added to the mixture, which was incubated for 24 h at 25 °C. The conjugates were purified via size exclusion chromatography using AKTA Pure System (isocratic elution with DPBS (1×, pH 7.4), 0.5 mL/min) to yield the antibody-oligonucleotide conjugates.



Fluorescein Labelling



5′-fluorescein labelled (56-FAM) ssDNA oligonucleotide was purchased from IDT, and used without further purification.



Trastuzumab-ssDNA conjugate was concentrated to 2 mg/mL using micro-concentrators (Vivaspin, 500 µL, 50 cutoff, Sartorius, Gottingen, Germany), and combined with 30 equiv. of FITC (10 mM in DMSO). The mixture was then incubated at 25 °C overnight. The excess of FITC was then removed via gel filtration using Bio-spin P-30 Columns (Bio-Rad, Hercules, CA, USA) pre-equilibrated with DPBS 1× (pH 7.5) to yield a solution of FITC-labeled conjugate with a degree of labelling of 5.7 (determined using the protocol below).




2.2.4. Conjugate Characterisation


Sample Preparation for Native-MS Analysis



Prior to native MS analyses, azido-modified antibodies were deglycosylated by incubation with 0.4 unit of Remove-iT® Endo S per µg of antibody, at 37 °C for 2 h. The deglycosylated conjugates were then desalted against 150 mM NH4Ac buffered at pH 7.4, using 10 cycles of concentration/dilution via micro-concentrators (Vivaspin, 500 µL, 50 cutoff, Sartorius, Gottingen, Germany). Antibody concentration was then determined via UV absorbance using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Illkirch, France).



Antibody-Oligonucleotide Conjugates Concentration Determination



The concentration of a protein in a given solution can usually be determined by measuring its absorption at 280 nm and using the Beer–Lambert law. ON’s absorbance at 280 nm makes it impossible to determine the concentration of antibody-oligonucleotide conjugates through absorption spectrophotometry measurement.



Antibody-oligonucleotide conjugates’ concentration was therefore determined using a Pierce BCA protein assay kit (ThermoFisher ref 23225), following the manufacturer’s protocol. This method allows for quantification of the protein moiety’s concentration, regardless of the presence of conjugated ONs. Concentrations were used to calculate the yields of the conjugates.



Antibody-Oligonucleotide Conjugates DoC Distribution Determination via SDS PAGE and Native Mass Spectrometry (MS)



SDS-PAGE was performed on 4–20% Mini-PROTEAN TGX Gel (Bio-Rad ref 4561094) following the manufacturer’s procedure. Antibodies or antibody-oligonucleotide conjugates (8 µL, 0.2 mg/mL in DPBS 1×) were added to 3 µL of non-reducing Laemmli SDS sample buffer (Alfa Aesar), and heated at 95 °C for 5 min. The resulting solutions were deposited, and the gel was run at constant voltage (200 V) for 35 min using TRIS 0.25 M–Glycine 1.92 M–SDS 1% as a running buffer. Coomassie Blue staining was performed using InstantBlue solution, prior to visualisation on a GeneGenius bio-imaging system (Syngene, Frederick, MD, USA).



The lines’ intensities were determined using Image Studio Lite 5.2 software (LI-COR Biosciences, Lincoln, NE, USA), and the DoC of each conjugate was calculated using the following formula (Equation (1)):


  DoC =    ∑ k   k   ×   I (  DoC k  )     ∑ k   I (  DoC k  )     



(1)




where I(DoCk) is the line’s intensity of the conjugate with k conjugated oligonucleotides per antibody.



Additionally, we analysed the deglycosylated azido-modified trastuzumab intermediate using native mass spectrometry. As observed in a previous work [43,44], the mean DoC values obtained by the integration of theSDS-PAGE gel bands of the Ab-ssDNA conjugates (2.9; see Figure 2(Aa) and Figure S1) and the native MS of the azido-modified intermediates (2.8; see Figure 2(Ab), Figures S2 and S3) were closely correlated.




2.2.5. Complex Characterisation


Gel Mobility Shift Assay



To perform gel mobility shift assays we prepared 1.3% agarose gel by dissolving 400 mg of agarose in 30 mL of tris-acetate 40 mM, pH 7.5. The gels were run at 80 V for 1 h. Fluorescence of the fluorescein-labeled conjugates or oligonucleotides was visualised using GE Healthcare LAS 4000. The quantities involved for each gel are provided in Tables S1 and S2, and images of the gels in Figure 3C, Figures S4 and S5.



Size and ζ Potential Measurement



Dynamic light scattering (DLS) experiments were performed using a Zetasizer Nano-ZS (Malvern Instruments) and a low-volume quartz cuvette (ZEN2112 QS 3.00 mm). Analysis of the results was carried out using Malvern Zetasizer Software v8.01. Size and zeta potential spectra are provided in Figure 2(Ba,Bb), respectively. Size and zeta potential values are plotted in Figure 3B.



The hydrodynamic diameters of the micelles and the ATNP complexes were measured in water with the following parameters: Temperature: 25 °C, Index of refraction of material: 1.43, Index of refraction of pure water: 1.33; Viscosity of water used: 0.8872 cP; Sampling time: 55 s; Number of runs: 3



The ζ potential measurements were carried out using the same instrument and samples, using a disposable folded capillary zeta cell (1 mL, Malvern Panalytical DTS1070) and an effective voltage of 70 V with the following parameters: Temperature: 25 °C, Index of refraction of material: 1.43, Index of refraction of pure water: 1.33



Viscosity of water (and sample) used: 0.8872 cP, Dielectric constant: 78.5, Model: Smoluchowski, Number of runs: 3. The size and zeta potential measured are reported in Table S3.



