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Abstract
A Spray Drying process was applied for the one-step production of nanostructured microsponges starting from TEMPO oxidized cellulose nanofibers. Different formulations were prepared by varying both the nanofibers oxidation degree and the relative ratio of branched polyethyleneimine and citric acid, introduced as additional cross-linkers. The best production yield was obtained using the highest oxidation degree, affording microparticles with good stability in water and an average diameter below 5 m. Chemical reticulation by crosslinkers addiction, was verified by spectroscopic characterization that revealed the formation of amidic bonds. These chemical bonds tuned drug entrapment and swelling behaviour investigating different conditions and tetracycline as model drug. Acid condition promoted drug release and microsponges swelling providing a targeted pH-responsive propriety. Finally, human cells interaction has been studied on gastric carcinoma cells evaluating both direct and indirect effect. Cells viability was moderately affected by crosslinked microsponges, probably due to their peculiar physical-chemical proprieties. 	Comment by Lucio Melone: inserire valore 	Comment by Lucio Melone: è corretto dal punto di vista grammaticale?	Comment by Lucio Melone: quali sono queste caratteristiche peculiari? Aggiustare quest’ultima frase
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1 Introduction 
[bookmark: _GoBack]In the ever-growing panorama of molecular encapsulation of bioactive molecules and therapeutic compounds in polymeric scaffolds for targeted applications, microparticles (MP), microsponges and nanoparticles obtained from biodegradable and biocompatible polymers with tunable properties stands out as state-of-the-art systems 1–4. Polysaccharides-based particles, as paradigmatic example, show different structures and several applications such as enzymes immobilization, protein and drug delivery and bioimaging 5,6. The fabrication of these structures reacquires calls for different strategies, involving the use of metal salt and crosslinking agents addition, hydrothermal/solvothermal synthesis, emulsion–solvent evaporation, precipitation methods with or without crosslinkers and supercritical antisolvent precipitation 7,8. 	Comment by Lucio Melone: ever-growing	Comment by Lucio Melone: requires? necessita? richiede?
In particular, cellulose nanofibers (CNF) are promising nanomaterials which recently have turned out to be versatile tools for producing carrier shells in different forms to modulate drug release kinetics, including particles, capsules, films, aerogels, wet-stable foams, and hydrogels 9–12. The interest in CNF for drug delivery is due to their unique physical-chemical properties and biocompatibility, as well as their large surface area-to-volume ratio, which offer opportunity for positive molecular interactions with poorly-soluble drugs, stabilization of drugs nanocrystals and smart chemical modifications 11. In recent years, cellulose nanofibers produced by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation have attracted much attention thanks to the simplicity, efficiency, and versatility of this technique, which requires mild conditions and inexpensive reagents 13. TEMPO-oxidized cellulose nanofibers (TOCNF) have been widely used to produce aerogels with low density and high surface area 14,15, for different applications such as water remediation, drug delivery and tissue engineering 16. Moreover, it is possible to promote nanofibers reticulation via chemical modifications in order to optimize TOCNF-aerogels functionality 11,17. 
Nanocellulose, both CNF and cellulose nanocrystals (CNC), have been processed by many different methods and techniques to ensure specific proprieties as drug delivery carriers, microreactors and tissue engineering scaffold 7,18,19. CNF and CNC based carriers are principally obtained by Spray Drying Technology (SDT) producing particles with a size distribution ranging from nanometers to several microns 20,21,22,23. 
[bookmark: _Hlk118715615]SDT is a well-established dehydration process that has been used in many industrial areas, including food, pharmaceutical, and chemical industries 24. SDT is a one-step particles synthesis method that permits to dry foods, drugs, polymers and other substances in a rapid, reproducible, safe and simple manner. The fast evaporation of solvent from atomized liquid droplets allows the efficient formation of product into dry powder multi-particulate form 25,26. The reasons of the success in the use of this technology rely in the simplicity and the easy scalability of the process 27. Spray Dry is also less costly comparing with other techniques including supercritical fluid drying and freeze drying. Moreover, the thermal treatment is highly controlled, due to the very short contact time of atomized droplets with hot drying mediums, and the cooling effect of evaporation 27. All these advantages have opened the use of SDT not only for dehydration purposes, but also as a valuable method of encapsulation of drugs. Furthermore, SDT obtained powder has a better dispersibility than those obtained via other competing techniques 28. This last feature is very important to efficiently dry CNF which are usually synthesized and modified in aqueous environment because of their hydrophilic nature. SDT parameters have been investigated to control size and morphology of dried CNF particles 29. The addition of salts or organic substances, such as maleic acid, arabic gum and pectin, to CNF, was investigated to control agglomeration avoiding van der Waals and hydrogen bonding formation during SD 30–32. Furthermore, covalent crosslinking density had a crucial role in spray dried cellulose microparticles, as well as it was observed for SDT of TOCNF microparticles incorporating cysteamine 33. 	Comment by Lucio Melone: SDT?
In the last years we reported a new class of aerogels obtained by cross-linking TOCNF with branched polyethylenimine (bPEI) and citric acid (CA), achieved by a freeze-drying step followed by a heating process 34,35. These materials resulted to be particularly efficient as drug release systems, anion sensors when properly functionalized, heterogeneous catalysts, and adsorbent materials for water decontamination  36–38	Comment by Lucio Melone: non userei la parola aerogels.
 porous materials? sponge-like materials?....	Comment by Lucio Melone: in order to promote the cross-linking between TOCNF and bPEI by the formation of amidic bonds 
[bookmark: _Hlk72838117]Herein we report on the use of SDT on TOCNF and bPEI aqueous formulations, eventually in presence of CA as additional cross-linker, to produce tuneable nanostructured MP. microparticles. TOCNF and bPEI-TOCNF aqueous formulations, both in the presence and absence of citric acid, were used starting materials. SDT was applied by varying process parameters and nanofibers concentration. The obtained MP, resulted to be stable according to chemical-physical characterization, were investigated in terms of swelling properties, loading capacity, and release kinetics at different pH, using tetracycline (TC) as model drug. Moreover, biological interaction was also investigated by conducting microsponges cytocompatibility tests on human gastric carcinoma cells.	Comment by Lucio Melone: Modificherei questa frase in:
The role of TOCNF-bPEI-CA formulations and of the process parameters on the properties of the MP was investigated and hereafter discussed.	Comment by Lucio Melone: MP were characterized by FT-IR and 13C CP-MAS NMR spectroscopies, SEM/STEM electron microscopy and DLS analysis. The swelling properties, the loading capacity and the release kinetics at different pH, using tetracycline as model drug, were investigated in view of the possible application of MP for the drug delivery.	Comment by Lucio Melone: 
[bookmark: _Hlk72838474]Our data demonstrated that crosslinking agents are not necessary to efficiently spray dry TOCNF producing stable microparticles suspensions in water, on the contrary of that observed for aerogels 34. However, the presence of b-PEI and CA tunes spray dried microparticles morphology, swelling degree, drug entrapment and cytocompatibility. 	Comment by Lucio Melone: Toglierei questo pezzo dall’introduzione e, in una forma riscritta meglio, lo sposterei nelle conclusioni.


