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Abstract. 
We have previously demonstrated that intraperitoneal injections of 2′-O-methyl-phosphorothioate (2′OMePS)  antisense oligoribonucleotides adsorbed onto a cationic core-shell nanoparticles (NPs), termed ZM2, provoke dystrophin restoration in the muscles of mdx mice. The aim of the present work was to evaluate the oral route as an alternative way of administration for ZM2-antisense oligoribonucleotides  complexes. The biodistribution and elimination of nanoparticles  were evaluated after single and multiple oral doses of IR-dye conjugated nanoparticles. Labeled nanoparticles were tracked in vivo as well as in tissue cryosections, urines and feces by Odyssey infrared imaging system, and revealed a permanence in the intestine and abdominal lymph nodes for 72 hours to 7 days before being eliminated. We subsequently tested alginate-free and alginate-encapsulated ZM2-antisense oligoribonucleotides (AON) complexes orally administered 2 and 3 times per week, respectively, in mdx mice for a total of 12 weeks. Treatment with alginate ZM2-AON  induced a slight dystrophin rescue in diaphragm and intestine smooth muscles, while no dystrophin was detected in alginate-free ZM2-AON  treated mice. These data encourage further experiments on oral administration testing of NP and AON complexes, possibly translatable in oligoribonucleotides-mediated molecular therapies.  



1. Introduction
The X-linked recessive Duchenne muscular dystrophy (DMD) affects 1 in 3500 newborn boys [1], and it is caused by the loss of dystrophin expression. The antisense mediated exon skipping approach represents a promising therapy for DMD. It is based on the possibility to convert a severe phenotype (DMD) into a milder form (Becker muscular dystrophy) acting on dystrophin pre-mRNA [2, 3].
Two AON chemistries, 2′OMePS and phosphorodiamidate morpholino oligomer (PMO), have already been the subject of clinical trials in humans [1, 4–8]. Phosphorothioate (PS) oligonucleotides are the most widely studied AONs due to their stability to nucleolytic degradation and relative ease of synthesis. In PS oligonucleotides, the nonbridging oxygen is replaced with a sulfur atom in the oligonucleotide chain. This substitution confers sufficient stability in plasma, tissues, and cells to avoid degradation before binding to target RNA. PS-modified AONs are water-soluble and have high protein-binding capacity, which prevents rapid renal excretion and facilitate uptake into tissues. PMO consists of the replacement of the phosphodiester bond by a phosphorodiamidate linkage with the ribose replaced by a morpholino moiety. PMOs are charge neutral, refractory to biological degradation and stable in serum and plasma [9–11].
In order to increase stability and half-life in biological fluids, thereby improving AON efficacy, different polymeric nanoparticles have been developed; their subcellular and submicron size allows them to penetrate deeply into tissues through the fine capillaries, crossing the fenestration present in the epithelial lining. We have previously demonstrated the effectiveness of polymethylmethacrylate (PMMA) T1 (Figure 1(a)) nanoparticles conjugated with AON to induce dystrophin restoration in body-wide muscles in the mdx animal model. Although we obtained functional effect with one-eightieth of the normal AON dose regimen, the efficiency of this compound was relatively unsatisfactory in terms of size, AON loading capacity, and efficiency of treatment. Therefore, to obtain a more efficient compound, we designed and prepared a novel type of cationic core-shell NP (termed ZM2), made up of a predominantly PMMA core and a random copolymer shell consisting of units derived from N-isopropyl-acrylamide+ (NIPAM) and reactive methacrylate-bearing cationic groups (Figure 1(b)). ZM2 nanoparticles were able to bind and deliver 2′OMePS M23D AON in mdx mice, inducing dystrophin restoration in the skeletal muscles, arrector pili smooth muscle, and heart after intraperitoneal (i.p.) treatment [12–15].
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Figure 1: Nanoparticles characteristics. Representation of the interactions between antisense oligoribonucleotide (M23D AON) and quaternary ammonium groups on the surface of T1 (a) and ZM2 (b) nanoparticles.



