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One-step facile process to obtain insoluble polysaccharides fibrous mats from electrospinning of water-soluble cyclodextrin polymers.
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Scaffolds made of nonwoven mats of polysaccharides recently met high interest in regenerative medicine because of their bio-compatibility. This communication describes a simple and effective method to cross-link electrospun nanofibers and suppress the water solubility of their nonwoven mats. The nonwoven mat was obtained via electrospinning of a water-soluble polymer based on beta-cyclodextrin (β-CD).  Cross-linking was achieved by heating the nanofibers in oven at 180°C for 10 minutes. The cross-linking reaction was monitored in TGA and FT-IR while the fiber morphology was observed by SEM. It has also been demonstrated that such a treatment does not cause any major structural changes, including morphology and fiber diameter. 
[image: ]

1. Introduction 
Electrospinning is a powerful technique which allows to obtain fiber deposition. An electric field applied between a nozzle and a collector, allows to induce a stretching of a polymeric solution (or melt) which is flowing out of the nozzle and drives it to the collector. A constant flow is kept by a volumetric pump, and the field is managed by an electric field generator. Micrometric dimensions and high surface-to-volume ratio of the produced fibrous mats, simplicity, versatility and cost-efficiency are the main features of this technique.[1]
Beta-cyclodextrin (β-CD) is an oligosaccharidic enzymatic starch product, consisting of seven α(1,4)-linked glucopyranose units characterized by a cyclic, truncated cone-shaped structure. The high amount of hydroxyl functionalities gives β-CD the possibility to react with several classes of di-, tri- or tetra-functional molecules, such as carbonyldiimidazole, pyromellitic dianhydride, hexamethylene diisocyanate, and citric acid, leading to the formation of polymeric structures.[2] The choice of suitable poly-functional molecules and their synthetic ratio gives the possibility to obtain a variety of products allowing to range from hyper-branched water-soluble polymers to highly cross-linked water-insoluble nanosponges. Thanks to their tuneable synthesis this kind of polymers are adopted in several applications as drugs carriers, gas traps, fillers, cosmetic photo-stabilizers, metal cation absorbers, and fire retardant agents.[3] 
The possibility to produce water soluble β-CD based polymers, which can be processed via electrospinning as fibrous mats, gives these materials the potential for being used into innovative applications such as implantation devices. 
In regenerative medicine, scaffold matrices are essential components of tissue engineering systems. These devices are designed to provide biological substitutes that restore, maintain, or improve tissue functions or a whole organ.[4] Scaffolds can provide growth factors, structural  and functional support to the targeted site.[5,6] Dealing with medical devices involves to comply with numerous restrictions and limitations which represent a critical step to develop a successful strategy. A scaffold must possess mechanical properties similar to the implantation site and must support adhesion and cell proliferation, being degraded in a period that allows to fulfill its task and of course being biocompatible. Since scaffolds are not intended as permanent implants, their biodegradability properties are crucial research matter.[5,7] Synthetic polymers present excellent mechanical properties but limited biocompatibility and bioactivity. On the contrary natural polymers are biocompatible and nontoxic, are degraded by enzymes and their metabolites bring low inflammatory reactions, however they lack in mechanical properties, limiting their use.[5,7] Among natural polymers, polysaccharides recently met high research interest because of their eco-compatibility and bio-compatibility; for instance chitosan, chitin, alginate, and hyaluronic acid have frequently been used in medical application in order to provide more accurate mimic behavior.[8] Polysaccharides have also been processed by numerous techniques to obtain specific shapes and morphologies.[9-14] In particular, the features offered by electrospinning, increased their use as implantation devices[15] and their applications cover many areas such as vasculature, bone, neural, and tendon ligament treatment.[16] The production of a scaffold with performing mechanical properties starting from a simple and cheap natural product, like β-CDs, combining features belonging to both synthetic and natural polymer classes, would be a challenging result.
Several papers report the possibility to produce fibers via electrospinning starting from native β-CDs, β-CD derivatives, and β-CDs/polymers mixtures.[17-37] However, none of the studies conducted on native β-CDs report pure water as solvent,[17,37] in addition there is no evidence of studies conducted on water-soluble β-CD-based polymers. 
As mentioned above, a scaffold must possess good mechanical properties, necessary to give structural features to the implant and, at the same time, it should not be permanent being hydrolyzed in the time needed for the cells proliferation.  Scaffolds produced with a water-soluble polymer would not meet these requirements being soluble in short time in the body. However, it is possible to circumvent the problem by rendering the polymer insoluble through a post-spinning crosslinking.