2 Materials and Methods
2.1 Cellulose oxidation and TOCNF production
All the reagents were purchased by Sigma-Aldrich. Cotton linters cellulose was provided by Bartoli Spa paper mill (Capannori, Lucca, Italy). Deionized water was produced with a Millipore Elix® Deionizer with Progard® S2 ion exchange resins. Ultra-sonication process was carried out with a Branson Sonifier 250 equipped with a 6.5 mm probe tip. Cellulose was oxidized to different degrees (0.5, 1, 1.3, 1.5 mmolCOOH/gTOCNF) according to a procedure previously reported in literature 13,39. Oxidation process and nanofiber production protocol are detailed in SM document, as well as the list of produced samples (Table S1 in supplementary procedures paragraph). 
For setup the spray dry parameters, different formulations were prepared by dispersing each TOCNF sample reported in Table S1 at three different concentrations (0.5, 1.0 and 2.0 w/v). The desired amount of TOCNF was dispersed in water and ultra-sonicated with a Branson SFX250 Sonicator (15 minutes constant-pulse, three cycles). During the dispersion process, the samples were kept in an ice bath and the pH was raised to around 10 by dropwise addition of aqueous ammonia solution (25 % w/v). 
[bookmark: _Hlk108510357]The microcarriers were synthetized using TOCNF with an oxidation degree of 1.5 mmolCOOH/gTOCNF, for the reasons described in the Results and Discussion section, starting from a stock suspension prepared dispersing 3.5 g of TOCNF in 350 mL of deionized water. Stoichiometric NaOH pellets (5.25 mmol, 0.21 g) were added to the suspension and the mixture was ultra-sonicated with the aid of a Branson SFX250 Sonicator, keeping temperature stable with an ice-bath. Three cycles of constant-pulse ultrasonication of 15 minutes each are performed. After the last sonication cycle, 15 mL of HCl 0.5 N were added to the suspension and the mixture was then filtered over Büchner funnel and washed with deionized water until neutral pH, to remove the in situ formed NaCl. The resulting wet solid was weighed to calculate its water content and the amount of deionized water for the achievement of a 1% w/w concentration of cellulose was then calculated. This water amount was divided into three portions, and each one was used to dilute the TOCNF, and to dissolve bPEI and citric acid (when present). The bPEI and CA citric acid solutions were added dropwise to the TOCNF suspension under vigorous stirring and the final mixture was finally ultra-sonicated for 15 minutes in an ice-bath. The different dispersions prepared are reported in Table 1.	Comment by Lucio Melone: MP
[bookmark: _Ref112322362]Table 1 Nanofibers stock dispersions details
	Sample
	TOCNF (g)
	bPEI (g)
	Anhydrous citric acid (mg)
	Water (mL)

	TOCNF
	3.5
	0
	0
	350

	bPEI-TOCNF
	3.5
	3.5
	0
	350

	bPEI-TOCNF@CA70
	3.5
	3.5
	70
	350

	bPEI-TOCNF@CA140
	3.5
	3.5
	140
	350


2.2 Spray Dry synthesis of TOCNF microparticles
[bookmark: _Hlk74740712]The process was performed on a Büchi Mini Spray Dryer B-290. TOCNF suspensions (concentrations 0.1, 0.5 and 1% W/V) were drawn by a peristaltic pump with a flow rate of 4mL/min and 2mL/min. The solution was allowed to flow into a water cooled two-fluid nozzle (nozzle dimeter 1.4mm) and sprayed at these process parameters: inlet temperature 210°C, aspirator 100%, spray gas flow length 40 mm. Soon after the beginning of the spraying a white, dry powder was formed. The powder was recovered by the collecting vessel and washed three times in water through centrifugations (6000 rpm for 10min). Water suspensions were prepared and stored for subsequent analysis. Freeze-dry has been applicated to store dried samples. 	Comment by Lucio Melone: qua si fa menzione solo delle sospensioni di TOCNF a differente concentrazione. E quelle con bPEI e CA?
2.3 Characterization 
2.3.1 Morphological analysis
Morphological characterization of TOCNF and TOCNF-based microparticles was performed by electron microscopy techniques: transmission (TEM) and scanning/scanning-transmission (SEM/STEM) electron microscopy. Concerning the sample preparation, a drop of sample solution (10μl) was placed on a standard TEM carbon-coated Cu grid and dried at room temperature. The grids were viewed under a JEOL JEM 1400Plus microscope at an accelerating voltage of 80 kV, for TEM acquisitions, and under a FESEM MERLIN ZEISS operating at an accelerating voltage of 20 kV, for SEM and ADF – STEM imaging, allowing certain sample regions for being simultaneously imaged in SEM and ADF – STEM mode.	Comment by Lucio Melone: usare un acronimo?
2.3.2 Chemical analysis
The solid samples were analysed by attenuated total reflectance (ATR) FT-IR on a Varian 640-IR spectrometer equipped with a single bounce ZnSe crystal. 64 acquisitions for each sample were performed. The 13C cross-polarization magic-angle-spinning (13C CP-MAS) NMR spectra were recorded with an Avance Neo 500 (Bruker BioSpin S.r.l) at 11.7 Tesla corresponding to 13C operating frequency of 125.76 MHz. The following conditions were applied: repetition time 4 s, 1H 90 pulse length 4.0 ms, contact time 1.2 ms, and spin rate 8 kHz. The compounds were placed in a 4 mm zirconia rotor. The chemical shifts were referenced to glycine (C=O signal: 176.03 ppm). Powder XRD patterns were recorded on a Bruker D2 Phaser X-ray powder diffractometer using CuKα radiation. The data were collected in the 2θ range 7°- 40° with a step size of 0.02° and a counting time of 0.4 s per step, a primary slit module of 0.6 mm, air scatter screen module 1 mm and secondary slit module of 8 mm.
2.3.3 Dynamic Light Scattering analysis
TOCNF and produced microparticles were analysed through the instrument Nano ZS90 (Malvern Instruments, UK) with an appropriate dilution in aqueous suspension at room temperature, for ζ-potential measure. The potential analysis of particles was carried out by Laser Doppler Velocimetry (LDV), with an appropriate sample dilution in distilled water. The ζ-potential of the samples is reported as the mean value of 5 measurements; each measurement derived from 5 different runs to establish measurement repeatability.	Comment by Lucio Melone: acronimo
[bookmark: _Hlk74740851]2.3.4 Swelling studies
TOCNF microsponges swelling behaviour was examined through gravimetric method. A known quantity of microsponges was soaked into buffer solutions (pH 2, 5, 7.5 and 11) and into simulated gastric fluid (SGF) for 48h at room temperature. The simulated gastric fluid of pH 1.2 was prepared by adding 7 mL of concentrated HCl (37%) into 500 mL distilled water, which was added with 2 g of NaCl and more distilled water to make the volume to be 1L 40. 	Comment by Lucio Melone: acronimo
Excess water solutions on the swollen microsponges surface were removed by filter paper and the particles were weighed. Taking the average value of three measurements for each sample, the swelling ratio percentage (SR) is calculated according to following equation: 