The mdx mouse is the most widely used animal model for exon skipping experiments since it is a natural mutant with a stop mutation within exon 23 of the dystrophin gene. This causes a complete absence of dystrophin protein as well as a moderate muscle weakness. This stop mutation can be corrected using the exon skipping approach [16].
Indeed, treatment of mdx mice with 2′OMePS M23D AON induces the exclusion of the mutated exon 23 from mRNA resulting in an in-frame mRNA transcript and subsequent expression of a slightly shorter dystrophin protein in mdx muscle [12, 17–19].
The objective of this work was to study the biodistribution, elimination, and efficacy of orally administered NPs-AON in mdx mice. The oral route is considered the most attractive for small molecules and macromolecular drug delivery, encompassing the advantages of easy administration, high patient compliance, and cost-effectiveness [20, 21]. The PS oligonucleotides molecules are poorly bioavailable when administered orally for their low mucosal permeability and poor transcytosis across the gut, due to both unfavorable physicochemical properties (hydrophilicity, high molecular weight, high negative charge density) and to the depurination in the acidic gastric environment [22–25].
In order to protect molecules and facilitate drug permeation, different kinds of delivery systems are under study in order to inhibit hydrolysis, prolong intestinal retention, and thereby enhance drug bioavailability [26–30].
Alginate is one of the most common and suitable biopolymers. It is nontoxic, biodegradable, and employed to make acidic pH-resistant hydrogel [31]. The most important property of alginates is their ability to form a reticulated structure in the presence of calcium ions, allowing the entrapment of molecules, making them good mucoadhesive agents [32, 33]. Alginate is a family of polysaccharides composed of α-L-guluronic acid (G) and β-D-mannuronic acid residues (M), arranged in homopolymeric blocks of each type and in heteropolymeric blocks [31].
Swelling of alginate is minimal in the stomach, while it increases moving toward the intestine, due to the pH increase [34]. In the present paper, we describe the biodistribution and elimination of ZM4 NPs conjugated with the dye NIR-797 after single and multiple oral administrations, using the Near-Infrared fluorescent imaging System Odyssey (LI-COR Biosciences). The biodistribution studies indicate that NPs persist in the intestinal lumen for at least 72 hours after a single administration and are concentrated in the intestine and abdominal lymph nodes after multiple administrations before being completely eliminated at day 7 from the last treatment. Successively, we report on the results obtained using alginate as encapsulating agent for ZM2-AON complexes orally administered in mdx mice. mdx mice orally treated with alginate-free ZM2-M23D or alginate-coated ZM2-M23D revealed a slight rescue of dystrophin protein in the intestinal smooth muscles and a mild positivity in the diaphragm only when in the presence of alginate. The low rescue was associated with the absence of AON in tissues, as assayed by AON specific ELISA.
These results encourage further research into the oral administration route for antisense molecules.
2. Results
2.1. Biodistribution and Elimination of Nanoparticle Oral Treatment
To assess the biodistribution and elimination pathways, a novel NP sample was prepared, nominated ZM4. ZM4 features the same size, size distribution, and surface hydrophilicity as ZM2, but it also exposes at the surface, or in the swelled shell, primary amino groups. These groups are necessary to interact with the isothiocyanate groups of the NIR-797 fluorescent dye (Sigma-Aldrich), giving rise to ZM4-IR nanoparticles in which the dye is covalently incorporated into the shell (see Table 1 reporting the NPs characteristics). The in vivo biodistribution was evaluated, after a single or multiple oral administrations, employing the Odyssey Imaging System (Li-Cor Biosciences) that allows the specific distribution and clearance of the infrared dye-labeled nanoparticles to be tracked in live animals over time. See Table 2 for the schedule of treatments.
Table 1: Nanoparticles characteristics.
	

	Sample	Diameter (SEM) nm (±standard error of the mean)	Diameter (PCS) nm (±polydispersity index)	Quaternary ammonium groups 
	
		
			

				𝜇
			

		
	
mol/g	Primary amino groups 
	
		
			

				𝜇
			

		
	
mol/g	NIPAM	Studies
	

	ZM2	
	
		
			
				1
				3
				7
				±
				9
			

		
	
	
	
		
			
				1
				5
				6
				±
				0
				.
				0
				1
				5
			

		
	
	202	—	yes	Functional analysis (dystrophin rescue) with ZM2-AON and ZM2-AON alginate
	

	ZM4	
	
		
			
				1
				3
				8
				±
				7
			

		
	
	
	
		
			
				1
				4
				3
				±
				0
				.
				0
				1
				2
			

		
	
	107	10.2	yes	Biodistribution and elimination using dye NIR-797
	



Table 2: Schedule of IR-dye conjugate nanoparticle treatments for biodistribution and elimination analysis.
	