Monomer per Particle Estimation



The Van Der Waals volume of the monomeric Y was estimated using the formula described by Zhao et al. [45]:


   V  monomer   = 7.24 ×  N H  + 20.58 ×  N C  + 15.6 ×  N N  + 14.71 ×  N O  − 5.92 × NB − 14.7 RA − 3.8 RNR  



(2)




where Vmonomer is the volume of the monomer, NH, NC, NN and NO are the numbers of hydrogen, carbon, nitrogen and oxygen atoms in the molecule, respectively, and NB, RA and RNR are the numbers of bonds, aromatic rings and non-aromatic rings in the molecule, respectively.



Using this volume and the diameters obtained from DLS measurements, we calculated the volume of the micelles using Equation (3), and finally, the number of monomers per particle using Equation (4).


   V  micelle   =  4 3  × π ×    (   d 2   )   3   



(3)




where Vmicelle is the volume of the micelle and d is the diameter measured by DLS.


   Monomer   per   particle  =    V  micelle      V  monomer      



(4)




where Vmonomer is the volume of the monomer, and Vmicelle is the volume of the micelle.



The quantities involved in the preparation of the various complexes formed throughout this study, as well as the calculated antibody-oligonucleotide conjugate/nanoparticle ratios, are indicated in Table S4.





2.3. In Vitro Experiments


2.3.1. Cell Culture


Human breast adenocarcinoma cells SK-BR-3 (ATCC HTB-30) and MDA-MB-231 (ATCC HTB-26)) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/L glucose (Sigma, St Louis, MO, USA). The medium was supplemented with 10% fetal bovine serum (Perbio, Brebieres, France), 2 mM L-Glutamine, 100 U/mL Penicillin and 100 µg/mL Streptomycin (Sigma). Cells were maintained in a 5% CO2 humidified atmosphere at 37 °C.




2.3.2. In Vitro Cytotoxicity Assay


The day before the experiment, SKBR3 and MDA-MB-231 cell lines were seeded in 96-well plates at 5000 and 15,000 cells/well, respectively, in 100 μL fresh cell medium. The day of the experiment, cells were added to 20 µL of each compound (in triplicate) and incubated at 37 °C for 96 h, unless otherwise specified. The MTT reagent (Sigma-Aldrich, 100 μL, 1 mg/mL in cell media) was added into each well and cells were incubated for 1.5 h at 37 °C. The medium was carefully removed and the blue precipitate was solubilised by adding 100 μL of DMSO. Cell viability was measured by quantifying absorbance at 570 nm using a 96-well plate reader (Flx-Xenius XM, Safas, Monaco). Viability ± SDs were calculated from three independent experiments, using the following equation:


  Viability =   A −  A 0     A  vehicle   −  A 0    × 100  



(5)




where A is the absorbance measured at 570 nm for the evaluated well, A0 is the mean of three wells where the medium was replaced with deionised water for the whole experiment (osmotic shock cell lysis), and Avehicle is the mean of three wells treated with 20 µL of pure HBG buffer.



The in vitro cytotoxicity assays discussed in this work are provided in Figure 3A, Figure 4 and Figures S6–S9.





2.4. In Vivo Experiments


Six-week-old female Balb/c nude mice were purchased from Janvier Laboratories (Le Genest Saint Isle, France). Animals were maintained under a controlled environment (20 ± 2 °C) with a relative humidity of 50 ± 10% and a 12 h/12 h light-dark cycle in ventilated GM500 cages (Techniplast, Milan, Italy). The bedding consisted of wood chips (Safe® SF14, Safe laboratories, Augy, France) and cages were enriched with mouse house and nestlets pads. Food (autoclavable diet, Safe® DO4, Safe laboratories, Augy, France), and tap water was available ad libitum. For heterotopic xenografts of SKBR3 cells, 5 × 106 cancer cells were resuspended in 50% DMEM + 50% Matrigel® HC (Corning, 354248) and were implanted subcutaneously into the flank of healthy 7-week-old female mice. Nine weeks after SKBR3 cell xenografts, mice were randomised based on tumour volume to obtain three homogenous groups then treated on day 0 (first treatment) and 9 via intravenous route with vehicle (HBG) or 1.8 nmol/kg of ATNP or cNP. Body weight monitoring is reported in Figure S10.





3. Results and Discussion


The two AOCs were synthesised using the previously described “plug and play” strategy. Briefly, in a first step, both antibodies were reacted with 4-azidobenzoyl fluoride to yield azido-antibodies (“plug” step). These were then conjugated to bicyclononyne-functionalised 37 mer single-stranded DNA (BCN-ssDNA) oligonucleotides through a strain-promoted azide-alkyne cycloaddition (SPAAC) reaction (“play” step). Thanks to the excellent bioorthogonality of SPAAC and quantitative conversion, the final degree of conjugation (DoC) is the same as the one obtained from the plug step [43].



While using a large number of equivalents of both 4-azidobenzoyl fluoride and the above BCN-ssDNA would lead to highly conjugated species that would tend to precipitate, the use of an insufficient number of equivalents would leave a significant portion of the antibodies unconjugated, and thus, not able to coat the cNP. The sweet spot between these two extremes was found when using three equivalents of 4-azidobenzoyl fluoride and performing the reaction in PBS 2X. The resulting conjugates were then purified using size-exclusion chromatography (SEC) to eliminate unconjugated BCN oligonucleotides and AOCs were obtained with an average DoC of 2.9. Based on native mass spectrometry (MS) and SDS PAGE analysis (Figure 2(Aa,Ab)), with mostly DoC = 2 and DoC = 3 species, and less than 5% unconjugated antibodies.