2. Results and Discussion
We report the first study on the electrospinning of a water soluble, β-CD based polymer and subsequent insolubilization of the obtained fibers via simple thermal treatment. The hyper-branched polymer was synthetized by reacting β-CD with pyromellitic dianhydride (PDMA) beyond the critical conditions that allow the phenomenon of gelation to occur. 
The synthesis was performed by using an excess of solvent and thus reaching the critical dilution conditions, necessary to obtain a water-soluble product. The polymer was prepared following the procedure described elsewhere [38] with minor changes. In brief, 0.977 g (0.86 mmol) of anhydrous β-CD were dissolved in 6 mL of dimethyl sulfoxide (DMSO). Afterwards, 1 mL (7.17 mmol) of triethylamine (TEA) was added as catalyst. At last, 2.254 g (10.33 mmol) of PMDA were introduced under vigorous stirring at room temperature. The viscosity of the solution gradually increases, then it reaches a plateau and remains constant. After 24 hours, the solution was precipitated and washed with an excess of ethyl acetate and filtered under vacuum; the dry product was then solubilized in deionized water, lyophilized and finally stored in a desiccator. 
For electrospinning, the hyper-branched polymer was dissolved in water, at room temperature. According to the results of a preliminary screening, 54 wt% was selected as the optimum “fiber-forming” concentration. A homogeneous solution was obtained after 30 minutes of stirring. Well defined fibers (Figure 1) were obtained by applying a 30 kV field strength, a 15 cm working distance between the nozzle and the collector, and a solution flow rate of 20 µL/min. The fiber mat was recovered on an aluminum foil on the collector.
The as-spun, dried fibers were characterized by attenuated total reflectance infrared spectroscopy (FTIR-ATR) (Figure 2A). All the spectra were collected in the 650-4000 cm-1 wavenumber range, at room temperature, with a resolution of 4 cm-1 and 8 scans/spectrum. In Figure 2A, the absence of the carbonyl groups stretching (C=O str.) absorption at 1852cm-1 and 1769cm-1, belonging to the anhydride [39] (Figure 2C), indicates the opening of the anhydride ring during the synthesis. In addition, the shift of the carbonyl signal (C=O str.) from 1769 cm-1 to 1718 cm-1 proves that a certain amount of the ring opening reaction results in the formation of ester bonds between the PMDA and the β-CD. 
The reactants ratio and the synthetic route, which consists in a triethylamine mediated esterification between the β-CD and PMDA molecules, suggest that a relatively low amount of PMDA is double bonded with β-CD molecules forming bridges (branched structure), while most PMDA molecules must be grafted to only one molecule of β-CD, thus resulting in a water-soluble structure. The presence of a broad absorption centered at 1550 cm-1, tipycal of carboxylates, indicates that the unreacted PMDA ends likely undergo triethylammonium salification. 
The thermogravimetric analysis of the as-spun, dried fibers is reported in Figure 3A (full line). The mat was heated under nitrogen flow from 50 to 700 °C, with a heating rate of 10 °C/min. Three, separated weight loss steps are evidenced by the derivative curve, with the maximum weight loss rate at 180 °C, 255 °C and 550 °C respectively. The main weight loss step centered at 255 °C is due to the pyrolysis of the polymer starting from the weaker bond, in this case the ester bond between PMDA and β-CD. However, in the 220-330 °C temperature range the thermal degradation of the β-CD takes place too, resulting in a competition between an intramolecular path, leading to the generation of volatile products, in particularly levoglucosan, and an intermolecular path that leads to the production of a carbon residue.[40-41] A residue corresponding to the 40 wt%. of the initial weight is observed at the end of this degradative step. However, this residue is not thermally stable and undergoes a progressive volatilization between 400 °C and 600 °C. Considering the purpose of this work, the most interesting weight loss step observed in TGA is the first, taking place between 100 °C and 200 °C, with a maximum weight loss rate at 180 °C.
We postulated that this step may indicate a residual reactivity of the free carboxylate groups that can be triggered by thermally treating the polymer above 180 °C. Accordingly, the thermogram of the mat after a 10 minutes isotherm at 180 °C, under nitrogen, reported in Figure 3B, does not show any further evidence of the weight loss step previously observed between 100 °C and 200 °C. 
In order to investigate the chemical nature of this weight loss step, the FTIR-ATR spectrum of the thermally treated mat was recorded and it is reported in Figure 2B. The spectrum showed the presence of signals, at 1852 cm-1, 1782 cm-1 (C=O str.), 899 cm-1 (C-O-C str.), and 734 cm-1 (C-C str.) (Figure 2B), characteristic of an anhydride, indicating that part of the previously observed pendant carboxylates has been reverted to anhydride rings. However, if all the reactive groups had been converted into anhydrides, the polymer should remain water-soluble, while, as it can be seen in Figure 1C and 1D, the fibers become insoluble after the thermal treatment, indicating that also a cross-linking reaction takes place. 
The morphological features of the as-spun mat, reported in Figure 1A, shows well-defined fibers, characterized by an average diameter of about 8 µm. The micrograph of the thermally treated sample in Figure 1B demonstrates that the thermal treatment does not macroscopically affect the fiber morphology. Furthermore, Figure 1C and 1D show that the thermally treated fibers are insoluble, since neither 80 nor 100 minutes of immersion into a water medium affected the fibrous structure. 
Figure 4 reports a scheme of the possible reactions taking place during the curing at 180 °C, where the hyper-branched polymer (Figure 4A) evolves towards the cured insoluble mat. Path-1 represents the cross-linking reaction responsible for the sample insolubility. Path-2, a secondary reaction that involves the formation of the anhydride rings observed in the FTIR-ATR spectrum (Figure 2B).
The elemental analysis, performed before and after the thermal treatment (Table 1), shows a 13 wt% and 17 wt%. decrease in the hydrogen and nitrogen content, respectively, suggesting that the weight loss step between 100 °C and 200 °C may be due to H2O and triethylamine volatilization, compatible with the condensation reactions to form both anhydride rings and ester linkages.