	
									No. ofmice	Oral formulations	Frequency	No. of administration	Time of analysis
	

	
	
		
			
				𝑛
				=
				3
			

		
	
	ZM4-IR (2.5 mg)	1/week	1	Elimination (metabolic cages): 12 hours after administrationTime of collection of Odyssey images: 12–24–48–72 hours
	

	
	
		
			
				𝑛
				=
				3
			

		
	
	ZM4-IR (2.5 mg)	2/week	15	Time of collection of Odyssey images: before the new administrationSacrifice: 1 week, 1 month after last administration
	



The Odyssey in vivo imaging time course of ZM4-IR after single or multiple administrations demonstrated the persistence of ZM4-IR in the intestinal lumen for at least 72 hours (Figure 2), and the absence of any NP accumulation. The positivity observed in the mouth (masseter) is due to residues of NP IR-dye formulations administered by gavage.
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Figure 2: Biodistribution of ZM4-IR-dye. Three mice (1, 2, 3) were analyzed at 12 (a), 24 (b), 48 (c), and 72 (d) hours post ZM4-IR single administration. Fluorescence was visualized using the Odyssey Infrared Imaging System. Green fluorescence represents the IR signal (~800 nm) associated to the nanoparticle. The signal appears localized to the abdominal region (intestine) of the mouse. (e) Mice located on the mouse pod of the Odyssey scanner. (f) The image shows the absence of fluorescence signal in mdx untreated mice.


In the multiple administration schedule, ZM4-IR treated mdx mice were killed following one week (
	
		
			
				𝑛
				=
				3
			

		
	
) or one month (
	
		
			
				𝑛
				=
				3
			

		
	
) from administration of the last dose. The analysis of cryosections from different organs shows that ZM4-IR NPs are still present in intestine and abdominal lymph nodes (Figure 3(a)) one week after treatment, while no NPs were detected in the organs of mice sacrificed 1 month after the last administration (Figure 3(b)). The positivity of the masseter muscle is probably due to local adsorption as a result of oral administration by gavage.



(a)



(b)
Figure 3: Odyssey analysis of organ/muscle cryosections (20 μm) from ZM4-IR multiple-dose administered mice 7 days (a) and 1 month (b) after last treatment. Green fluorescence represents IR-dye signal (~800 nm) associated to the nanoparticle; red represents tissue autofluorescence at ~700 nm. The signal is evident in abdominal lymph nodes, ileum, and masseter muscle at 7 days and absent at 1 month. Hematoxylin-Eosin (HE) staining of the same cryosections is presented next to IR positive sections to clarify the position on the slide.



In the nanoparticles clearance studies, feces and urine samples were collected and analyzed with Odyssey. The feces of 3 untreated mdx mice were used as negative controls. Neither the feces nor urine samples of the untreated mice showed any fluorescence, while the feces of treated mice showed an intense signal. NP clearance occurred almost exclusively through the feces and mainly in the first 48 hours after administration. In fact, by semiquantitative analysis it resulted that 90% of administered nanoparticles was detected in the feces samples collected during the first 12–36 hours after treatment, while the remaining 10% was gradually eliminated in the next few days, being completely removed after 7 days (data not shown).
2.2. Dystrophin Restoration Studies: ZM2-M23D Complexes
2.2.1. mdx Mice Treatment
Table 3 summarizes the oral treatments and the sacrifice of mice analyzed in this work: 3 mdx mice were administered for 12 weeks (2 doses/week) with ZM2-M23D complexes; 3 mdx mice were treated for 12 weeks with AON-free ZM2; 3 mdx mice were treated for 12 weeks (3 doses/week) with ZM2-M23D complexes coated with alginate; 3 mdx mice were treated for 12 weeks with alginate coated AON-free ZM2; 3 untreated mice were included as negative controls.
Table 3: Schedule of mdx treatments for dystrophin restoration studies.
	

	 	Oral formulations	Frequency	No. of administrations	Total dose	Time of analysis
	

	Group 1Alginate-free(
	
		
			
				𝑛
				=
				6
			

		
	
)	ZM2 (2.5 mg)-AON (225 
	
		
			

				𝜇
			

		
	
g)(
	
		
			
				𝑛
				=
				3
			

		
	
)	2/week	32	240 mg/Kg	1 week after last administration
	ZM2 (2.5 mg)(
	
		
			
				𝑛
				=
				3
			

		
	
)	2/week	32	—	1 week after last administration
	

	Group IIAlginate-coated(
	
		
			
				𝑛
				=
				6
			

		
	
)	ZM2 (2.5 mg)-AON (200 
	
		
			

				𝜇
			

		
	
g)(
	
		
			
				𝑛
				=
				3
			

		
	
)	3/week	36	240 mg/Kg	1 week after last administration
	ZM2 (2.5 mg)(
	
		
			
				𝑛
				=
				3
			

		
	
)	3/week	36	—	1 week after last administration
	

	Group IIIUntreated(
	
		
			
				𝑛
				=
				3
			

		
	
)	—	—	—	—	1 week after last administration
	



The amount of AON loaded onto alginate-coated ZM2 nanoparticles was lower with respe