A polydiacetylenic (PDA) amphiphilic monomer bearing the tyrosine-histidine cationic head group was conveniently obtained in two steps: starting from our previously described tyrosine-PDA monomer [42], HBTU/HOBt-mediated coupling with a Boc-protected histidine was followed with the acidic deprotection of the Boc group in one pot (see SI for detailed protocol). Following a previously reported protocol [46], the obtained tyrosine-histidine PDA amphiphilic monomer was sonicated in water to allow its self-assembly into micelles, before being UV-irradiated at 254 nm to trigger photopolymerisation. The photopolymerised PDA micelles were analysed by dynamic light scattering (DLS) and were found to have a diameter of 7.3 nm and a ζ potential of +77.9 mV (see Figure 2(Ba,Bb), and SI for detailed protocol). As expected, the small size and highly cationic surface of these micelles are in accordance with what we observed for previously described histidine PDA micelles [34,46,47]. Based on the measured diameter of 7.3 nm for the PDA micelle (i.e., volume of about 203 nm3) and the estimated volume of about 0.92 nm3 for the monomer (using the formula described by Zhao et al. [45]), we calculated that each micelle was composed of an average of 220 monomers (see SI for detailed calculation), which is similar to the composition of previously reported micelles [48]. This number will serve as the basis to determine AOC/cNP ratios for all formulations.



The gel mobility shift assay was used to assess the capacity of the PDA micelle to complex unconjugated oligonucleotides (see Figure S5), and thus, the soundness of the supramolecular assembly strategy. A given quantity of fluorescein-labelled 37 mer ssDNA was incubated with various quantities of PDA. Satisfactorily total complexation (as evidenced by the absence of free ssDNA band on the gel; see Figure S5) was observed for ssDNA/cNP ratios of 1.2 and lower, indicating that a single particle could strongly complex up to one ssDNA molecule. The same experiment was performed with a fluorescent AOC and similarly showed that a single particle could not associate strongly with more than one AOC (see Figure 3C and Figure S4). Thus, the AOC/cNP ratio should not exceed 1 in order to avoid the presence of non-complexed species in solution.



To select the optimal AOC/cNP ratio in terms of biological activity and in vivo compatibility of Antibody-Toxic Nanoparticles (ATNPs), a series of ATNPs at AOC/cNP ratios lower than 1 (0.1, 0.2, 0.4, 0.7 and 1) was prepared. Two cell lines were used: SKBR-3 (HER2+), which is recognised by trastuzumab, and MDA-MB-231 (HER2−), which is not recognised by trastuzumab. We incubated these cells with either the non-complexed cNP or the five ATNPs at four concentrations of cNP (11 nM, 23 nM, 45 nM and 91 nM) for four days, in the presence of 10% of FBS, and measured the cells’ viability using the MTT assay (Figure 3A). The first interesting observation was that in all cases cytotoxicity towards the HER2− MDA-MB-231 cell line was low (Figure 3A). Thus, it appears that the system by itself does not possess intrinsic nontargeted toxicity. In contrast, cytotoxicity towards the HER2+ SKBR-3 cell line was found to be very high for the ATNP complexes, in particular those with an AOC/cNP ratio ≥ 0.2 (Figure 3A). In addition, a dose response could be observed with increasing toxicity for increasing amounts of cNP. Of note, T-ssDNA conjugates did not by themselves reduce the cell viability of either cell lines in the absence of complexed cNP (see Figure S9). These encouraging results demonstrates that supramolecular cNP conjugation enables the triggering of selective cell killing.



Moving toward in vivo compatibility, it was required to validate the size and charge of the various supramolecular complexes. As the ratio of AOC/cNP increased from 0 to 1.0, DLS measurement showed that the sizes of the particles gradually increased from 7.3 nm to more than 200 nm. It has been shown that particles smaller than 10 nm are rapidly eliminated in vivo by renal clearance, while those larger than 100 to 200 nm tend to accumulate non-specifically in the liver and the spleen [21,49]. The optimal size for NPs intended for in vivo application is generally considered to fall within this 20–150 nm range. Based on these considerations, the AOC/cNP ratios of 0.7 and 1.0 were not further investigated because they led to ATNPs larger than 150 nm (Figure 3B).



Concerning the overall charge of ATNPs, when the AOC/cNP ratio was increased from 0 to 1.0, the ζ potential decreased from +76 to −7 mV. This trend accounts for the increasing neutralisation of the positive micelle’s charges by the negative charges brought by the oligonucleotide strand from AOCs. It has been shown that cationic particles interact non-specifically with anionic cellular membranes and circulating proteins, and tend to have shorter circulating half-lives than neutral or slightly negatively charged particles [21,50]. Consequently, ATNP with an AOC/cNP ratio of 0.4 seemed optimum for in vivo application since it showed both a close-to-neutral surface charge (+4 mV) and a small size (73 nm; see Figure 3).



At this optimum AOC/cNP ratio, further biological investigations were performed to further validate antibody-dependent cell line cytotoxicity. A mock, non-targeting ATNP was prepared from a PDA micelle and Rituximab-ssDNA conjugate (AOC/cNP ratio of 0.4). Both SKBR-3 (HER2+) and MDA-MB-231 (HER2−) cell lines were tested against Trastuzumab- and Rituximab-based ATNPs. Satisfactorily, while ATNP kept its high selectivity for HER2+ cells, mock ATNP showed a toxicity comparable to that of the free cNP (see Figure 4 and Figure S6). This antibody-dependent toxicity was further validated by a competition experiment in which pre-incubation with an excess of free, non-conjugated trastuzumab (1 µM) was shown to strongly protect SKBR-3 cells from the cytotoxicity of ATNP, without having any impact in the case of MDA-MB-231 (see Figure S7).