Ws is the weight of the microparticles sample in the swollen status and Wd is the weight of the dried microparticles. 
2.3.5 Thermal analysis 
Concerning the thermal analysis, thermogravimetric analysis (TGA) has been studied by a TA Instruments Q600 instrument. A nitrogen flow of 100 mL min-1 was set and a 10 °C/min heating rate was applied as reported previously 41. 
[bookmark: _Hlk74740920]2.4 Drug loading and in vitro release study
The loading of tetracycline (monohydrate form from Sigma Aldrich) within cellulose particles was carried out by adding, drop by drop, a mother solution of drug (2.5 mg/mL in ethanol) to an aqueous dispersion of microparticles (100 mg) reaching the selected final concentration of 0.5 mg/mL. The physical adsorption was carried out mixing overnight the suspension at RT, in the dark. 	Comment by Lucio Melone: ancora termini diversi per indicare le stesse cose. Uniformità
The concentration of drug in the supernatant was quantified at 355 nm by a Varian-Cary 500 UV-Vis spectrophotometer. The unknown concentration was obtained referring to a standard curve using aqueous solutions of TC at known concentration (0.5-0.25-0.12-0.06 mg/mL). The fitting line was obtained through Origin software.	Comment by Lucio Melone: come cambia il coefficiente di estinzione molare con il pH? importante perché le prove di rilascio sono state fatte a pH diversi e non vorrei che il maggiore o minore rilascio sia un artefatto….
Drugs concentration in supernatants was quantified for the valuation of percentages loading efficiency according to the following equation:
 	(2)
where the [supernatant] is the not loaded drug concentration and the [loading solution] is the feed concentration.
The loading capacity was measured according to the following equation:
 	(3)
In vitro drug release profiles of the bPEI TOCNF-microparticles were obtained by immersing a known quantity of TC-loaded samples into 1mL of buffer solutions (pH 2, 5, 7.5 and 11) and SGF (pH 1.2) for certain time intervals (1, 4, 6, 8, 24 and 48h). 
The samples were incubated at room temperature with constant agitation (900 rpm). After a predetermined period, microparticles were precipitated through centrifugation and released drug was quantified according to the standard TC calibration curve as already described. All release studies were performed in triplicate and the means of all measurements calculated. The results were presented in terms of cumulative percentage release as a function of time using the following formula (equation 4):
 	(4)
where Wt is the amount of TC released from microparticles at time t and Wi is the amount of TC loaded into carriers as calculated by equation (3).
2.5 Biocompatibility assay
2.5.1 Cell culture and treatments 
Kato III, human gastric carcinoma cells (ATCC), were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Cambrex, Verviers, BE) supplemented with 10% fetal bovine serum (Cambrex, Verviers, BE), 2 mM L-glutamine (Cambrex, Verviers, BE), 100 IU/mL penicillin and streptomycin solution and 10.000 U/mL amphotericin (antimycotic solution) (Sigma-Aldrich, St. Louis, MO) at 37°C in 5% CO2. Cells were maintained in 75 cm2 flasks (concentration ranged between 2×105 and 1×106 cells/mL) by passage every 3-4 days, when the culture reached approximately 80% confluence. 
The viability study of Kato III cells was conducted using both direct and indirect contact methods by using about 104 cells seeded in 96-well plates and allowed to attach overnight before treatments. In the direct contact experiments, cells were incubated for 12 or 24 hours at two concentrations of TOCFN MP samples, 0.01 and 0.02 mg/mL. For the indirect contact experiments, TOCFN MP samples were first incubated in complete culture medium for 24 hours at 37°C at the concentrations of 0.1 mg/mL and 0.25 mg/mL. The conditioned culture medium was centrifuged at 3000 rpm for 30 minutes to remove microparticles and then added to Kato III cells for 24 hours. Incubation of cells with complete RPMI culture medium alone was used as control. TOCFNs MP powder has been sterilized trough UV exposition for 2 hours. 
2.5.2 MTT assay
Cyto-viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. After each treatment, Kato III cells were incubated with 1 mg/mL of MTT, prepared in complete RPMI culture medium, for 3 hours at 37°C and 5% CO2; then, cells were washed three times with phosphate buffer saline (PBS 0.2 M, pH 7,4) and the reduced MTT formazan crystals were solubilized with dimethyl sulfoxide (DMSO) (Carlo Erba, Milan, Italy). The optical density (OD) was read at the spectrophotometer (MultiskanTM FC Microplate Photometer, ThermoFisher Scientific, Waltham, MA) at 570 nm. Viability was expressed as percentage of cells viability by the equation:
	 (5)
where Asample and Acontrol are respectively the absorbances values of treated cells and not treated cells. Data are the mean ± Standard Deviation (SD) of three independent experiments each done in duplicate. Statistical significance has been determined by Student t-test. 