3. Conclusions
In summary, we reported the possibility to obtain, starting from a natural source, a hyper-branched water-soluble polymer which could be easily processed using an electrospinning device in order to obtain a homogeneous deposition of fibers. The spun polymer was then crosslinked via a simple thermal treatment, consisting in a 10 minutes isotherm at 180 °C. The treated mat proved to be insoluble and to retain the fibrous morphology after different periods of immersion in aqueous media. 
The results reported here could represent an initial step towards a powerful, and at the same time simple, cheap and fast method to produce biocompatible scaffolds capable to be applied in several innovative applications.

Keywords: water-soluble β-CD polymer, electrospinning, insoluble polysaccharides fibers

[1] Q. P. Pham, U. Sharma and A. G. Mikos, Tissue Eng. 2006, 12, 1197–1211.
[2] F. Caldera, M. Tannous, R. Cavalli, M. Zanetti anf F. Trotta, Int. J. Pharm. 2017, DOI: 10.1016/j.ijpharm.2017.06.072
[3] F. Trotta, M. Zanetti and R. Cavalli, Beilstein J. Org. Chem. 2012, 8, 2091–2099.
[4] R. Langer and J. P. Vacanti, Science 1993, 260, 920–926.
[5] F. J. O’Brien, Mater. Today 2011, 14, 88–95.
[6] D. Howard, L. D. Buttery, K. M. Shakesheff and S. J. Roberts, J. Anat. 2008, 213, 66–72.
[7] L. S. Nair and C. T. Laurencin, Prog. Polym. Sci. 2007, 32, 762–798.
[8] J. L. Drury and D. J. Mooney, Biomaterials 2003, 24, 4337–4351.
[9] D. Klemm, H.-P. Fink and A. Bohn, Angew. Chem. 2005, 44, 3358–3393.
[10] K. J. Edgar, C. M. Buchanan, J. S. Debenham, P. A. Rundquist, B. D. Seiler, M. C. Shelton and D. Tinndall, Prog. Polym. Sci. 2001, 26, 1605–1688.
[11] G. Crini, Prog. Polym. Sci. 2005, 30, 38–70.
[12] R. Pérez-Masiá, J. M. Lagaron and A. López-Rubio, Carbohydr. Polym. 2014, 101, 249–255.
[13] L. Kong and G.R. Ziegler, Food Hydrocoll. 2014, 36, 20–25.
[14] A. C. Stijnman, I. Bodnar and R. H. Tromp, Food Hydrocoll. 2011, 25, 1393–1398.
[15] K. Y. Lee, L. Jeong, Y. O. Kang, S. J. Lee, W. H. Park, Adv. Drug Deliv. Rev. 2009, 61, 1020–1032.
[16] T. J. Sill and H. A. von Recum, Biomaterials 2008, 29, 1989–2006.
[17] A. Celebioglu and T. Uyar, J. Colloid Interface Sci. 2013, 404, 1–7.
[18] J. L. Manasco, C. D. Saquing, C. Tang and S. A. Khan, RSC Adv. 2012, 2, 3778–3784.
[19] A. Celebioglu and T. Uyar, Nanoscale 2012, 4, 621–631.
[20] X. Luo, C. Xie, H. Wang, C. Liu, S. Yan and X. Li, Int. J. Pharm. 2012, 425, 19–28.
[21] Z. Aytac, Z. I. Yildiz, F. Kayaci-Senirmak, T. Tekinay and T. Uyar, Food Chem. 2017, 231, 192–201.
[22] P. Tonglairoum, T. Ngawhirunpat, T. Rojanarata, R. Kaomongkolgit and P. Opanasopit, Pharm. Res. 2014, 31, 1893–1906.
[23] A. Celebioglu, H. S. Sen, E. Durgun and T. Uyar, Chemosphere 2016, 144, 736–744.
[24] M. F. Hossain, R. H. Gong and M. Rigout, J. Text. I. 2016, 107, 1–11.
[25] L. N. Nthunya, M. L. Masheane, S. P. Malinga, E. N. Nxumalo, T. G. Barnard, M. Kao, Z. N. Tetana and S. D. Mhlanga, ACS Sustainable Chem. Eng. 2017, 5, 153−160.