The robustness of supramolecular ATNP was further evaluated in even more stringent conditions. It is known that proteins contained in the blood are adsorbed onto the surface of nanoparticles, forming a “protein corona” which changes their behavior and hinder their active targeting [7,51,52]. While the previously mentioned cytotoxicity experiments were performed in a growth medium supplemented with 10% FBS, experiments were repeated in a 1:1 medium/FBS mixture that usually inhibits nontargeted cNP-Oligo based transfection. As shown in Figure 4, this change had little to no impact on the selectivity and cytotoxicity profile. Interestingly, under these new conditions, both the mock ATNP and the non-complexed cNP presented even less toxicity toward both cell lines. This is in stark contrast with more classic ADCs, whose payloads are highly cytotoxic on their own and strongly limit the maximum tolerated dose. In ATNP, it thus appears that each component of the system is non-toxic on its own, and yet, the complex they form is highly active, even under the most stringent conditions.



In order to gain deeper insight on the cNP/cell interaction kinetics and subsequent cell death, we repeated cytotoxicity assays, but this time incubated cells for only 4 h at either 37 or 4 °C before resuspending cells in fresh culture medium (10% FBS) for the following 92 h. Interestingly, under these conditions the toxicity profiles of the three constructs were very similar to those obtained with continuous incubation. This indicates that the amount of ATNP bound and further internalised to HER2+ cells in 4 h of contact is sufficient to exert very significant cell killing (80%) (See Figure S8). No systemic exposure seems to be needed.



Finally, to validate whether these positive in vitro results would translate in vivo, three groups of SKBR-3 xenograft-bearing Balb/c nude mice were intravenously injected two times with 45 pmol (1.8 nmol/kg) of either ATNPs, bare cNPs, or the vehicle (HEPES buffered Glucose, HBG) on days 0 and 9 (See Figure 5 and Table S4).



ATNP 0.4 was chosen as the lead because it had characteristics suitable for in vivo experiments (i.e., small size and close to neutral overall charge) and showed strong in vitro activity. The non-treated control group (injected with HBG buffer, or vehicle) and the cationic nanoparticle alone were chosen as controls. The outcome would inform on the behavior of free cytotoxic agents that might be released in the bloodstream upon premature deconjugation and, by comparison, highlight the effect of antibody-mediated active targeting.



Evolution of the tumour sizes in the ATNP and cNP groups was compared to that in the vehicle group. In the HBG group, the tumour grew slightly during the first 12 days after the first compound administration (day 0) and remained between 120–130% of their initial volume for the last 16 days. In the cNP group, tumours grew similarly to in the HBG group and were stable for the last 16 days. In the ATNP group, however, a statistically significant tumour size reduction was observed after seven days relative to both the cNP and vehicle groups. Over time, the ATNP group showed steady tumour size reduction with no apparent toxicity despite two injections of the compound (see Figure S9).



This experiment underlines different interesting features. The free cNP bearing tyrosine-histidine dipeptide and cationic polar head group that we developed for this application seem not to show any toxicity on their own. This is in sharp contrast with classical payloads used in the ADC strategy and supports our original hypothesis. Once assembled via supramolecular interactions with tumour-targeting Ab and injected, stable regression could be observed without any weight loss. In accordance with in vitro experiments performed at high serum content, sufficient amounts of ATNP reached the tumour in order to trigger stable regression and again underlined the good safety profile of ATNP. While further studies will be necessary to completely understand the fate of ATNP in vivo and identify possible bottlenecks, these proof-of-concept results clearly demonstrate the potency of this novel approach combining cNP as toxic payload and supramolecular conjugation as a construction principle.




4. Conclusions


Supramolecular interaction of polycationic diacetylene micelles and polyanionic antibody-oligonucleotide conjugates formed complexes with easy-to-tune biophysical and biological properties. This versatile assembly strategy allowed for optimization of the formulation conditions in order to afford small, neutral, highly active and selective Antibody-Toxic Nanoparticle conjugates. Cell-specific delivery of cationic nanoparticles to HER2+ cells through antibody-antigen specific binding led to cell death at as low as 40 nM of toxic cNP despite the presence of 50% FBS. Interestingly, and in contrast with small molecule drug payloads that target precise biological processes and often require long ADC exposure, ATNPs showed consistent antigen-binding mediated toxicity after just 4 h of exposure. In addition, we showed that the free cNPs developed for this project did not trigger unwanted side toxicity on their own. This is sharp contrast to classical small molecule payloads that, upon premature deconjugation in the blood stream, trigger important side toxicity. In vivo experiments showed robust tumour regression in a xenografted mice in vivo model, thus confirming that enough cNP had reached the tumour, while no signs of side toxicity could be seen even after two injections of ATNP or cNP. The present work opens prospects for the further development of cationic nanoparticles as a novel type of cytotoxic payload in antibody-based targeted drug delivery systems. Bio-inspired or bioactive NP used to enlarge the therapeutic scope of ATNPs can be envisioned, such as the addition of encapsulated hydrophobic compounds, or the addition of an intracellular targeting element [53,54].








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics15061643/s1, Figure S1: DoC distribution observed using SDS-PAGE; Figure S2: Mass spectrum of T-dsDNA; Figure S3: Mass spectrum of R-dsDNA; Figure S4: Gel mobility shift assay for AOC; Figure S5: Gel mobility shift assay for ssDNA; Figure S6: Impact of FBS on the cytotoxicity of the different formulations; Figure S7: Impact of free, competing, anti-HER2 antibody on the cytotoxicity of ANTPs; Figure S8: Impact of incubation conditions on the cytotoxicity of the different formulations; Figure S9: Cytotoxicity assay of the AOC alone; Figure S10: Body weight monitoring. Table S1: Formulation of complexes made for gel mobility shift assay in Figure S4; Table S2: Formulation of complexes made for gel mobility shift assay in Figure S5; Table S3: Sizes and zeta potentials of all formulations; Table S4: Formulation of complexes for cytotoxicity assays; size and zeta potential measurements.