3 Results and discussion
[bookmark: _Hlk13576922]3.1 TOCNF microparticles production
3.1.1 Experimental design and protocol study 
TOCNF and bPEI-TOCNF-based formulations were used for MP production investigating different fibers oxidation, cross-linking degree and SDT process parameters to tune physical-chemical properties of resulting particles. Process parameters using TOCNF suspensions with different content of carboxylic groups, expressed as mmolCOOH·gTOCNF-1, were first investigated. Aqueous TOCNF dispersions reported in Table S1 were tested at three concentrations (0.1, 0.5 and 1 % W/V). Dispersions with TOCNF at lower oxidation degree (0.5, 1.0, and 1.3 mmolCOOH/gTOCNF) afforded small amounts of dry powder causing the pump lock after few minutes. This could be ascribed to the presences of aggregates and to samples viscosity even at low concentrations (eye inspection). These suspensions could be used only at concentrations lower than 0.1% W/V, making the use of SDT inefficient. On the contrary, with TOCNF at 1.5 mmolCOOH·gTOCNF-1 sample easily afforded multi-particulate powder using suspensions of 1% W/V, guaranteeing a high productivity of the process. In fact, it is worth of notice that SDT is dependent upon drug and/or polymer solubility and concentration 19,42,43, and for this reason CNF water dispersions are typically maintained at concentrations lower than 0.5 % W/V 10. The hydrophilic nature of cellulosic materials implies a high capacity to retain water, leading to the necessity of operating at high process temperatures and low feed rates. This is why we set the temperature at 210-220 °C and the feed rate always lower than 5 mL·min-1 obtaining the highest production yield when operating at 4 mL·min-1 pump rate. The measured outlet temperature was in the range 110-120 °C, sufficient for an efficient nanocellulose drying. The high temperatures required discourage the use of this process for the encapsulation during the synthesis (the so-called pre-loading method) for thermolabile drugs. These first dry tests on TOCNF dispersions allowed us to set the optimized process parameters, which were fixed as resumed in Table 2.	Comment by Lucio Melone: low
comunque 1.3 mmol/g è già abbastanza alto…	Comment by Lucio Melone: meglio togliere la parola viscosità altrimenti qualcuno potrà richiedere chiarimenti sulla reologia delle sospensioni usate. Basta dire che c’erano degli aggregati che hanno intoppato la pompa (anche in quella 1.3 mmol/g)	Comment by Lucio Melone: uniformare mmol/g oppure mmol g-1
in ogni caso si potrebbe evitare di riscrivere ogni volta mmol_COOH/g_TOCNF se, definito per bene nella parte sperimentale, si capisce in seguito che quel valore è riferito a COOH e alle TOCNF	Comment by Lucio Melone: Non mi è chiara questa precisazione, in letteratura si opera a temperature più basse anche quando si usa la cellulosa?	Comment by Lucio Melone: The optimized process conditions are reported in Table 2
Table 2 Spray Drying process parameters.
	Parameter
	Fixed value

	Inlet Temperature
	210 °C

	Feed rate
	4 mL/min

	TOCNF dispersions concentration
	1 % w/V

	TOCNF oxidation degree
	1.5 mmolCOOH·gTOCNF-1



The spray dried TOCNF MP were all deprived of phenomenon of hornification, commonly due to hydrogen bonds formation and their consequent break in solute, which causes irreversible aggregation of particles. In our case, MP did not show aggregation, easily rewetting in aqueous solutions. A facile rewetting in water was also achieved after a further dry phase with freeze-dry obtaining again the powder product for storage. In the literature it is reported the addiction of salts to provide the redispersion of dried nanofibers in water, while in our case this step was not required 9. 	Comment by Lucio Melone: cosa è questo fenomeno? rif. letteratura	Comment by Lucio Melone: non mi è chiaro perché è stato necessario liofilizzare di nuovo…è necessario scriverlo?
Once optimized the process conditions as reported in Table 2, we extended the production of MP by SDT to the formulations containing bPEI as cross-linking agent and two different amounts of CA (2 % w and 4% w, respectively), added to increase the carboxylic content in the solution (samples have resumed in Table 1). According to the eco-design of the nanostructured materials previously reported by our research group 44, the mass ratio between TOCNF and bPEI was maintained 1:1 for each suspension. 
3.1.2 Micro- and nanostructure characterization
The morphological characterization was conducted by SEM, TEM and ADF STEM analysis. The first technique allowed to observe the 3D structure of particles, while TEM and ADF STEM microscopy highlighted both the nanostructure and the fibrous nature of the MP’ inner network. It is reported that the SDT process parameters influence the morphology of CNC- and CNF-based particles 45,46. Generally, CNF treated by SDT tend to aggregate in almost spherical particles. Moreover, the sprayed droplets sizes usually increase by increasing the liquid feed rate and by decreasing the gas flow rate. Peng et al. reported that different process parameters led to particles with different morphologies from needle-like structure to irregular agglomerates, with medium lengths in the range of 4-20 µm and widths of 2-4 µm 22,23. The same authors also observed that a higher feed rate would favour to the formation of agglomerates. These process parameters were investigated also for spray-dried CNC, finding that all the dry processes led to irregular particles with external voids and dimensions in the range 1-10 µm 22,23. These micrometric features were comparable to those of spray-dried bacterial cellulose nanofibers in the presence of different matrices 47. For all these reasons we used an experimental set up with a low feed rate (4 mL·min-1) and a high gas flow (530 L·h-1). Under these conditions, we processed dried 1% W/V TOCNF aqueous formulations, providing fibrous particles with a medium diameter of 2 µm. Figure 1 shows TEM and STEM images of the so obtained TOCNF MP. 	Comment by Lucio Melone: è necessaria tutta questa parte proprio qui? mi sono un po’ perso a leggerla…
[image: Immagine che contiene testo, sfocatura

Descrizione generata automaticamente]
Figure 1 TEM (A-B) and ADF STEM images (C-D) at different magnification of microparticles deriving from spray dried TOCNF.