[26] F. Kayaci and T. Uyar, Food Chem. 2012, 133, 641–649.
[27] T. Uyar, R. Havelund, J. Hacaloglu, F. Besenbacher and P. Kingshott, ACS nano 2010, 4, 5121–5130.
[28] T. Uyar, R. Havelund, Y. Nur, J. Hacaloglu, F. Besenbacher and P. Kingshott, J. Memb. Sci. 2009, 332, 129–137.
[29] X.-Z. Sun, G. R. Williams, X.-X. Hou and L.-M. Zhu, Carbohydr. Polym. 2013, 94, 147–153.
[30] F. Kayaci, O. C. O. Umu, T. Tekinay and T. Uyar, J. Agric. Food Chem. 2013, 61, 3901−3908.
[31] T. Uyar, Y. Nur, J. Hacaloglu and F. Besenbacher, Nanotechnology 2009, DOI: 10.1088/0957-4484/20/12/125703.
[32] T. Uyar, R. Havelund, Y. Nur, A. Balan, J. Hacaloglu, L. Toppare, F. Besenbacher and P. Kingshott, J.Memb. Sci. 2010, 365, 409–417.
[33] T. Uyar, J. Hacaloglu and F. Besenbacher, J. Nanosci. Nanotechnol. 2011, 11, 3949–3958.
[34] G. Narayanan, B. S. Gupta and A. E. Tonelli, Biomacromolecules 2014, 15, 4122−4133.
[35] W. Samprasit, P. Akkaramongkolporn, T. Ngawhirunpat, T. Rojanarata, R. Kaomongkolgit, P. Opanasopit, Int. J. Pharm. 2015, 487, 213–222.
[36] E. P. A. Kumbasar, C. Akduman and A. Çay, Carbohydr. Polym. 2014, 104, 42–49.
[37] A. Costoya, A. Concheiro and C. Alvarez-Lorenzo, Molecules 2017, DOI: 10.3390/molecules22020230.
[38] F. Trotta, F. Caldera, R. Cavalli, A. Mele, C. Punta, L. Melone, F. Castiglione, B. Rossi, M. Ferro, V. Crupi, D. Majolino, V. Venuti and D. Scalarone, Beilstein J. Org. Chem. 2014, 10, 2586–2593.
[39] D. Lin-Vien, N. B. Colthup, W. G. Fateley and J. G. Grasselli, The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules, Academic Press, London 1991.
[40] F. Trotta, M. Zanetti and G. Camino, Polym. Degrad. Stab. 2000, 69, 373–379.
[41] M. Zanetti, A. Anceschi, G. Magnacca, G. Spezzati, F. Caldera, G. P. Rosi and F. Trotta, Microporous Mesoporous Mater. 2016, 235, 178–184.

[image: ]
Figure 1. SEM images of (A) as-spun sample, (B) thermal treated sample, (C) sample obtained after  80’ solubility test in water, (D) sample obtained after 100’ solubility test in water.
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Figure 2. FTIR-ATR spectra of as-spun (A), post-thermal treatment (B) fibers, and (C) pyromellitic dihanidride.

[image: ]

Figure 3. Thermogravimetric curves of as-spun (A) and post-treated (B) samples. Reported the weight percentage loss (top) and the related derivative curves (bottom).
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Figure 4. Schematic representation of β-CD/PMDA polymers. PMDA could be bonded with only one β-CD molecule (A), double bonded forming bridges (B) or being characterized by one condensate anhydride ring (C).


	Sample
	Element wt%.

	
	N
	C
	H

	As spun
	2.27±0.04
	50.00±0.65
	4.91±0.07

	Post thermal treatment
	1.91±0.12
	50.86±0.31
	4.54±0.12



Table 1. Results obtained from elemental analysis of as-spun and post-thermal treated samples.
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