Author Contributions


Investigation, V.L., P.N., M.R., F.D., S.E. and I.D.; data curation, S.C.; writing (original draft preparation), V.L.; writing (review and editing), S.U., A.W. and A.K.; supervision, A.W., A.K. and G.C.; project administration, A.W.; funding acquisition, A.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Institut du médicament de Strasbourg (IMS).




Institutional Review Board Statement


All animal work was completed in accordance with institutional guidelines and approved by the French Ministère de l’Enseignement Supérieur de la recherche et de l’innovation and local ethical committee (CREMEAS) according the APAFiS procedure (agreement number #19214-2019021807554946).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in the article or Supplementary Material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Beck, A.; Goetsch, L.; Dumontet, C.; Corvaïa, N. Strategies and Challenges for the next Generation of Antibody-Drug Conjugates. Nat. Rev. Drug Discov. 2017, 16, 315–337. [Google Scholar] [CrossRef] [PubMed]

	



Weldon, J.E.; Pastan, I. A Guide to Taming a Toxin: Recombinant Immunotoxins Constructed from Pseudomonas Exotoxin A for the Treatment of Cancer. FEBS J. 2011, 278, 4683. [Google Scholar] [CrossRef] [PubMed]

	



Lutz, R.J. CHAPTER 22: The Future of Antibody–Drug Conjugate (ADC) Payloads. In Cytotoxic Payloads for Antibody–Drug Conjugates; Royal Society of Chemistry: London, UK, 2019; pp. 461–471. [Google Scholar] [CrossRef]

	



Khongorzul, P.; Ling, C.J.; Khan, F.U.; Ihsan, A.U.; Zhang, J. Antibody–Drug Conjugates: A Comprehensive Review. Mol. Cancer Res. 2020, 18, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



Gingrich, J. How Next Generation ADCs Expand Beyond Cytotoxic Payloads. ADC Review. Available online: https://www.adcreview.com/articles/how-the-next-generation-antibody-drug-conjugates-expands-beyond-cytotoxic-payloads-for-cancer-therapy/ (accessed on 8 July 2021).

	



Dovgan, I.; Koniev, O.; Kolodych, S.; Wagner, A. Antibody–Oligonucleotide Conjugates as Therapeutic, Imaging, and Detection Agents. Bioconjug. Chem. 2019, 30, 2483–2501. [Google Scholar] [CrossRef]

	



Mi, P.; Cabral, H.; Kataoka, K. Ligand-Installed Nanocarriers toward Precision Therapy. Adv. Mater. 2020, 32, 1902604. [Google Scholar] [CrossRef]

	



Kumar, R.; Santa Chalarca, C.F.; Bockman, M.R.; Bruggen, C.V.; Grimme, C.J.; Dalal, R.J.; Hanson, M.G.; Hexum, J.K.; Reineke, T.M. Polymeric Delivery of Therapeutic Nucleic Acids. Chem. Rev. 2021, 121, 11527–11652. [Google Scholar] [CrossRef]

	



Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in Oligonucleotide Drug Delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694. [Google Scholar] [CrossRef]

	



Chernikov, I.V.; Vlassov, V.V.; Chernolovskaya, E.L. Current Development of SiRNA Bioconjugates: From Research to the Clinic. Front. Pharmacol. 2019, 10, 444. [Google Scholar] [CrossRef]

	



Zhou, Z.; Liu, X.; Zhu, D.; Wang, Y.; Zhang, Z.; Zhou, X.; Qiu, N.; Chen, X.; Shen, Y. Nonviral Cancer Gene Therapy: Delivery Cascade and Vector Nanoproperty Integration. Adv. Drug Deliv. Rev. 2017, 115, 115–154. [Google Scholar] [CrossRef]

	



Gómez-Aguado, I.; Rodríguez-Castejón, J.; Vicente-Pascual, M.; Rodríguez-Gascón, A.; Solinís, M.Á.; del Pozo-Rodríguez, A. Nanomedicines to Deliver MRNA: State of the Art and Future Perspectives. Nanomaterials 2020, 10, 364. [Google Scholar] [CrossRef]

	



Ben Djemaa, S.; Munnier, E.; Chourpa, I.; Allard-Vannier, E.; David, S. Versatile Electrostatically Assembled Polymeric SiRNA Nanovectors: Can They Overcome the Limits of SiRNA Tumor Delivery? Int. J. Pharm. 2019, 567, 118432. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, K.; Wu, J.; Tian, H.; Chen, X. Polycations for Gene Delivery: Dilemmas and Solutions. Bioconjug. Chem. 2019, 30, 338–349. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, T.; Luther, D.C.; Goswami, R.; Bell, C.; Nagaraj, H.; Cicek, Y.A.; Huang, R.; Mas-Rosario, J.A.; Elia, J.L.; Im, J.; et al. Engineered Polymer–SiRNA Polyplexes Provide Effective Treatment of Lung Inflammation. ACS Nano 2023, 17, 4315–4326. [Google Scholar] [CrossRef] [PubMed]

	



Moghimi, S.M.; Symonds, P.; Murray, J.C.; Hunter, A.C.; Debska, G.; Szewczyk, A. A Two-Stage Poly(Ethylenimine)-Mediated Cytotoxicity: Implications for Gene Transfer/Therapy. Mol. Ther. 2005, 11, 990–995. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.J.; Kang, S.J.; Kim, Y.J.; Lim, Y.; Chung, H.W. Comparative Studies on the Genotoxicity and Cytotoxicity of Polymeric Gene Carriers Polyethylenimine (PEI) and Polyamidoamine (PAMAM) Dendrimer in Jurkat T-Cells. Drug Chem. Toxicol. 2010, 33, 357–366. [Google Scholar] [CrossRef]