[bookmark: _Hlk17898594]We observed a homogeneous population of particles thanks to the high inlet temperature and the selected low feed rate, which favoured the rapid and constant shrinking of droplets up to dry. The proposed mechanism for TOCNF MP production is the formation of droplets in which nanofibers do not stretch out and are contained, providing the spherical structure. This is due to the short and skinny nature of the original fibres (TOCNF) as it was observed through TEM microscopy (Figure SF1). The resulting CNF entanglement in the droplet prevented the deformation, such as the donut-shape, which was reported in the literature as the consequence of the resistance to the gas flow 22. TEM and STEM images revealed a “ball of wool” aspect of MP, while SEM analysis allowed to observe wrinkled surfaces with narrow (Figure SF2). A similar morphology was reported in the literature for different drug-loaded CNF microparticles, which showed diameters around 5 µm 23. 
A different morphology was observed when processing formulations in the presence of bPEI and CA. We demonstrated in our previous reports how in this class of materials the mechanical stability was improved through the formation of amide bonds between COOH groups of nanocellulose and bPEI 34,35. We expected that a similar strong interaction could occur also by applying SDT. We can hypothesize that the increased stiffness of bPEI-modified TOCNF made their folding in dry droplets more difficult during SD thermal treatment, and the resulted particles were more irregular than those obtained by TOCNF suspensions (Figure 2), but always showing a fibrous surface. 	Comment by Lucio Melone: qua sarei un po’ cauto nel fare ipotesi.
Punterei sul fatto che nonostante l’aggiunta di bPEI (che inevitabilmente modifica la densità e la viscosità delle sospensioni) si riescono comunque ad ottenere delle MP dalla forma similsferica (termine da ignorante ma c’è tutta una terminologia della forma delle particelle che converrebbe adottare), con diametri confrontabili con quelli delle MP in assenza di bPEI e CA e con la struttura fibrosa ben visibile.

[image: ]
Figure 2 ADF STEM images of bPEI modified-TOCNF microparticles, at different magnifications.

A similar morphology was observed for MP obtained by processing the two bPEI-TOCNF formulations containing CA in different amounts (bPEI-TOCNF@CA70, 2%w of CA, and bPEI-TOCNF@CA140, 4%w of CA), (see STEM images in Figure SF3). Also in these cases, SEM analysis showed a smooth surface without ridges like those observed for TOCNF samples, confirming the hypothesised compact nature (Figure SF4). STEM analysis was exploited to get the statistical mean values of circle equivalent (CE) diameter and aspect ratios of dried MP. These values are reported in Table 3. 
Table 3 Statistical mean values of CE diameter and aspect ratios of dried TOCNF particles
	Dried particles
	CE diameters mean (µm)
	Aspect ratios mean

	TOCNF MP
	2.3±0.5
	0.97±0.1

	bPEI-TOCNF MP
	3.4±2.1
	1.1±0.3

	bPEI-TOCNF@CA70 MP
	3.1±1.7
	1±0.2

	bPEI-TOCNF@CA140 MP
	4±1.5
	1±0.2



We observed an increase of sizes by increasing the cross-linking grade of spray dried nanofibers in the presence of bPEI, moving from the 2.3 ± 0.5 µm value for TOCNF MP to the 4±1.5 for bPEI-TOCNF@CA140 MP. This trend is coherent with the proposed mechanism of TOCNF folding inside droplets during drying that is prevented by stiffening effect of cross-linking. The same trend of increment of size by increasing the cross-linker content was also previously reported for spray dried TOCNF MP incorporating cysteamine 33. All produced particles had a shape like a sphere such as indicated by measured aspect ratios. 	Comment by Lucio Melone: mi sembra un incremento del tutto trascurabile ed eviterei ipotesi e conclusioni poco verificabili. 
Piuttosto metterei in evidenza che la presenza di bPEI non altera in maniera così drammatica la morfologia delle MP e che le due tipologie di materiali, MP-TOCNF e MP-TOCNFbPEI/CA si riescono ad ottenere bene con le condizioni di processo ottimizzate.
3.2 Microparticles physical-chemical characterization 
3.2.1 FT-IR, 13C CP-MAS NMR spectroscopy and powder XRD analysis
FTIR and 13C CP-MAS NMR were selected as techniques to verify the presence of amide bonds in MP obtained by SDT. In Figure 3 we report the spectra of a) TOCNF MP, b) bPEI-TOCNF MP and C) bPEI-TOCNF@CA140 MP. All samples were previously treated with HCl 0.1 N to achieve full protonation of COOH groups. TOCNF spectrum (figure 3a) clearly shows the peak at 1722 cm-1 associated with the C=O stretching of the carboxylic acid moieties. In spectra b and c of figure 3, (bPEI-TOCNF MP and bPEI-TOCNF@CA140 MP, respectively), the C=O signal related to the carboxyl groups (1722 cm-1) is less pronounced and a signal can be detected at 1648 cm-1. This latter frequency is related to the C=O stretching red shifted at lower wavelengths in presence of the amidic group. 
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Figure 3 a) FTIR spectrum of TOCNF MP; b) FTIR spectrum of bPEI-TOCNF MP; 
c) FTIR spectrum of bPEI-TOCNF@CA140 MP.
The 13C CP-MAS NMR spectra are reported in Figure 4. The assignments of the peaks associated with the carbons of the anhydroglucose units were obtained from literature 48. The spectrum of figure 4a, related to the TOCNF MP, shows the typical peak of the carboxylate carbonyl carbon at 175 ppm. The spectrum reported in figure 4b of the sample bPEI-TOCNF@CA140 MP shows the weak but significant peak at 165 ppm, previously assigned to the amidic carbon 34, thus demonstrating covalent cross-linking of TOCNF by formation of amide bonds during the SDT process among the primary ammines of bPEI and the carboxylic groups of TOCNF and CA. Finally, the signals in the spectral region between 35 and 60 ppm can be assigned to the CH2 carbons of the bPEI. 
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Figure 4 13CP-MAS spectra of a) TOCNF MP and b) bPEI-TOCNF@CA140 MP.
XRD analysis was also performed on samples TOCNF MP, bPEI-TOCNF@CA140 MP and TOCNF, to observe any variation in the TOCNF crystallinity before and after SDT. 
Calculations conducted using the approach reported in Park et al. (see supplementary diffractograms paragraph of SM for details)49, showed that powders produced with SDT had a lower degree of crystallinity than original TOCNF (Table 4). An increase in amorphous contribution should be considered a favourable aspect in terms of higher efficiency of drug release for new carriers 50,51. 	Comment by Lucio Melone: come si spiega?
Table 4 Crystallinity degrees of powders treated with spray drying technique (TOCNF MP and 
bPEI-TOCNF@CA140 MP) and the powder not treated with this technique (TOCNF).
	Sample
	Crystallinity Degree [%]

	TOCNF MP
	65.7

	bPEI-TOCNF@CA140 MP
	66.4

	TOCNF
	73.6



3.2.2 Dynamic Light Scattering
Our SDT process produced TOCNF microparticles which can be easily disperse in water without lack of their shape and phenomena of agglomeration. This goal was obtained also without crosslinking agents exploitation. 
The physical and chemical properties of nanocellulose and nanocellulose-based materials are mainly determined by the intra/intermolecular hydrogen-bonding and/or covalent interactions. The cross-linking of CNF can tune chemical-physical stability and surface charge 11. The presence of bPEI have been affected dimensions and morphology of spray dried particles also providing amide bonds formation. Microparticles dispersions stability was evaluated by dynamic light scattering analysis measuring surface charge 52. The anionic nature of TOCNF was confirmed measuring a ζ-potential value of -60±1.8 mV on a diluted fibres water dispersion. The table 5 sums up the ζ-potential mean of all TOCNF MP dispersions.  
Table 5 ζ-potential of dilute TOCNF MP dispersions from DLS analysis a
	SD Microparticles
	ζ-potential

	TOCNF MP
	-37.5±0.5

	bPEI-TOCNF MP
	27.6±1.5

	bPEI-TOCNF@CA70 MP
	19.2±1.4

	bPEI-TOCNF@CA140 MP
	24.3±0.9


a data obtained by mean of 5 measurements each of 10 runs
The bPEI-TOCNF based particles showed a positive charge due to a minor exposition of COOH groups following amide bonds formation. These assessments could be useful for drugs loading or functionalization procedures strategies 53. The role of bPEI and CA in our SDT was widely investigated in the following physical-chemical and biological characterizations. 	Comment by Lucio Melone: ..showed a positive charge due to the presence of bPEI…
3.2.3 Swelling feature 
The evaluation of swelling properties is strategic because the swelling degree determines the diffusion of loaded molecules and consequently the release kinetic in aqueous medium. For example, a higher swelling ratio could be induced by lower crosslinking degree for hydrogels and a higher porosity for other materials, favouring drug diffusion from matrix 54. The swelling ratios of produced MP were analysed after their immersion in buffer solutions for 48 h.	Comment by Lucio Melone: è utile questo pezzo? anche perché qualche frase dopo viene ripetuto lo stesso concetto
As can be observed in the plot in Figure 5, TOCNF MP exhibited the lowest swelling degree within the investigated pH range 2-11, suggesting a slight pH-dependent behaviour. On the contrary, swelling degree of bPEI-TOCNF-based microsponges significantly increased moving from pH 2 to 11, reaching the maximum at pH 7.5. In the presence of CA, samples swelling gradually increased reaching values over 800% at pH 11. This swelling feature as function of crosslinking density and pH has been discussed also for other polysaccharidic particles and aerogels/cryogels 19,55,56. The observed pH-sensitivity of MP was likely due to the content of both protonable ammines and deprotonated carboxylic groups 35. The basic pH induces the formation of carboxylate anions from the acid groups which did not participate in the cross-linking, allowing once again polysaccharide chains repulsions and relaxation 57. This mechanism was also found for TOCNF-based hydrogel with 40% of deacetylated α-chitin nanofibers which are rich in amine groups and hydroxyl groups 58. The pH-responsive swelling behaviour is promising for controlled drugs release in specific environments and/or cells compartments. Our data indicated that the swelling ratios of cross-linked particles were higher than not-crosslinked ones, proving the crucial role of the reticulation in the design of a polymer scaffold for targeted applications.	Comment by Lucio Melone: acronimo	Comment by Lucio Melone: ecco
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Figure 5 Microparticles swelling behaviour after 48h in buffer solutions at pH range 2-11	Comment by Lucio Melone: mettere i dati su un solo grafico?
The weak network structure resulting from the use of TOCNF could reduce the water holding capacity of the derived materials and this was confirmed by swelling studies performed in simulated gastric fluid (SGF) for 48 h at room temperature. The swelling ratios in SGF are reported in the Table 6. Swelling degree in the presence of bPEI and CA was almost twice than that measured for TOCNF MP. This condition was investigated to understand the potential exploitation of TOCNF and their potential chemical modifications to develop efficient carriers for gastric drug delivery. 
Table6 Swelling degree percentages of microparticles in simulated gastric fluid
	Sample
	Swelling degree % in SGF