	



Hunter, A.C. Molecular Hurdles in Polyfectin Design and Mechanistic Background to Polycation Induced Cytotoxicity. Adv. Drug Deliv. Rev. 2006, 58, 1523–1531. [Google Scholar] [CrossRef]

	



Roursgaard, M.; Knudsen, K.B.; Northeved, H.; Persson, M.; Christensen, T.; Kumar, P.E.K.; Permin, A.; Andresen, T.L.; Gjetting, T.; Lykkesfeldt, J.; et al. In Vitro Toxicity of Cationic Micelles and Liposomes in Cultured Human Hepatocyte (HepG2) and Lung Epithelial (A549) Cell Lines. Toxicol. In Vitro 2016, 36, 164–171. [Google Scholar] [CrossRef]

	



Monnery, B.D.; Wright, M.; Cavill, R.; Hoogenboom, R.; Shaunak, S.; Steinke, J.H.G.; Thanou, M. Cytotoxicity of Polycations: Relationship of Molecular Weight and the Hydrolytic Theory of the Mechanism of Toxicity. Int. J. Pharm. 2017, 521, 249–258. [Google Scholar] [CrossRef]

	



Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle Design for Overcoming Biological Barriers to Drug Delivery. Nat. Biotechnol. 2015, 33, 941–951. [Google Scholar] [CrossRef]

	



Lochbaum, C.A.; Chew, A.K.; Zhang, X.; Rotello, V.; Van Lehn, R.C.; Pedersen, J.A. Lipophilicity of Cationic Ligands Promotes Irreversible Adsorption of Nanoparticles to Lipid Bilayers. ACS Nano 2021, 15, 6562–6572. [Google Scholar] [CrossRef]

	



Fröhlich, E. The Role of Surface Charge in Cellular Uptake and Cytotoxicity of Medical Nanoparticles. Int. J. Nanomed. 2012, 7, 5577–5591. [Google Scholar] [CrossRef] [PubMed]

	



Dufès, C.; Keith, W.N.; Bilsland, A.; Proutski, I.; Uchegbu, I.F.; Schätzlein, A.G. Synthetic Anticancer Gene Medicine Exploits Intrinsic Antitumor Activity of Cationic Vector to Cure Established Tumors. Cancer Res. 2005, 65, 8079–8084. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.; Agasti, S.S.; Zhu, Z.; Isaacs, L.; Rotello, V.M. Recognition-Mediated Activation of Therapeutic Gold Nanoparticles inside Living Cells. Nat. Chem. 2010, 2, 962–966. [Google Scholar] [CrossRef]

	



Dai, Q.; Bertleff-Zieschang, N.; Braunger, J.A.; Björnmalm, M.; Cortez-Jugo, C.; Caruso, F. Particle Targeting in Complex Biological Media. Adv. Healthc. Mater. 2018, 7, 1700575. [Google Scholar] [CrossRef] [PubMed]

	



Carter, T.; Mulholland, P.; Chester, K. Antibody-Targeted Nanoparticles for Cancer Treatment. Immunotherapy 2016, 8, 941–958. [Google Scholar] [CrossRef]

	



Wen, Y.; Bai, H.; Zhu, J.; Song, X.; Tang, G.; Li, J. A Supramolecular Platform for Controlling and Optimizing Molecular Architectures of SiRNA Targeted Delivery Vehicles. Sci. Adv. 2020, 6, eabc2148. [Google Scholar] [CrossRef]

	



Kim, S.H.; Jeong, J.H.; Chun, K.W.; Park, T.G. Target-Specific Cellular Uptake of PLGA Nanoparticles Coated with Poly(l-Lysine)−Poly(Ethylene Glycol)−Folate Conjugate. Langmuir 2005, 21, 8852–8857. [Google Scholar] [CrossRef]

	



Green, J.J.; Chiu, E.; Leshchiner, E.S.; Shi, J.; Langer, R.; Anderson, D.G. Electrostatic Ligand Coatings of Nanoparticles Enable Ligand-Specific Gene Delivery to Human Primary Cells. Nano Lett. 2007, 7, 874–879. [Google Scholar] [CrossRef]

	



Eltoukhy, A.A.; Chen, D.; Veiseh, O.; Pelet, J.M.; Yin, H.; Dong, Y.; Anderson, D.G. Nucleic Acid-Mediated Intracellular Protein Delivery by Lipid-like Nanoparticles. Biomaterials 2014, 35, 6454–6461. [Google Scholar] [CrossRef]

	



Theodorou, I.; Anilkumar, P.; Lelandais, B.; Clarisse, D.; Doerflinger, A.; Gravel, E.; Ducongé, F.; Doris, E. Stable and Compact Zwitterionic Polydiacetylene Micelles with Tumor-Targeting Properties. Chem. Commun. 2015, 51, 14937–14940. [Google Scholar] [CrossRef]

	



Neuberg, P.; Perino, A.; Morin-Picardat, E.; Anton, N.; Darwich, Z.; Weltin, D.; Mely, Y.; Klymchenko, A.S.; Remy, J.-S.; Wagner, A. Photopolymerized Micelles of Diacetylene Amphiphile: Physical Characterization and Cell Delivery Properties. Chem. Commun. 2015, 51, 11595–11598. [Google Scholar] [CrossRef] [PubMed]

	



Ripoll, M.; Neuberg, P.; Kichler, A.; Tounsi, N.; Wagner, A.; Remy, J.-S. PH-Responsive Nanometric Polydiacetylenic Micelles Allow for Efficient Intracellular SiRNA Delivery. ACS Appl. Mater. Interfaces 2016, 8, 30665–30670. [Google Scholar] [CrossRef] [PubMed]