	TOCNF MP
	248±4

	bPEI-TOCNF MP
	462±60

	bPEI-TOCNF@CA70 MP
	500±95

	bPEI-TOCNF@CA140 MP
	460±140


This shrank effect for TOCNF can be explained by protonation of carboxylic groups of nanofibers chains in acidic environment, resulting in the reduction of electrostatic repulsion. Weak electrostatic interactions would contribute to the development of hydrogen bonds between carboxylic acid and deprotonated carboxyl groups reducing the penetration speed of SGF into the hydrogel matrix. This chemistry has been exploited for specific applications such as probiotics delivery 59,60. 
3.3 Drug loading and in vitro release tests 
Many works reported the preparation of drug loaded CNF particles through SDT for different molecules 23. However, in this case the loading efficiency was highly dependent on drug and polymers dry kinetics. Low efficiencies, from 5 to 20%, were reported assisting at drying of separated fractions between drug and fibers 61. This drawback was confirmed by our investigations using spray drying TOCNF and a model drug, tetracycline. We have observed two distinct fractions, TC crystals and cellulose multi-particulate powder when the drug solution was added to the TOCNF suspension prior to spray dry. Drug loading could be achieved through CNF bound by hydrogen bonding or physically entrapping inside of particles. Therefore, we have investigated microparticles TC loading capability performing adsorption experiments which were conducted o.n., at room temperature and in aqueous environment. Loading assessments were performed through quantification of drug with spectrophotometric analysis as described in paragraph 2.4. The exploitation of bPEI-based formulations is basic for TC adsorption: loading efficiency was null for TOCNF MP and 70% for bPEI-TOCNF and bPEI-TOCNF@CA MP. This great drug entrapment was probably due to favourable electrostatic interactions and swelling behaviour of cross-linked microparticles as already discussed. Chemical composition of cellulose microparticles was able to tune not only swelling degree but also drug loading such as reported for different polymers and surfactants 12,62. Crosslinked matrixes, such as cryogels and aerogels, showed a very high loading efficiency for different hydrophobic molecules 34,35,55. Furthermore, bPEI-TOCNF microparticles had a positive charge that can promote loading of hydrophobic drugs 63. 	Comment by Lucio Melone: è corretto dal punto di vista grammaticale?	Comment by Lucio Melone: ma non si era detto che l’aggiunta della tetraciclina non veniva fatta prima dello SD per evitare il trattamento termico?	Comment by Lucio Melone: si può semplificare tutta questa parte?
The thermal behaviour of unloaded and TC-loaded microparticles has been investigated. The TGA traces of all MP samples with and without TC are reported in Supplementary Figure 5. All materials shown initial weight loss due to the removal of residual water from the synthesis and loading procedure. By inspecting the TGA trace obtained for TOCNF MP and comparing it with that of its TC-loaded analogue, the profiles of the two curves seem very similar, a further confirmation (respect to previous spectrophotometric analysis) that the loading capacity of TOCNF MP sample is limited. On the other hand, sensibly different weight-loss profiles are evident comparing the TGA trace of bPEI-TOCNF microparticles with that of its TC-loaded analogue in the portions of the thermograms between 100°C and 200°C (since the temperature at which the TC molecule starts decomposing is ca. 200°C). This observation can be correlated with TC loading into these MP. An analogous comparison, carried out between the MP with different amounts of CA (bPEI-TOCNF@CA140 MP and bPEI-TOCNF@CA70 MP and their TC-loaded analogues).	Comment by Lucio Melone: anche tutta questa parte potrebbe essere semplificata in poche, chiare righe…
Moreover, by comparing the TGA traces of TOCNF MP with that of the bPEI-TOCNF MP, a considerably higher weight loss attributable to the dehydration is revealed: at 100°C the weight loss of TOCNF is limited to ca. 5% while for bPEI-TOCNF, bPEI-TOCNF@CA140 and bPEI-TOCNF@CA70 is considerably higher and ranges between ca. 15% and 18%. This behaviour is due to the known hygroscopicity of the bPEI crosslinker imparting a higher hygroscopicity also to the cellulose sponge. This feature makes difficult the precise drug quantification. Therefore, our loaded samples have been tested also for drug release evaluation. The loading capacity of 7%, obtained by spectrophotometric measures (equation 3) was used to calculate TC amount for mg of MP to perform the release kinetic study. Drug release rate from hydrogel structures is influenced by different factors such as chemical interactions, swelling degree and drugs solubility, exactly as drug loading. CNF-based delivery systems were able to release substances by delayed diffusion through TOCNF network with differences in release kinetics depending on drugs solubility 11,35. 
As expected, a remarkable pH action toward TC release was observed, as indicated by plot in figure 6. bPEI TOCNF MP presented a very low release capability (% cumulative release around 5) at pH 7.5 over 48h, in accordance with the high retention capability at this pH. A sustained release already in the first 4 hours was found at acid pH, specially at pH 2, in accordance with our previous findings 34,35. We verified a cumulative TC release after 1h of 32% and 15% respectively at pH 2 and 5. The released TC amount slowly raised to percentual values over 40% at these acid conditions. The MP preferential drug release under acidic pH conditions could be caused by the dissociation of ionic bonding between CNF and cationic form of drug, as reported for MP with nanocellulose shell 23,12. Furthermore, electrostatic interactions could hinder release of large molecules, but this effect is considerably less for small drugs as TC. Slow rate of release from 4 hours onwards was probably due to the nanostructured network that can prevent the burst release of poorly soluble drug like TC 64. 	Comment by Lucio Melone: siamo sicuri che la TC non si sia degradata a pH acido? La retta di taratura è stata fatta a vari pH? Siamo sicuri che il coefficiente di estinzione molare sia rimasto invariato con il pH?
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[bookmark: _Hlk18328311]Figure 6 Release profiles of TC from bPEI-TOCNF-based microsponges at different pH over time 
A rapid kinetic was also found in SGF for all cross-linked particles, as reported in the following table. 
Table 8 Tetracycline cumulative release percentages after 1h and 48h of incubation in simulated gastric fluid
	Samples
	TC cumulative release after 1h in SGF
	TC cumulative release after 48h in SGF

	bPEI-TOCNF MP
	44 %
	52 %

	bPEI-TOCNF@CA70 MP
	50 %
	60 %

	bPEI-TOCNF@CA140 MP
	50 %
	60 %



Release profiles of bPEI-TOCNF@CA-based microspoges did not differ much from bPEI-TOCNF-based ones as is shown by plots in SF 6. The amount of CA has not affected both loading efficiency and release kinetic of TC from bPEI-TOCNF@CA-based MPs, contrary to what was observed for aerogels 35. PH-responsive release is needed for targeted drug delivery. The response to pH 1-5 could be useful for gastric and topical drug delivery 46. 
3.4 Biocompatibility tests 
Several toxicological in vitro or in vivo studies have been performed to predict health effects following exposure to CNCs and CNF 65. A recent work reported the importance of regeneration and oxidation degree of cellulose MP for biomedical use 66. In our investigation oxidation degree of TOCNF showed a critical role in SDT synthesis of MP. Here, we studied TOCNF SD microparticles direct and indirect effect on human cancer cells to investigate the potential reticulation degree influence on cytocompatibility toward human gastric carcinoma cells.	Comment by Lucio Melone: come mai è stata scelta questa linea cellulare? C’è qualche collegamento con la tetraciclina?
The extraction method has been carried out to evaluate the possible toxicity of conditioned culture medium. Culture medium has been incubated for 24 hours with all microparticles at 0.1 and 0.25mg/mL. Centrifuged medium has been used to treat Kato III cells for 24 h. Cell viability percentage versus microparticles concentrations of conditioned medium are reported in figure 7. 
[image: ]
Figure 7 Cells viability versus microparticles concentrations of conditioned medium after 24 hours of treatment. Indirect method experiment has been performed incubating medium with TOCNF MP, bPEI-TOCNF MP, bPEI-TOCNF @CA70 MP and bPEI-TOCNF@CA140 MP suspensions at 0.1 and 0.25 mg/mL for 24h. Statistically significant value p ≤ 0.05 (*), p < 0.01 (**) and p < 0.001 (***), respect to not-treated condition, from T-test.

TOCNF MP-conditioned medium had no cytotoxic effect. Low cells viability decrease has been observed for the other samples. In particular, cells viability of 60% has been measured for bPEI-TOCNF@CA140 MP conditioned sample, at both tested concentrations. All samples have been washed after synthesis (as describer in paragraph 2.2), so free chemicals release could be not considered. Conditioned culture media have been assayed to measure pH and any significative pH change was detected for all samples. So, the indirect contact data suggested a low cytotoxic effect of crosslinked microparticles, especially for bPEI-TOCNF@CA140 MP, deriving from a potential deleterious interaction with culture medium (for example nutrient sequestration). 
Therefore, the direct contact experiment was performed with 0.01mg/mL and 0.025mg/mL of the four MP suspensions for 12 and 24h of treatment. 
The MTT results of Kato III cells are reported in figure 8. Cells viability remains up to 50% for all microparticles and conditions. TOCNF MP had no toxic effect on Kato III after 12 hours of treatment for both tested concentrations. A low decrease of viability after 24 hours of treatment has been observed for all samples. bPEI- TOCNF@CA140 MP confirmed their moderate toxic effect (60% of cells viability) at both tested concentrations until after 12h of direct treatment. Also, bPEI-TOCNF@CA70 MP showed 60% of cells viability at the highest tested concentration, after 24h. 
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Figure 8 Cells viability versus microparticles concentrations after 12 and 24 hours of treatment by direct contact with TOCNF MP, bPEI-TOCNF MP, bPEI-TOCNF@CA70 MP and bPEI-TOCNF@CA140 MP. Statistically significant value p ≤ 0.05 (*), p < 0.01 (**) and p < 0.001 (***), respect to not-treated condition, from T-test.

These data suggest that bPEI addition in the reticulation step not significantly affected Kato III cells viability. Instead, CA addition must be tuned to avoid toxic effects considering that our data showed a viability decrease following both direct and indirect treatment with bPEI- TOCNF@CA140 MP. 
This behavior could be explained by MP physical chemical features. First for all, TOCNF MP conserved negative charge of original nanofibers, that discourages interaction with negative cells membrane. Conversely, the positive surface charge deriving from bPEI-based formulations, could cause an electrostatic interaction with plasma membrane perturbing physical-chemical equilibrium of cells. Furthermore, bPEI and CA modified microparticles showed the highest swelling degree at neutral and basic pH values, as just discussed in paragraph 3.2.3. The great swollen structure of these microsponges could induce physical perturbation to cultured cells exerting a deleterious pressure, deriving from the enormous dimensions reached in the medium 67. Our data indicated that reticulation step is critical into STD cellulose MP synthesis to design microsponges as biomedical systems for gastric applications. 


4 Conclusion
We have successfully fabricated stable cellulose microsponges, spray drying TOCNF from agricultural waste. This is the first report about Spray Drying manipulation of TOCNF dispersions with different oxidation degree and crosslinkers quantities, using bPEI and citric acid. 	Comment by Lucio Melone: non mi sembra…nella parte sperimentale si parla di cotton linters 
Nanofibers chemistry played a crucial role in SDT microparticles production. First for all, the lowest oxidation degree resulted not compliant with investigated SDT process affording the blocking of the process since the smallest TOCNF concentration of 0.1 %w/v. TOCNF dispersions with a carboxyl groups concentration of 1.5 mmol COOH/g TOCNF, provided the SDT formation of stable, water dispersible microparticles having an average diameter ranging from 2 to 4 m and a “ball of wool” aspect. This investigation allowed to fix SDT process parameters. Microparticles from TOCNF dispersions are more spherical and monodisperse, and smaller than those deriving from bPEI and CA-based formulations. The proposed mechanism of SDT particles production is the TOCNF folding inside droplets during drying that is prevented by stiffening effect of reticulation that occurs following crosslinkers addition. The crosslinking during SDT process has been confirmed by spectroscopic analysis that verified the formation of amide bonds. Colloidal stability of all produced microparticles has been indicated by high absolute value of ζ-potential. Furthermore, the positive charge of bPEI-TOCNF based particles confirmed the minor exposition of COOH groups following reticulation. Physical-chemical features of produced microparticles are strongly affected by obtained cellulose network. A pH-responsive swelling behaviour has been found for crosslinked microsponges, proving the crucial role of the reticulation step. The shrank effect for TOCNF also affected drug loading as verified for tetracycline post-loading procedure. Drug loading was null for TOCNF MP, instead it has been favoured by diffusion across crosslinked matrixes. In vitro drug release tests showed a pH dependent electrostatic binding between the drug and TOCNF@bPEI MP (with and without CA). The boundary SGF condition causes a promotion of MP swelling and drug release. This peculiar pH-responsive behaviour could be useful for gastric and topical drug delivery 46. Finally, cells viability data revealed a moderate cytotoxicity for bPEI-TOCNF@CA140 MP treatment probably due to a synergistic effect of large dimensions and interaction with culture medium at the swollen state. 	Comment by Lucio Melone: è corretto dal punto di vista grammaticale?
Our results demonstrated that more focus should be devoted to nanocellulose chemical modifications exploiting its versatility to synthetize smart systems for controlled drug delivery.  	Comment by Lucio Melone: da eliminare…
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