	



Neuberg, P.; Wagner, A.; Remy, J.-S.; Kichler, A. Design and Evaluation of Ionizable Peptide Amphiphiles for SiRNA Delivery. Int. J. Pharm. 2019, 566, 141–148. [Google Scholar] [CrossRef] [PubMed]

	



Midoux, P.; Pichon, C.; Yaouanc, J.-J.; Jaffrès, P.-A. Chemical Vectors for Gene Delivery: A Current Review on Polymers, Peptides and Lipids Containing Histidine or Imidazole as Nucleic Acids Carriers. Br. J. Pharmacol. 2009, 157, 166–178. [Google Scholar] [CrossRef] [PubMed]

	



Wen, Y.; Guo, Z.; Du, Z.; Fang, R.; Wu, H.; Zeng, X.; Wang, C.; Feng, M.; Pan, S. Serum Tolerance and Endosomal Escape Capacity of Histidine-Modified PDNA-Loaded Complexes Based on Polyamidoamine Dendrimer Derivatives. Biomaterials 2012, 33, 8111–8121. [Google Scholar] [CrossRef]

	



Wang, F.; Hu, K.; Cheng, Y. Structure–Activity Relationship of Dendrimers Engineered with Twenty Common Amino Acids in Gene Delivery. Acta Biomater. 2016, 29, 94–102. [Google Scholar] [CrossRef]

	



Ewe, A.; Przybylski, S.; Burkhardt, J.; Janke, A.; Appelhans, D.; Aigner, A. A Novel Tyrosine-Modified Low Molecular Weight Polyethylenimine (P10Y) for Efficient SiRNA Delivery in Vitro and in Vivo. J. Control. Release 2016, 230, 13–25. [Google Scholar] [CrossRef]

	



Leyton, J.V. Improving Receptor-Mediated Intracellular Access and Accumulation of Antibody Therapeutics—The Tale of HER2. Antibodies 2020, 9, 32. [Google Scholar] [CrossRef]

	



Du, J.; Wang, H.; Zhong, C.; Peng, B.; Zhang, M.; Li, B.; Huo, S.; Guo, Y.; Ding, J. Structural Basis for Recognition of CD20 by Therapeutic Antibody Rituximab. J. Biol. Chem. 2007, 282, 15073–15080. [Google Scholar] [CrossRef]

	



Ripoll, M.; Neuberg, P.; Wagner, A.; Remy, J.-S. Amphiphilic Monomers Based Nanovectors and Their Use for Sirna Delivery. WO/2017/167929. 2017. Available online: https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2017167929 (accessed on 9 July 2021).

	



Dovgan, I.; Ursuegui, S.; Erb, S.; Michel, C.; Kolodych, S.; Cianférani, S.; Wagner, A. Acyl Fluorides: Fast, Efficient, and Versatile Lysine-Based Protein Conjugation via Plug-and-Play Strategy. Bioconjug. Chem. 2017, 28, 1452–1457. [Google Scholar] [CrossRef]

	



Lehot, V.; Kuhn, I.; Nothisen, M.; Erb, S.; Kolodych, S.; Cianférani, S.; Chaubet, G.; Wagner, A. Non-Specific Interactions of Antibody-Oligonucleotide Conjugates with Living Cells. Sci. Rep. 2021, 11, 5881. [Google Scholar] [CrossRef]

	



Zhao, Y.H.; Abraham, M.H.; Zissimos, A.M. Fast Calculation of van Der Waals Volume as a Sum of Atomic and Bond Contributions and Its Application to Drug Compounds. J. Org. Chem. 2003, 68, 7368–7373. [Google Scholar] [CrossRef] [PubMed]

	



Ripoll, M.; Neuberg, P.; Remy, J.-S.; Kichler, A. Cationic Photopolymerized Polydiacetylenic (PDA) Micelles for SiRNA Delivery. Methods Mol. Biol. 2019, 1943, 101–122. [Google Scholar] [CrossRef] [PubMed]

	



Ripoll, M. Synthèse de Nano-Vecteurs Dérivés Des Polydiacétylènes Pour La Co-Délivrance d’un ARN Interférent et d’un Anticancéreux. Ph.D. Thesis, École Doctorale Sciences Chimiques, Strasbourg, France, 2017. Available online: http://www.theses.fr/2017STRAF076 (accessed on 21 July 2021).

	



Thielens, N.M.; Belime, A.; Gravel, E.; Ancelet, S.; Caneiro, C.; Doris, E.; Ling, W.L. Impact of the Surface Charge of Polydiacetylene Micelles on Their Interaction with Human Innate Immune Protein C1q and the Complement System. Int. J. Pharm. 2018, 536, 434–439. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Y.; Quan, L.; Zhou, C.; Zhan, Q. Factors Relating to the Biodistribution & Clearance of Nanoparticles & Their Effects on in Vivo Application. Nanomedicine 2018, 13, 1495–1512. [Google Scholar] [CrossRef]

	



Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering Precision Nanoparticles for Drug Delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [Google Scholar] [CrossRef]

	



Salvati, A.; Pitek, A.S.; Monopoli, M.P.; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, P.M.; Åberg, C.; Mahon, E.; Dawson, K.A. Transferrin-Functionalized Nanoparticles Lose Their Targeting Capabilities When a Biomolecule Corona Adsorbs on the Surface. Nat. Nanotechnol. 2013, 8, 137–143. [Google Scholar] [CrossRef] [PubMed]

	



Bros, M.; Nuhn, L.; Simon, J.; Moll, L.; Mailänder, V.; Landfester, K.; Grabbe, S. The Protein Corona as a Confounding Variable of Nanoparticle-Mediated Targeted Vaccine Delivery. Front. Immunol. 2018, 9, 1760. [Google Scholar] [CrossRef]

	



Baran, A.; Fırat Baran, M.; Keskin, C.; Hatipoğlu, A.; Yavuz, Ö.; İrtegün Kandemir, S.; Adican, M.T.; Khalilov, R.; Mammadova, A.; Ahmadian, E.; et al. Investigation of Antimicrobial and Cytotoxic Properties and Specification of Silver Nanoparticles (AgNPs) Derived from Cicer Arietinum L. Green Leaf Extract. Front. Bioeng. Biotechnol. 2022, 10, 855136. [Google Scholar] [CrossRef]

	



Sellami, H.; Khan, S.A.; Ahmad, I.; Alarfaj, A.A.; Hirad, A.H.; Al-Sabri, A.E. Green Synthesis of Silver Nanoparticles Using Olea Europaea Leaf Extract for Their Enhanced Antibacterial, Antioxidant, Cytotoxic and Biocompatibility Applications. Int. J. Mol. Sci. 2021, 22, 12562. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 01643 g001 550] 





Figure 1. General scheme of the ATNP system: non-covalent complexation of cytotoxic polycationic micelles with antibody–oligonucleotide conjugates into small nanoparticles, allowing for the selective killing of cancer cells. This representation of the ATNP complex is consistent with an AOC/cNP ratio of 0.4 optimised for in vivo application (see below). 
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Figure 2. Characterisation data for the targeting antibody-oligonucleotide conjugate (A) and the cytotoxic cationic micelle payload (B) that constitute the targeted system. Antibodies are first functionalised with azido groups, allowing for the installation of BCN-functionalised oligonucleotides through a strain-promoted alkyne-azide click reaction. SDS-PAGE (4–15%) of the final conjugate (Aa) and native MS of the azido-functionalised intermediate (Ab) indicate degrees of conjugation of 2.9 and 2.8, respectively. Photopolymerised polydiacetylenic micelles featuring a cationic tyrosine-histidine dipeptide head group were analysed via DLS, presenting a size of 7.3 nm (Ba) and ζ potential of +77.9 mV (Bb). 






Figure 2. Characterisation data for the targeting antibody-oligonucleotide conjugate (A) and the cytotoxic cationic micelle payload (B) that constitute the targeted system. Antibodies are first functionalised with azido groups, allowing for the installation of BCN-functionalised oligonucleotides through a strain-promoted alkyne-azide click reaction. SDS-PAGE (4–15%) of the final conjugate (Aa) and native MS of the azido-functionalised intermediate (Ab) indicate degrees of conjugation of 2.9 and 2.8, respectively. Photopolymerised polydiacetylenic micelles featuring a cationic tyrosine-histidine dipeptide head group were analysed via DLS, presenting a size of 7.3 nm (Ba) and ζ potential of +77.9 mV (Bb).



[image: Pharmaceutics 15 01643 g002]







[image: Pharmaceutics 15 01643 g003 550] 





Figure 3. Micelles were complexed with T-ssDNA conjugate at molar ratios of 0 (micelle alone), 0.1, 0.2, 0.4, 0.7, and 1 conjugate per particle. For each complex, we evaluated: cytotoxicity after 96 h of incubation in 10% FBS containing culture medium towards both the targeted, HER2+, SKBR-3 (A) top, and the non-targeted, HER2−, MDA-MB-231 (A) bottom, cell lines, using the MTT assay (error bars represent the standard deviation from at least three assays); and the size (blue line) and ζ potential (red line) using dynamic light scattering (B) (error bars represent the standard deviation from three measurements). Using fluorescein-labelled T-ssDNA conjugates, we prepared complexes at molar ratios of 0.1, 0.2, 0.4, 0.7, 1 and 2 conjugates per particle, and analyzed them using agarose gel electrophoresis (1.3% w/v, 80 mV, 60 min, tris-acetate running buffer) alone with the non-complexed conjugate (C). 
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Figure 4. Cellular viability of both the HER2+ SKBR-3 and the HER2- MDA-MB-231 cell lines after 96 h of continuous incubation at 37 °C in either 10% or 50% FBS supplemented culture medium, and in the presence of 45 nM (particles concentration) of either the ATNP (T-ssDNA/micelle ATNP complex), the mock ATNP (R-ssDNA/micelle complex) or the cNP (cationic micelle), as measured using the MTT assay. For the ATNP and mock ATNP, the complexes were prepared at a molar ratio of 0.4 AOC/cNP. Viability is expressed as a percentage relative to vehicle-treated (i.e., 20 µL of pure HBG buffer), and the error bars represent the standard deviation calculated from at least three independent assays. 
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Figure 5. In vivo activity of ATNPs in a mouse model with SKBR3 heterotopic xenograft. Balb/c nude mice with SKB3 tumours were treated intravenously with 1.8 nmol/kg of ATNP and cNP or vehicle (HBG) on day 0 and 9. The ordinate axis reports tumour volume (%), dots representing means and error bars are S.E. values (n = 4 to 6/group). Statistical analysis consisted of two-way ANOVA followed by Tukey’s multiple comparisons test and was conducted with Prism software (** p ≤ 0.01; *** p ≤ 0.001 vs. cNP and HBG group). 






Figure 5. In vivo activity of ATNPs in a mouse model with SKBR3 heterotopic xenograft. Balb/c nude mice with SKB3 tumours were treated intravenously with 1.8 nmol/kg of ATNP and cNP or vehicle (HBG) on day 0 and 9. The ordinate axis reports tumour volume (%), dots representing means and error bars are S.E. values (n = 4 to 6/group). Statistical analysis consisted of two-way ANOVA followed by Tukey’s multiple comparisons test and was conducted with Prism software (** p ≤ 0.01; *** p ≤ 0.001 vs. cNP and HBG group).
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